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Preface

This book was developed to provide a comprehensive source of a broad range of

technical aspects of refractories to be used by the refractory manufacturers,

refractory material engineers, refractory lining designers, and industrial users

of refractories. Basic industry processing materials from the bowels of the

earth require high-temperature processing and the use of refractories.

Refractories are necessary to insulate and control the process temperature and

to minimize heat loss from the process. They are required to insulate the vessel

or support structure from the process temperature to prevent overheating and

deterioration of the support structure. Without the support or structure, the

high-temperature process cannot be contained.

The first three chapters provide the fundamentals of refractories.

Refractories deteriorate from either or both chemical and mechanical effects.

The fundamentals of refractory material properties are addressed in Chapter 1.

Fracture mechanics or those aspects of the mechanical deterioration of refrac-

tories are provided in Chapter 2. Chapter 3, on the corrosion of refractory

brick, looks at the chemical deterioration of refractories.

Several of the fundamental types of refractory brick are addressed in

Chapters 4 through 9. Included here are alumina-silica, magnesite, silica, dolo-

mite, and spinel-containing brick. Because of the high thermal conductivity of

carbonaceous refractories described in Chapter 8, carbonaceous refractory linings

are basically designed as a cooling system rather than as an insulating system.

Castables continue to gain popularity as a refractory lining system in many

of the basic industries. Chapters 10 through 12 are devoted to castables, with each
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chapter discussing different aspects of castables. These three chapters are

intended to capture most of the significant factors of castable lining design.

Chapter 13 is devoted to the thermomechanical aspects of refractory lin-

ings. Although brick refractory lining systems are primarily addressed, nearly

all the fundamental concepts of brick lining design can be directly applied to

castable lining design. Fundamental considerations include the classification of

load types, fundamentals of refractory strength, selecting the best refractory

based on static compressive stress–strain data, the fundamentals of cylindrical

lining behavior, and fundamentals of expansion allowance.

Chapters 14 and 15 give examples of refractory lining systems used in the

petrochemical and steel industries, respectively. Both chapters are written by

authors with many years of experience in these industries and provide valuable

insight in the design of lining systems.

Chapter 16 discusses all the various tests that can be conducted on refrac-

tories to determine the thermal and mechanical material properties, as well as

tests to determine such properties as spalling resistance and other inferential

properties. Spalling tests are defined as inferential, because the refractory

shape is not subjected to the complete stress–strain operating environment

during testing. However, these tests are very valuable in ranking candidate refrac-

tory materials.

Chapter 17 deals with the installation of refractories. Although there are

numerous types of lining system geometries and combinations of refractory

materials, this chapter is intended to give an overview of the basic aspects that

should be considered in refractory lining installation.

Charles A. Schacht
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1
Properties of Refractories

Subrata Banerjee
Answer Technology, Inc., Wheaton, Illinois, U.S.A.

I. INTRODUCTION

Refractory materials, by definition, are supposed to be resistant to heat and are

exposed to different degrees of mechanical stress and strain, thermal stress and

strain, corrosion/erosion from solids, liquids and gases, gas diffusion, and mech-

anical abrasion at various temperatures. Different refractories are designed and

manufactured so that the properties of the refractories will be appropriate for

their applications. In most cases, refractory properties can be predicted from the

results of appropriate tests; for others, knowledge and experience predict the

refractory properties where direct tests correlating the properties are not

available. The testing of refractory properties can, in most cases, indicate the

performance of a refractory in actual application. Hence, appropriate testing of

refractories for predicting properties, closely simulative to their applications, is

of great importance. In this chapter, the importance of the refractory properties

is covered so that performance in actual application will closely resemble their

characteristic properties.

Refractories are mostly used (70%) in basic metal industries. In iron and

steel making in integrated plants, iron is made in the blast furnace. Here iron

is formed from the reduction of iron ore by carbon in the presence of limestone,

which helps in forming the slag. Inside the blast furnace, the refractories experi-

ence abrasion in the upper part and intense heat and molten slag and metal con-

tacts in the lower region. After the metal and slag are formed, they come out

through a tap hole, which is opened and closed intermittently as the liquid iron

is formed. The property requirement of the tap hole material should be such

that the hole can be conveniently drilled for tapping molten iron and slag out

and then the hole can be plugged for the process to be repeated when the iron
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will be ready to be tapped. After the molten iron and slag comes out of the tap

hole, it flows through the trough in the cast house, where the iron and slag are

separated. Iron goes through the iron runner into the receiving ladles, and slag

goes through the slag runner in the slag ladle or slag pit. Thus, the properties

of the trough should be that it resists the impact and splashing of the molten

iron and slag. It also should have sufficient resistance to the molten iron and

slag interface where the refractory is affected most. The property requirements

in the cast house refractories are thus well defined.

In the steel-making process by the basic oxygen furnace (BOF), the

molten iron from the blast furnace combined with some scrap iron is purified

from the impurities such as C, S, P, Mn, etc. by blowing oxygen through the

molten iron either by lances from the top or by blowing oxygen through pipes

at the bottom. In the process, the molten metal experiences vigorous stirring

along with intense heat. The refractory properties in the BOF should be such

that it resists the molten slag (basic) and the high temperature generated in

the process. Basic refractories (MgO-based) containing carbon are used,

which provides the required properties of high temperature and resistance to

basic slag.

Properties of refractories required in the electric arc furnace (EAF) are

slightly different than those of BOF. In the electric arc furnace, steel is primarily

made from scrap iron. Here the refractory properties should be that it can tolerate

the mechanical impingement of the scrap iron and the arcing created from the

electric current. Arcing in the lining sometimes experiences intense heat in loca-

lized areas, called “hot spots.” The refractory property requirement is to have

good mechanical strength, high refractoriness, and basic slag resistance.

In recent years, most of the metallurgical operations have usually been

done in ladle metallurgical furnaces (LMF). The property requirements of

these refractories are thus more stringent than classical ladle refractories. The

refractory properties should be such that it will be able to resist the alloying oper-

ations along with reheating the molten metal when needed. The stringent property

requirements of the ladle and tundish tubes (shrouds), slide gates, and nozzles

should allow the operator to continue the process at the desired level. There

are specific refractory property needs for the refractories used in the tundish

backup and working lining. The working lining should be able to resist the

steel and slag contacts and have enough shrinkage so that the lining should be

able to deskull conveniently and completely.

In other primary metal industries such as aluminum, the refractory proper-

ties requirements are quite different than steel making. Although the temperature

of aluminum refining and alloying process is much lower than steel, it has the

unique problem of penetration in the refractories. Hence, the refractory should

be designed so that it has a nonwetting characteristic to molten aluminum. The

nonwetting properties are introduced in the refractories by special additives.
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In hydrocarbon industries, the property requirements of the refractories are

different than those of metal industries. Although the temperature in petrochem-

ical refining is much lower than in metal industries, the refractories suffer a high

rate of abrasion due to the flow of high-velocity particles at a continuous rate.

Hence, the major characteristic requirement of these refractories is abrasion

resistance. Also, the refractories need to be able to conserve heat. Hence, there

are defined ranges of thermal conductivity for different regions of the process

so that the processes conserve energy during the conversion processes.

In the glass-making process, the refractories in the glass tank are in con-

stant contact with the molten glass, and this poses different kinds of requirements

for the refractory. Since glass in the molten state is quite fluid and tends to go

through the refractory pores, the most needed characteristic should be nonporous

refractories, and hence fused refractories are used in molten glass contact areas.

It is obvious that the property requirements of refractories vary signifi-

cantly according to the application and use in different processes. Hence, individ-

ual refractories need to be designed with characteristic properties for specific

systems since the requirements vary with different high-temperature processes.

Refractories are broadly divided into two categories—shaped (bricks and

cast shapes) and unshaped (monolithic) refractories. There are two kinds of

shaped refractories—the primary kind is like brick or similar shapes and the

other kind is the shapes made from monolithic refractories, where they are dic-

tated by the properties of the monolithic refractories. For shaped refractories

(like brick making), attaining maximum density after the shapes are formed is

the goal of the process.

There are different kinds of monolithic refractories, namely plastics, ram-

ming mixes, mortars, coatings, castables/pumpables, and gunning mixes. The

physical characteristics of plastics and ramming mixes are their ease of ramming

to consolidate to proper density. For mortars and coatings, they should have

appropriate consistency to be used as desired for the specific applications. For

gunning mixes, the material should have good adhesion to the gunned surface,

low rebound, and appropriate properties as designed. For castable/pumpable

refractories, the primary characteristics are particle size distribution, which in

effect controls the flowability along with proper addition of minor ingredients

and controls the workability; setting and strength development upon curing

and heating; and the bonding system, which dictates the high-temperature

properties.

Since the development of vibratable and pumpable castables, methods have

been standardized for measuring the flowability of a castable, which can predict

the flow characteristics. The test consists of filling up a cone with the castable

refractory and then letting it flow under vibration for a specified time. The

predetermined flowability characteristics define the castable’s use in actual

applications.
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Refractory properties can be classified as follows:

Physical

Density

Porosity

Strength

Abrasion

Thermal

Thermal shock

Thermal conductivity

Thermal diffusivity

Chemical

Corrosion/erosion

II. PHYSICAL PROPERTIES

Physical property requirements for shaped and unshaped refractories are differ-

ent. For shaped refractories, the main requirements are their density and porosity

and dimensional tolerance. Monolithic (unshaped) refractories, on the other hand,

have to be characterized with different parameters. For plastics refractories, the

workability and aging characteristics are the prime requirements, whereas, for

ramming mixes, the rammability with proper compaction is the main require-

ment. For castable/pumpable refractories, the prime requirement is the flow-

ability at a specific water addition with or without vibration. In recent years,

castable/pumpable refractories have been the most predominant monolithic

refractories for most applications. Significant work has been done with castable/
pumpable refractories since the development of low and ultralow cement

castables. The development of sol–gel bonded refractories introduced the

pumpable characteristics of castables. Since then, the low and ultralow cement

castables have been designed to have self-flow and pumpable characteristics.

This is achieved by careful selection of grain sizing of the castable components.

Specific grain size distribution parameters are required in flowability for a

castable to make it self-flowable and pumpable. The setting parameters are sup-

posed to be associated with the flowability since adverse effects may take place if

the castable/pumpable does not satisfy the setting parameters.

Refractory materials are characterized by their physical properties, which

often indicate the use and performance of refractory materials. The physical

appearance of a refractory material sample, submitted for testing, is quite import-

ant since the results of testing of a refractory will be as good as the sample

submitted for testing. The predictability of refractory uses in specific applications

is, in most cases, dictated by past experience. In general, the basic physical
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properties can often indicate whether a refractory material can be used for

intended applications. The following basic physical properties are often used

to predict, select, and prescribe refractories for specific applications:

Density and porosity

Strengths—cold and hot, their importance

Abrasion

The above properties are determined by standard ASTM (1) tests, and hence the

materials are classified and characterized according to their physical test results.

The significance and characterization of the above tests can be summarized as

follows:

Density and Porosity (ASTM D-20). The values of density and porosity

determined by standard methods are used to recommend or predict the use of

refractories for specific uses. In general, the higher the density, the lower the

porosity. Also, other physical properties, such as strength, abrasion, and gas per-

meability, are often related to the density and porosity of the refractory.

Strengths. Cold and hot, their importance—The physical strengths, in

both cold and hot conditions, are often characterized as measures of the use of

a refractory. Cold strengths indicate the handling and installation of the refrac-

tory, whereas hot strengths indicate how the refractory will perform when used

at elevated temperatures. Initial strength develops in refractory materials during

the forming process. For shaped refractories, the strengths often develop during

the physical processing of the products and sometimes followed by higher tem-

peratures where the refractory goes through a firing process. For monolithic

refractories, the initial strength develops during the installation or forming pro-

cess (for precast shapes), and the final strength develops while in application.

In recent years, more importance has been given to high-temperature

strengths of refractories rather than cold strengths since refractories are used at

elevated temperatures and not at room temperatures.

Strengths of refractories are measured as cold compressive strength, cold

modulus of rupture, or hot modulus of rupture. Hot modulus of rupture provides

the best indication of the performance of a refractory material in use.

Cold Compressive Strength (ASTM C-133). The cold compressive

strength of a refractory material is an indication of its suitability for use of refrac-

tories in construction. It is a combined measure of the refractory for the strength

of the grains and also of the bonding system.

Cold Modulus of Rupture (ASTM C-133). The cold modulus of rupture of

a refractory material indicates the flexural strength and its suitability for use in

construction. It is indicative of the strength of the bonding system of the refrac-

tory product. Since the test is done at room temperature, it can only show its
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suitability and its use in construction. It provides no indication of how the refrac-

tory will behave at elevated temperatures.

Hot Modulus of Rupture (ASTM C-583). The hot modulus of rupture pro-

vides the indication of a refractory material about its flexural strength at elevated

temperatures. Since refractories are used at elevated temperatures, the hot mod-

ulus of rupture is the true indicator of the suitability and performance of a refrac-

tory at high temperatures. Hence, in recent years, the hot modulus of rupture has

been prescribed and required by users as the most important test criterion for

selection and use of refractories.

Abrasion Resistance (ASTM C-704). This is a measure of the resistance

of a refractory material when high-velocity particles abrade the surface of the

refractory. It measures the strength of the bond and the refractory particles and

its resistance to the flow of high-velocity particles across its surface. The need

for good abrasion resistance of refractory materials is most evident in petrochem-

ical industries where fine particles impinge the refractory surface at high vel-

ocities at moderately elevated temperatures. A direct correlation between

abrasion resistance and cold crushing strength has recently been established.

Thus, the cold crushing strengths can provide, and have a direct indication

about, the predictability of a refractory material regarding its resistance to

abrasion.

III. THERMAL PROPERTIES

A. Thermal Expansion

This is a measure of the refractory about its linear stability when it is exposed to

different ranges of high temperatures and then cooled to room temperatures. It is

defined as a permanent linear change (ASTM C-113) and is measured by the

changes in the longest linear dimensions. Most refractory materials expand

when heated. Hence, when refractories are installed at room temperatures, the

whole structure tightens up when heated. But if the temperature reaches higher

than the softening temperature of the bonding system, the structure may distort

or collapse. Hence, refractory systems should always be designed in such a

way that the maximum temperature attainable in the system is lower than the soft-

ening or melting temperature of the refractory ingredients (grains and bonding

system). Often cracks are observed in monolithic refractory systems when

cooled, but, in most cases, the apparent cracks visible on cooling close up after

the system is heated up.
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B. Thermal Shock

This is measure of the refractory property when the refractory is exposed to alter-

nate heating and cooling. It is an important property for a refractory material.

Most high-temperature processes experience heating and cooling. Both refractory

grains and the bonding system expand while being heated and contract during

cooling. Having similar grains in the structure, the thermal shock resistance

depends on the matrix bonding the grains. Thus, refractories having structures

with built-in microcracks of defects show better thermal shock resistance than

with rigid systems. In some refractories, the bonding system, by nature, possesses

microstructural defects or cracks that provide better thermal shock resistance.

There are two standard methods for determining the thermal shock re-

sistance of refractory materials. For brick shapes, thermal shock resistance

is measured by “Ribbon Thermal Shock Testing” (ASTM C-1100), and for

monolithic refractories the standard method is ASTM C-1171. These tests clearly

differentiate among refractory materials about their resistance to thermal shocks.

A clear difference is exhibited in castables where the different bonding

systems are a low-cement castable and sol–gel bonding with similar alumina

contents (2) as exhibited in Figure 1.

C. Thermal Conductivity

Thermal conductivity is a measure of the refractory regarding its ability to

conduct heat from the hot to the cold face when it is exposed to high tempera-

tures. There are three different methods of determining thermal conductivity

of refractory materials. ASTM C-210 is the standard method for determining

Figure 1 Retained strength of low-cement and gel-bond castables with similar alumina

contents (grains) as per ASTM C-1171.
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thermal conductivity of refractories; ASTM C-202 is the standard method for

determining thermal conductivity of refractory brick; and ASTM C-1113 is the

standard method for determining thermal conductivity of refractories by hot

wire. The thermal conductivity tests are particularly important for insulating

refractories where the thermal gradients from the hot face to the cold face dictate

the use of a refractory material for the specific uses.

D. Thermal Diffusivity

The thermal diffusivity property is particularly useful for carbon-containing

materials. ASTM C-714 is the standard method for determining thermal diffusi-

vity of carbon and graphite by the thermal pulse method.

IV. CHEMICAL PROPERTIES

The chemical properties of a refractory are defined by the chemical analysis of

the refractory grains, by the nature of the bonding, and also by the ability of the

refractory to resist the action of liquids when exposed to high temperatures.

The chemical properties of a refractory material are primarily dictated by

the chemical composition of the refractory. The bonding system of the refractory

plays a vital role in dictating its properties. When refractories are exposed to cor-

rosive liquids at high temperatures, the extent of corrosion/erosion depends on

the refractory grains and the chemical bonding system of the refractory.

Refractory corrosion may be caused by mechanisms such as dissolution in

contact with liquid, a vapor–liquid or solid-phase reactions (3). It may also occur

due to penetration of the vapor or liquid in the pores, resulting in an alternate

zone. In most cases, corrosion is the result of some combination of these factors.

The nature and rate of dissolution of a refractory in a liquid can be calculated

from a phase equilibrium diagram. A concentration gradient occurs in the refrac-

tory composition at the boundary region when the refractory comes in contact

with the molten slag. The refractory components diffuse through the interfacial

film and dissolve in the liquid. The interfacial film influences the rate of dissol-

ution. The larger the concentration gradient, the faster the dissolution rate and

thus the refractory dissolves more readily.

Corrosion/erosion resistance is one of the most important characteristics of

refractories, which are exposed to molten metal and slag. Hence, the design of the

tests closely simulating the conditions that the refractories experience during use

is of great importance.

During the formulation of a refractory, close attention is given to a refrac-

tory composition in choosing the refractory grains and the bonding system. Thus,

refractories used in an iron-making process will differ from that of a steel-making
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process since the nature of the metal and slag is different in these cases. In iron

making, the metal and liquid slag is primarily neutral or slightly acidic in nature,

whereas the slag is distinctively basic in the steel-making process. Refractories

chosen for iron making are based on alumina and silica, whereas magnesia-

base refractories are the choice for steel making.

Since the exposure of refractories to molten metal/slag is a dynamic pro-

cess, the tests simulating the conditions also need to be dynamic. For steel-

making refractories, the rotary slag test (ASTM C874) provides close simulation

of the conditions in steel-making refractories.

For iron-making refractories, primarily for blast furnace cast house appli-

cations, a dynamic slag test in an induction furnace (4, 5) has been designed that

closely simulates the conditions in a blast furnace trough. The test method is

designed to compare refractories with that of a standard whose corrosion/erosion
characteristics are known. The test is done in an induction furnace, where a natural

movement of the metal occurs in the furnace due to the inductive force in the

furnace. Four specimen bars with dimensions of 205 � 38 � 38 mm are hung

from a holding rod rotating at a speed of 8 to 10 revolutions per minute. After pre-

heating above the molten slag/iron in the furnace, the specimens are dipped in the

liquid slag and iron until sufficient corrosion/erosion is visible on the specimens.

The specimens are then pulled out and cooled, the relative wears are visually com-

pared, and then the areas around the maximum wear are measured. This gives the

comparative corrosion/erosion behavior of the specimens tested. This test has

been found to be the best simulative behavior of blast furnace cast house refractories.

V. CERAMIC PROPERTIES

Ceramic properties of a refractory material are defined by its nature or reaction

when exposed to heat. Refractories behave differently when exposed to heat,

depending on the type of the refractory and how it has been formed. For fired bricks,

the ceramic reactions and bonds have already been instituted by high-tem-

perature firing. Hence, when they are exposed to high temperature, they do not exhi-

bit any further change. However, for unfired refractories, the formulations are

designed so that the ceramic reactions are supposed to take place at those tempera-

tures. Thus, for fired bricks like fireclay, high-alumina, magnesia-chrome-type

bricks, which are already fired at high temperatures, do not exhibit any further cer-

amic reaction when exposed to high temperatures. But for unfired refractories, like

magnesia-carbon bricks and alumina-carbon bricks, the formulations are designed

so that the ceramic properties will be developed at use temperatures.

For monolithic refractories, the formulations are made so that the ceramic

properties develop when they are exposed to high temperatures. Monolithic

refractories, like plastics, ramming mixes, dry vibratables, mortars, and coatings,
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are already prepared and are to be applied as received. By contrast, castables and

gunning mixes are supposed to be mixed with water or the liquid bond for appli-

cation. Thus, for monolithic refractories, in particular, it is of interest to find the

ceramic reactions that take place at or before service temperatures.

In phosphate-bonded plastics, the progressive reactions that take place

while it is being heated are provided in detail (6). Depending on the bonding sys-

tem, the ceramic reactions for gunning mixes take place at high temperatures for

specific applications. Thus, the organic bonding in gunningmixes acts only to help

in adherence of the material on the gunned surface. With heat the organic bonding

will burn out, leaving the ceramic bonding to take over at higher temperatures. For

castables and gunningmixes containing high-alumina hydraulic cements (calcium

aluminates), the initial strength development occurs by the hydraulic process,

while the ceramic bondings take place at higher temperatures (7).

Recent developments in low- and ultralow-cement castables/pumpables,

the effects of the ultrafine particles are of great significance. The water require-

ments are low since the ultrafine silica fume particles (mostly used in these com-

positions) occupy part of the space of water. Although the silica fume helps in

reducing water requirements in the castable, it affects high-temperature proper-

ties due to the formation of anorthite and gehlinite phases at temperatures around

12508C–14008C. The effects are somewhat minimized in ultralow cement cast-

ables due to the use of lesser quantity of calcium aluminate cement.

Due to the recent development of sol–gel bonded refractories (2), the

high-temperature properties of castable/pumpable refractories have improved

significantly since the high-temperature phases are no longer low-melting. It

forms mullite only at higher temperatures (since there is no CaO or MgO) and

thus provides better properties at elevated temperatures.
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I. ABSTRACT

Fracture of refractories is considered from the traditional strength point of view

and from the perspective of fracture mechanics. Strength and fracture toughness

are related through the aggregate sizing of refractories, which illustrates the

importance of the microstructural aspects of the refractory aggregate to the

strength. The J-integral analysis methodology and the wedge-splitting exper-

imental technique are both reviewed as they are useful to address the nonlinear

load-displacement character of refractories. The latter is associated with the con-

cept of a rising R-curve, which is discussed from the phenomenological point of

view. The rising R-curve is directly related to the refractory aggregates through

toughening mechanisms that are active in the crack process zones, both in front of

and behind an extending crack.

The refractory toughening processes are responsible for the nonlinear por-

tions of the stress-strain and load-displacement curves, or diagrams and the rising

R-curves. Thermal shock damage, which is originally addressed from the con-

ventional strength viewpoint, is then considered within the rising R-curve con-

cept. It is concluded that the refractory aggregates, their size and distribution

in a refractory body, assume an absolutely critical role in refractory fracture

phenomena. This is because of the crucial role that aggregates assume in the

following wake region of a crack. The aggregate distribution must be the focus

of microstructural design for improved fracture characteristics when all other

factors are equal in a refractory body.
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II. INTRODUCTION

Fracture has always been a critical problem for refractories during their use. It has

not been a field that is without progress, as can be appreciated by referring to pre-

vious reviews (1, 2). However, it is an extremely complicated topic, for industrial

refractories are diverse multiphase composites that are utilized under dynamic

conditions. In addition, the large volumes required for metallurgical process

vessel linings have constrained many commercial refractories to use mineral sys-

tems that contain natural impurities, many of which are silicates. During refrac-

tory processing, the silicates develop into bonding grain boundary phases that

frequently dominate the fracture process at the elevated temperatures of refrac-

tory applications. These special features elevate refractories at a unique technical

position in the hierarchy of materials, a position that is a combination of cer-

amics, geology, mineralogy, and engineering composite technology. Unfortu-

nately, this special blend of science and technology has not always been a

particularly active area for fundamental research. Refractories lie within the

realm of industrial technology where commercial profit is the goal in contrast

to an understanding of the scientific technical phenomena.

The composite nature of refractories separates the refractory fracture pro-

cess from that of single-phase, fine grain size, high-strength brittle structural cer-

amics and more closely associates refractory fracture with the fracture of

engineering composite materials. For example, similar to high-tech composites,

refractories generally exhibit rising R-curves during crack extension or propa-

gation. Of course, commercial refractories are dynamic high-tech composites

(3). Thus, in addition to the direct brittle fracture phenomenon, one must also

have some understanding of the development of a crack process zone about

the crack and the role of R-curves during the fracture process. Unfortunately,

the R-curve phenomenon has not been extensively nor systematically studied

in any refractory system, so many implications can only be inferred from other

studies of the phenomenon such as those on the simple structural ceramic

systems.

Fracture is one of the two most common modes of failure for the refractory

linings of modern industrial processing vessels. The other is chemical attack, or

corrosion by the material that the refractories are containing within the process

vessel, often molten metals or glasses at very high temperatures. With molten

metals, a unique corrosion process is also common from the slags protecting

the liquid metals from the atmosphere. Often these slag/refractory reactions

are so intense and so problematical that special types of refractories, different

from those in the rest of the process vessel lining, must be employed at the

slag lines of metallurgical vessels.

Fracture failures of refractories are of several varieties, including simple

mechanical overload as may develop from impact during the loading of the
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process vessel with scrap metal. Thermal stress fracture during cooling or heat-

ing, particularly the initial heat-up of a vessel or during rapid thermal cycling

between heats, is another type of failure. In the case of refractory concretes or

castables, the situation of explosive fracture from moisture entrapment is also

a major concern (4). These fractures may be catastrophic and result in the com-

plete loss of the refractory lining. Sometimes thermal shock simply causes sur-

face spalling and a significant reduction of the lifetime, or campaign, of the

lining. However, fracture need not always be disastrous; it may just result in

the development of a crack pattern in the process vessel lining. Those crack sur-

faces may be held together and closed by the vessel lining compressive stresses

that develop from thermal expansion when the vessel is heated to operating

temperatures.

III. REFRACTORY STRENGTHS

Even today, after nearly a half-century of fracture mechanics, fracture of refrac-

tories remains closely associated with the mechanics concept of strength as

defined in undergraduate strength of materials courses. Strengths of refractories

are usually reported in terms of the three-point bend strength or the flexural

strength, frequently called the modulus of rupture (MOR). In the case of refrac-

tories, there exists a standard test for this simple strength measurement. It is based

on the familiar formula:

sf (MOR) ¼ 3PL=2bh2, (1)

where sf is the strength in three-point bending, L is the length of the test span, b is

the specimen width, and h is the specimen height. The fracture load is P. It spe-

cifies the tensile stress at the bottom of the flexing bend test beam. Although per-

haps 80% or 90% of the refractory strengths that have been reported in the

literature were obtained on the basis of tests using Eq. (1), this approach leaves

much to be desired. It is complicated by the specimen preparation, the flaw dis-

tribution in the refractory, and the rate at which the testing load is applied during

the actual strength test (5). Some researchers have developed an appreciation for

another strength test, the Brazil test. In that test a cylindrical specimen is diame-

trically loaded in compression to produce an internal tensile failure aligned with

the specimen diameter. However, the Brazil test is not discussed here.

In principle, Eq. (1) is strictly applicable only when the load-displacement

curve is fully linear elastic to failure, similar to the middle diagram in Figure 1,

which illustrates an unnotched J-integral measurement test specimen. Unfor-

tunately, only rarely are the load-displacement curves determined during the

normal strength measurements of refractories. Often the displacement is not
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monitored at all. It is not an unreasonable conclusion that much of the refractory

bend strength data in the literature is suspect. However, as a consequence of

many years of utilization of strength data based on this type of bending or flexural

strength measurement, refractories applications engineers have developed a

methodology for refractory lining design based on the data from these types of

tests. This type of strength test will undoubtedly remain a part of refractory frac-

ture for the foreseeable future and probably beyond that time.

Equation (1) can be converted to fracture mechanics terminology

through the familiar Griffith equation, which in the analogous form to the

above equation is

sf (MOR) ¼ KIcYC
�1=2, (2)

where KIc is the fracture toughness, Y is a geometric factor equal to p21/2 in the

classical, center crack Griffith derivation, and C is the critical flaw size (6). When

refractories fail in a brittle elastic manner, where the load-displacement curve is

clearly linear elastic to failure, then both Eqs. (1) and (2) are satisfactory rep-

resentations for the strength. However, when refractories do not fail in a brittle

linear elastic manner, such as when an extensive nonlinear region develops

prior to fracture, then the use of these two equations is not the best practice for

strength determinations. They are, however, used with regularity in the refrac-

tories field with general disregard for their limitations.

Figure 1 The illustrated compliance technique for J-integral determination. (From

Ref. 18.)
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Before proceeding with the actual fracture process in refractories, it is

important to consider the strength and toughness levels of industrial refractories

in a global sense. This calibrates the reader and provides some understanding of

the real importance of the strengths of refractories in service. For the most part,

refractory linings, or systems, are not subjected to severe load-bearing con-

ditions; their function is primarily one of containment. Refractories do not

have a major structural role in their applications. For these reasons, refractories

do not need to be very strong—just strong enough to maintain their integrity.

In fact, from the thermal shock damage perspective, as will be discussed later,

high strength can actually be a serious detriment to thermal shock damage resist-

ance for many refractory applications.

Strengths for various types of refractories are not tabulated here, but their

general level of strength will be discussed for the purpose of comparison relative

to other materials. Typically, refractories have room-temperature bend, or flex-

ural strengths as expressed through measurements using Eq. (1) in the range of

approximately 10–40 MPa (�1500 to 6000 psi). It is important to realize that

refractories are not very strong by any standards or comparisons. However,

refractories do not need to be very strong, for they do not generally serve a

major structural load-bearing function. Often the refractory linings of process

vessels are coupled to the structural steel shell of that process vessel, or supported

by elaborate anchoring systems to the process vessel superstructure. In most

applications, refractories must do little more than support their own weight,

which usually is not very significant. In some other instances, refractories may

be designed to be in a stress state of compression, where they are somewhat stron-

ger, although not very strong.

Refractories are utilized at elevated temperatures, so there is naturally an

interest in the change of their strength with increasing temperature. When the

strength of refractories is measured by the three-point bend test and done so as

a function of temperature, then the bend or flexural strength invariably exhibits

a maximum that is associated with the softening of the silicate bonds. This

strength maximum is usually not a very large one. It is usually observed between

6008C and 14008C, depending on the particular refractory type, its silicate con-

tent, and the specific chemistry of that silicate. At more elevated temperatures,

above this strength maximum, the strength of the refractory rapidly decreases

to only a few MPa and exhibits distinctly nonlinear load-displacement curves.

Thus, although refractories are never very strong, they become even weaker at

highly elevated temperatures, but they are noticeably less brittle as well. In

addition, the loading rate dependence of strength at elevated temperatures

becomes quite complicated. The coupling of the loading rate and temperature

effects on strength has been previously addressed (2, 5). It is not a simple inter-

dependency, but one that varies considerably from one refractory system to

another.
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When attempting to understand the fundamentals that govern the strengths

of refractory systems, it is important to realize that although many refractories

can be considered brittle materials at low temperatures (,6008C), once the tem-

perature of the strength maximum is exceeded, refractories no longer remain very

brittle. The silicates soften and impart a significant degree of “plasticity.” Brittle

fracture of refractories is not a major problem at elevated temperatures where a

distinctly viscous, or plastic deformation, type of response occurs under most

loading conditions. Furthermore, although literature exists reporting the high-

temperature strengths of refractories, these strength values should only be

accepted with reservations and only applied to design situations with a consider-

able degree of caution. Most of those strengths were probably not properly

measured.

IV. THE FRACTURE TOUGHNESS/STRENGTH
RELATIONSHIP

The studies of Nakayama in the 1960s developed the work-of-fracture test and

applied it to refractories. He introduced energy concepts related to the extension

of a single crack to refractory fracture (7). In the 1970s and 1980s, following

Nakayama’s lead, researchers realized that the approach to understanding the

fracture of refractories was to conduct measurements on individual or single

cracks, instead of, or in addition to, the common bend strength measurements.

The path to understanding was to use the fracture mechanics approach of a single

crack. Sakai and Bradt have reviewed and discussed numerous fracture mech-

anics test specimens and related them to the work-of-fracture measurement (8).

There have been a number of measurements of the fracture toughnesses of refrac-

tories. The KIc-values were determined by the single-edge crack, or notched-

beam bend specimen, where the normal three-point bend specimen was simply

notched straight across at the half height with a thin diamond blade. From this

simple bend test of an artificially cracked (diamond saw notched) specimen,

the fracture toughness is then calculated from the equation

KIc ¼ (3PLC1=2=2bh2) f {c=h}, (3)

which bears a close resemblance to a combination of Eqs. (1) and (2) and where

the parameters have the same identities. The f {c=h} polynomial is related to the

ratio of the crack length to the specimen thickness, although most researchers

have used a straight through sawed artificial crack of a depth of one half of the

specimen thickness. Several have tabulated this function (9, 10).

The fracture toughness can be measured by this test at low temperatures

where fractures are predominantly brittle and the load-displacement curve is
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essentially linearly elastic to failure. That toughness can be plotted versus the

strength as measured by the three-point bend test for a group, or class of refrac-

tories, such as fireclays, or high aluminas. The result is a straight line that passes

through the origin. The slope of this line, as indicated by Eq. (2), is the geometric

constant, Y, multiplied by the square root of the critical flaw size, C. Flaw sizes

estimated from the slopes of these plots are generally of the same size as the lar-

gest aggregates in the refractory. This is not surprising, for it has long been

known that refractory mixes with larger top size aggregates have lower strengths

than those containing just fine aggregates. It is evident that the intrinsic flaws in a

refractory body are related to, or scale in size with, the largest aggregates in that

refractory. It is an important point for understanding the strength of refractories

and the role of the aggregates in the refractory mix.

It is desirable to comment on the values of the fracture toughness that have

been reported for refractories, if for no other reason than to appreciate their sus-

ceptibility to fracture. Although it is usually not appropriate to group alumino-

silicates and basic refractory bricks, or shapes together with refractory

castables, in this instance it is not a technical disaster to do so because of the

broad generality that is intended by this calibration process. The reason is that

refractories are not very tough by any standards. The fracture toughnesses of

refractories usually are in the range of about 0.2 to 1.5 MPa .m1/2, not very

large toughnesses. Refractory castables are at the lower portion of this range

and fired bricks at the higher end. For comparison, the toughness of window

glass is 0.75 MPa .m1/2 and that of most cast irons is about 20 MPa .m1/2,

although some are lower and some are higher. The toughest steels are more

than 200 MPa .m1/2 (6).

The rather low fracture toughness values for refractories are to be expected,

for refractories are not very strong and their intrinsic flaws are quite large, as evi-

denced by the readily visible large aggregates (flaws) in refractory bodies.

Although the fracture toughness is by no means the complete situation for the

fracture of refractories, its low values clearly send the message that the crack

initiation resistance of refractories is not very large. Cracking and fracture may

be expected to be of concern for industrial refractories in many of their

applications.

V. THERMAL STRESS FRACTURE

When fracture occurs as a consequence of the thermal stresses generated during

the temperature changes that a refractory lining experiences during its initial

heating, or during thermal cycling of day-to-day operational practices, the extent

of damage during fracture is governed by an energy criterion. This is illustrated

by Hasselman in his classical papers (11, 12). Generally, for refractories, one
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might expect these microstructures to experience quasi-static crack extension

during any thermal shock, but kinetic crack growth is also a consideration,

although probably much less so and is often unlikely. Similar equations address

both situations. For kinetic crack growth, Hasselman derives and defines the

kinetic thermal shock damage resistance parameter, R0000, as

R0000 ¼ Egwof=s
2
f , (4)

where E is the elastic modulus and gwof is the work-of-fracture as measured orig-

inally byNakayama (7) and subsequently by Tattersall and Tappin (13). Hasselman

similarly defines a quasi-static crack growth damage resistance parameter, Rst,

which he expresses as

Rst ¼ (gwof=Ea
2)1=2, (5)

where a is the coefficient of thermal expansion and the other parameters are as pre-

viously noted. These have been recently reviewed byRodrigues and Pandofelli with

specific reference to refractory castables (14).

Although it is not immediately obvious, Eqs. (4) and (5) have the same gen-

eral dependency on the elastic modulus and strength. When the thermoelastic

stress is expressed in simple form for total linear restraint in one dimension, it

is of the form

s ¼ aEf (T), (6)

which, when squared on both sides, indicates that

s 2 � a2E2: (7)

Combining Eq. (7) with (5) for Ea2 reveals that both R0000 and Rst are inversely

related to the strength squared divided by the elastic modulus, E. This quantity,

(s2/E), is essentially the stored elastic strain energy in an object at the stress level
s (15). It is the driving force for fracture or crack extension. It is not surprising

that whether the thermal shock damage crack growth is either kinetic or quasi-

static, the crack must still be driven by the stored elastic strain energy of the

system.

The above analysis explains why the evolution of industrial refractory

strengths over history has not been focused toward the development of

high-strength refractories. The thermal stress damage resistance decreases as

the strength increases and it does so as the square of the strength. High-strength

refractories are much more susceptible to thermal shock damage. Refractory

manufacturers have known this for some time as their ceramic engineers

increased the thermal shock damage resistance of fireclays by adding large aggre-

gates from crushed rejected “bats” to the refractory mix. Refractory engineering

pioneers often expressed the thought that the large hard aggregates acted as ther-
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mal shock crack stoppers (16). The aggregates may have functioned somewhat in

that role, but it is more likely that the beneficial effect of the crushed brick aggre-

gates was primarily one of introducing large flaws into the refractory microstruc-

ture and thus reducing the strength and the stored elastic strain energy available

for thermal shock crack propagation. Now it is recognized that the strong large

aggregates also assume an important role in the creation of a rising R-curve in

refractories and will decrease the extent of crack propagation, a point discussed

later. No matter how multifaceted the role of the aggregates may be, it is now

obvious that where thermal shock damage resistance is a concern, then a stronger

refractory is not necessarily a better refractory.

VI. NONLINEAR FRACTURE AND THE J-INTEGRAL
APPROACH

Linear elastic, brittle fracture of refractories occurs only at room temperature, or

at moderately elevated temperatures. Even at room temperature, many refrac-

tories, especially castables or other monolithics, will exhibit an extensive non-

linear portion of the load-displacement curve prior to failure in a normal bend

strength test, and most certainly in a fracture mechanics test with a large artificial

crack. The load-displacement curve for a typical strength test resembles that in

the first diagram of Figure 1. This nonlinear form is the result of inelastic

phenomena occurring in the region of the crack or fracture, both in the crack

front process zone ahead of the main crack (microcracking) and also in the fol-

lowing wake region behind the crack front across the newly formed fracture sur-

faces (aggregate bridging). Typically, after the usual linear elastic region during

initial loading, an extensive bending of the curve occurs and a nonlinear region

develops that soon reaches a maximum value in the load-displacement curve.

This general load-displacement characteristic of nonlinearity also occurs for

many metals, but it is a consequence of the extensive plastic zone that develops

surrounding the crack tip frontal region during yielding and dislocation plastic

flow. The point is that the nonlinear stress–strain or load-displacement curve

is a general load-displacement phenomenon in many materials, one that is not

restricted to only industrial refractories.

To address this nonlinear inelastic phenomenon, Rice formulated a concept

known as the J-integral (17). The J-integral is based on a path-independent

energy-line integral that encompasses the crack region. It was initially applied

to metals to extend the concepts of linear elastic fracture mechanics and to

address the issue of the extensive plastic flow in the vicinity of the crack tip

during loading. However, the general principles of the concept are universal

and not restricted to any specific material nor to any particular nonlinear

mechanism. Homeny et al. applied this parameter to the fracture of refractories
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in the late 1970s (18). It seems only natural to apply the J-integral concept and

experimental methodology to the fracture of refractories, but the concept has

never received the universal acceptance that one might have anticipated. How-

ever, since it is basic in principle and will undoubtedly gain favor in some

form in the future, perhaps in a related test of some sort, the simple experimental

compliance method for J-integral determination is reviewed here.

Figure 1, after Homeny et al. (18), illustrates the basic principles of the

experimental compliance technique for determining the J-integral. An artifically

cracked or notched specimen and a geometrically identical but unnotched speci-

men are required. The notched specimen is loaded just past its maximum load, to

clearly identify the nonlinear regime and its load-displacement curve is recorded.

Then the area, ANI is determined to the displacement point of the maximum load.

Next, the similar, but unnotched specimen is loaded to the same PMAX-value so

that the stored elastic strain energy in the specimen, AUE, can be determined

and then subtracted from the energy of the notched specimen. The difference

of the two, the remaining energy, is then used to calculate the critical value of

the J-integral, JIc, at the maximum load experienced by the notched specimen.

This is the compliance technique as described by Rice et al. (17), Mindess

et al. (19), and Roedig et al. (20).

This technique results in a JIc-value that has the units of J/m2 and thus

requires comparison with a GIc-value rather than a stress intensity-based fracture

toughness, a KIc. When Homeny et al. measured the JIc-values and the KIc-values

for the same aluminosilicate refractories, according to Eq. (3), and then converted

them to GIc-values, they observed that the JIc-values consistently exceeded the

GIc-values, often by as much as a factor of four or more. It is obvious that the

J-integral technique is capable of measuring the energy demands of the crack pro-

cess zone in refractories. Furthermore, the J-integral has a fundamental meaning

for the microstructural condition associated with the maximum load. These are

critical issues at the very heart of the microstructural design of refractories. It

must be concluded that the J-integral has considerable potential for advancing

the understanding of the fracture process, its relationship to microstructural

design, and numerous related phenomena in refractory materials.

When Homeny et al. compared the energies from the J-integral method to

twice the total work-of-fracture for the same refractories, 2gwof, the latter was

generally much larger, often four or five times as large (18). It is evident that

when large cracks develop in refractory specimens, then there is considerable

energy dissipation in the vicinity of the advancing crack front, probably both

in the frontal process zone and in the following wake region. The fact that

Homeny et al. did these experiments on laboratory-scale specimens that were

only a few centimeters in their dimensions and that the fully developed process

zone for their refractories would probably have been larger than the entire actual

test specimen, suggests that the evolution of the process zone of refractories is a
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fruitful area for future research. It is certainly one where a greater understanding

will be beneficial to refractory microstructural development, especially for the

strength and thermal shock damage resistance of refractories.

VII. WORK-OF-FRACTURE

The development of the work-of-fracture test and its subsequent application to

fireclay refractories by Nakayama and Ishizuka were the seminal works that

redirected the research on the fracture of refractories to that of using large

single cracks similar to fracture mechanics research on metals (21). The work-

of-fracture test remains one of the simplest tests that one can apply to refractories.

However, similar to the previous comments above regarding the specimen size, it

is now realized that the crack region process zone size for refractories can be

quite large and many laboratory-scale work-of-fracture specimens are simply

not large enough to permit an assessment of the full development of the crack

process zone. In spite of this shortcoming, the work-of-fracture test will be dis-

cussed because of its simplicity and the extension of its concepts to current frac-

ture tests that are much more popular. Its principles are essential ones to

understand refractory fracture, especially thermal shock fracture and spalling.

A key issue to the work-of-fracture test is to provide a specimen geometry

that encourages stable crack growth, that is a crack extension that the test

machine is able to completely monitor during crack growth through the micro-

structure of the test specimen. It is also desirable to have a stiff, low-compliance

testing machine to promote stable crack growth. Nakayama achieved both, the

latter by building his own machine. For the former, Nakayama notched a simple

three-point bend specimen at the center of its length to leave a triangular, or chev-

ron, type of remaining ligament section such that the sharp apex of the triangular

section was on the tensile side of the bend specimen during testing. When done

properly, this promotes a stable load-displacement test curve as the crack grows

through the test specimen. This crack stability issue is important and has been dis-

cussed at length by Nakayama et al. (22). The energy, or work-of-fracture, is then

simply

work-of-fracture ¼ gwof ¼

ð
P du

2A
, (8)

where the integral,
Ð
P du, is simply the area under the load-displacement curve

and A is the cross-sectional area of the remaining ligament of the specimen after

notching. The factor of 2 is included because when a specimen is fractured, then

two newly created fracture surfaces result. This is similar to the energies or areas

under the curves in Figure 1. Although a chevron type of notch seems to be pre-

ferable nowadays, any triangular form of remaining specimen ligament that
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encourages the initiation of stable crack growth at low applied loads is quite

satisfactory.

Initially, it was considered that the work-of-fracture was a material con-

stant, much like the elastic modulus, or the fracture toughness. The discovery

of rising R-curves, which are discussed later, and the concept of a fully developed

crack region process zone about an advancing crack have cast considerable doubt

upon that original notion. Although discussion of this may be premature to the

R-curve and crack process zone discussion later, it is nevertheless necessary.

The work or energy to create a crack is dependent on the development of the

energy-consuming process zone in the region of the crack. In a refractory with

a rising R-curve, that process zone is a function of the crack size, or length,

usually increasing in size with increasing crack length, but reaching a plateau

value at its fullest stage of development. In most laboratory-scale work-of-

fracture tests, the test specimen is just not sufficiently large enough to generate

the plateau value or equilibrium configuration (steady state) of the crack process

zone as the crack is extending, thus the energy for fracture, the work-of-fracture

is continually increasing as the crack is growing. Unless the experimentalist has

very large test specimens, ones where the steady-state condition of the crack

process zone is achieved and then the work-of-fracture is normalized on a unit

crack length basis in this plateau value or constant-size process zone region,

the measured work-of-fracture may be expected to increase with increasing

crack length and test specimen size as well. This dilemma relates to the funda-

mental origin of the rising R-curve and also applies to other similar materials

such as structural concretes.

Some discussion is in order with regard to the use of the single edge crack

notched-beam test previously described with regard to Eq. (3) for measuring the

fracture toughness in an experimental manner such as to simultaneously extract a

work-of-fracture value from the same experiment. In fact, many experimentalists

like to extract these two items concurrently from the same test sample. Because

of the efficiency of getting two pieces of data from only one test, researchers have

found this test to be attractive. Many have used this technique with some modest

degree of success, for many refractories are so well microstructurally designed to

dissipate energy during crack growth that there is little or no difficulty obtaining a

stable fracture from a straight through notch. If one is using a stiff testing

machine, then a chevron specimen notch is not necessary. It seems easy.

Several dangers to generating data in this fashion exist, the most prevalent

being the wandering of the propagating crack from the plane originally defined by

the diamond-sawed notch. This generates a larger real fracture surface area than

the apparent area of the notch plane. When this occurs, it produces erroneously

large work-of-fracture values. Of course, the triangular notch has a restraining,

a guiding effect on the propagating crack that is absent from a straight through

notch. As straight through notches have a strong tendency to produce semistable
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cracks, it is possible that the time response of the test machine may not be suffi-

ciently high to fully monitor the crack growth during the notch-beam test. Some

of the energy dissipation in the specimen may not be recorded. For these reasons,

the author does not recommend using the single-edge crack notched-beam test to

generate both fracture toughness and work-of-fracture results simultaneously.

As with the strength and the fracture toughness, it is appropriate to consider

some of the work-of-fracture values of refractories in a global sense, if only to

calibrate readers and refractory researchers. If one considers the work-of-fracture

of glass, or that of the cleavage planes of single crystals, then the values are not

too different from their thermodynamic surface free energies, only 1 or 2 J/m2.

For these materials the energies for crack initiation and propagation are virtually

equal. Many fine grain size, high-strength structural advanced ceramics have

work-of-fracture values that are at the level of about 10 J/m2. Refractories gen-

erally have much larger work-of-fracture values. At room temperature, the more

brittle, densely fired refractories have work-of-fracture values of about 30 J/m2

and the microstructurally well-designed refractories have work-of-fracture values

of about 100 J/m2, or more. It should be apparent that refractories are substan-

tially more resistant to crack growth than to crack initiation, by a factor of 10

or more.

Finally, when work-of-fracture values are measured as a function of tem-

perature, the values in the vicinity of the strength maximum, or perhaps slightly

above in temperature, are very large. The maxima in the work-of-fracture values

at these elevated temperatures are often greater than 1000 J/m2. This is predo-

minantly from the presence of the viscous silicates. As expected, testing at still

higher temperatures where the silicates are more fluid, or less viscous, reveals

a substantial decrease in the work-of-fracture values to levels of only a few J/m2.

VIII. FRACTURE TEST DEVELOPMENTS TO ADDRESS
TESTING CONCERNS

As more refractories development included the fracture testing of refractories, it

became evident that there were problems with obtaining representative results for

the usual laboratory-scale test specimens. This was quite obvious with work-of-

fracture specimens, as the scatter of individual results from multiple tests on the

same refractory body yielded widely ranging results with unacceptably large con-

fidence intervals. It was not difficult to understand the reason for this problem, as

a simple visual examination of the fracture surfaces related the test results to the

character of the fracture surfaces. Coarse aggregates were observed to be very

important in the fracture process, often causing very large work-of-fracture

values when the aggregate was near to the apex of the chevron, or remaining tri-

angle ligament. It became evident that the coarse aggregate microstructure of
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refractories would not allow for a representative sampling of the refractory for the

small laboratory-scale specimens. Undoubtedly, one of the reasons was that it did

not allow for complete development of the crack process zone region. Neither the

microcracking and crack branching in front of the advancing crack, nor the brid-

ging phenomena in the wake of the crack system, reached a steady-state configur-

ation. A much larger test specimen was clearly in order to properly assess the

coarse aggregate refractory structures. Of course, entire bricks, some a meter

in dimension, are available as potential test specimens for many types of

refractories.

Researchers at VRD in Leoben, Austria, have promoted the wedge-split-

ting fracture test where much larger specimens are possible and better specimen

averaging and a much greater degree of crack process zone development are

possible (23, 24). Although this test has not presently received widespread

acceptance, nor has it been exploited to its fullest, it has the promise to provide

considerable additional insight into the refractory fracture process. Unfortu-

nately, several researchers using the wedge-splitting specimen test have chosen

to redefine some of the standard fracture terminology and have created con-

fusion for those without familiarity with the field. Systematic, orderly tests

with this technique for different refractory microstructure variations are in

order, and as a function of temperature to further elucidate the important fracture

mechanisms.

The wedge-splitting test has some features in common with the previously

noted J-integral compliance method. It merits further description for those who

may wish to employ it for future refractory fracture testing. Figure 2 illustrates

a schematic of the test specimen after Buchebner and Hartmut (24). It is evident

that the name of the test, wedge-splitting, is quite a representative description. It

has an elaborate fixture arrangement within a starter notch configuration and two

side notches to restrict crack wandering during the actual test. It is loaded in

compression and is able to generate fracture parameters from analysis of the

load-displacement curve. Because of the specimen size and the large fracture sur-

face area, there is generally no difficulty in obtaining fully stable fractures for

refractories, and thus a reliable record of the total energy for crack propagation

through the specimen is easily obtained with a stiff testing machine.

Figure 3 illustrates typical load-displacement curves for wedge-splitting

refractory specimens. Depicted is a refractory of the “brittle” variety (perhaps

a high fired superduty fireclay) and a “tough,” or more energy-consuming, variety

(such as a highly microcracked 70% alumina). When the load-displacement

curve is integrated, analogous to Eq. (8), it is possible to obtain the total work-

of-fracture. Some researchers using this technique have defined it as the specific

fracture surface energy and used a GF instead of the total work-of-fracture, 2gwof.

This may be a convenient nomenclature if it is intended to later relate this result

to the strain energy release rate, GC, or perhaps even a form of some variant of JC,
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but the experimental measurement is clearly that of the work-of-fracture as speci-

fied originally by Nakayama (7).

As the load-displacement curves are typically stable ones for the wedge-

splitting specimens, they exhibit an initial linear elastic region and a moderate

nonlinear region, which is followed by a maximum load value, similar to the

first of the diagrams in Figure 1 for the J-integral, then a long tail of decreasing

load with increasing displacement. It is also possible to use the maximum of this

load-displacement curve for additional information, although the value of this

Figure 2 The wedge-splitting test specimen and configuration for fracture measure-

ments. (From Ref. 24.)
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information remains to be fundamentally demonstrated. Some researchers have

suggested that the integration of the load-displacement curve to the peak as a

measure of the strain energy release rate, GC, is

GC ¼

ðPmax P du

2A
, (9)

where the integral is taken to the maximum load, Pmax, and A is the remaining

ligament or the eventual fracture surface area. This approach would have more

merit if all test specimens in the universe were the same size. However, it should

be recalled that a similar type approach is utilized in the J-integral compliance

technique where the stored elastic strain energy in the test specimen at the maxi-

mum load is subtracted to specifically identify the crack process zone energy. As

the stored elastic strain energy will vary with the test specimen size and the par-

ticular refractory material, it must be accounted for independently from the

observed area under the load-displacement curve. This suggests that simply attri-

buting the maximum load to a GC quantity is not fundamentally correct. How-

Figure 3 Schematic load-displacement curves for refractories in the wedge-splitting

test.
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ever, the GC-value determined in this way may be a satisfactory approximation

for development purposes within a single class of refractories such as mag-

chrome or alumina-magnesia-carbon.

A particularly interesting and quite practical approach to utilize the above

results from the wedge-splitting test is to assess the ratio of the area under the

stable fracture curve from the initial loading point to the maximum, referred to

as GC above, and the total area of the stable load-displacement curve that yields

the quantity referred to above as GF. The ratio of the two quantities may be used

to define a toughness, ductility, or flexibility ratio as

ratio ¼ GF=GC: (10)

This ratio will have a large value, .10, for those refractories with high energy

consumption during crack propagation relative to the energy required for crack

initiation. This ratio is really nothing more, actually less on a fundamental

basis because of the problems with GC, than the well-known ratio relating the

work-of-fracture and the single-edge notched-beam fracture surface energy:

ratio ¼ gwof=gnbt ¼ 2Egwof=K
2
Ic, (11)

where the KIc-value is that determined by the single-edge cracked notched-beam

test as previously noted and described by Eq. (3). The E is the elastic modulus of

the refractory. When the separate issues of energy for propagation and initiation

are expressed as above, it becomes quite obvious as to just why industrial experi-

mentalists have attempted to obtain both KIc and gwof from a single test specimen,

such as the single-edge cracked notched-beam test. The use of the wedge-

splitting test specimen also may eventually accomplish this goal.

It is appropriate to note that either of the two ratios expressed by Eqs. (10)

and (11) is a measure of the energy requirement for crack propagation divided by

a quantity related to the energy required for crack initiation. The higher this

ratio, the better the thermal shock damage resistance of the refractory and the

greater the ability of the refractory to adapt to thermal and mechanical strains

in service. The latter is frequently because the microstructure of the refractory

is able to accomodate extensive internal cracking processes and still retain its

mechanical integrity. The latter indirectly relates to the extent of the long tail por-

tion of the load-displacement curve, either in the original work-of-fracture test or

the wedge-splitting test. As pointed out by Buchebner and Hartmut (24), this is

desirable for applications such as rotary cement kilns where the original perfect

roundness of the steel kiln shell is changed throughout its lifetime from natural

degradation processes.
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IX. THE CRACK PROCESS ZONE FOR REFRACTORIES

It must be apparent, even obvious, that very interesting energy-absorbing

phenomena occur in the vicinity of the cracks of refractories and that these con-

sume a large amount of energy as the crack front advances (25). These events

occur in two different regions: the process zone in front of the advancing crack

and the following wake region that trails the advancing crack front. Once a

crack begins to propagate, it develops a steady-state frontal process zone, but

the region behind the crack continues to increase. The fact that large cracks

are more difficult to propagate than short cracks suggests that the following

wake region is more important to the crack growth resistance (26).

Figure 4 schematically illustrates the total process zone about the crack,

both in front of and following behind the advancing crack front. In the front of

the crack, where researchers once believed that all of the “action” occurred,

microcracking is prevalent and there is usually considerable crack branching,

much of the latter associated with the linking-up of microcracks in the region.

The size of this frontal process region varies from one refractory material to

another, but a simple estimate using a Dugdale-like approach suggests that this

crack front region, or frontal process zone, may be quite large, far larger than

most laboratory-scale test specimens when it is fully developed. This indicates

that small laboratory-scale test specimen results may not produce absolute num-

Figure 4 Schematic of the crack process zone for refractory materials.
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bers, for the crack process zone, front and back, is only partially developed.

Because of these size effects, laboratory-scale testing may only yield values

for comparison between different refractory microstructures tested at the same

sample size and under the identical testing conditions. Of course, even then, if

the elastic moduli of the different refractory specimens vary widely, additional

problems are created using some of the test techniques. This is because different

amounts of elastic strain energy are stored in the sample and must be accounted

for in addressing the microstructural energy-absorbing processes, or events as

they relate to the load-displacement curves.

The other important region about an advancing crack front in refractories

is the region behind the crack front. In brittle materials the crack opening dis-

placement (COD) is not very large and neither is the crack mouth opening dis-

placement (CMOD). Refractory microstructural elements such as the large

aggregates are able to interact across the newly formed crack surfaces. It now

appears that the phenomena occurring in the following wake region of the

crack are the most important of all of the fracture, or cracking related phenomena

in refractories. Certainly, they are the ones that contribute to the R-curve

phenomenon described in the following section. Perhaps many things happen

just past an advancing crack, but in refractories, the two believed to be the

most important are refractory aggregate bridging and silicate ligament bonding,

both of which are schematically illustrated in Figure 4.

Silicate ligament bridging of the crack surfaces is only of consequence to

refractory fracture at elevated temperatures where the glassy silicates become

viscous and can flow and form bonding ligaments between the newly created

fracture surfaces. Of course, it is necessary that these silicate ligaments have

some strength so as to be able to hold the forming crack faces together. They

do, but only over a limited temperature range, for once the temperatures get

too high, the viscosity of the silicates decreases and they are no longer strong

enough to contribute to any significant bonding of the newly formed crack sur-

faces. This is probably the reason why there is a strength maximum as a function

of temperature and a maximum in the work-of-fracture for silicate-containing

refractory bodies. Of course, extensive bonding across the fracture surfaces of

a crack of this general nature is not unfamiliar. It is the reason that fibers are

used in high-technology fiber composites and also the reason that metal fibers

are added to refractory castables. Those materials, similar to refractories, may

crack but retain much of their integrity and remain coherent to a large extent.

The bridging role of the aggregates behind the advancing crack front is

monumental to the crack growth resistance of refractory materials. Homeny

and Bradt demonstrated the importance of the aggregate distributions with direct

reference to the thermal shock damage resistance, comparing continuous and

gap-sized aggregate distributions (27). Although the truly fundamental import-
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ance of these microstructural components has been recognized for many years, it

was not fully appreciated until recently that the aggregate contributions occurred

in the following wake region after the crack front had actually passed. The details

of the aggregate bridging mechanisms that contribute to the crack growth resist-

ance are still not fully appreciated, nor completely understood. At least three have

been suggested, namely bridging across the newly created crack surfaces; wed-

ging of the aggregates behind the crack, which requires a bridging phenomenon,

and the frictional effects of pullout of the aggregates from one side of the passing

crack. The last obviously occurs with some regularity when one examines a

refractory fracture surface and sees the large aggregates protruding as a conse-

quence of cracks bypassing them and looping around them. Of course, this last

process only occurs when the aggregates are stronger than their matrix bonding.

Perhaps it was this latter observation that led the refractory pioneers to view the

aggregates as crack stoppers (16). In any event, it is desirable to have aggregates

as large and as strong as possible, not only to encourage crack bypass, but to

otherwise consume energy during the bridging phenomena following the crack.

There are many opportunities for improving the crack growth resistance

of refractories from the structural and microstructural design of the aggregates.

First and foremost is the particle size distribution of the aggregate portion of

the refractory batch mix (27). It is evident that to bridge the crack, an aggre-

gate must be at least as large as the crack opening displacement, the COD, or

perhaps rather the crack mouth opening displacement, the CMOD, if the aggre-

gate is to bridge the crack at a large distance behind the advancing crack front.

This has led to one refractory installation concept of using very large aggre-

gates in refractory castable linings and then infiltrating the interstices between

the aggregates with a free-flowing castable. It works well in areas such as ladle

bottoms.

A natural extension of the aggregate size concept is the geometrical aspect

of the aggregates. It seems obvious that angular aggregates should have a mech-

anical interlocking effect that is greater than spherical aggregates. Experience

with the use of fiber additions to castables indicates that length and aspect

ratio are important. Probably, larger aspect ratios will give improved crack

growth resistance, but mixing this type of geometrical fiber addition into a refrac-

tory castable or concrete is not very easy. Stronger aggregates should be better

than weak ones, and rough surfaces on the aggregates should be preferred to

smooth ones. The chemistry of the bonding with the silicates in the refractory

is also very important. It is now almost universally recognized that the phenom-

ena occurring behind the advancing crack front, in the following wake region of a

crack, are the most important effects to the crack growth resistance of refrac-

tories. It remains to specifically identify and then fully quantify those phenomena

to produce more crack growth-resistant refractory microstructures.
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X. R-CURVES FOR REFRACTORIES

The consequences of rising R-curve behavior for refractories have been known

for some time. Adams et al. (26) were the first to experimentally demonstrate

this phenomenon for a series of aluminosilicate refractories when they observed

that long cracks were much more difficult to extend than short cracks. In its sim-

plest form, the phenomenon is just that as a crack grows larger, or extends, it gets

more difficult for it to grow, or extend further, because of greater opportunities

for interactions in the larger following wake region of the crack. The R-curve

is a resistance curve, a crack growth resistance curve as schematically shown

in Figure 5.

Figure 5 depicts the concept of an increasing or rising R-curve and con-

trasts it with the brittle flat R-curve that one might expect to observe for glass,

or for a fine grain size ceramic specimen. A flat R-curve as observed for a per-

fectly brittle material is the horizontal dashed line in Figure 5. The crack growth

resistance, the R-value, is constant with crack length, the horizontal axis. In this

instance the R-value is just 2gf where gf is the fracture surface energy. The

diagram shows the crack growth or extension portion to the right of the zero as

DC. The initial crack size of the test specimen is designated as Ci and lies at

the left-hand end of the horizontal axis. The dashed line marked as G is the strain

energy release rate and for a perfectly brittle material crosses the flat R-curve at

Figure 5 Schematic of a rising or increasing R-curve in contrast with a flat one.
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C ¼ 0. For a perfectly brittle material, the fracture criterion of G ¼ R has been

met and the material will fail catastrophically, producing a load-displacement

trace similar to the middle diagram in Figure 1, perfectly linear elastic to failure.

However, for a material with a rising R-curve, as depicted by the heavy

solid line curving upward from the intersection of the two dashed lines on the ver-

tical axis ofG and R, once G ¼ R and crack growth begins, the R-value increases.

R immediately exceeds G and the crack is arrested, for when R . G, the crack

cannot propagate. A series of many G lines from the dashed one to the solid

one occurs for increasing loading of the crack, but the rising nature of the

R-curve immediately causes R to exceed G every time that R ¼ G, and a sort of

quasi-static crack growth process occurs with increasing stress. Eventually, the

rising R-curve begins its asymptotic trend to the value for a fully developed

crack process zone (both front and back of the crack front) and the G-curve is

able to approach and exceed it tangentially. The failure criterion is then deter-

mined by the equality of the slopes of the two curves. Failure occurs when

(dG/dc) � (dR/dc), as depicted on the crack growth diagram in Figure 5.

It can be seen that the presence of an increasing or a rising R-curve has two

obvious effects on the fracture of a refractory. First, it creates the need for a

higher stress to meet the fracture criterion. It makes the refractory stronger before

it fails catastrophically. Second, it generates a nonlinear type of behavior during

loading to failure. This nonlinear region is clearly marked DCNL for nonlinear

crack growth in Figure 5. It corresponds to the nonlinear region of the normal

load-displacement plot, the deviation from linear elastic behavior just prior to

the load maximum. It is this nonlinear region that Gogotsi et al. have used to

define a brittleness ratio, which they later applied to thermal shock damage resist-

ance (29). The extent of strength increase and the extent of the nonlinear region

will depend on the individual refractory and the temperature at which it is

measured. Of course, it also depends on the crack process zone and the aggregates

in that process zone that affect the bridging phemenona in the following wake

region after the crack front has passed. It determines the rate of rise for the

R-curve of that refractory.

In general, R-curves are not measured for refractories, as many researchers

either do not understand them or simply believe that they are too much trouble to

bother to determine. After all, integration of the R-curve just yields the total

work-of-fracture, so why bother with the details? The reason is that if one does

determine the complete R-curve, then it may be possible to directly correlate

the R-curve phenomena with specific microstructural features of the refractory

as the advancing crack interacts with those structural features. Sakai and Bradt

(29) have described a simple graphical technique for determination of the com-

plete R-curve and how it can be derived from the stable load-displacement

plot such as that presented in Figure 4 for the wedge-splitting specimen. The

load-displacement curves of wedge-splitting specimens appear ideally suited to
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R-curve determination. If such load-displacement data are analyzed, the relation-

ships of the rising R-curve features or level to the microstructure of the refractory,

its aggregate character, may indeed prove to be very interesting, undoubtedly

revealing a great deal about the crack growth process in refractories.

XI. THE RISING R-CURVE AND THERMAL SHOCK
DAMAGE RESISTANCE

It should be apparent that the energy balance approach to thermal shock damage

originally advanced by Hasselman (11) nearly a half-century ago directly relates

to the energy consumption by the nonlinear processes in the crack region process

zone and the concept of an increasing, or rising, R-curve. Obviously, if a crack

consumes more energy as a consequence of an increasing or rising R-curve,

then it will not propagate as far and the resulting thermal shock damage will

be decreased. In fracture mechanics terms, the rising R-curve causes R . G

and the crack arrests with less extensive penetration into the refractory body.

This repetitive R . G event is what Hasselman referred to as quasi-static

crack growth. Strength losses will not be as large as for a flat R-curve material

for there is no kinetic crack growth. Unfortunately, in industrial situations, as

noted in Figure 5, the value of G depends on the stress, s, which is a time-

dependent quantity during temperature changes such as the thermal cycling of

a refractory lined processing vessel. This considerably complicates the analysis,

but it does not negate the requirement for a crack growth-resistant refractory for

improved thermal shock damage resistance and the fact that a rising R-curve is

highly desirable for refractory materials.

Without introducing additional diagrams for crack extension, or growth in

a transient thermal stress field, the role of the rising R-curve on improved thermal

shock damage resistance can be visualized in a manner analogous to the G, R

versus DC diagram in Figure 5. When a thermal shock crack encounters a steeply

rising R-curve of crack growth resistance, it reacts just like any other crack

would. It experiences arrest when R . G, an event that repeatedly occurs with

incremental crack extension. The result is that instead of kinetic crack growth

and a large decrease in the strength after a thermal stress event, the strength of

the refractory is only gradually decreased, even during the severest of possible

thermal shocks. Crack growth occurs in a quasi-static manner, just as Hasselman

originally predicted, long before R-curves were known to exist, or measured in

any ceramic systems. Refractories that are well designed microstructurally

should never exhibit kinetic crack growth, nor a precipitous loss of strength in

a severe thermal shock test. Rather, the strength loss with increasing severity

of thermal shock is always gradual for well-designed refractories. Sometimes
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there is practically no strength degradation for the very low-strength refractories.

This is because those refractories, such as the ones in the highly microcracked

70% alumina class, have extensive nonlinear load-displacement regions and if

their R-curves were measured, they would undoubtedly exhibit very steeply ris-

ing R-curves conducive to crack arrest.

The connections between the concepts and phenomena of nonlinear load-

displacement during strength tests, the existence of a rising R-curve, and an

increased thermal shock damage resistance have been known for several decades.

The first connections were those advanced by Gogotsi and his co-workers in the

late 1970s, (28, 30). Unfortunately, at that time the ideas were not given much

attention, for the era was one of “pure” fracture mechanics applied to ceramics,

including refractories, and Gogotsi had a unique mechanics approach involving

an unconventional definition of the brittleness of ceramics through nonlinear

strength plots. However, Gogotsi and his co-workers did clearly relate the non-

linear character of strength measurements to good, or improved, thermal shock

damage resistance. However, he did not relate this to R-curves, for the concept

of an R-curve was not known at the time.

The next significant work that addressed the problem was in about 1990,

over a decade after the nonlinear concepts were first advanced by Gogotsi and

over a decade ago. Steinbrech and co-workers clearly demonstrated that the pri-

mary contributions to the rising R-curve in alumina ceramics was behind the

crack front, in the following wake region (31). About the same time, Swain

began addressing the R-curve effect on thermal shock damage (32, 33). Then

Sakai and Ichikawa directly tied the phenomena of microcracking in advance

of the crack front and crack bridging behind the crack front to increases in the

work of fracture (34). By the mid-1990s, all of the fundamentals were established

to directly associate nonlinear load-displacement with crack region process zone

phenomena and rising R-curves leading to improved thermal shock resistance of

ceramics and refractories. Now, a decade later, the experimental measurements

relating to these concepts have not yet become everyday activities for refractory

development, but it is clear that they should be, and they eventually will become

so. It is only a matter of time.

Included in the proceedings of a NATO conference on the thermal shock of

advanced ceramics (35) are several papers addressing the connection of increased

thermal shock damage resistance and the nonlinear effects of rising R-curves.

Unfortunately, those papers either are of a totally theoretical nature or are applied

to advanced structural ceramics materials, not to real refractories. Few, if any, of

the advanced ceramics are capable of generating as strongly rising R-curves as

are commonplace for most microstucturally well-designed refractories. To this

day, approximately a decade after all of the basic principles have been in place

and confirmed, at least in a partial sense for advanced ceramics, the necessary

parallel studies in true refractory systems have not been completed.
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It should be evident, even to the casual reader, that refractory microstruc-

tural design of refractories should be focused toward optimizing the nonlinear

load-displacement character and the rate of rise of the R-curve. It is obvious

that one route to this goal is with design of the aggregate distribution to maximize

the crack bridging phenomena in the following wake region of an extending

crack. This is the logical approach to the improved thermal shock damage resist-

ance of refractories. In the case of refractories, this microstructural design is

directly related to the aggregate character, its size distribution, its strength, and

its bonding to the refractory matrix. Although several generalities may apply

to all refractory aggregate distributions, such as to make the aggregate as large

as possible consistent with manufacturing the refractory and achieving other

properties at an adequate level for industrial performance, one should naturally

expect that every refractory system will be somewhat different. The same aggre-

gate distributions that maximize the rise of R-curves for bricks or other fired

shapes will probably not optimize exactly the same for castables. Perhaps each

class of refractories will require detailed systematic study of the effects of its

aggregate character on the R-curves of that particular class of refractories? The

refractory technical community has hardly begun the extensive effort necessary

to understand the development of rising R-curves and their most important role

in the development of more thermal shock-resistant refractories.

XII. SUMMARY AND CONCLUSIONS

Fracture of refractories has been addressed here from both the conventional

strength and the fracture mechanics approaches, considering several techniques

for experimental measurements. The relation between the strength and the frac-

ture toughness of refractories is noted to be related to the aggregate size in the

refractory. The aggregates, their size, size distribution, and bonding character

are critical to the intrinsic flaws in refractories and directly affect the strength

through that parameter.

It is noted that the aggregates have a major role in the crack bridging mech-

anisms in the following wake of an extending crack in refractories. This leads to

the development of the rising R-curve phenomenon, which is related to the non-

linear stress–strain and load-displacement characteristics of refractories. These

characteristics of refractories impart improved thermal shock damage resistance

to them. When all of the refractory crack “toughening” processes are considered,

it is evident that the aggregates dominate the crack bridging in the wake region.

It must be concluded, therefore, that the aggregates, their size, and size distri-

bution as well as their strength, their geometry, and their bonding to the matrix

are critical to the fracture-related properties of refractories.
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Göteborg, Sweden: Swedish Ceramic Society, 1981:349–360.

26. Adams TA, Landini DJ, Schmacher CA, Bradt RC. Micro- and macro-crack growth

in alumina refractories. Bull Amer Cer Soc 1981; 60(7):730–735.

27. Homeny J, Bradt RC. Aggregate distribution effects on the mechanical properties and

thermal shock behavior of model monolithic refractory systems. In: Fisher RE, ed.

Adv. in Ceramics. New Developments in Monolithic Refractories. Vol. 13. Wester-

ville, OH: Amer Cer Soc, 1985:110–130.

28. Gogotsi GA, Grushevsky YL, Strelov KK. The significance of non-elastic deformation

in the fracture of heterogeneous ceramic materials. Ceramurgia 1978; 4(2):113–118.

29. Sakai M, Bradt RC. Graphical methods for determining the nonlinear fracture

parameters of silica and carbon refractory composites. In: Bradt RC et al. eds.

Fract Mech of Ceramics, Vol VII, New York, NY: Plenum Publishing Corp.,

1986:127–142.

30. Gogotsi GA. The significance of non-elastic deformation in the thermal shock

fracture of heterogeneous ceramic materials. In: Schnieder GA, Petzow G, eds. Ther-

mal Shock and Thermal Fatigue Behavior of Advanced Ceramics. NATO ASI Series

E: Applied Sciences. Vol. 241. Dordrecht, The Netherlands: Kluwer Academic Pub-

lishers, 1993:279–291.

Fracture of Refractories 37



31. Steinbrech RW, Reichi A, Schaarwachter W. R-curve behavior of long cracks in

alumina. J Amer Cer Soc 1990; 73(7):2009–2015.

32. Swain MV. R-curve behavior and thermal shock resistance of ceramics. J Amer Cer

Soc 1990; 73(3):621–628.

33. Lutz EH, Swain MV. Interrelation between flaw resistance, R-curve behavior and

thermal shock strength degradation in ceramics. J Amer Cer Soc 1991;

74(11):2859–2868.

34. Sakai M, Ichikawa H. Work-of-fracture of brittle materials with microcracking and

crack bridging. Int J Fracture 1992; 55(1):65–80.

35. Schneider GA, Petzow G, eds. Thermal Shock and Thermal Fatigue Behavior of

Advanced Ceramics. NATO ASI Series E: Vol. 241. Dordrecht, The Netherlands:

Kluwer Academic, 1993.

38 Bradt



3
Corrosion of Refractories

Denis A. Brosnan
Clemson University, Clemson, South Carolina, U.S.A.

I. INTRODUCTION

Refractories are used at elevated temperatures for structural purposes, and they

are used in many cases to contain a high-temperature corrosive environment.

This corrosive environment usually contains liquid (melted) phases that partici-

pate in chemical reactions with the refractory at elevated temperatures resulting

in refractory consumption or wear. It is usually not immediately obvious, but the

oxidation and reduction state of the environment (as “redox” conditions or oxy-

gen “activity”) can participate in and influence the chemical reactions that take

place. Along with chemical reactions during corrosion, physical changes occur

that may be accelerated by the corrosion process.

Corrosion of refractories can be defined for the purposes of this discussion

as follows: Corrosion of refractories is refractory wear by loss of thickness and

mass from the exposed face of the refractory as a consequence of chemical attack

by a corroding fluid in a process in which the refractory and the corroding fluid

react, approaching chemical equilibrium in the zone of contact between the

refractory and the fluid.

It is an essential point that corrosion reactions proceed in a direction toward

localized chemical equilibrium. This means that phase equilibrium diagrams can

be used to analyze corrosion situations and to predict chemical strategies to mini-

mize corrosion and wear rates. This gives persons interested in refractory cor-

rosion two options. The first is to view corrosion as a chemical and physical

process without a detailed application of phase equilibrium diagrams—called

the “phenomenological approach.” The second is to use the information in the

phenomenological approach and to use phase equilibrium diagrams. This latter

option is required for a full understanding of refractory corrosion.
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There are many types of refractory systems—fusion cast and/or bonded

brick in a “working” lining placed in front of a backup or “safety” lining (or

simply placed against a “shell”), thick-wall applications of concretes (and

other monolithics) where the lining thickness is usually on the order of 75 mm

or greater, and thin-wall applications of monolithics where the lining thickness

is typically less than about 25 mm. It is beyond the scope of this chapter to

cover every type and application possible. There are, fortunately, a few funda-

mental principles that the investigator can apply to any corrosion situation, and

it is a purpose of this chapter to provide those fundamental principles.

A. First Fundamental Principle on Refractory and Slag
Compatibility

The first fundamental principle is that “acid” refractories tend to resist “acid”

slags better than “basic” slags and, conversely, “basic” refractories tend to resist

“basic” slags better than “acid” slags. The definitions of acidity and basicity in

room-temperature solution chemistry and of refractory chemistry at elevated

temperature have a key difference.

1. Definition of Acidity and Basicity in Solution Chemistry at
Room Temperature

An acid contains an excess of hydrogen ions (Hþ) over hydroxyl ions (OH2) con-

sidering a “baseline” defined as neutrality (a “pH” of 7.0). An acidic substance

contributes hydrogen ions to a chemical solution to make it more acidic, whereas

a basic substance contributes hydroxyl ions to make it more basic.

2. Definition of Acidity and Basicity in Corrosion Chemistry at
Elevated Temperature

An acidic material contains an excess of silica content (SiO2) over basic materials

(usually CaO) considering a “baseline” defined as neutrality (a CaO/SiO2 ratio of

1.0). An acidic material contributes SiO2 in a corrosion reaction, whereas a basic

material contributes CaO or MgO in a corrosion reaction.

This leads to the observation that acid refractories are more “compatible”

with acid slags, that is, acid materials experience less corrosion loss against acid

slags as compared to basic slags. In a like manner, basic refractories are more

compatible with basic slags than with acid slags.

In a strict definition of compatibility, mineral phases will not react at elev-

ated temperature if they are compatible. This means that on a microscopic basis,

they will “stand beside” one another or coexist at equilibrium without reacting to

form new substances. In general usage, the term “more compatible” just means

“less reactive.”
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There are more complex definitions of acidity and basicity for high-

temperature chemistry than those given above. For example, in steel refining,

the term “V”-ratio is used where a ratio exceeding 1.0 implies a basic chemistry

(usually a basic slag chemistry), and a ratio below 1.0 implies an acid chemistry.

In definitions of this sort, the “V-ratio” can be expressed in terms such as the

following:

V ¼
CaO þ MgO þ FeO þ MnO þ � � �

SiO2 þ P2O5 þ Al2O3 þ Fe2O3 þ Mn2O3 þ � � �

In many cases, it is convenient to use three-component phase equilibrium

diagrams in analyzing corrosion situations. The major refractory component can

be visualized as one apex (corner) of the triangle, with CaO and SiO2 as the other

components (apices). In these analyses, it is convenient to use the simple CaO/
SiO2 ratio. In more complex analyses using advanced thermodynamic software, it

may be more accurate to use the V-ratio to define “equilibrium” conditions.

Corrosion reactions should be viewed as attempts by the system to achieve

compatibility by progressing toward equilibrium. Refractories are rarely at

chemical equilibrium on a microscopic scale since they are typically made

from mixtures of different minerals. However, at the immediate corrosion inter-

face between the refractory and the slag, the localized volume elements may be at

or close to chemical equilibrium.

B. Second Fundamental Principle on Porosity and
Corrosion Rates

Most refractories contain void space or porosity. This porosity may be open pores

that can be penetrated by a fluid media (i.e., “apparent” porosity) and/or it may

be closed porosity that is not easily penetrated by fluid media. If a refractory con-

tained no porosity (or brick joints, expansion joints, or construction joints), the

corrosion reaction is limited only to the face exposed to the corrosive media

(called the hot face). When porosity is present, particularly when open porosity

is present, the corrosive media can penetrate the refractory, causing destructive

reactions behind the hot face.

Most investigators have found that slag corrosion rates increase linearly

with the percentage of apparent porosity within the refractory. This is usually

true within a limited range of apparent porosity—for example, in the range

12–16% apparent porosity—but it is not necessarily true at high apparent poros-

ities (.20%).

It is for this reason that attention is directed toward achieving higher den-

sities in refractories, i.e., obtaining the lowest possible apparent porosities.

Higher-density refractories usually exhibit lower wear rates. Understandably,

very high-density refractories may exhibit less spalling resistance, leading to
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higher wear rates by another process such as thermal shock. This points to the fact

that corrosion loss is one part of many possible contributors to an overall wear

rate for a furnace lining. Usually one wear process, such as corrosion, is the domi-

nant wear process.

Because corrosive fluids can penetrate the refractory, such penetration

usually results in disruption and even destruction of the “matrix” of the refrac-

tory. The matrix is the area of “sintered fines” that hold together “bonded” bricks

and monolithic refractories. Usually, the matrix contains more impurities and

more porosity than aggregate particles. Therefore, corrosion affects the “weak-

est” component of the refractory at a higher rate than denser or higher-purity

particles. In extreme cases of matrix attack, rapid erosion of coarse refractory

aggregate can occur.

II. PHENOMENOLOGICAL DESCRIPTION OF CORROSION

A. Introduction

The phenomena that occur during refractory corrosion are well known to anyone

who has been around a furnace containing reactive process components such as

slags or glasses. It is obvious that the reactive component, hereafter called the

“slag,” must contact the refractory’s exposed surface or hot face at an elevated

temperature. It is at this interface that corrosion begins and continues throughout

the life of the lining.

The situation is illustrated by considering a cross section of the slag and

refractory interface (Figure 1). The refractory has a temperature gradient from

the hot to cold face—meaning that the highest temperature is at the hot face

and temperature declines across the refractory thickness toward its back or

cold side. Slag is shown penetrating the refractory until a “freeze plane” is

reached. The freeze plane is the location in the refractory where the temperature

is sufficiently low to cause the slag to solidify.

The hot face of the refractory is coated with slag. In most metallurgical

applications, this coating is relatively thin (�2–5-mm thickness). In some verti-

cal wall refractory construction where the refractory is not in contact with a metal

bath or slag pool, slag can accumulate in thick sections (.25 mm).

In some cases, two distinct slag layers can be observed on the outside of the

refractory after a used material is sectioned. There may be a fluid “outer layer”

over a “viscous appearing” inner layer with the latter directly contacting the sur-

face of the refractory. The inner layer is typically influenced by solution of the

refractory in the slag with the added components increasing the viscosity of

the slag. There may be eroded particles of the refractory in the inner layer,

which can be seen with the aid of a microscope. The two-layer situation is usually

seen where liquid slag runs down a vertical refractory wall.
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Two-dimensional representations in drawings or photomicrographs of the

hot face zone cannot reveal the three-dimensional structure underlying the area

of the section. For this reason, many pores appear to be isolated, but they may

be connected to the hot face through a channel under the observed plane. For

this reason, pores that are apparently isolated can be filled with slag.

Slag reacts with the refractory, forming new phases at the immediate hot

face. Reaction also takes place behind the hot face, where slag contacts the refrac-

tory at the pore walls. In metallurgical applications, metal can sometimes be seen

penetrating the refractory along with slag.

B. Third Fundamental Principle on Reactions and
Temperature Gradients

A key concept of this principle is that the temperature gradient affects the extent

of phenomena seen in slag corrosion. In a very steep temperature gradient, very

little penetration of slag is seen, with corrosion reactions more or less restricted to

the immediate slag and refractory interface. Mobility of fresh slag (reactant) to

Figure 1 Cross section of the slag–refractory interfacial area.
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the slag–refractory interface may be limited, and transport of reaction products

away from the slag–refractory interface may be slow. Steep gradients are seen

in thin-wall refractory linings such as those used in utility boilers featuring

water or steam cooling at the furnace shell.

In conventional refractory designs, the lining is at least one brick thickness

(.225 mm), and the lining typically features a safety lining for a total thickness

of at least 450 mm. The slag freeze plane may be located in a zone of 40–75 mm

behind the hot face. In some cases, slag may penetrate up to 150 mm behind the

hot face.

C. Thin Wall (Steep Temperature Gradient)

The corrosion situation in a thin-wall refractory lining is illustrated in Figure 2.

Here the refractory corrosion reactions occur primarily at the immediate hot face,

and there is little or no slag penetration. Microscopic examinations usually show

Figure 2 Stage I of slag attack (showing a bonded refractory).
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that penetration is confined to a depth of less than 100 microns (0.1 mm) behind

the exposed hot face. This situation may be called “Stage I” of slag attack, where

reactions occur at the immediate hot face.

It is found that the hot face temperature primarily affects the rate of cor-

rosion reactions. If the hot face temperature is held just below the point that

the products of corrosion become liquid (melt), corrosion will be very slow or

nonexistent. Most authorities believe that if the hot face is maintained at no

more than 208C above this melting temperature (called a lowest eutectic tempera-

ture), reasonable corrosion rates will be observed. However, when the hot face

temperature is more than 208C above the eutectic, corrosion is rapid.

In some applications like utility boilers, “button fusion tests” are run to deter-

mine the slag melting temperature. A much more accurate test is to determine the

eutectic or “solidus” temperature using thermal analysis. The solidus is recognized

on heating with the appearance of an endothermic reaction (melting). The reaction

temperature between slag and refractory can be determined by conducting a ther-

mal analysis test of a mixture of ground refractory and ground slag.

Thin-wall refractory designs rarely exhibit more extensive corrosion

phenomena than are described as “Stage I” of corrosion. Therefore, the primary

process variable affecting corrosion is hot face temperature. Secondary variables

influencing corrosion rates include slag impingement velocity and slag chem-

istry. With respect to chemistry, the refractory will be soluble in the slag up to

a certain extent (or percentage). If the slag is “satisfied” with respect to the chem-

istry of the refractory, slag corrosion should be minimal. The term “satisfied”

means that the slag has reached the chemical solubility limit of major refractory

constituents in the slag. Usually, the slag is not satisfied, i.e., it is corrosive.

Attempts to make additions to the slag to obtain a satisfied chemistry (to mini-

mize corrosion) are usually not economical.

There are a few cases of thick-wall designs where the refractory is so resist-

ant to slag corrosion that corrosion reactions are restricted to the hot face region.

Usually, these involve fusion cast refractories employed in furnaces that remain

hot during their service life (minimal thermal cycling from hot to cold).

D. Thick Wall (Relatively Broad Temperature Gradient)

Thick-wall refractory designs begin to exhibit corrosion on their initial coating of

slag at elevated temperatures. The initial process of corrosion is Stage I (Figure 2).

Because of the broad temperature gradient, the refractory is penetrated by slag.

Penetration is aided by capillary suction as the smallest pores in the refractory

(diameter ,10 microns) draw the liquid slag behind the hot face.

In time, extensive corrosion of the refractory takes place so that the refrac-

tory is at “Stage II” of corrosion (Figure 3). Stage II is characterized by two

phenomena: (1) full penetration of the refractory and (2) extensive disruption
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by corrosion of the hot face region. Stage II follows Stage I only if there is a suf-

ficiently broad temperature gradient to allow penetration.

In Stage II, the coarse aggregate in a bonded refractory exhibits pene-

tration—particularly along grain boundaries (boundaries between crystals mak-

ing up polycrystalline aggregate particles). The direct bonding between the

matrix and the aggregate particles is disrupted, but this bonding still exists.

Slag penetration in Stage II can result in densification spalling. This type of

spalling occurs because the thermal expansion coefficient in the slag penetrated

zone is different than that in the unpenetrated cold face region. On continued

thermal excursions (cooling and heating), spalling can occur at the line of demar-

cation between penetrated and unpenetrated areas. The residual lining, after spalling,

then begins the corrosion process anew, progressing from Stage I to Stage II again.

Toward the end of the refractory lining’s life, or in cases of relatively slow

corrosion rates and where densification spalling has not taken place, the refrac-

tory hot face zone may progress to a final stage of corrosion that may be called

“Stage III” (Figure 4). In this case, bonding in the hot face region and up to 2 to

Figure 3 Stage II of the corrosion process (showing a bonded refractory).
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4 mm behind the hot face is minimal. The slag itself “appears” to be the only

phase holding the residual aggregate particles in place. This is probably a result

of the higher viscosity of the slag in the hot face region created as a consequence

of dissolution of the refractory in the slag.

Because of the influence of slag viscosity maintaining some coherence

in the hot face zone in Stages II and III with thick-wall designs, a key pro-

cess variable affecting corrosion rate is hot face temperature. Many investiga-

tors recommend a hot face temperature not more than 208C above the solidus

temperature between the slag and the refractory. Such temperature restrictions

are impractical in many thick-wall refractory designs.

III. EQUILIBRIUM CONSIDERATIONS AND PHASE
DIAGRAMS

A phase diagram is a map showing equilibrium phases present as a function of

composition and temperature. The phase diagram essentially shows the melting

relationships in a given chemical system. It is beyond the scope of this chapter

Figure 4 Stage III of the corrosion process.
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to provide a detailed description of phase diagrams and their interpretation

(see Ref. 1).

Even without a complete understanding of phase diagrams, they can be

used in a “simplified method” to analyze corrosion. This method provides a

“first approximation” of the corrosion potential of the system. This technique

will be illustrated using the Na2O–Al2O3–SiO2 system (Figure 5). In the chapter

on alumina-silica brick, two consequences of Na2O exposure are mentioned for

alumina-silica brick including “glazing” (corrosion to form melted phase) and

expansions. This discussion will only consider corrosion of the refractory to

form liquids during corrosion.

The first step is to locate the point on the diagram representing the refrac-

tory main constituents. For this discussion, we will use a 40% Al2O3 superduty

brick in contact with a corrosive phase consisting of 20% Na2O and 80% SiO2.

Both these compositions are indicated in Figure 5, with a circle indicating

Figure 5 Na2O–Al2O3–SiO2 phase diagram used in a corrosion example.
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the approximate composition of the slag and another circle indicating the

approximate composition of the brick (on the Al2O3–SiO2 composition line or

“join”).

The second step is to draw a line between the slag composition and the

brick composition (indicated in Figure 5). It is essential to recognize that all

potential reaction products between the refractory and the slag at equilibrium

must be located on the line in Figure 5 joining refractory and slag compositions.

The analysis of the corrosion potential is as follows:

1. At the slag–refractory interface, the composition must move from that

of the refractory in a direction toward the composition of the slag, i.e., the local

composition moves in a “northwesterly” direction.

2. The compound at equilibrium between the slag composition and the

refractory composition is “albite,” or Na2O . Al2O3
. 6SiO2, melting at 11048C.

Therefore, at equilibrium, the localized melting point of corrosion products

at the hot face is 11048C. Note that albite is contained in the “compatibility”

triangle between SiO2, mullite (3Al2O3
. 2SiO2), and albite. The compatibility

triangle establishes the phases that may be present at equilibrium. Mullite and

SiO2 (as glass or vitrified phase) are intrinsic to the refractory. Albite is formed

as a consequence of corrosion reactions.

3. The line joining the refractory and the slag crosses temperatures as low as

about 10008C. This implies that nonequilibrium liquids could be formed at this low

temperature during corrosion. In Stage I of corrosion, such nonequilibrium liquids

are expected. Only in Stage II of corrosion will sufficient refractory be dissolved

in the slag to allow observation of the equilibrium corrosion product.

4. The line joining the refractory and the slag composition crosses the Na2O .

2SiO2–SiO2–Na2O . Al2O3
. 6SiO2 compatibility triangle near the ternary (3-

component) eutectic or lowest melting temperature of 7408C. This implies that

liquids melting as low as 7408C could be formed during nonequilibrium conditions.

Considerable qualification is needed when performing this type of analysis.

One is that the refractory contains other components than Al2O3 and SiO2—notably

fluxes like K2O and Fe2O3. These components can lower the melting points

predicted by the diagram. Additionally, the slag may contain other components,

changing the melting relationships. The analysis still has considerable value for

use in a first approximation.

IV. SELECTED MODELS FOR SLAG ATTACK ON
REFRACTORIES

A. Konig’s Model

In 1971, Konig related the corrosion rate of refractories in the bosh area of

blast furnace walls to the temperature gradient in the wall. This analysis
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includes an assumption that the temperature gradient controls the temperature at

the slag–refractory interface (see Figure 6, where the interface temperature is

labeled Ts). Because the shell of a blast furnace is water-cooled in the area of

the bosh, Konig’s analysis is appropriate for thin-wall refractory with a steep tem-

perature gradient fixed by the process (furnace) temperature and cold face

temperature.

Konig created a heat balance by assuming that the heat flux into the refrac-

tory surface must equal the heat flux through the furnace shell. If the heat flux into

the refractory surface exceeds the heat flux out of the shell, the interface tempera-

ture (Tr) must increase, causing increased corrosion rates until the heat balance is

maintained once again. Terms used in Konig’s analysis are given in Table 1.

The slag–refractory interface temperature becomes Tc (critical tempera-

ture) when the heat flux into the refractory equals the heat flux out of the shell.

In other words, Tc “creates” or “maintains” an “equilibrium thickness” in the

lining. If the actual temperature is above Tc, rapid corrosion (recession) of the

refractory is expected until a dynamic equilibrium is once again achieved.

Figure 6 Konig’s thermal model.
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The heat flow into the refractory surface is described by the equation

Q1 ¼ fF At(TF � Ts):

The heat flux out of the furnace shell is

Q2 ¼ keff At(Tr � TE),

where keff is the effective (overall) thermal conductivity through the refractory,

insulation, shell, and film contribution in the room environment.

From heat-transfer theory, the relationship for keff is

keff ¼
1

fE þ
xr

kr

þ
xi

ki

þ
xsh

ksh

At equilibrium, Q1 ¼ Q2 and Tr ¼ Tc, so that algebraic manipulation

provides a relationship for the “equilibrium thickness” (xr) of the working

lining as

xr ¼ kr

1

fF
�

(Tc � TE)

(TF � Tsl)
� fE þ

xi

ki
þ
xsh

ksh

� �� �
:

Konig’s relationship for the equilibrium thickness provides the following

insight:

The equilibrium thickness xr increases linearly as the thermal conductivity

of the refractory increases.

Table 1 Terms Used in Konig’s Analysis

Term Definition

Q1 Heat flux into the refractory surface

Q2 Heat flux through the furnace shell

A Area of the exposed refractory in the furnace

T Time at elevated temperature

Ti Temperature where i ¼ slag surface (s), refractory–slag interface (r),

insulation hot face (i), or shell (sh)

xi Thickness of component where i ¼ slag layer (sl), refractory working

lining (r), insulation (i), or shell (sh)

ki Thermal conductivity where i ¼ refractory working lining (r), insulation

(i), or shell (sh)

Tc Critical temperature at the slag–refractory interface

fi A film coefficient for convective heat transfer where i ¼ furnace

environment (F) or room environment (E)
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The equilibrium thickness xr increases as the thermal conductivity of the

insulation increases. This is why conductive ramming materials are used

behind high thermal conductivity basic refractories to ensure the best

possible cooling effect of the shell.

The equilibrium thickness xr increases as the Tc of the refractory–slag sys-

tem increases, i.e., as more slag-resistant refractories are used. This

usually means the use of higher-purity refractories, namely higher

alumina content or higher MgO purity.

The equilibrium thickness xr changes as the heat transfer into the lining or

out of the shell changes, i.e., as the film coefficients change.

In attempts to apply Konig’s analysis to the blast furnace, Herron and

Beechan (3) found that corrections were necessary if the refractory’s thermal

conductivity changes dramatically with increasing temperature. The model was

found to describe the behavior of refractories in cyclone burners and in boiler

applications where the initial wall thickness of refractory was �25 mm.

B. The Model of Endell, Fehling, and Kley

In a classic reference, Endell, Fehling, and Kley developed an empirical relation-

ship for slag corrosion in a thick-walled refractory lined vessel with slag flowing

down a vertical refractory wall. While this work was performed in 1939, it

remains the classic reference on slag corrosion despite its empirical nature. In

the corrosion studies, the authors used an arrangement where a solid fuel burned

within a reaction chamber (liberating heat) with resulting ash (slag) impingement

on walls. Terms used in the analysis are given in Table 2.

Table 2 Terms in the Analysis of Endell, Fehling, and Kley

Term Definition

R Slag attack rate, i.e., refractory recession, in cm/s

L0 Solubility of refractory in slag in kg of refractory/kg of slag

T Absolute temperature of the refractory hot face

h Slag viscosity in poises

f Fraction of ash adhering to the refractory wall—interpreted as slag

impingement

H Heat liberated in the furnace chamber in kcal/m3-hr

A Ash content of the fuel in grams per gram of ash

C A constant for the furnace geometry
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The mathematical relationship for slag attack rate is

R ¼ CL0

T2=3

h8=9

� �
( fHA)1=9

The empirical model of Endell, Fehling, and Kley for thick-wall refractory

linings provides the following information:

There is a very strong dependence of refractory corrosion rates on hot

face temperature. In fact, temperature is the most important process

variable that can be considered in furnace design or process control.

The slag attack rate increases linearly with the solubility of the refractory

in the slag. While modern high Al2O3 or high MgO products were

not included in the original research, recent practices have shown

that corrosion rates can be reduced if the slag chemistry (principally

CaO/SiO2 ratio) is adjusted to reduce solubility of the refractory in

the slag.

In essence, the corrosion rate is inversely proportional to slag viscosity.

This is probably why refractories exhibit some coherence in Stage III

of slag attack because solution of refractory in the slag has increased vis-

cosity at the slag–refractory interface.

In their concluding remarks, Endell, Fehling, and Kley recommend main-

taining a hot face temperature of no more than about 308C above the solidus or

eutectic temperature between the refractory and slag. The authors further rec-

ommend that a temperature gradient in thick-wall linings should not exceed

108C/cm or 508F/in. While these criteria are difficult to maintain given the

other purposes for furnaces in processing, they establish criteria for reducing

corrosion rates.

V. CASE STUDIES OF CORROSION

A. Alumina-Silica Brick in Ferrous Foundry Applications

1. Introduction

Slag used in ferrous foundry applications is found to contain lime (CaO), silica

(SiO2), iron oxide (FeO), and other oxide constituents. As a first approximation,

the slag can be assumed as a binary mixture of alumina and silica as they are

usually the major components of the slag. The major components of the brick

can be represented using the binary Al2O3–SiO2 phase diagram, and this allows

the corrosion situation to be analyzed using the three-component CaO–Al2O3–

SiO2 phase diagram (Figure 7).
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Cases of corrosion of 70% Al2O3 and 90% Al2O3 brick are analyzed below

using Figure 7. The composition of the brick is plotted on the Al2O3–SiO2 binary

(two-component) side of the diagram. Then, a line is drawn to the expected slag

composition using the average CaO/SiO2 ratio of the slag. For this discussion,

the slag is assumed to have a CaO/SiO2 ratio of �1.0.

A few things are very clear on looking at the lines joining the brick com-

position and the slag composition in Figure 7:

1. Both “joins” between brick and slag pass very close to the ternary

eutectic at 12658C, implying that the slag and refractory compositions will pro-

duce liquid phases, i.e., exhibit corrosion, whenever they are in intimate contact

and when this temperature is reached. Other fluxing oxides typically reduce this

temperature by as much as 508C.

2. The effect of lime- (CaO) rich phases penetrating the brick is to render

the mullite “binder” in the refractory as a nonequilibrium phase, i.e., the binder is

dissolved into the penetrating slag phases and corrosion products. In 70% Al2O3

brick, the mullite is stable until the local composition reaches �20% CaO, while

in 90% Al2O3 brick, the mullite disappears when the local composition reaches

�8% CaO.

The phase diagram has provided a first approximation of the reaction tem-

perature between the slag and refractory for corrosion to begin, i.e., when the

liquid phase is produced as a product of corrosion reactions. This is analogous

to the critical temperature in Konig’s analysis or the “baseline” temperature in

the analysis of Endell, Fehling, and Kley.

The joins between refractory composition and slag composition in Figure 7

could have been constructed to analyze the situation with higher slag

basicity, i.e., CaO/SiO2 of 1.5 or 2.0. In this situation, the lines would cross

close to the ternary peritectic at 13808C. This eutectic mixture between anorthite

and gehlenite has the special name of “melilite.” The binary join between

anorthite and gehlenite is shown in Figure 8, where it is easier to see the solidus

temperature, or the temperature above which corrosion begins. Thus, higher

CaO–SiO2 ratios increase the initial reaction temperature between the slag and

refractory with respect to formation of liquid phases and the beginning of

corrosion.

B. Case Study: 70% Al2O3 Brick in an Electric Arc
Furnace Roof

A microscopic study of 70% alumina brick after service in the roof of an electric

arc furnace was performed to determine the reason for a premature failure of the

brick in the roof. Several pieces of brick after service exhibited minimal thickness

(Figure 9). In brick selected from other areas of the roof, a greater residual thick-

ness of brick was observed. Cracks were found on saw-cut surfaces of most used
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brick from this furnace campaign, and cracks were arranged approximately

parallel to the hot face.

The bricks were sectioned, and polished sections were produced for

reflected light examination on an optical microscope. In the area of the immediate

hot face, i.e., at the slag–brick interface, there was ample evidence of corrosion

reactions (Figure 10). Recognizing that the “native” phases in the brick are

Figure 8 Binary phase diagram between gehlenite (2CaO . Al2O3
. SiO2) and anorthite

(CaO . Al2O3
. 2SiO2).

Figure 9 Seventy percent alumina brick after a short arc furnace campaign.
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bauxite, clay (grog), and mullite, there is no mullite visible at the immediate hot

face. Phases in the hot face in Figure 10 include hercynite or FeAl2O4 (labeled

“S”), calcium hexaluminate or CaO . 6Al2O3 (light gray needles), lathlike corun-

dum crystals exsolved from the liquid on cooling, corundum crystals (Al2O3) in a

relic bauxite grain (lower right field), and a dark gray background of calcium

alumino-silicate glass.

At a position of about 2 to 4 mm behind the hot face, slag penetration has

taken place through the pore structure of the brick, and the position where mullite

crystals appear was easily noticed because of their extreme crystal growth

(Figure 11). The mullite crystals are seen as large, light gray laths at a pore

Figure 10 Microstructure at the immediate slag–brick interface (130�).

Figure 11 Position where mullite crystals appear behind the hot face (130�).
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wall surrounded by relic bauxite grains. Small calcium hexaluminate crystals are

located in the glass phase between mullite crystals.

The appearance of mullite signifies the position where the CaO content of

the penetrating phase is below about 20%. This is a consequence of the “dilution”

of the slag by the corrosion of the brick and the lesser amount of slag as distance

is traversed away from the hot face.

At a position of about 10 mm behind the hot face of the brick, slag

penetration stopped. Near the cold face of the brick, the microstructure of

the brick was normal for a 70% Al2O3 brick product made using a mixture of

calcined bauxite and clay. The conclusion from this study was that the normally

expected corrosion reactions were found to take place, and the accelerated wear

was likely due to poor thermal shock resistance, resulting in enhanced spalling

that ultimately shortened the campaign of the electric furnace roof.

In summary, the corrosion processes for the 70% Al2O3 brick were as

follows:

1. Slag coated the surface of the hot refractory, and corrosion began as the

surface temperature exceeded about 1265–13808C. The reaction can be

expressed in words as “Calcium (iron) alumino-silicate slag reacts with 70%

alumina refractory forming a gehlenite-anorthite glass with solution of mullite

and bauxite in the slag.”

2. Slag penetrated the refractory, filling the pores with liquid and dissolving

the bond phase (mullite) until the local CaO content of the slag dropped below

about 20%. Behind this area, mullite reappeared and exhibited crystal growth to

a progressively lower extent until the freeze plane for slag in the brick was attained.

C. Case Study: 90% Al2O3 Brick from a Metal Contact Zone
in a Ferrous Foundry Furnace

In another case study involving a different foundry, a 90% Al2O3 brick was

examined for evidence of corrosion after service in a ferrous foundry furnace

hearth/lower sidewall application. The premature failure was in a “skewback”

brick at the furnace hearth that was supporting the lower furnace sidewalls. A

photograph of a brick after service is shown in Figure 12. Because of the extreme

wear of the brick, it was suspected that corrosion was a cause of failure.

The 90% Al2O3 brick was made using fused alumina aggregate bonded in a

matrix of mullite and glass. The calcium-iron-alumino-silicate slag dissolved all of

the mullite in the immediate hot face of the refractory and showed evidence of sol-

ution of the fused alumina aggregate particles (Figure 13). Phases other than cor-

undum (from the fused alumina—labeled “A”) were hercynite (labeled “H”),

calcium hexaluminate, and glass. The fused alumina aggregate appears to dissolve

in the slag and form hercynite (iron aluminate spinel) at the aggregate’s periphery.
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The slag liquid penetrated the refractory to a depth of 10 to 20 mm behind

the hot face. At a depth of about 8 to 10 mm behind the hot face, mullite appeared

in the microstructure, indicating that the CaO content of the penetrating slag

dropped below about 8% (Figure 14). In the upper field of this photomicrograph,

Figure 12 Ninety percent Al2O3 brick after ferrous foundry service.

Figure 13 Immediate slag–brick interface of the used 90% alumina brick (130�).
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glass or slag (labeled “G”) penetrated between fused alumina aggregate particles

(labeled “A”). Needlelike crystals of calcium hexaluminate are dispersed in the

glass phase. In the lower field, mullite (labeled “M”) appears as clusters of indi-

vidual crystals dispersed in a glass phase somewhat altered in chemistry by the

slag penetration.

In this case, it was determined that the corrosion reactions were those nor-

mally expected in a ferrous foundry, i.e., chemical solution of the bond phase of

the brick with penetration behind the hot face. Large “veins” of solidified metal

were found within the used brick, indicating mechanical failure in service

followed by metal penetration.

D. Basic Brick in Steel-Making Applications

1. Introduction

A 90% MgO class fired, pitch-impregnated brick was examined after a short cam-

paign in a basic oxygen furnace producing carbon steel. The slag composition can

be viewed as a high CaO/SiO2 ratio liquid containing a substantial amount of

iron oxide. Because the major component of the brick was MgO, the ternary sys-

tem CaO–MgO–SiO2 can be used to view the corrosion processes as a first

approximation (Figure 15).

In the case of the 90% MgO class refractory, the brick contained 95.5%

MgO, 2.7% CaO, and 1.4% SiO2. This implies that the “native” silicate in the

brick is dicalcium silicate (2CaO . SiO2)—a very refractory second phase provid-

ing for a part of the bonding in a product where direct sintered bonds between

adjacent MgO aggregate particles predominate. In service, a transient period

Figure 14 Area where mullite reappears behind the hot face (130�).
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exists in the steel-refining cycle when silicon is being oxidized in the metal bath,

providing for temporary exposure of the refractory hot face to less basic silicates.

This is also a period of enhanced iron oxide contact with the refractory.

Since the refractory composition can be represented by the “MgO” apex on

the phase diagram (Figure 15), joins can be drawn to different CaO/SiO2 ratios

illustrating the corrosion process:

1. For a CaO/SiO2 ratio of 1.0, the refractory will react with the slag form-

ing monticellite, CaO . MgO . SiO2, which melts at 14858C. An iron-containing

analog of monticellite called “iron monticellite” (FeO . MgO . SiO2) has a melting

point of 12308C. Therefore, corrosion starts above about 12308C when liquid

phases are formed. Slag penetration can result in the disruption of bond phases

that are native to the brick, lowering the effectiveness of the “bonding silicate

phase” in the immediate hot face area.

2. For a CaO/SiO2 ratio of 1.5, merwinite or 3CaO . MgO . 2SiO2 is the

reaction product formed in the hot face. Merwinite melts “incongruently” at

15758C in a process given as

3CaO �MgO � 2SiO2 ¼ 3CaO � 2SiO2 þ liquid phase

Figure 15 CaO–MgO–SiO2 phase diagram with illustrations of “joins” between brick

(MgO) and slag (on the CaO–SiO2 join).
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It is interesting that as the slag basicity increases (i.e., as the CaO/SiO2 ratio

increases), corrosion reactions begin at a higher temperature. This is one reason

that steel makers wish to have solution of limestone slag additions as early as

possible in a refining cycle to retard slag corrosion.

3. For a CaO/SiO2 ratio of 2.0, the lowest eutectic temperature is at

�17908C. Without considering the iron oxide and other components of the

slag, this implies that the reaction product between the slag and the brick is

above most steel-making temperatures. However, the iron oxide plays an import-

ant role, significantly reducing the temperature of the reaction products.

E. The Role of Iron Oxide in Corrosion

One consequence of iron oxide in steel-making slag is to significantly reduce the

melting temperatures predicted by only considering the CaO–MgO–SiO2 phase

diagram. Some of the reaction products commonly found between basic refrac-

tories and steel-making slag are given in Table 3.

Table 3 Reaction Products Between Steel Making Slag and Basic Refractories with

Melting Points for Full Melting or Partial Melting (Peritectic Reactions)

System CaO–MgO–Al2O3–SiO2 System FeO–MgO–Al2O3–SiO2

Mineral

Melting

temperature

(8C) Mineral

Melting

temperature

(8C)

2MgO . SiO2

(forsterite)

1900 FeO . SiO2

(fayalite)

1205

CaO . MgO . SiO2

(monticellite)

1485 FeO . MgO . SiO2

(iron monticellite)

1230

3CaO . MgO . 2SiO2

(merwinite)

1575 2CaO . (Fe2O3,

Al2O3) . SiO2

(iron gehlenite)

1285

2CaO . SiO2

(dicalcium silicate)

2130 FeO . Al2O3
. 5SiO2

(iron cordierite)

1210

3CaO . SiO2

(tricalcium silicate)

2070 2CaO . Fe2O3

(dicalcium ferrite)

1489

CaO . Al2O3
. 2SiO2

(anorthite)

1553 4CaO . Al2O3
. Fe2O3

(brownmillerite)

1395

2CaO . Al2O3
. SiO2 (gehlenite) 1593 6CaO . 2Al2O3

. Fe2O3 1365

CaO . Al2O3
. 2SiO2 and

2CaO–Al2O3–SiO2 (melilite)

1380
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It is immediately obvious that most of the iron-containing compounds melt

in the area of 1200–13508C while most of the calcium silicate phases melt above

14858C. It is also true that melting can typically begin below these indicated

temperatures by as much as 508C due to the effect of other impurities and due

to the presence of multicomponent eutectics not seen on three-component

diagrams.

The corrosion process between calcium-iron-silicate slag and magnesia-

containing refractories can depend on the mobility and concentration of reactants.

A photomicrograph of the immediate slag–brick interface region in a brick from

a steel-making furnace location above the metal line is shown in Figure 16. Here

the reaction products are “mixed” iron spinel or (MgO, FeO) . (Al2O3, Fe2O3),

dicalcium silicate (2CaO . SiO2), and dicalcium ferrite (2CaO . Fe2O3). Because

of the high concentration of iron oxide dust in the furnace atmosphere and the

lack of persistent slag attack (or flow), the spinel phase formed a sort of “barrier

coating” over the face of the brick.

By contrast, a brick from a slag line application exhibited a very different

corrosion process (Figure 17). Here the products of corrosion appear to be

dicalcium ferrite (2CaO . Fe2O3) penetrating around individual magnesium

oxide crystals (rounded gray crystals) with isolated pockets of black-appearing

dicalcium silicate (2CaO . SiO2) present in the slag layer. Magnesium oxide crys-

tals appear to be eroded from the refractory surface in response to the extremely

high temperatures and the intensity of the slag contact.

In these cases, the microstructures at the reaction interface are extremely

different despite the fact that the bricks were in the same furnace. In the upper

sidewall, reaction with iron oxide and lime-containing dust contributed to the

corrosion process. By contrast, in the slag line, persistent contact with flowing

slag caused corrosion and erosion processes to take place.

Figure 16 Corrosion interface in an MgO brick from an upper sidewall location (130�).
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F. Case Study: 90% MgO Burned-Impregnated Brick After
Service in the Basic Oxygen Steel-Making Furnace

A used brick from a “bottom tuyere pedestal” (also called a “bottom plug”) is

shown in Figure 18. The bottom plug contains tuyeres where oxygen is injected

into the molten metal bath to facilitate the refining process. The bricks are

exposed to the localized high temperatures from the exothermic reaction between

the oxygen and the metal. It is notable that this brick exhibits a layer apparently in

the process of spalling away from the brick hot face.

The hot face region of the brick is shown in Figure 19 at low magnifi-

cation. The immediate slag–brick interface is in the upper field of the photo-

micrograph. The slag phase penetrating among individual MgO crystals is

dicalcium ferrite, forming a thin “dense layer” in the outer zone of the

brick. Behind the dense layer, a zone of porosity is noted as “black

areas”—areas where the impregnated carbon phase in the brick was removed

by oxidization.

Further behind the hot face in Figure 19, a large void is seen in the lower

left of the photomicrograph. As will be seen in the following, this void resulted

from a defect in the formulation of the brick. With prolonged exposure to heat,

the defect in a precursor to the “peeling” away of the surface by spalling, as is

seen in Figure 18.

The corrosion process is seen in a field near the immediate hot face

(Figure 20). Here dicalcium ferrite (bright phase) and dicalcium silicate penetrate

around individual MgO crystals from aggregate particles. Several smaller

rounded MgO crystals are in the final phase of dissolution. Even though dical-

cium silicate is a “compatible” phase with MgO, it will still dissolve MgO—as

Figure 17 Corrosion interface in an MgO brick from a slag line location (130�).
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is evident from the photomicrograph. Thus, the corrosion process can, in part, be

represented as solution of MgO in 2CaO . SiO2.

Further behind the hot face, a zone was discovered where the “matrix” of

fines (and carbon) shrunk away from the aggregate particles (Figure 21). This cre-

ated voids at the periphery of the coarse aggregate particles in the brick, and these

voids eventually consolidated, leading to the larger void of Figure 19. These

voids lead to the peeling away of layers during service (spalling of thin layers)

causing excessive wear. When confronted with the evidence, the developers of

the brick were amazed that this separation took place because they had not

seen it in laboratory “coking box” experiments. Eventually, the idea was ad-

vanced that the coking box temperature of about 10008C was quite a bit different

than the service temperature of the brick (16008C).

In other case studies, magnesia-chrome and dolomite refractories were

examined after service in an argon-oxygen-decarburization (AOD) reactor produ-

cing stainless steel. In this instance, slag specimens were collected during typical

refining cycles, and bricks were examined after the end of the service campaign.

Figure 18 Ninety percent MgO burned impregnated brick after service in a BOF

bottom plug.

Corrosion of Refractories 65



The AOD refining cycle of slightly over one hour includes an initial period

(decarburization cycle) where silicon is oxidized in the metal, producing a very

viscous or “chunky” slag. A photomicrograph of this early slag shows clusters of

spinel phases or (MgO, FeO) . (Cr2O3
. Al2O3

. Fe2O3) and bright metal droplets

interdispersed in a calcium silicate glass (Figure 22).

The angular spinel crystals and metal droplets are shown at higher magni-

fication in Figure 23. The “chunky” nature of the slag is due to the viscosity of the

slag created by the high concentration of spinel crystals.

The early AOD slag also contained eroded masses of MgO crystals. One

such fragment can be seen in the lower left field of Figure 22 and in a photomicro-

graph taken using a scanning electron microscope (Figure 24). In this latter

Figure 19 Hot face region of the MgO brick (50�).
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picture, spinel crystals in a continuum of calcium silicate glass surround a dark

gray mass of MgO in the center of the photomicograph.

The AOD refining cycle also includes a short “reduction period” where

argon is injected into the metal to recover chromium from the slag. In effect,

the spinel phases are substantially reduced. This cycle also employs an increased

slag CaO/SiO2 ratio to facilitate chromium recovery.

A photomicrograph of a reduction slag is shown in Figure 25. Only a few

spinel crystals protrude from the glass, indicating high efficiency of reduction.

The slag shows sign of water etching during polishing consistent with the solu-

bility of merwinite and/or gehlinite (see Table 3).

Figure 20 Field in the hot face zone (130�).

Figure 21 Field near the cold face (130�).
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Fired magnesia-chrome bricks were used in early AOD linings. Despite a

more recent trend to use magnesia-carbon products in these furnaces, the examin-

ation of magnesia-chrome brick illustrates several principles of corrosion processes.

One brick from a midbarrel location in a 50-ton AOD reactor is shown in Figure 26.

The continuous glassy slag coating on the hot face is typical for AOD service.

The immediate hot face area of the magnesia-chrome brick is shown in

Figure 27. A chromite grain (labeled “Cr”) is in the center of the photomicro-

graphs with a coarse magnesia aggregate particle to the left of the field. The

slag layer is at the top of the photomicrograph. It is apparent from the “jagged”

nature of the brick surface that the corrosion process has preferentially removed

the matrix of the refractory, leaving coarse grains to protrude into the slag layer.

Figure 23 Detail of early AOD slag.

Figure 22 Early AOD slag (50�).
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What appears to be “corrosion” of the periphery of the chromite grains can also

be seen at this low magnification.

A detailed view of the hot face region is shown in Figure 28 (slag layer

toward the top of the field). Here, merwinite or 3CaO . MgO . 2SiO2 can be

seen toward the top of the field (labeled “m”). The other slag silicate is monticel-

lite or CaO . MgO . SiO2. Both of these are expected as compatible phases for slag

in the CaO/SiO2 range of 1.0–1.5 in contact with MgO containing refractories

(see Figure 15).

The corroded appearing edges of the chromite grains are “secondary” spi-

nels that did not exist at the service temperature of the brick in the hot face region.

The process was dissolution of the constituents of the chrome ore (Al2O3, Cr2O3,

Figure 25 AOD reduction slag (130�).

Figure 24 Eroded MgO mass in AOD slag.

Corrosion of Refractories 69



and Fe2O3) in the penetrating slag followed by preferential precipitation around

the chromite grains on cooling of the lining for the last time. These spinels did not

form on the “top” of the chromite grains in the immediate slag–brick interface

because of the rapid quenching after the last heat of steel was made. Metal

droplets are also seen in Figure 28. These may have formed, in part, due to

reduction of oxides in the chromite to the metallic state.

Figure 27 Slag–brick interface (50�).

Figure 26 Used magnesia chrome brick after AOD service.
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The corrosion process can be summarized as follows:

Solution of MgO in the slag phases, penetration of slag into the brick, and

disruption of the direct bonding behind the hot face.

Solution of chromite in the slag phases and partial chemical reduction of

oxides to the metallic state.

In magnesia-chrome brick and other bonded refractories, slag penetration

can occur to a depth of 75 mm or more behind the hot face. While significant

chemical corrosion is usually limited to a depth of less than about 25 mm behind

the hot face, the presence of the slag changes the physical properties of the brick

due to shrinkage of the refractory and other processes. If the thermal expansion

coefficient in the penetrated zone becomes different than that in the cold face

region, spalling can occur near the interface between the penetrated and “un-

penetrated” or cold face zones. Used brick can exhibit cracks in this zone and

even larger voids where cracks have apparently joined. This phenomenon is

called “densification spalling,” and it can result in the spalling loss of sections

of about 75 mm in thickness.

G. Dolomite Brick in AOD Service

Dolomite refractories were used in AOD service in the early stages of develop-

ment of the AOD process. Dolomite brick contain “islands” of MgO crystals

in a continuum of CaO. The hot face region of a used dolomite brick after

AOD service is shown in Figure 29. In this photomicrograph, the immediate

hot face is to the right of the photomicrograph. The central area of the photo-

micrograph is the affected zone where corrosion has resulted in reaction of

Figure 28 Detail of the hot face region (130�).
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slag with the CaO continuum in the brick, forming dicalcium silicate and trical-

cium silicate (the black phase etched with water in polishing). Metal droplets are

apparent in this region. Aside from chemical corrosion, spalling is also known to

occur in AOD service.

H. Gas-Phase Reactions

The gas phase in a furnace may be the partial or even sole contributor to corrosion

reactions or other deterioration in refractories. Some of the processes that have

been recognized include

1. Alkali transport to refractory surfaces resulting in surface reaction and

penetration

2. Reduction of the refractory and gas-phase corrosion

3. Alternating oxidation and reduction, causing sequential dimensional

changes in refractories that may enhance spalling.

The potential for alkali to cause “glazing” on the surface has been pre-

viously discussed (see Figure 5). It is less well recognized that alkali compounds

can volatilize in furnace atmospheres, resulting in transport of the volatile species

to the surface of the refractory where vapor-phase penetration may also occur.

The melting points of sodium and potassium reaction products with

alumino-silicate refractories are given in Table 4. The melting points of the

phases themselves are not indicative of the very low eutectic temperatures

found in the system. For example, the lowest eutectic in the system Na2O–

Al2O3–SiO2 (Figure 5) is 7328C.

The sidewall of a sawdust-fired tunnel kiln producing facing brick is shown

in Figure 30. In the central section of the picture, the effect of the plume of

Figure 29 Dolomite brick after AOD service (130�).
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combustion from the top burner position nearest the wall is seen (kiln draft from

right to left). A black slag is seen coating the fireclay brick with white salt depos-

its visible in this picture taken after seven years of service. There was only sur-

face glazing of the brick in the sidewall of the kiln. Glazing is also shown on the

insulating firebrick surface in the crown of the kiln (Figure 31).

The sidewall brick had expanded due to alkali attack to the point that they

were replaced. In addition, the insulating firebrick in the crown exhibited both

surface glazing and “sheet” spalling. Sheet spalling is well known, and it usually

results from a subsurface expansion reaction caused by penetration of an agent in

the gas phase that subsequently reacts with the refractory.

Alkali halides are volatilized in kiln atmospheres. They undergo hydrolysis

reactions in a moist high-temperature environment, forming alkali oxide species.

Table 4 Alkali Phases Found in Used Refractories

Phase Melting Point (8C)

Na2O . Al2O3
. 6SiO2 (albite) 1100

Na2O . Al2O3
. 2SiO2 (carnegite) 1526

K2O . Al2O3
. 6SiO2 (carnegite) 1220

K2O . Al2O3
. 4SiO2 (leucite) 1686

K2O . Al2O3
. 2SiO2 (kaliophilite) .1700

Figure 30 Sidewall of sawdust fired tunnel kiln after seven years of service.
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These oxides can cause glazing or expansion. The expansion reaction with

potassium is particularly deleterious for refractories, with the reaction given as

Al2O3 � 2SiO2 þ K2O ¼ K2O �Al2O3 � 2SiO2

where Al2O3
. 2SiO2 is metakaolin (a decomposition product of fireclay) and the

reaction product is kaliophylite. The volume expansion due to formation of kalio-

phylite is on the order of 15% (linear expansion of �5%). As potassium is a pro-

duct of combustion of sawdust, reactions of this type are expected as the cause of

the problems in the sidewalls of tunnel kilns fired with sawdust and as the cause

of the sheet spalling (Figure 31).

Gas-phase corrosion is also known in refractories containing SiO2. It has

long been recognized that products containing SiO2 can be “reduced” by hydro-

gen or by penetration of aluminum metal. The gas-phase reduction by hydrogen

can be represented as

SiO2(s) þ H2(g) ¼ SiO(g) þ H2O(g)

where (s) signifies a solid phase and (g) signifies a gaseous phase.

Refractories exposed to hydrogen (or carbon monoxide) can experience gas

phase removal of SiO2 through the process of forming silicon monoxide. For

example, at 10008C, a CO/CO2 ratio of about 1025 will be sufficient to reduce

SiO2. Mullite reduction and silica loss at temperatures exceeding 15008C have

been seen in petroleum calcining kilns.

Figure 31 Crown of sawdust fired tunnel kiln after seven years showing surface glazing

and sheet spalling.
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VI. LABORATORY SLAG TESTS

Laboratory slag tests have been developed over the years for evaluating corrosion

potential. These slag tests range from a “static” cup test to the “dynamic” rotary

slag test. The terms “static” and “dynamic” refer to whether the slag is stationary

or whether it moves over the refractory surface, respectively. Some of the test

methods are summarized in Table 5. The rotary slag apparatus is shown during

a test in Figure 32. The slag is running out of the apparatus into a well while a

technician is checking the temperature using an optical pyrometer.

Microscopic studies have shown that the same types of reactions occur in

the rotary slag test as in brick examined after service in metallurgical furnaces.

The slag–brick interface area in a magnesia-chrome brick from a rotary slag

test using a steel-making slag is shown in Figure 33.

The corrosion process in Figure 33 includes solution of the MgO in the slag

consisting primarily of monticellite. The periphery of chromite grains appears to

Table 5 Laboratory Slag Tests

Test Type Reference or comment

Cup Static The test usually consists of a �50 mm diameter hole core

drilled or formed into the refractory that is packed with

slag and heated to a selected test temperature for a set

time. The test only reflects the isothermal reaction and

penetration potential between the slag and the

refractory

Drip Dynamic Slag drips over a surface with evaluation of the depth of a

“notch” cut in the surface by corrosion. The test is

described in ASTM C 768. The test reflects the

isothermal reaction potential between the slag and

refractory when there is a constant supply of unreacted

or “fresh” slag

Rotating

spindle

Dynamic Refractory bars or rods �25 � 25 � 200 mm are partially

immersed in a crucible containing slag while the

specimen is rotating. The test reflects isothermal reaction

potential of a flowing slag without a constant supply of

“fresh” slag

Rotary Dynamic Beveled refractory shapes (formed by saw cutting) or

monolithic materials constitute a lining of a small

rotary furnace that is constantly fed with slag. After the

test, the specimens are examined for corrosion loss and

slag penetration. This test is described in ASTM C 768.

The test reflects corrosion under a temperature gradient

with a constant supply of “fresh” slag
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be attacked, but the “porous” spinel phases were formed on recrystallization from

the melt when the refractories cooled after the test. The elongated nature of MgO

crystals is typical under the influence of the steep temperature gradient in the

rotary slag test.

VII. CONCLUDING COMMENTS

Slag corrosion by liquids occurs whenever a threshold temperature is exceeded,

which is usually when melting occurs between the refractory and the slag.

Corrosion results in solution of refractory constituents in the liquid phase, result-

Figure 32 Rotary slag test for refractories.

Figure 33 Slag–brick interface in a magnesia-chrome brick after a rotary slag test.
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ing in loss of thickness of the refractory lining. The rate of corrosion is dependent

on the chemical environment and on the hot face temperature of the refractory.

Models for the corrosion process point to the fact that hot face temperature

is the most important variable in controlling refractory life. To reduce corrosion

loss, the usual approach is to employ higher-purity refractories or lower-porosity

refractories (such as fusion cast brick) because precise limits on hot face tempera-

ture are not practical given process goals. In new furnace designs, consideration

should be given to hot face temperature control as a strategy to attain the most

economical refractory cost.

Corrosion is primarily a chemical process, and the potential for corrosion

can be estimated by reference to phase equilibrium diagrams. These diagrams

can allow prediction of the “threshold temperature” for liquid formation. Micro-

scopic techniques allow identification of particular corrosion reactions. Corrosion

can also take place through gas-phase reactions. The most fundamental way to

limit corrosion is to understand the chemical and physical processes involved

in corrosion and to formulate strategies to minimize these processes.
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research director of the former General Refractories Company (USA). Mr. Treffner

was an accomplished microscopist and a dignified researcher in the field of refrac-

tories. Mr. Joseph L. Stein, former president of General Refractories (USA), is
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I. INTRODUCTION

With the advent of the Iron Age, people began learning in earnest how to construct

furnaces that could withstand sustained temperatures exceeding the melting point of

iron (15358C). At the melting point of iron, magnetite (Fe3O4) can be reduced to

iron at an oxygen partial pressure of about 1027 atmospheres—an atmosphere

easily reached in a furnace packed with a form of carbon such as coke or charcoal.

Of course, carbon-saturated iron has a melting point of 11528C, but the iron must be

at a higher temperature to attain sufficient fluidity for casting.

With the advent of a larger demand for iron objects in commerce, modern fer-

rous metallurgy was born. It cannot be overemphasized that the iron and steel indus-

tries, with ever-increasing demands for better refractory products to combat more

severe service conditions, drove the innovations with alumina-silica brick over

history. All other industries consuming alumina-silica brick, including non-ferrous

metals and minerals processing, benefited from this progression of technology.

Alumina-silica bricks have the attributes of being relatively inexpensive—at

least compared to most basic brick. In addition, alumina-silica brick can be used in

situations where modern castable refractories have disadvantages. While some

castable products have achieved physical properties meeting or exceeding those

of brick, there is still a responsibility with castables for correct installation, curing,

and preheating. If time or local skills for installation are constraints, brick may be

a preferred solution. In some types of furnaces, the use of bricks may be preferred

to avoid mechanical or thermal shock damage that reduces furnace life. Finally,

tradition with use of bricks still influences some product decisions in applications

like ceramic kilns, incinerators, and smaller boilers.
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The technology of alumina-silica brick is relatively uncomplicated. In

other words, the phase relationships and properties listed in the specifications

are straightforward. With more in-depth study, the researcher finds that natural

raw materials and their inherent variability always influence the average proper-

ties and variance in properties in the refractory brick as-manufactured. In

addition, no two refractory plants are ever exactly the same because processing

equipment influences the quality of the end product. Finally, alumina-silica

bricks are manufactured on a tonnage scale, meaning that the products exhibit

variability in properties attributable to this scale of manufacture. All this contrib-

utes to the correct observation that one product in the same “class” can be better

than a competitive product of the same class. The differences between the “good”

and “not-as-good” products are usually not revealed in physical property tests

alone. Further testing or experience is required to understand the fine points of

why one product may be better than another one.

II. A BRIEF HISTORICAL PERSPECTIVE

The earliest refractories used in furnaces were natural stones quarried into brick-

like shapes and natural clays and sands used as rammed lining components.

Bricklike shapes were used because of the thousands of years of practice using

stone and clay masonry in buildings. Thus, it was natural that brick furnace

linings would become larger than simple enclosures.

People found that some natural stones and some clays had better thermal

resistance than others. In particular, some stones or clays exhibited better “refrac-

toriness” than others. A simple definition of refractoriness is that the material will

not melt or deform (shrink) under prolonged service in the furnace environment

in service. Excessive shrinkage almost always results in the opening of joints in a

furnace, cracking, increased susceptibility to thermal shock, and a host of other

problems.

It became fairly obvious that chemical analysis of the natural material was

linked to its refractoriness just because lighter colors, for example, indicated less

iron content and generally greater refractoriness. Certain clays became known

as “fireclay” because of their resistance to high temperature. Clays in certain

regions of various countries became preferred for use in refractory products

based on their reputation as successful raw materials for refractories.

In time, conveniently located natural stone products were depleted. This

resulted in production of hand-molded fireclay bricks. With the onset of the

industrial age, fabrication of bricks in mechanical presses began. Sufficient tem-

perature could be reached in downdraft kilns to produce qualities of refractory

brick in the late 1800s not too unlike those available today.
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With the advent of phase equilibrium diagrams after about 1920, the mod-

ern era of alumina-silica brick began. At that point, scientific principles guided

the development of fireclay brick rather than trial and error with different sources

of raw materials. World War II was particularly influential in the history of

alumina-silica bricks as it marked the development of refractories in North

America based on bauxite as an alternative to the basic refractories that were

suddenly unavailable from Europe. The development of the Bayer process for

manufacturing aluminum brought about the manufacture of calcined and tabular

alumina—generating a new line of “high-alumina” brick. Processing technology

in grinding, separation, mixing, pressing, and firing increased dramatically after

World War II, giving “modern” plants a technology edge over older facilities.

Developments with refractory concrete or “castable” eventually caused

alumina-silica brick consumption to peak and begin a decline starting in the late

1970s and the early 1980s. Technical improvements in all types of refractory pro-

ducts caused a reduction in refractory consumption rates. The end result has been

a decline in production of alumina-silica refractories. In today’s global economy,

alumina-silica bricks are primarily produced in emerging countries and exported

to “developed” countries. While the production and consumption patterns have

shifted, there remains a need for an understanding of the technology in today’s world.

III. THE TECHNOLOGY OF ALUMINA-SILICA
REFRACTORIES

A. Phase Relationships in the System Al2O3–SiO2

The technology of alumina-silica refractories is traditionally explained using the

alumina (Al2O3)–silica (SiO2) phase equilibrium diagram (Figure 1). A phase dia-

gram is essentially a “map” of temperature versus composition showing “phases” or

discrete areas/volume elements of similar composition within a material at equi-

librium and at a given temperature. The idea is that certain compositions will

produce certain qualities of refractories. The diagram in Figure 1 shows com-

position in mole percent and temperature in degrees Celsius. There are updated

representations of this system, but the essential facts remain the same.

The essential facts from this phase diagram are the following:

1. One compound known as mullite (3Al3O3
. 2SiO2) is formed as a reac-

tion product or consequence of heating mixtures of alumina and silica. The theor-

etical composition of mullite is 71.6% Al2O3 and 28.4% SiO2 on a weight basis

(or 60 mole percent Al2O3). Mullite is a very refractory compound exhibiting a

melting point of 18508C. As the mullite content of a refractory increases as the

composition approaches 72% Al2O3, the refractoriness of the material usually

increases due to the presence of the mullite. Near the theoretical composition

of mullite, a mullite solid solution (denoted “mullite ss”) forms.
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2. The diagram has a “solidus” line at 15958C, meaning that compositions

ranging from just below 100% SiO2 (.0% Al2O3) to the mullite composition

(60 mole % Al2O3 or �72 weight % Al2O3) exhibit solid phases (for example, cris-

tobalite—a form of SiO2—or glass and mullite) unless the temperature exceeds

15958C (the binary eutectic temperature between SiO2 and mullite). The term

“glass” signifies the presence of a vitreous and noncrystalline phase. It can be

present along with a small percentage of “free” or uncombined crystalline silica.

Above 15958C, a refractory in this composition range would be obviously useless

as it would be partially liquid phase or melted (denoted as “Liq.” in Figure 1).

3. Above about 72% Al2O3, the solidus line is located at 18408C, indicat-

ing compositions in the range of just above 72% Al2O3 to just below 100% Al2O3

exhibit no melting until 18408C is exceeded. As the composition approaches

100% Al2O3, the refractoriness of the material usually increases. Pure Al2O3

(corundum—labeled “Cor.” in Figure 1) has a melting point of about 20508C.

The Al2O3–SiO2 phase diagram can be used to explain the “classes” of

alumina-silica brick in terms of generalized “refractoriness.” These classes are

given in Table 1 along with comments on the use of the products. It is easy to

see that as you progress across the chart to the right (increase the Al2O3 content

of the refractory), the refractoriness increases either because the mullite content

increases and/or because the solidus temperature jumps up above 60 mole %

Al2O3. The refractoriness increases because the glass content (quantity of vitri-

fied phase) decreases, leading the material to have higher resistance to shrinkage

on prolonged high-temperature exposure.

Figure 1 The alumina-silica phase equilibrium diagram. (From Ref. 2.)

82 Brosnan



Table 1 Classes of Alumina-Silica Brick Explained in Terms of the Al2O3–SiO2

Phase Equilibrium Diagram

Al2O3 range in

most standards Common terminology Phases

General performance in the

absence of slag corrosion or

alkali attack conditions

Less than 50%

Al2O3

Fireclay (Chamotte)

Phases on phase diagram:

mullite and glass (can contain

“free SiO2”)

Usually made from 100%

fireclay

Highest-quality grades usable to

about 16008C (“super-duty”

brick)

Typically contain 38%–42%

Al2O3 and are based on

fireclay minerals

50% Al2O3 or

60% Al2O3

Sillimanite, andalusite,

or kyanite

Phases on phase diagram:

Major phase—mullite and

minor phase—glass (can

contain “free SiO2”)

Cannot be made from 100%

clay since clays do not

contain sufficient Al2O3

Made from 60% alumina

minerals and contain some

fireclay. Can be made with

bauxite and clay

Can be used in excess of

17008C
70% Al2O3 Mullite

Phases on phase diagram:

Major phase—mullite.

Products made with bauxite

contain corundum, mullite,

and glass

Made either from “bauxitic

clay” or calcined bauxite and

clay

Can be used in excess of

17508C

80% Al2O3 and

85% Al2O3

Bauxite

Phases on phase diagram:

The major phase is

corundum, with a minor

quantity of mullite

and glass

Made from calcined bauxite

Usually used in aluminum

contact refractories

90% Al2O3 Alumina

Phases on phase diagram: The

major phase is corundum,

with a substantially minor

quantity of mullite and glass.

Brick for molten iron contact

usually contain fused Al2O3

for enhanced abrasion

resistance

Made from tabular and/or fused

synthetic (Bayer process)

alumina aggregates

Can be used in excess of

18008C
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There are natural “lines of demarcation” on the chart. Since refractory fire-

clays typically contain a maximum of 38% to 40% Al2O3, the refractories made

solely from clay are in the fireclay class and have use limits approaching 16008C
(Table 1). Minerals with the next-highest alumina content include sillimanite,

kyanite, and andalusite—all containing about 60% Al2O3. Therefore, brick in

the 50% and 60% Al2O3 classes must substantially contain these latter minerals,

giving them higher use temperatures. The next mineral substance containing

higher alumina used in refractories is calcined (burned) bauxite that forms a

basis for 80% and 85% Al2O3 class products. For higher alumina content,

synthetic or Bayer process calcined and sintered (tabular) alumina must be

used. Tabular alumina aggregates and calcined alumina are used in products in

either the 90% or 99% Al2O3 classes of refractory brick.

Any discussion of alumina-silica refractories must include the effects of

“fluxing” oxides in the raw materials as they affect properties of the refractory.

In natural clays, alkali is present in various forms—with the alkali content

expressed as sodium oxide (Na2O) or potassium oxide (K2O). Both of these power-

ful fluxes are influential in the firing of fireclay brick and with respect to their per-

formance in service. Other fluxes such as calcium oxide (CaO), iron oxide (FeO or

Fe2O3), and titanium dioxide (TiO2) are present. More flux generally means more

glass will be present in the fired refractory. It is for this reason that fireclay brick, in

particular, may exhibit better service performance (for example, greater spalling

resistance) if they contain lower levels of flux; i.e., greater mullite content increases

spalling resistance and greater glass content decreases spalling resistance.

As a final note on phase equilibria, refractories are usually not at thermochemi-

cal equilibrium. This means nonequilibrium phases may be present. An example

might be a fireclay brick containing calcined bauxite aggregate (as a contaminant)

with an overall composition of 50% Al2O3. This fired brick will contain corundum

even though the phase diagram says it should not be present. Given an unusually

long time during the firing process, the corundum would disappear (forming mullite).

Phase diagrams always indicate the direction for potential reactions in refractories,

but they do not provide assurance that the reactions will go to completion.

B. Refractory Raw Materials

Raw materials for use in alumina-silica brick are available throughout the world in

discrete deposits found useful in refractories. The typical chemical analyses for

materials used as “major mix constituents” are given along with calcination tempera-

ture in Table 2. Calcination, if employed, renders the material as volume stable to

resist shrinkage up to the original calcination temperature. Many other raw materials

are used in manufacturing refractories serving distinct purposes. For example, in

brick manufacture, “bond clay” is used to promote cohesion in the pressed mass

so the brick can be lifted off the press for subsequent drying and firing. Bond clay
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is typically an aluminous clay exhibiting plasticity when wet. An excellent review of

raw materials used in refractories is available by Nishikawa (1).

Refractory producers may have a unique or “standard” compliment of raw

materials in their inventory to produce all of their alumina-silica brick products.

Any one producer may have a special material that is unavailable to other produ-

cers. In North America, this was the case for Missouri diaspore until its depletion

in the 1960s. As another example, one refractory producer had special bauxitic kao-

lin in Alabama used to produce 70% Al2O3 brick, and the deposit was subsequently

depleted in the 1980s. In both cases cited, the producer with the special raw material

had a competitive advantage during the life of its particular mineral deposit.

C. Special Changes in Raw Materials on Heating

1. Fireclay

The chemical and physical changes in clay materials on heating and cooling are

reported in a number of classic references (3). These changes are summarized, in

brief, as follows:

1. Dehydroxylation of clay minerals in the range of 4008–6008C invol-

ving decomposition of clay crystals with consequent release of water

vapor.

Table 2 Typical Raw Materials Used in Alumina-Silica Brick

Information

Fireclay

(calcined basis) Andalusite

Calcined

refractory

bauxite

(Guyana)

Tabular

alumina

Usual calcination

temperature, 8C
Can be used as

calcined

aggregate

(14508Cþ)

or as raw clay

Not calcined 14508C .17508C

Chemical analysis, %

Al2O3 39.7 61.3 88.7 99.5

SiO2 54.0 37.4 6.5 ,0.1

TiO2 2.80 0.25 2.84 Tr.

Fe2O3 1.90 0.48 1.43 0.05

MgO 0.30 0.13 0.31 0.05

CaO 0.20 0.20 0.15 0.07

Na2O 0.20 0.08 Tr. 0.25

K2O 0.60 0.06 Tr. Tr.

LOI 0.15 0.13 0.05 0.04
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2. Inversions and conversions of “free” silica (SiO2) phases that involve

potentially destructive volume changes. The well-known alpha-to-beta

quartz inversion is seen at 5738C.

3. Partial fusion and permanent shrinkage at temperatures approaching

“red heat” (above 9508C).

The dehydroxylation of clay can be represented by the nonreversible

chemical reaction for kaolinite (the major mineral in fireclay):

Al2O3 � 2SiO2 � 2H2O ¼ Al2O3 � 2SiO2 þ 2H2O or

kaolin decomposes to metakaolin plus water vapor:

It is well known that, on additional heating, the metakaolin forms mullite at

about 10208C. In doing this, excess silica is released in a sequence of steps by

metakaolin with the end result being mullite dispersed in a vitreous (glassy) phase.

It is also well known that fireclay contains a small amount of “free” or

uncombined silica—usually as quartz in the mineral deposit. However, quartz

is not the only mineral of pure silicon dioxide (SiO2). The other silica minerals

are tridymite and cristobalite. In fact, quartz can be “converted” into either tridy-

mite and/or cristobalite on heating.

The form of quartz in the earth is called alpha (a) quartz. It is also called

“low quartz” because it occurs at ambient temperatures in natural minerals. On

heating of a-quartz, a new form called beta (b) quartz is formed at 5738C at

1 atm of pressure. The process is called an “inversion” because it involves a slight

change in separation of silicon and oxygen atoms while maintaining the same

spatial arrangement or crystal structure. This inversion is reversible, i.e., it occurs

on heating or cooling if free quartz is present.

The densities of a-quartz and b-quartz are 2.65 g/cm3 and 2.60 g/cm3,

respectively. This means a lower-density quartz form is created on heating,

forcing a volume increase to take place. The volume change on inversion of

a-quartz to b-quartz is small, just 2%, implying a linear expansion of about 0.7%.

On further heating, quartz is converted to either tridymite or cristobalite in

a nonreversible transformation. The complete transformation scheme for silica

(SiO2) is given in Figure 2. Inversions are illustrated by a circle on a horizontal

line representing one of the three forms of silica (quartz, tridymite, and cristob-

alite). The inversions only involve a slight change in atomic separations, and an

inversion is reversible. “Conversions” are changes involving formation of an

entirely new mineral with a new crystal structure, and vertical arrows illustrate

the conversions. The densities of all silica forms are given on the diagram.

The actual conversions of silica are influenced by the impurities in clay,

meaning that the actual conversion temperatures are different than those

published in textbooks for pure silica. For example, fireclay brick can contain

cristobalite if they are fired above about 22508F (12308C). The transformation
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from b-quartz to b-cristobalite causes a total permanent volume expansion of

13%. This is counterbalanced in fireclay brick manufactured by shrinkage during

vitrification.

The problem with free cristobalite in fireclay refractories is that it causes

deterioration in refractories on continued reheating and cooling in a process

called “dunting.” Dunting results in cracking and eventual fragmentation of

refractories that contain too much cristobalite. The cause is the volume expansion

Figure 2 Changes in silica on heating.
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during inversion of a-cristobalite to b-cristobalite on heating of 5% (or shrinkage

on cooling). It is well known that dunting can occur well after the refractory has

cooled, in a process called “delayed dunting.”

2. Recrystallization of Sillimanite Minerals and
Bauxite on Heating

The sillimanite family members, used to produce 50% and 60% alumina class

brick, all exhibit characteristic permanent expansions on heating due to

decomposition of the mineral and the formation of mullite. This is usually of

interest in alumina-silica brick on heating the brick for the first time (during man-

ufacture). The decomposition temperatures and expansions are given in Table 3.

If the brick is fired below the decomposition temperature of the mineral and

used above the decomposition temperature of the mineral, the expansion will be

realized in service. This could be detrimental to the refractory if there is

inadequate expansion allowance in the lining. In certain cases, limited “after

expansion” is important to obtaining good refractory life—as in rotary kiln

applications.

There is a different situation with calcined refractory-grade bauxite. The

original calcination temperature is approximately 14508C, and this is a normal

peak firing (sintering) temperature for bauxite-based refractory bricks. If these

bricks are used above the original calcination and firing temperature, further

“recrystallization” takes place, resulting in significant expansions. For example,

the permanent linear expansion on exposing these products to temperatures

reaching 16008C is in the range of 2%–4%. The actual mechanism contributing

to the expansion is likely additional mullite formation and growth of corundum

crystals within the bauxite aggregates.

D. Alumina-Silica Brick Manufacturing

Alumina-silica bricks are manufactured from a blend of sized raw material

aggregates and clays by mixing, forming, drying, and firing. These are traditional

processes in manufacturing any ceramic product. Since refractories are used at

Table 3 Changes on Heating of Sillimanite Family Minerals

Mineral

Decomposition temperature

(8C)

Volume expansion

(%)

Sillimanite 1530–1625 5.6

Andalusite 1350–1500 4.9

Kyanite 1325–1410 18.8
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elevated temperatures, they are particularly sensitive to contamination. Segre-

gation of particle sizes also leads to low bulk density in brick products.

Throughout history, many fireclay bricks have been made by the extrusion

process or by extrusion followed by “repressing.” Extrusion always means higher

water contents must be used in processing to obtain plasticity, meaning that the

product will have higher apparent porosity than a dry pressed product. Modern

super-duty fireclay and high-alumina brick are made by dry pressing. Dry press-

ing has the attribute of producing generally finer pore sizes and structures in the

fired product as compared to extruded products. This impacts fracture toughness

and thermal shock behavior of the brick.

The best alumina-silica bricks are made in plants with common attributes.

If an inspection trip is made to a refractory plant, here are the attributes worth

looking for:

Raw material storage—Storage should be free of opportunities for contami-

nation by inadvertent mixing of lower-quality raw materials with higher-

quality raw materials.

Particle sizing and sized material storage—How many aggregate storage

bins are observed for a particular raw material? A modern dry-pressed

brick should contain at least four size fractions of the major raw material:

coarse, medium, fine, superfine, etc.

Mixing—Is a modern high-intensity mixer used in production? Muller

mixers (with large wheels) were obsolete in the 1970s.

Conveyance—Are conveyors covered to prevent contamination? If bucket

elevators are used, is the manufacturer trying to prevent particle size

segregation?

Presses—Are the presses computer-controlled, and do they automatically

compensate for thickness variance in pressed brick?

Kilns—Are the kilns computer-controlled? Do they have modern

high-velocity burner systems?

The most modern high-alumina brick plant is designed to minimize con-

tamination and particle size segregation. This ultimately results in a smaller var-

iance in physical properties in products made in such plants as compared to

products from older or dirtier plants.

IV. PROPERTIES AND MICROSTRUCTURE OF
HIGH-ALUMINA BRICK

A. Fireclay Brick

Fireclay bricks are classed in standards based on their refractoriness or ability to

withstand high temperatures without shrinking and spalling. In North America,
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the classes were “low heat duty,” “medium heat duty,” “high heat duty,” and

“super duty.” The general composition and typical properties are given in

Table 4. One measure of refractoriness is permanent linear change (PLC)—the

permanent shrinkage (or expansion) on heating to a specified temperature for

a specified time with no load applied. Many people refer to PLC as “reheat

expansion” or “reheat shrinkage.”

A typical fireclay refractory brick will exhibit reversible thermal expansion

of 3/3200 (2.38 mm) per foot (305 mm) of length on heating from room tempera-

ture to 24008F (13158C). This is equivalent to a thermal expansion coefficient

of 6.0exp(26)/8C, i.e., 6.0 � 1026 mm/mm/8C or 3.35exp(26)/8F, i.e.,

3.35 � 1026 in./in./8F.

Most brick manufacturers recommend an “expansion allowance” (expan-

sion joint allowance) equivalent to 3/32 in. for fireclay brick linings for each

foot of lining length (horizontal traverse). This prevents undue loading and

damage to the fireclay bricks in the wall due to superimposed stress if the lining

is constrained from movement when heated.

Permanent expansion or shrinkage usually affects the hot face region of the

refractory (hot side). In linings where movement is expected—as in rotary

kilns—consideration must be given to the combined potential for reversible ther-

mal expansion and for permanent expansions or shrinkage.

There is usually not a clear-cut link between composition and properties

for fireclay brick products. This is because a multitude of factors determines

the “refractoriness” of the clay used in the manufacture of fireclay bricks.

Table 4 Typical Composition and Properties of Fireclay Brick

Low-duty

10008C
max.

Medium-

duty 12008C
max.

High-duty

14008C
max.

Super-duty

16008C
max.

Chemical analysis

Al2O3 25.4 29.3 37.0 41.9

SiO2 68.1 62.9 57.8 53.2

Fe2O3 1.5 2.3 1.3 1.0

TiO2 1.5 2.9 2.3 2.2

Na2O þ K2O 1.5 1.5 1.3 1.2

Physical properties

Bulk density, g/cm3 2.00 2.10 2.11 2.35

Apparent porosity, % 19.0 20.5 18.0 12.5

Modulus of rupture, MPa 5.2 3.8 9.7 8.5

Crushing strength, MPa 28 32 35 22

PLC, 5 hr. @ 14008C 20.2 to þ0.2

PLC, 5 hr. @ 16008C 0.0 to 21.2

Load test, 172 kPa and 1.5 hr 0.5 to 1.5

@ 13508C
1.5 to 3.0

@ 14508C
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Like most ceramic products, certain strength properties usually improve as bulk

density improves. However, as density improves, spalling resistance may decline.

It is best to look for combinations of properties that contribute to success, such as

density and PLC together.

The microstructure of a fireclay brick is shown in Figure 3 at very low

magnification in reflected light. This brick was fabricated by dry pressing of

calcined aggregates and a raw clay blend. Considerable shrinkage of the “matrix”

around coarse aggregate particles has created obvious cracks around the aggre-

gate particles.

At higher magnification, the nature of pores in a typical fireclay brick can

be seen (Figure 4). The elongated nature of most pores in the calcined aggregate

particle is seen along with rounded pores. The continuum of mullite and glass

cannot be seen at this magnification. Etching techniques and higher magnification

must be used to reveal the mullite crystals.

Fireclay bricks are susceptible to alkali attack, and the usual route for alkali to

enter the refractories is through vapor-phase permeation of the refractory brick

through the hot face. Two consequences are possible: (1) fluxing of the surface

(“glazing”) and (2) formation of new phases resulting in expansion of the refractory.

Glazing of the surface of the refractory and within the refractory immedi-

ately behind the hot face is possible given sufficient surface temperature of at

least 11258C and given accumulation of sufficient alkali. The lowest melting

liquid phases that form compounds expected when alkali contacts fireclay are

given in Table 5. Even lower melting liquids may exist as nonequilibrium or

transient phases.

Figure 3 Microstructure of superduty fireclay brick (5�).
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The expansion of fireclay brick is observed in alkali-rich atmospheres and

at temperatures at or below where glazing is expected or where there is prolonged

alkali exposure with low concentration of alkali in a furnace atmosphere. It is

well known that a new phase called kaliophilite (K2O . Al2O3
. 2SiO2) will

form in fireclay refractories exposed to potash (K2O) vapor. This causes a lo-

calized volume expansion of about 15% that can result in cracking and “dis-

integration” within the refractory. Potash vapor is particularly expected in

combustion atmospheres where wood is the primary fuel and where glazing of

ceramic ware is practiced. Alkali resistance tests can be found in standards for

refractories.

Fireclay brick are also subject to carbon monoxide “disintegration” due to

their iron oxide content. The mechanism is formation of iron carbide (Fe3C) when

the fireclay brick is exposed to carbon monoxide (CO) gas in the temperature

Figure 4 Fireclay brick at high magnification (130�).

Table 5 Alkali Phases Formed at the Hot Face of Alumina-Silica Brick Resulting

in Localized Melting

Alkali Phase expected Melting point of phase (8C)

Na2O Albite Na2O . Al2O3
. 6SiO2 1118

Na2O Carnegite Na2O . Al2O3
. 2SiO2 1399

K2O Sanidinite K2O . Al2O3
. 6SiO2 1510

K2O Leucite K2O . Al2O3
. 4SiO2 1693
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range of about 4008–8008C. The formation of iron carbide causes “destruction”

of the refractory structure. Carbon monoxide disintegration tests are found in

refractory standards. Reactions usually given for this process are

3Fe2O3 þ 9CO��! 6Fe þ 9CO2

and subsequently

3Fe þ 2CO��!Fe3C þ CO2

Spalling or thermal shock damage of fireclay refractories has always been a

concern of furnace designers and operators. It is not always obvious which brand

of fireclay brick will exhibit the best spalling resistance from physical property

data alone. Three different brands of fireclay brick are given with their physical

properties and spalling loss in laboratory tests in Table 6.

It is apparent from Table 6 that chemical analysis and PLC alone do not

correlate with spalling behavior. However, alkali content apparently affects sub-

sidence under load, and it provides improved spalling resistance. This shows that

even apparent minor differences in alkali content are important in the perform-

ance of fireclay brick. The alkali content of the brick influences the glass content

of the brick, and higher glass contents are detrimental to spalling resistance.

Table 6 Spalling Behavior of Three Fireclay Brick Brands

Conventional High density Premium

Chemical analysis

Al2O3 50.8 53.2 52.9

Alkalis 1.5 1.2 1.2

Physical properties

Bulk density, g/cm3 2.18 2.34 2.34

PLC, 5 hr. @ 14808C 0 to 20.6 0 to 21.2 20.3 to 21

Subsidence under load %,

5 hr. @ 14508C,

172 kPa

23 to 25 21.5 to 23 21.5 to 22.5

Subsidence under load %,

100 hr. @ 14508C,

172 kPa

210 to 214 26 to 210 22 to 26

Panel spalling loss, %,

16508C, preheat

3 to 8 2 to 6 0 to 3
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B. Semicordierite Brick and Kiln Furniture

Kiln furniture, setter block for kiln cars, and ceramic components are frequently

manufactured in a composition close to that of a synthetic mineral named cordier-

ite (2MgO . 2Al2O3
. 5SiO2). Pure cordierite contains 13.7% MgO, and it exhibits

a low thermal expansion coefficient of 3exp(26)/8C. Because of its low thermal

expansion coefficient, cordierite materials usually have excellent thermal shock

characteristics.

Pure cordierite is an expensive material, and it is known that less pure

materials containing some cordierite also exhibit low thermal expansion coeffi-

cients. For this reason, “semicordierite” materials are frequently used as kiln furni-

ture and car deck block in ceramic kilns. In some cases, alumina-silica brick

compositions are also used for the same product applications. Properties of some

products used in kiln furniture/deck block applications are shown in Table 7.

The maximum use temperature of these products is typically 12008C or higher.

Table 7 Composition and Properties of Kiln Furniture/Deck Block Products

Semicordierite

pyrophyllite

aggregate

(extruded)

Semicordierite

pyrophyllite

aggregate high

fired (extruded)

Semicordierite

clay aggregate

(pressed)

Semicordierite

clay aggregate

(pressed)

Chemical analysis

Al2O3 36.2 33.3 32.0 37.7

SiO2 57.4 61.8 59.1 45.7

Fe2O3 1.6 1.3 2.9 1.7

MgO 3.0 2.0 0.9 12.8

Physical properties

Bulk density,

g/cm3
2.13 2.12 2.13 2.04

Apparent

porosity, %

18 20 19 23

Compressive

strength, MPa

41.4 20.7 38.5 53.8

Subsidence under

load, %,

100 hr.,

172 kPa,

13158C

22.0 21.0 NA NA

Coefficient of

thermal

expansion

3.3exp(26)/8C 3.1exp(26)/8C 5.9exp(26)/8C 2.8exp(26)/8C

NA ¼ not available.
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The relationship between MgO content and thermal expansion coefficient

is seen in Table 7. At very low MgO content, the thermal expansion coefficient

approaches that of fireclay brick or mullite [�6exp(26)/8C]. The microstruc-

tures of typical products of this type are shown in Figures 5 and 6.

The microstructure of the extruded semicordierite material exhibits “slit-

shaped” pores as are typical of extruded clay products (Figure 5). It is not obvious

from this photomicrograph that the size of the pyrophyllite aggregate particles is

large—in some cases approaching 3 to 4 mm. By contrast, the microstructure of

the pressed semicordierite material exhibits fireclay aggregate particles sur-

rounded by a matrix of sintered clay with pores that are primarily rounded

(Figure 6). Many authorities attribute improved thermal shock resistance to the

presence of fine rounded pores. For that reason, it is possible that the pressed pro-

duct containing �0.9% MgO (Table 7) might exhibit similar performance with

the extruded product containing 3.0% MgO.

A typical contaminant in semicordierite brick is cristobalite formed as

“free” silica or as quartz in the raw materials is converted to cristobalite when

the refractory is fired to temperatures of at least 13008C. By reference to an

MgO–Al2O3–SiO2 phase equilibrium diagram (not shown), one can see that

free cristobalite is an equilibrium phase unless the composition of the product

is exactly that of pure cordierite. Excessive cristobalite content can cause “dunt-

ing” and reduce the life of kiln furniture/block. Cristobalite can be conveniently

determined using X-ray diffraction or thermal analysis techniques.

Figure 5 Microstructure of extruded pyrophyllite based semicordierite brick (100�).
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C. Insulating Firebrick

Insulating firebricks (IFB) were developed in the 1930s, and they were the pre-

dominant form of insulation until the development of insulating castable and

fiber refractories. There are two types of brick: (1) brick based on clay and gyp-

sum using the burnout of sawdust to create high porosity (and thereby provide

better insulating value) and (2) brick based on lightweight aggregate and clays.

Like all alumina-silica brick, insulating firebricks have a duty rating (service

limit). This duty rating is commonly used in the product names—as in K-20

for a 20008F (10938C) duty limit. Some data on IFBs are given in Table 8.

It is important to note that the permanent linear change data are based on a

24-hour test exposing the brick to the test temperature. For long-term exposures

near the rated service temperature, shrinkage may occur sufficiently to allow joint

opening. For this reason, it can be important to use IFBs with a higher duty rating

than seems required by the process temperature alone.

Insulating firebricks are susceptible to alkali attack. The products made

using gypsum and sawdust burnout material (indicated by high CaO contents)

may undergo an expansion reaction in a service environment containing alkali.

In some cases, this reaction has been deleterious and reduces service life. By con-

trast, the IFB made with lightweight aggregate may experience surface glazing in

an alkali environment.

Insulating firebricks remain a choice for construction and repair when

castable or fiber products may not be preferred. IFBs constitute the working lin-

ing of many furnace structures. Construction is usually convenient since most

IFBs can be cut with a hacksaw. Caution should be used in selecting IFBs

when abrasion resistance or impact resistance is required.

Figure 6 Microstructure of pressed clay–based semicordierite brick (100�).
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D. Fifty Percent and 60% Alumina Class Brick

Refractory bricks in the 50% and 60% Al2O3 classes exhibit improved refractori-

ness over fireclay products. There are two fundamental mineral mixtures used in

producing these classes of brick, and the physical properties of the products

depend, in part, on which mineral mixture was used in the manufacture.

The most straightforward way to produce brick in this class is to use 50%

Al2O3 or 60% alumina aggregates (i.e., bauxitic kaolin or andalusite). Another

way to produce these classes of products is to use a mixture of bauxite and fire-

clay. This latter method has been termed the “bauxite dilution” method. In other

words, bauxite (at 88% Al2O3) is diluted with calcined fireclay and raw clay (at

�40% Al2O3) to produce the required alumina content. Properties of these types

of refractories are given in Table 9.

It is important to state that refractories containing bauxite or andalusite

typically exhibit high reheat expansion while clay bricks do not. In refractories

containing andalusite and also containing clay, this tendency for high reheat

expansion may not be observed. Thus, there is a fundamental difference in the

bricks within the same class with respect to permanent expansion characteristics.

In linings requiring the extreme tightness—as in rotary kiln applications—the

reheat expansion may be extremely important in good lining life.

Table 8 Composition and Properties of Selected Insulating Firebrick

K-20 K-23 K-26 JM-30

Use Limit

20008F
(10938C)

23008F
(12608C)

26008F
(14278C)

30008F
(16498C)

Chemical Analysis

Al2O3 39 39 58 73.4

SiO2 44 44 39.1 25.1

Fe2O3 0.4 0.4 0.7 0.5

CaO 16 16 0.1 –

Alkalis 0.4 0.4 1.7 0.9

Physical Properties

Bulk density, g/cm3 0.48 0.50 0.85 1.01

PLC, %, @ indicated

temperature after

24 hr

0

@ 10668C
0

@ 12328C
20.2

@ 14008C
20.6

@ 16208C

Subsidence under

load, % @ indicated

temperature,

1.5 hr., 69 kPa

0

@10668C
20.2

@ 12048C
20.2

@ 12048C
20.1

@ 12048C

Thermal expansion

coefficient/8C
5.4exp(26) 5.4exp(26) NA NA
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By contrast, high reheat expansion may be associated with high spalling

tendency, i.e., low spalling resistance. In this regard, bricks produced from bauxi-

tic kaolin, i.e., “clay base,” may have superior spalling resistance. This is because

of their finer texture, namely smaller average pore size, and due to the absence of

permanent expansion reactions on heating.

The TiO2 content of bricks may indicate the fact that they contain calcined

bauxite aggregate (if �2.5%). Bauxite can also be recognized on a broken or

saw-cut surface as a gray-appearing aggregate to the naked eye.

E. Seventy Percent Alumina Brick

After World War II, 70% Al2O3 class refractories became a “workhorse” in

industrial furnaces because of their high use or duty ratings and because of

their durability in many processes where slag corrosion or other reactions take

place. This class of refractories can be produced either from bauxitic clays exhi-

biting 70% Al2O3 or by using appropriate mixtures of bauxite (88% Al2O3) and

fireclay (�40% Al2O3). As in the case of 60% Al2O3 brick, the mineral base of

the firebrick makes a profound difference in physical properties and thermal

response of 70% Al2O3 class brick.

Table 9 Composition and Properties of 50% and 60% Al2O3 Class Brick

50% Al2O3

clay base

50% Al2O3

bauxite

base

60%

Al2O3

clay base

60% Al2O3

bauxite

base

60%

Al2O3

andalusite

base

Chemical analysis

Al2O3 50.5 49.5 58.1 62.1 58

SiO2 44.5 49.5 38.2 32.5 39

Fe2O3 1.3 1.3 1.2 1.2 1.5

TiO2 2.3 2.5 2.2 2.6 0.2

Alkalis 0.8 0.7 0.1 0.8 �0.3

Physical properties

Bulk density, g/cm3 2.38–2.45 2.37 2.52 2.50–2.59 2.55

Apparent porosity, % 11–16 17.5 14.3 17–20 �15

Modulus of rupture, Mpa 13.8–20.7 7.6–12.4 18.2 10.3–15.2

Crushing strength, Mpa 48–69 28–55 58 34.5–62 �60

PLC, 5 hr. @ 16008C þ0.5 to

þ1.5

21.0 to

þ1.0

20.1 þ2 to þ4

Panel spalling loss, %,

16508C, preheat

,5 3–8 ,2 3–5
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The chemical composition and physical properties of the two types of 70%

alumina brick are given in Table 10. The brick based on calcined bauxite exhibits

much higher reheat expansion (PLC) and higher spalling loss than the brick based

on bauxitic clay. On the other hand, the brick based on calcined bauxite may have

superior performance where erosion resistance is required.

The microstructures of the two types of 70% Al2O3 brick are shown in

Figures 7 and 8. In Figure 7, the brick is made from calcined aggregates,

which exist, surrounded by a finely textured matrix. The distribution of

medium-size particles around coarse aggregates is excellent. This microstructure

suggests excellent spalling resistance.

By contrast, the brick made from calcined bauxite has a completely differ-

ent appearance. The dark bauxite particles predominate the microstructure, but a

calcined clay aggregate particle is evident in the lower right of the photomicro-

graph of Figure 8. A glassy matrix containing mullite surrounds all particles. A

comparison of Figures 7 and 8 provides graphic evidence that brick in the

same alumina class can have completely different compositions, and the micro-

structures alone suggest that key reheat (PLC) properties of these brick will be

different.

F. Eighty Percent and 85% Alumina Brick

Bricks in the 80% and 85% Al2O3 class were originally developed for use in

aluminum melting and holding furnaces. It is rare that they find application in

Table 10 Composition and Properties of 70% Al2O3 Class Brick

Bauxitic clay base Calcined bauxite/clay mix

Chemical analysis

Al2O3 71.8 70.1

SiO2 22.9 23.6

Fe2O3 2.3 2.0

TiO2 0.2 3.0

Alkalis 0.3 0.3

Physical properties

Bulk density, g/cm3 2.51 2.60

Apparent porosity, % 21.0 20.0

Modulus of rupture, Mpa 9.3 9.7

Crushing strength, Mpa 57.6 38–65

PLC, 5 hr. @ 16008C þ0.9 þ2–þ4

Panel spalling loss, %,

16508C, preheat

0 �15
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other types of furnaces. These bricks are based on calcined bauxite, as it is the

closest mineral in alumina content to their overall composition.

The properties of 80% and 85% Al2O3 brick are given in Table 11. The

resistance to aluminum attack is, in part, due to the resistance of the bauxite to

solution in molten aluminum and to salt fluxes that may cover the metal bath.

Generally speaking, these bricks have not been successful in ferrous foundry

or incinerator applications. The reason may be the relatively poor refractoriness

of the bond phase (glass and mullite) holding together very refractory calcined

bauxite aggregate particles. In an aggressive slagging situation, the bauxite

aggregate is eroded out of the brick, and wear rates are usually unacceptably high.

Figure 7 70% Al2O3 brick based on bauxitic kaolin.

Figure 8 70% Al2O3 brick based on calcined bauxite and clay.
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G. Ninety Percent and 99% Alumina Class Brick

Bricks in the 90% and 99% alumina classes are among the highest strength and

erosion resistant of refractory bricks. They are made from synthetic (Bayer pro-

cess) alumina aggregates, and some types may contain fused alumina for special

erosion resistance. It is not surprising that there are several distinct types of brick

in the 90% Al2O3 class.

The composition and properties of bricks in the 90% Al2O3 class are given

in Table 12. The type denoted “Fused alumina—mullite matrix” is a product

designed in the 1950s for channel induction furnaces for iron foundries. The

fused alumina provides very high erosion resistance to flowing molten iron.

The microstructure of this type is shown in Figure 9, where fused alumina

aggregate particles (white with rounded black pores) are surrounded by a gray

matrix containing a lighter mullite phase. Rounded pores are seen in Figure 9

with surface detail created by polishing media on resin impregnant (used for

polishing purposes).

The type denoted as “Tabular alumina—corundum matrix” is made from

coarse supercalcined alumina aggregates and reactive calcined alumina fines to

produce a “direct bonded” microstructure where alumina-to-alumina bonding

(corundum-to-corundum) predominates. This provides an obvious increase in hot

modulus of rupture (Table 12). The microstructure of this type of brick is shown

in Figure 10. In the lower field, a tabular alumina aggregate particle resides, and

it is connected to the matrix through bonds with smaller corundum crystals.

There is a practical limit on alumina content of about 96% Al2O3

(and 3.7% SiO2) in refractory brick for the highest-temperature applications.

Table 11 Composition and Properties of 80% and 85% Al2O3 Class Brick

80% Al2O3 85% Al2O3

Chemical analysis

Al2O3 79.9 84.1

SiO2 13.6 7.3

Fe2O3 1.2 1.1

TiO2 3.6 2.6

Alkalis 0.6 0.2

Physical properties

Bulk density, g/cm3 2.72–2.82 2.82–2.92

Apparent porosity, % 15–18 14–17

Modulus of rupture, MPa 11–17 27

Crushing strength, MPa 48–69 83–110

PLC, 5 hr. @ 16008C þ0.5 to þ1.5 20.5 to þ0.5

Panel spalling loss, %, 16508C, preheat 0–5 0–5
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At compositions of higher alumina content, the products cannot be sintered in

conventional gas-fired kilns at sufficient temperatures to have good density and

PLC (reheat) properties. While 99% Al2O3 class bricks exist, they are primarily

used for low-temperature applications such as in chemical processes.

In the late 1970s, alumina-chrome bricks were developed. Chromic oxide

(Cr2O3) functions as a “sintering aid,” allowing for direct bonding to be achieved

at gas-fired kiln temperatures without resorting to the use of silica as a sintering

aid. The end result is a more refractory product than others in the 90% Al2O3

class because the alumina-chrome bricks exhibit only minimal SiO2 contents.

The hot modulus of rupture of these products is extremely high (Table 12).

The fired alumina chrome brick are of a “ruby” red color due to the formation

of an Al2O3–Cr2O3 solid solution during firing of the refractory brick.

A “spalling resistant” alumina-chrome product was subsequently devel-

oped, and it found immediate application in a number of industrial furnaces

including incinerators. While the means of providing additional spalling

resistance are proprietary methods, they may include use of second phases like

zirconia (ZrO2) to provide additional fracture toughness.

Table 12 Composition and Properties of 90% Al2O3 Class Brick

Fused

alumina-

mullite

matrix

Tabular

alumina-

corundum

matrix

Alumina

chrome

Alumina

chrome spall

resistant

Chemical analysis

Al2O3 91.4 90.1 89.7 83.0

SiO2 8.1 9.5 0.5 2.0

Fe2O3 0.3 0.1 0.2 0.1

Cr2O3 0.0 0.0 9.0 11.2

TiO2 Trace Trace 0.1 Trace

Alkalis 0.2 0.2 0.1 0.2

Physical properties

Bulk density, g/cm3 2.72–2.82 2.98 3.17 3.20

Apparent porosity, % 15–18 16 17.8 17.5

Modulus of rupture, MPa 11.7–17.2 16.1 31 11

Modulus of rupture @

14828C, MPa

�5.2 9.1 13 10

Crushing strength, MPa 48.2–68.9 78.2 86 84

PLC %, 5 hr. @ 17058C 0 to þ1.5 20.2

PLC %, 5 hr. @ 18168C þ0.7 20.1

Panel spalling loss, %,

16508C, preheat

0–5 0–2 0–2 0
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V. SELECTED CASE STUDIES WITH FIRECLAY AND

HIGH-ALUMINA BRICK

A. Reaction with Corrosive Materials at Elevated

Temperatures

One of the “weaknesses” of alumina-silica brick is their potential for reaction

with basic slag or other corrosives to form melted phases or liquid at relatively

low temperatures. The reaction potential can be illustrated by considering the

Figure 10 90% Al2O3 brick based on tabular alumina.

Figure 9 90% Al2O3 brick based on fused alumina.
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reaction products expected for alumina-silica brick in the presence of lime (CaO)

(Table 13).

Strictly speaking, the information in Table 13 should be viewed as a

“guideline” because actual melting may occur at lower temperatures than indi-

cated by the melting points of the compound. Actual melting occurs on heating

at the lowest eutectic point in the system, as revealed on multicomponent

phase equilibrium diagrams. More information on how to estimate these initial

melting temperatures is given in Chapter 3. Nevertheless, the information indi-

cates that low-temperature melting is expected in the presence of certain corros-

ive materials.

One example is the situation where a basic slag (containing CaO) is in

contact with a fireclay brick. In this situation, one might expect liquid formation

near the melting point of anorthite (15538C) or melilite (12808C). In fact,

melting actually is seen at about 11708C. This only illustrates that lime (CaO)

is a powerful flux on fireclay brick. It is true that as the Al2O3 content of the

brick increases, the relationships with CaO change. For example, lime in contact

with a 60% Al2O3 brick would be expected to form gehlenite (melts at 15938C),

Table 13 Melting Temperatures for Corrosive Phases with Al2O3–SiO2 Brick

Corrosive material Reaction product

Melting point of reaction

product, 8C

Na2O Albite Na2O . Al2O3
. 6SiO2 1118

Carnegite

Na2O . Al2O3
. 6SiO2

1399

K2O Sanidinite K2O . Al2O3
. 6SiO2 1510

Leucite K2O . Al2O3
. 4SiO2 1693

CaO Anorthite CaO . Al2O3
. 2SiO2 1553

Gehlenite 2CaO . Al2O3
. SiO2 1593

Melilite CaO . Al2O3
. 2SiO2

and 2CaO . Al2O3
. SiO2

1280

FeO and Fe2O3 Iron gehlenite

2CaO . Fe2O3
. SiO2

1285

Iron cordierite

2FeO . 2Al2O3
. 5SiO2

1210

Fayalite 2FeO . SiO2 1205

Brownmillerite

4CaO . Al2O3
. Fe2O3

1410

Dicalcium ferrite

2CaO . Fe2O3

1449

With Al2O3 Calcium hexaluminate

CaO . 6Al2O3

1850

Hercynite FeO . Al2O3 1780
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but lime-silica mixtures (slags) would still form lower melting liquids even with

60% Al2O3 brick.

This limited discussion only points to the well-known fact that basic slags/
minerals react with neutral to slightly acidic Al2O3–SiO2 brick, resulting in cor-

rosive wear of the refractory. The rate of the reaction differs among classes of

brick, with the higher Al2O3 brick usually exhibiting the slowest corrosion

rates at elevated temperatures.

It is interesting that alumina-silica bricks are attacked by acids in chemical

applications at room temperature. For example, 70% Al2O3 bricks have been

known to exhibit service of only several weeks in hot hydrochloric and sulfuric

acids. “Acid-proof” bricks are commonly used in chemical service, and these

bricks last longest if they exhibit extremely low apparent porosities and if their

composition exhibits extremely low alkalis. Alkali phases form glasses in manu-

facturing that are more readily soluble in acid media, so the bond phase in acid-

proof brick must contain higher alumina content and lower alkali content.

B. Sawdust-Fired Ceramic Kiln (with Alkali Attack)

A significant number of ceramic kilns producing clay-facing brick are fired with

sawdust fuel in North America. It has been long recognized that wood-fired

boilers experience potassium attack on refractories as K2O vapors are present

in the combustion atmosphere. These vapors penetrate the refractory, providing

for two types of deleterious wear processes. These are (1) glazing of the brick and

deposition of slag on the surface of the brick near the “burners” and (2) expansion

of the brick over a long period.

In tunnel kilns of length 50–100 meters, expansion progressed over a

period to the point that the interior walls made of fireclay brick typically buckle

inward. In about seven years of service, the brick must be replaced to continue

operation.

In the same kilns, crown (roof) brick (insulating firebrick) in flat, suspended

construction exhibited “sheet” spalling in seven years of service. Sheet spalling is

loss of refractory thickness of about 25 mm (1 in.) over a large area (many

bricks). The sheet spalling was apparently a result of expansion reactions

between the IFB and the alkali in the kiln atmosphere.

C. Rotary Kiln Application of 70% Al2O3 Brick and
Andalusite Brick

Rotary kilns have been lined with 70% Al2O3 brick for many years, and a typical

choice has been calcined bauxite/clay base types. These bricks provide sufficient

permanent expansion to keep the lining tight against the shell of the rotary kiln.

This, in turn, prevents movement of brick as the kiln rotates.
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The 70% Al2O3 class bricks typically develop a “cobblestone street”

appearance in service. This appearance is not necessarily an indication of an

impending failure of the lining. In one instance, an inexperienced operator

decided to replace the 70% Al2O3 bricks with andalusite/clay bricks that had

“superior” spalling resistance in laboratory tests. The result was an unusually pre-

mature failure of the new lining. Because the andalusite/clay bricks had only a

small permanent expansion, the bricks became loose during kiln rotation, result-

ing in progressive loss of the lining by bricks “falling out” of the lining. While the

replacement of the old 70% Al2O3 lining was done for a few good reasons, the

person making the decision did not consider all the criteria that contributed to

many years of success with the 70% Al2O3 lining practice.

D. Incinerator Application of 70% Al2O3 and
Alumina-Chrome Brick

Incinerator designers have used 70% Al2O3 brick for years in the primary and

secondary combustion chambers of the kilns. For a long time, the 70% Al2O3

bricks would experience rapid wear in the fireball regions of the secondary com-

bustion chamber where conditions reach in excess of 17508C. This is also an area

where corrosive lime-alumina-iron oxide-silica slags coat the refractory walls.

The 70% Al2O3 bricks were replaced with alumina-chrome bricks

(Table 11), and service was extended. The alumina-chrome bricks initially exhib-

ited excessive spalling loss, resulting in the development of the “spall-resistant”

alumina-chrome bricks. These latter bricks have been a resounding success in

incinerator service.

VI. HEALTH AND SAFETY CONSIDERATIONS WITH
ALUMINA-SILICA BRICK

Alumina-silica brick of 60% Al2O3 class or lower (including fireclay) can contain

a small amount of “free” or uncombined crystalline silica. Not all refractory

bricks contain free silica, as its presence complicates manufacture of the brick,

and certain silica phases—like cristobalite—contribute to accelerated wear.

It is well known that free silica, as quartz or cristobalite, is a respiratory

hazard. Since cristobalite is the expected phase in fired alumina-silica brick, it

is of the most potential concern. It is inexpensive to determine if a brick contains

quartz or cristobalite. The issue is sawing of the brick during masonry construc-

tion. Wet sawing eliminates dust exposure, and it should be used if there are

concerns about silica exposure.

Alumina-chrome bricks can form traces of hexavalent chromium (Crþ6)

if the bricks are used above 12508C and are in contact with lime-rich phases.
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Used refractories might be checked for hexavalent chromium to ensure that any

required disposal regulations are met.
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Magnesia Refractories

Richard A. Landy
Landy & Associates, State College, Pennsylvania, U.S.A.

I. INTRODUCTION

A. Definitions

A magnesia refractory is defined by the American Society for Testing and

Materials (ASTM) as “a dead-burned refractory material consisting predominantly

of crystalline magnesium oxide” (1). Furthermore, ASTM defines “dead-burned”

as “the state of a basic refractory material resulting from a heat treatment that

yields a product resistant to atmospheric hydration or recombination with carbon

dioxide” (2). The chemical formula for magnesium oxide is MgO. However, no

dead-burned magnesium oxide contains 100 wt.% MgO. Chemical assays of any

such refractory raw material show some level (generally less than 30 wt. % total)

of silica, lime, iron oxide, alumina, and boron oxide, that, mineralogically, occur

(1) in triple-point pockets and films between the MgO crystallites in the dead-

burned magnesium oxide material as, for example, various calcium silicates,

calcium magnesium silicates, calcium boron silicates, and calcium aluminates;

(2) as lime and iron oxide solid-solutions in the magnesia crystallites; and (3)

sometimes, as magnesioferrite exsolution intergrowths, within the magnesium

oxide crystallites themselves.

Also, ASTM defines basic refractories as “refractories whose major con-

stituent is lime, magnesia, or both, and which may react chemically with acid

refractories, acid slags, or acidic fluxes at high temperatures” (3). (In a postscript,

the definition mentions that “commercial use of this term [basic refractories] also

includes refractories made of chrome ore or combinations of chrome ore and

dead-burned magnesite.”) Conversely, basic refractories exhibit excellent chemi-

cal resistance to other basic refractories, basic slags, or basic fluxes at high tem-

peratures. Lime and magnesia also hydrolyze in water to form hydroxides, so the
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designation of these so-called basic refractories is truly meant to characterize

their chemical behavior.

B. Terminology

Magnesium oxide raw materials and products can be referred to interchangeably

as one of four names or terms (4) and, thereby, lead to some confusion for people

unfamiliar with commercial industry vernacular: (1) MgO; (2) magnesia; (3)

periclase; and (4) magnesite. Technically, (1) MgO is the chemical formula for

pure magnesium oxide; (2) magnesia is the chemical name applied to the

oxide of magnesium; (3) periclase is the mineral name for magnesium oxide

(this mineral is rarely found in nature, but is presently applied to high-grade [gen-

erally, less than 10 wt. %. impurities], dead-burned magnesium oxide products

produced synthetically from, for example, seawater or underground brines);

and (4) magnesite is the mineral name for magnesium carbonate, MgCO3, and

was one of the original sources for magnesium oxide used in refractory products

(magnesite has to be dead-burned to remove the carbon dioxide, but the name has

carried over to the dead-burned product of the magnesium carbonate—current

U.S. terminology is to use magnesite for dead-burned magnesium oxide produced

from naturally occurring magnesite, especially those raw materials with impuri-

ties greater than 5 wt. %, but its use secularly is not so differentiated).

II. MAGNESIA REFRACTORY RAW MATERIALS

A. General Concepts and Terminology

Generally, every refractory is composed of four major structural elements that are

depicted in Figure 1 (5):

1. The primary building blocks of refractory bodies are given the name

grains or aggregates; these components comprise raw materials larger

than about 200 mm and constitute, by weight, about 70% of a refractory

product. Several carefully graded sizes of aggregates are used to con-

struct a close-packed product texture.

2. Matrix or filler materials smaller than 150 mm are then used to pack

the spaces among the gapped aggregates.

3. The terms binder, bond, or cement are used to describe the structural

unit that eventually adheres the aggregates and/or matrix ingredients

together to form the refractory product’s strength.

4. There is always unfilled space remaining in the refractory body, and

these open volumes are called pores.

Some raw materials of refractory products can used directly, can be

partially altered from naturally occurring mineral deposits, or are produced
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synthetically by various combinations of chemical processing and heat treatment.

If the heat treatment is mild (�900–13008C), the raw material is described as

being calcined; if the heat treatment is more robust (�1500–22008C), the raw

material is then described as being sintered (dead-burned materials are in this

group); and if the heat treatment proceeds to a molten state (e.g., for MgO, in

excess of 28008C), then the raw material is said to be fused.

B. Dead-Burned Magnesium Oxide (6, 7)

1. Sources of Magnesium Oxide

The principal magnesia refractory raw material is obviously magnesium oxide.

Magnesium oxide has a very high melting point of about 28008C. This characteri-
stic, together with its resistance to basic slags, ubiquitousness, and moderate cost,

makes magnesium oxide products the choice for heat-intensive, metallurgical

processes such as for the production of metals, cements, and glasses.

Since magnesium oxide does not occur extensively in nature, this material

has to be obtained from other sources that are available in commercial quantities.

The first source is from sintering naturally occurring magnesite, a mineral whose

world reserves exceed 1010 mt; the theoretical wt. % ofMgO is 47.6, so about half

the weight of magnesite is lost due to CO2 evolution during sintering or dead-

burning.

Magnesite occurs in nature in two distinct textures: macrocrystalline and

cryptocrystalline. When high-purity, macrocrystalline magnesite, as found in

Figure 1 Schema of the four textural elements of a refractory and their respective

relationships. [From Ref. 5. Reprinted with permission of the Canadian Ceramics

Society (M. Rigaud).]
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China, North Korea, and Russia, is simply subjected to heat treatment, a low-

density, sintered product is produced and is not favorable for premium-quality

refractory usage; the use of additional, more costly processes, such as fine grind-

ing, briquetting, and modern shaft kilns for sintering, is required to produce a pro-

duct suitable for the refractories industry. However, macrocrystalline magnesite

deposits occurring with minor levels of iron oxide (this magnesite variety is

called breunnerite) exist in Austria and Slovakia, do sinter to high density, and

are quite suitable for certain refractory applications.

On the other hand, the high reactivity of high-purity, fine-grained (�1 mm),

cryptocrystalline magnesite leads to this type of magnesite rather easily sintering

to a high-density grain that is necessary for producing various refractory pro-

ducts. Greece and Turkey were major sources for high-performance, refrac-

tory-grade, dead-burned magnesia in the 1960s and 1970s; in the late 1980s, a

cryptocrystalline source, claimed to be the largest single deposit of this type in

the world, was found in Australia.

The other very large, almost limitless, commercial source of high-purity

magnesium oxide is obtained by processing seawater, inland brines, or salt deposits,

all containing the soluble compound magnesium chloride (MgCl2); these final

products are referred to as “synthetic magnesia.” The introduction of new proces-

sing technologies (increasing the CaO/SiO2 wt. ratio, reducing the boron content,

using high-vacuum techniques in dewatering the filter cake, and using higher-

pressure briquetting) in the mid-1970s resulted in magnesium oxide qualities

that exceeded previously available commercial, synthetic grains and led the

refractories producers to employ these newer grades, and the naturally occurring

and standard-quality, synthetic, magnesium oxide products largely fell out of

favor. The largest seawater facilities of this type are found in Japan, while

other important plants are located in Great Britain, the United States, and Ireland.

Inland brine operations are found in the United States, Mexico, and Israel, while

underground magnesium chloride salt deposits over 1000 m below ground level

are recovered in The Netherlands.

Finally, a secondary source of magnesium oxide is from the mining and

sintering of brucite deposits; this mineral is composed of magnesium hydroxide,

Mg(OH)2, and has a theoretical MgO of about 70 wt. %. A major source of

brucite was located in Nevada.

2. Production of Dead-Burned Magnesia

This section only outlines the generalities of the manufacturing processes since

there are quite diverse procedures employed for each of the manifold occurrences

described in the previous section.

Exploration, drilling, assaying, and selective mining, either open-pit or

underground, are the first four important steps for naturally occurring magnesite
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or brucite deposits. To produce high-grade grains, moderate grinding followed by

beneficiation techniques using froth flotation or heavy media is then required to

remove gangue minerals before dead-burning in either rotary or shaft kilns. If the

gangue minerals can’t be removed sufficiently to produce high-grade magnesia,

then fine grinding must be performed before beneficiation; consequently, high-

pressure briquetting is required for this fine-grained output in order to form a suit-

able pellet for dead-burning. Low-grade products can be manufactured by just

coarse crushing the mined ore followed by dead-burning in crude shaft or rotary

kilns. Products briquetted prior to dead-burning are delivered to major refractory

maufacturers as peach-pit–sized raw materials; materials that are just dead-

burned are generally less than 35 mm in size after firing.

When seawater is used as the source, the water is initially pretreated to

remove the carbonic acid; inland brines don’t require this step (M. Wajer, per-

sonal communication, 2002). Then, these waters are mixed with calcined lime-

stone or calcined dolomite in large reaction tanks; the use of calcined dolomite

almost doubles the overall percentage of magnesium recovered per unit of

processed water. Magnesium hydroxide precipitates out, and the resultant slurry

is washed, thickened, and dewatered using very high-vacuum drum filters.

The resulting filter cake can be fed directly to a rotary kiln and dead-burned to

produce a standard-quality, dead-burned magnesia, but, more likely, the filter

cake is calcined in multiple-hearth furnaces to produce a highly active magnesia.

Following high-pressure briquetting, the pellets are dead-burned in rotary or shaft

kilns, with the latter used for the premium magnesia products.

In The Netherlands, solutionmining of undergroundmagnesium salt deposits

produces magnesium chloride brine that then goes through the process just

described to produce dead-burned magnesia (8). In Israel, Dead Sea water, after

solar evaporation in shallow ponds to increase the brine concentration, is initially

processed through a special ion exchanger to remove boron, and then the brine is

thermally decomposed in the Aman spray roaster to MgO and hydrochloric acid,

the latter a byproduct recovered for fertilizer. The MgO is then hydrated to mag-

nesium hydroxide, washed, vacuum drum-filtered, calcined in a multihearth fur-

nace, and dead-burned in a shaft kiln (Dead Sea Periclase web site, 2002).

Synthetic dead-burned magnesias will always be briquetted and thus avail-

able to the refractory industry as peach-pit–sized particles or portions thereof.

The ultimate refractory-grade magnesia is manufactured by electromelting

previously produced refractory grades of magnesia, calcined magnesia, or even

raw, naturally occurring magnesite. The resulting furnace charge or ingot is

allowed to cool and crystallize slowly, resulting in the large periclase crystal

sizes that are highly sought after for maximum slag resistance. The inner core

produces the best product, while the crust is usually recycled due to its small crys-

tallite size. The well-crystallized material is then crushed and sized into a variety

of fractions for subsequent refractory-grade use.
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3. Key Dead-Burned Magnesium Oxide Characteristics

MgO Content. The MgO content of dead-burned magnesium oxide is gen-

erally included in the grade and/or brand of the particular commercial product.

Obviously, its overall purity plays an important role in determining what MgO con-

tent is suitable for a particular end use. The MgO content of an aggregate is, by and

large, but not entirely, directly proportional to its slag resistance. Many impurities,

as mentioned previously, are located in triple-point and thin-film accessory mineral

deposits betweenMgO crystallites composing the aggregates or grains; these acces-

soryminerals have lowermelting temperatures thanMgO. Therefore, the amount of

impurities plays a major role in keeping the MgO crystallites apart in the aggregate

and not available for high-strength, crystallite-to-crystallite direct bonding during

the production sintering process. In metallurgical applications at high temperatures,

grain-boundary softening leads to loss of MgO aggregate strength and affords criti-

cal pathways for slag attack, whereby corrosive agents breach around the excellent

resistance of theMgO crystallites; as a consequence, the rationale for using anMgO

refractory body may become meaningless when moderate to large quantities of

such impurity phases are present.

Since the mid-1980s, the trend has been to obtain the highest MgO content

possible in commercially produced MgO grains.

MgO Impurities. As mentioned in the introduction, a chemical analysis of

a sample of commercial MgO aggregate will yield the following principal impu-

rities: SiO2 (silica); CaO (lime); Al2O3 (alumina); Fe2O3 (iron oxide); and B2O3

(boric oxide). These impurities do not exist in the MgO aggregates as indepen-

dent oxides per se. Rather, they combine together and/or with MgO from the

MgO crystallites to form minerals that, under equilibrium conditions, can be pre-

dicted from phase equilibrium relationships in the MgO–CaO–SiO2–Al2O3–

FeO–Fe2O3 system and generally confirmed by X-ray diffraction analyses. These

minerals can be distributed in one or more of the following locations: (1) in triple

points or as films along crystallite boundaries in the MgO aggregates; (2) as solid

solutions in the magnesia crystallites; and (3) as spinellitic exsolutions in the

magnesia crystallites.

However, complicating these general points are the phenomena of the solid

solutions or solubilities of CaO and/or iron oxide, respectively, in the MgO crys-

tallites themselves. Although the lime solubility in the MgO phase is relatively

small, the effect is particularly important in very high MgO-content materials

(9–12). This fact is due to the impact that lime solubility has on altering the

CaO/SiO2 wt. ratio determined by chemical assay and subsequent phase equili-

brium assumptions; this ratio, in turn, controls the nature of the calcium silicate

minerals that occur in the grains.

The importance of the CaO/SiO2 wt. ratio can be appreciated from study-

ing the MgO–CaO–SiO2 phase diagram; its representation is seen in Figure 2
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(13). As mentioned earlier, the CaO/SiO2 wt. ratio controls which minerals exist

in the MgO aggregates. If the wt. ratio of CaO/SiO2 is greater than 2.8, tricalcium

silicate, Ca3SiO5, and free CaO can exist as the impurity or accessory phases with

initial liquid formation in the MgO aggregate occurring at �18508C. An exact

2.8 ratio can yield only tricalcium silicate. If the wt. ratio of CaO/SiO2 is

between 2.8 and 1.87, tricalcium silicate and dicalcium silicate, Ca2SiO4, can

be present, while the temperature of initial liquid formation is �17908C; at
just 1.87, only dicalcium silicate can exist. From 1.87 to 1.4 wt. ratio of CaO/
SiO2, dicalcium silicate and merwinite, Ca3MgSi2O8, can be represented and

an initial liquid can appear in the magnesia aggregate at 15758C. At just 1.4
CaO/SiO2 wt. ratio, only merwinite can be present. A CaO/SiO2 wt. ratio of

1.4 to 0.93 can produce a combination of merwinite and monticellite, CaMgSiO4;

with this accessory-phase mineral assemblage with MgO, liquid can begin to

be generated if the temperature reaches �14908C. Only monticellite is

present at 0.93. Finally, a CaO/SiO2 wt. ratio of less than 0.93 can yield the

Figure 2 MgO–CaO–SiO2 phase diagram. (From Ref. 13.)
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accessory-phase minerals monticellite and forsterite (Mg2SiO4), and a tempera-

ture of �15008C can begin to initiate melting in the MgO grain.

Liquid formation usually signals initial signs of destruction and, conse-

quently, deterioration of the refractoriness of the MgO grains, so, as discussed

in the previous paragraph, the value of the CaO/SiO2 wt. ratio plays a significant

role in this feature. Obviously, the amount of available lime is a critical factor.

Since lime can be dissolved in solid solution in the MgO crystallites, this circum-

stance complicates the overall phase assemblage; moreover, the amount of lime

in solid solution in the MgO crystallites, in the presence of silicates, increases

with the increasing lime content of the silicate; i.e., as the CaO/SiO2 wt. ratio

increases from 1.4 to over 3, the CaO in solid solution in MgO increases from

0.2 wt. % CaO to �2 wt. % CaO. So, the solid solution of CaO in MgO causes

the CaO/SiO2 wt. ratio in the calcium silicates in the interstices of the MgO

grains to decrease, and the refractoriness of the MgO aggregates is reduced. In

addition, as the overall silica content decreases, this effect increases the impact

on the CaO/SiO2 wt. ratio, so lime solubility in MgO can cause a very significant

lowering of the CaO/SiO2 wt. ratio and, in very pure MgO aggregates, a dramatic

lowering of the temperature of initial melting; this lowering is much greater than

anticipated if the lime solubility in MgO is ignored.

Iron oxide is also capable of dissolving in solid solution in the MgO crystal-

lites; its phase equilibrium relationship depends on the oxygen partial pressure of

the system, but formation of magnesiowustite, (Mg,Fe)O, and magnesioferrite,

(Mg,Fe)Fe2O4, solid solutions commonly occur in MgO crystallites even with

low levels of iron oxide being present. At higher iron oxide levels and with the

CaO/SiO2 wt. ratio less than �2, the iron spinel reacts with the calcium-mag-

nesium silicate accessory phases to further contribute to the amount of liquid

that can be formed at a particular temperature. Under these conditions, alumina

also reacts with MgO to form spinel, which then also adds to the liquid formation.

Even when the CaO/SiO2 wt. ratio is greater than 2, these impurities cause a loss

of refractoriness of the MgO grains; lime reacts with alumina and/or iron oxide

to form calcium aluminates, calcium ferrites, or calcium-iron aluminates (14).

For these reasons, these impurities need to be kept low.

One further point about the need to keep the iron oxide content of MgO

grains low. In the presence of carbon in magnesia-carbon refractories, iron

oxide reacts with carbon; therefore, this carbon oxidation–iron oxide reduction

reaction contributes to the loss of carbon from the refractory, an undesirable

effect that is explored in a later section.

Boric oxide is also a very undesirable impurity. Researchers in the 1960s

and 1970s found that one of the major reasons for the excellent hot strength of

dead-burned Grecian magnesite, which had such a dramatic effect on the

increased life of pitch-impregnated, burned MgO brick manufactured from

this material and used in the impact pads of basic oxygen furnaces in the
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mid-1960s and early 1970s, was its inherent low boron content (less than

0.005 wt. % as B2O3). Subsequently, control of the boron content of synthetic

magnesia aggregate to less than 0.02 wt % as B2O3 (ideally, less than

0.01 wt .%) was critical to producing a high CaO/SiO2 product that could pro-

duce a burned MgO brick with hot properties similar to brick made with dead-

burned Grecian magnesite. Subsequent research found that, apparently, boron

combines with other impurities, such as CaO, to form very low temperatures

of liquid formation, and the liquid formed possesses a very low wetting angle

with MgO, resulting in a very thin, interstitial film around most of the MgO crys-

tallites in commercial MgO grains, which prevents direct-bonded, MgO crystal-

lite-to-MgO crystallite microstructure. There is, however, one aspect where the

boron-compound film around the magnesia crystallites comes in handy: Magne-

sia’s hydration resistance increases with the presence of that boron-compound

film around the magnesia crystallites, so, where moisture may be present in an

application, like electric arc furnace subhearths and furnace or ladle safety lin-

ings, bricks composed with these particular raw materials fit a special need.

Quality magnesia-carbon brick for basic oxygen furnaces or steel ladles

should have their MgO grain impurities less than 2.5 wt. %, with the highest-

quality grain containing preferably less than 1 wt. % impurities. The CaO/SiO2

wt. ratio should be in excess of 2.5, preferably greater than 3. Overall, the

SiO2, Al2O3, and Fe2O3 should be as low as possible, 0.1 to 0.2 wt. % at the

most. B2O3 must be below 0.02 wt. %, with less than 0.01 wt. % preferable. Suit-

able MgO aggregates for manufacturing conventional, forsterite-containing,

direct-bonded, magnesia-chrome brick have different properties; CaO/SiO2 wt.

ratio should be about 1, with CaO and SiO2 each around 0.8 wt. % or less.

Al2O3 and Fe2O3 may be 0.1 wt. % each. B2O3 may be up to about 0.15 wt. %.

Other applications require different MgO specifications; for example, the stan-

dard MgO ramming mix for electric arc furnace hearths is based on using

dead-burned, high-iron breunnerite (Austrian or Slovakian origin).

MgO Crystallite Size. Since chemical reactions, such as in refractory

corrosion, are a function of available surface area, one would have to assume

that the MgO crystallite size is important. Indeed, research plus results from

refractory service over the last 15 years corroborate this characteristic. Prior average

crystallite size of dead-burnedmagnesium oxide ranged from 25 to 100mm; current

synthetic, dead-burned magnesium oxide products are available with crystallites

ranging from 100–200 mm. Moreover, when the best corrosion resistance is

needed, the industry trend is to use refractories containing at least some fused

MgO whose crystallite size can be measured in the several mm range and indi-

vidual MgO grains can be composed of fragments of single MgO crystals.

Bulk Density of MgO Grains. The true specific gravity of periclase is

3.58. Therefore, the closer the bulk density of a sample of a MgO aggregate is
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to that value, the lower its total porosity (open and closed pores). In refractory

technology, generally, the densest body offers the best resistance to corrosion

by slags and is the strongest to resist abrasion. Desired commercial MgO grains

for products destined for basic oxygen furnaces and steel ladles should have bulk

densities greater than 3400 kg/m3, while those for magnesia-chrome bricks

should be greater than 3300 kg/m3.

Thermal Expansion of MgO. The coefficient of thermal expansion of an

essentially pure MgO refractory is very high; for example, at 14258C, the linear
expansion of a fused MgO or isostatically pressed and fired MgO of 99 wt. %

minimum purity with a minimum bulk density of 3180 kg/m3 is about 2%. Of

course, incorporating other refractory raw materials with magnesia in a refractory

body will alter this value. Care is required in using these materials to account for

this property in an engineering sense.

4. Chemical and Physical Properties of Dead-Burned Magnesias

Dead-burned magnesias can be used as aggregates as well as matrices for refrac-

tory products. Table 1 (15) shows the brand name, country of origin, chemical

composition, and bulk density for a number of selected commercial dead-burned

magnesias from naturally occurring sources, while Table 2 (16) exhibits the same

information for several selected dead-burned synthetic and fused magnesias.

C. Chrome Ore

1. General

Chrome ore has been a widely used refractory raw material for many years; in

particular, the steel industry greatly expanded its use in the late 1950s after

Table 1 Typical Properties of Several Selected Magnesia Sinters

Brand Country

MgO

(wt. %)

CaO

(wt. %)

SiO2

(wt. %)

Fe2O3

(wt. %)

Al2O3

(wt. %)

B2O3

(wt. %)

Bulk

density

(kgm23)

Kumas 96A Turkey 96.5 2.2 1.0 0.2 0.02 ,0.01 3400

Magnesitas

M30

Brazil 96.5 1.0 0.95 0.7 0.1 ,0.01 3350

QM9090 China 92.5 1.3 3.5 1.0 1.5 ,0.01 3250

Radex S.L. Austria 90.0 3.0 1.0 5.0 1.0 ,0.01 3350

Jelsava S Slovakia 88.0 2.7 0.9 7.5 0.5 ,0.01 3250

QMAG 1 Australia 96.5 2.0 0.5 0.1 0.15 ,0.01 3400

Source: Ref. 15. (Copyright 1994, with permission from Elsevier Science.)
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laboratory and post-mortem studies revealed that bricks with “direct bonding”

between the chrome ore and magnesia aggregates, in which the two grains are

joined predominantly by a solid-state diffusion mechanism, produced a brick

that outperformed earlier magnesia-chrome brick in open-hearth furnace roofs.

Since then, direct-bonded magnesia-chrome bricks have enjoyed good success

in steel ladles, cement kilns, and copper converters.

Chrome ores have good resistance to slag attack; this raw material has

been considered to be chemically neutral (17). In combination with magnesia,

themagnesia-chrome products have excellent refractoriness and spalling resistance.

However, under fluctuating temperature and oxygen partial pressure or both,

the chromite grains expand or grow continuously, eventually causing the

chrome-containing products to become more porous and distort the furnace steel

superstructures. Also, chrome ore may have poor resistance to iron oxide attack,

and, in the presence of calcium-containing furnace burdens, soluble, hexavalent

chromium compounds are formed, leading to an environmentally unfriendly

product re disposal problems due to its potentially carcinogenic characteristics.

“Chrome ore” and “chromite” are terms used synonymously in the refrac-

tory industry; three grades of chrome ore are sold for industrial usage: metallur-

gical, refractory, and chemical. Only the refractory grade is discussed here.

2. Sources and Production of Chrome Ore

Refractory-grade chrome-ore deposits are found in a number of areas throughout the

world, but the major mines are located in the Transvaal in South Africa and in the

Table 2 Typical Properties of Several Selected Synthetic Magnesia Sinters (S) and

Fused Magnesia Grains (F)

Brand Country

MgO

(wt. %)

CaO

(wt. %)

SiO2

(wt. %)

Fe2O3

(wt. %)

Al2O3

(wt. %)

B2O3

(wt. %)

Bulk

density

(kgm23)

Premier LC (S) Ireland 97.4 1.9 0.2 0.15 0.109 0.04 3440

DSP (S) Israel 99.4 0.5 0.05 0.04 0.03 0.005 3430

UBE 99HD (S) Japan 99.03 0.68 0.15 0.06 0.07 0.01 3430

Penoles 99

ADS (S)

Mexico 98.8 0.8 0.15 0.50 0.15 0.005 3410

Nedmag 99 (S) The

Netherlands

98.5 0.65 0.2 0.40 0.15 0.02 3440

Martin Marietta

98 (S)

United States 97.5 2.2 0.7 0.20 0.02 0.02 3400

Tateho KMA (F) Japan 98.5 0.5 0.2 0.20 0.1 0.005 3500

Liaoning (F) China 98.0 1.0 1.0 0.60 0.5 0.001 3450

Source: Ref. 16. (Copyright 1994, with permission from Elsevier Science.)
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Zambalesmountain range on Luzon Island, Philippines. Lesser deposits are found in

the Mediterranean regions, specifically Turkey and Albania, and in Russia.

In South Africa’s Transvaal’s province is the famous geologic formation,

the vast Bushveld igneous complex, a norite lopolith (saucer shape) in which

stratiform layering is very well developed; differentiation of a basic magma

has produced dipping beds of different compositions including several thin chro-

mite-containing strata composed of well-developed chromite crystals ranging

from several mm and finer (18–20). Hundreds of million tons of chromite ore

are in reserve. Two chromite seams (1- to 1.5-m thick) are currently of economic

interest at a large number of locales throughout the region. Both seams are phy-

sically and chemically consistent and are underground-mined. The chrome-ore

seams are drilled, assayed, and blasted and then transported to mine shafts.

Once above ground, the run-of-mine ore is crushed and screened to various

size fractions; some ore may be fine-ground. The þ10-mm size fraction is ben-

eficiated by means of a dense, heavy-media process, while silica is removed from

finer-size fractions by using gravity and elutriation separation techniques. A num-

ber of specially sized fractions are available to the refractories industry; the major

sizes are 21 mm, 2600 mm, and 2200 mm.

The Philippine chrome ore, better known as Masinloc chrome ore, is the

world’s largest produced high-alumina, refractory-grade chromite (21). It is

also reported to be the world’s largest single chromite outcrop. The Masinloc

chrome-ore belt is a pseudo-stratiform deposit lying in a thick gabbro sequence

of the Zambales ultramafic complex. Perhaps 10 million mt or more of ore are

in reserve. After exploratory drilling, assaying, and mapping, mining is

performed using open-pit or underground techniques. Following mining, the

massive chrome ore is cleaned and concentrated by several methods: washing,

hand sorting, screening, and gravity concentration. Grinding followed by concen-

trating machines such as heavy-media separation equipment, jigs, vibrating

tables, and spirals produces the concentrates or fines. A number of product

sizes, from lump size (150 mm), þ2 mm, 22 mm, down to 2200 mm, are avail-

able for refractories use.

3. Key Chrome Ore Characteristics

A dichotomy in the physical and chemical properties exists between the two just-

described sources. The Philippine chrome ore produces a massive type, allowing

a considerable range of fraction sizes ranging from 150 mm down to finer sizes,

while the Transvaal ore is granular with much smaller sizes available. Secondly,

the Philippine chrome ore can be characterized as low chrome oxide and iron

oxide content with high alumina and magnesia, with the Transvaal showing

high chrome oxide and iron oxide with low alumina and magnesia. The SiO2 con-

tent of the Philippine variety varies with the size, ranging from about 6 wt. % for
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the lump ore to about 2 wt. % for the 2200 mm size; in contrast, the Transvaal

chrome ore varies between 0.7 wt. % and 1 wt. % silica.

4. Properties of Refractory-Grade Chrome Ores

The dominant phase in chrome ore is a mineral that has a spinel structure with a

complicated chemical composition due to almost unlimited solid-solution substi-

tutions. Its overall chemical composition can be best understood by considering

the general formula for spinel, AB2O4, where A represents a divalent cation, most

often Feþþ and/or Mgþþ, and B represents a trivalent cation, generally Feþþþ,

Alþþþ, and/or Crþþþ; therefore, the general formula can be written as

(Fe,Mg)(Fe,Al,Cr)2O4. Another representation of the spinel composition is to con-

sider a right triangular prism with the lower triangular area having end-member

apices magnetite (FeFe2O4), ferrochromite (FeCr2O4), and hercynite (FeAl2O4),

and the upper triangular area having the end-member apices magnesioferrite

(MgFe2O4), picrochromite (MgCr2O4), and spinel (MgAl2O4); then the composition

of the chromite would occur at some point within this triangular volume and can be

considered to be a mixture of these end members.

One or more silicate gangue minerals accompany the chromite in the ore;

these minerals may range from anhydrous magnesia-lime olivines, pyroxenes,

and amphiboles to hydrous serpentine varieties.

Chemical compositions of a grade of Transvaal chrome ore and a grade of

Masinloc chrome ore are shown in Table 3 (22).

Finally, with respect to particle packing of refractories, chrome ores need to

be considered as both aggregate and matrix components.

D. Magnesia-Chrome Grains

These materials occur as either a sintered (also called “prereacted” or “co-

clinkered”) or a fused grain. The former is produced by co-grinding calcined mag-

nesia and milled, low-silica chrome ore, granulating or briquetting this mixture,

drying, and dead-burning in either a rotary or shaft kiln (23). Sources are available

in the United States and Austria. The fused grain is also manufactured by blending

the two aforementioned rawmaterials and then fusing them in a Higgins-type or tilt-

pour electric furnace followed by carefully slow-cooling to allow the growth of

large magnesia crystallites containing large exsolutions of spinel-solid solutions

outlined by partial spinel-solid solution crystals. Manufacturers of fused magne-

sia-chrome grains are located in Canada, the United States, and several countries

in Europe. Various sizes of these products can be furnished to refractory producers.

As with chrome ore, magnesia-chrome grains, in the presence of calcium-

containing contaminants, may lead to the formation of soluble, hexavalent

chromium compounds and carcinogenic concerns.
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Various combinations of magnesia and chrome ore can be produced. The

properties of both a typical sintered and a fused magnesia-chrome raw material

used for producing a number of different refractory products appear in Table 4 (24).

These refractory raw materials can be used as both aggregates and matrix

materials.

E. Magnesium Aluminate Spinel

Magnesium aluminate spinel, MgAl2O4, or simply spinel, the actual mineral

name for this particular spinel composition, causes a thermal-expansion

Table 3 Typical Chemical Properties of South African

Transvaal and Philippine Masinloc Chrome Ores

Oxide

South African Transvaal

(wt. %)

Philippine Masinloc

(wt. %)

Cr2O3 44.5 34.0

Fe2O3 28.3 17.0

Al2O3 16.7 27.0

MgO 10.0 17.0

CaO 0.3 0.4

SiO2 0.7 2.0

Source: Ref. 22. [Reprinted with permission of the Canadian Ceramics

Society (M. Rigaud).]

Both grades have particle sizes less than 2 mm.

Table 4 Properties of Sintered and Fused Magnesia-

Chrome Grains

Sintered magnesia-

chrome grain

Fused

magnesia-chrome

grain

Chemical composition, wt. %

Cr2O3 15.2 20.0

Fe2O3 7.9 12.4

Al2O3 13.1 7.4

MgO 62.2 60.0

CaO 0.6 0.4

SiO2 1.0 0.6

Grain bulk density, kgm23

3200 3800

Source: Ref. 24. [Reprinted with permission of the Canadian Ceramics

Society (M. Rigaud).]
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mismatch with magnesia, leading to a lower coefficient of thermal expansion

and, thus, improved thermal shock resistance of the refractory products

containing this raw material. Also, this spinel does not expand under alternating

temperature and oxygen partial-pressure conditions. Moreover, the use of the

spinel with magnesia can lead to refractory products with improved impact

strength and slag corrosion resistance. Finally, the formation of carcinogenic

compounds in contact with calcium contaminants is not a problem with this

raw material.

The stoichiometric composition for spinel is 28.3 wt. % MgO and

71.7 wt. % Al2O3. However, a rather wide, solid-solution region exists for this

mineral, and a range in spinel composition can be produced from magnesia-

rich to alumina-rich varieties depending on the application requirements; this lat-

ter concept can be understood by referring to the MgO–Al2O3 phase diagram,

Figure 3 (25). As can be seen, spinel compositions can be produced from

�40 wt. % MgO–60 wt. % Al2O3 (magnesia-rich), through its stoichiometry to

�7 wt. % MgO–93 wt. % Al2O3 (alumina-rich).

The various spinels can be produced in three ways for use in refractory

products. In all cases, the starting raw materials for their manufacture

involve a specific mixture of magnesia (calcined or dead-burned) and alumina

Figure 3 Phase diagram for the system MgO–Al2O3. (From Ref. 25.)
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(Bayer-process calcined or calcined bauxite) that fall in the range discussed

above. In the first instance, the fine magnesia and alumina can be co-ground,

granulated and ball-formed or briquetted, dried, and dead-burned in a rotary or

shaft kiln resulting in a sintered product (R. Racher, personal communication,

2002). Several U.S. producers manufacture these types of spinel raw materials.

Second, fused spinel grains are produced in the United States, Europe, and

Japan by fusing the magnesia and alumina raw materials in a Higgins-type or

tilt-pour electric arc furnace at temperatures in the range of �23008C.
Various sizes of these two spinel types are available for commercial pur-

poses; following cooling after being produced, either type can be crushed and

ground and subsequently screened or sieved.

The third manner for spinel production is for the refractory manufacturer to

batch fine magnesia and alumina in the mix recipe itself; therefore, the spinel is

formed in situ during a subsequent refractory manufacturing process, such as fir-

ing a brick in a kiln, or during service when temperatures approach those required

for reaction (greater than �15008C).
Spinels can also be employed as aggregates as well as particles for the

matrix of refractories.

Properties of several commercial spinel sinters and a fused spinel appear in

Table 5 (26).

F. Carbon Black and Graphite

1. General

These materials are the major sources of carbon added to refractories. They need

to be treated as a part of the solid aggregate or matrix portion from a grain-sizing

standpoint with respect to theoretical sizing.

2. Carbon Black (27)

Carbon blacks are formed in the absence of air by thermal decomposition of

natural gas in a previously heated chamber containing refractory checkerwork.

The process is batch-type; the brickwork is heated, and then the natural gas is

introduced to make the carbon blacks. A number of companies produce these

materials, with the Texas Panhandle being a major manufacturing location.

A number of types of carbon blacks are available for commercial use, but

the refractories industry generally uses a thermal black. The thermal black’s main

properties of interest to the refractory technologist are the mean particle size and

surface area; for particle-packing purposes, the thermal black sizing needs to be

compatible with the sizing of the ball-milled portion of the other refractory raw

materials used in the batch, while the surface area needs to be as low as possible

in order to minimize the level of liquid binder to be added to the batch. A medium
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thermal carbon black is often specified for pitch-bonded or resin-bonded mag-

nesia-carbon brick.

3. Graphite (28, 29)

Graphite is the mineral name for one of the two polymorphs of carbon and is

developed naturally from carbonaceous sediments that have undergone intense

metamorphism (high pressure and temperature) and have been converted into

gneisses and schists; during this transformation, the carbonaceous material crys-

tallizes as graphite particles throughout these metamorphic rocks in a percentage

range from 2 to 20 wt. %.

Graphite can be liberated from the other metamorphic rock minerals by

drilling, assaying, blasting, loading into trucks, and hauling to an ore-dressing

plant where it is concentrated. The concentration process consists of crushing

to a size (2600 mm to 2300 mm) to liberate the graphite from the gangue

minerals, separating the graphite from the gangue in froth flotation tanks or

water columns, dewatering the graphite in rotary vacuum filters or centrifuges,

and drying the graphite in steam-tube dryers. This concentration process will

produce up to 96 wt. % graphite purity. Purity levels up to 99.8 wt. % graphite

require additional chemical processing: acid or acid-base leaching of the previous

concentrate followed by further washing.

Major sources of natural graphite are found in Mexico, Brazil, Norway,

Germany, China, Madagascar, Sri Lanka, Rhodesia, and Canada. The graphite

producers and distributors have divided natural graphites into three classes for

commercial purposes: (1) flake—a scaly or lamellar form with each flake

Table 5 Properties of Sintered and Fused Spinel Grains

Sintered spinel

grain A

Sintered spinel

grain B

Sintered spinel

grain C

Fused spinel

grain A

Chemical composition, wt. %

Al2O3 66.0 76.0 90.0 65.9

MgO 33.0 23.0 9.0 33.0

Fe2O3 ,0.1 ,0.1 ,0.1 ,0.1

CaO ,0.4 ,0.3 ,0.25 0.3

SiO2 ,0.09 ,0.06 ,0.05 0.5

Na2O ,0.05 ,0.15 ,0.17 na

Physical properties

Grain bulk density, kgm23 3270 3250 3300 3370

Major phase (XRD) Spinel Spinel Spinel Spinel

Minor phase (XRD) Periclase None Corundum Periclase

Source: Ref. 26. [Reprinted with permission of the Canadian Ceramics Society (M. Rigaud).]
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being a separate, crystalline particle in the metamorphic rocks; (2) crystallite—

found in rocks as veins or pockety accumulations that are foliated, bladed, colum-

nar, or fibrous (these particles tend to be less flexible than the flake form); and (3)

amorphous—these deposits occur in metamorphic rocks as minute, blocky,

cryptocrystalline, graphite particles.

All three graphite classes or forms are very well crystallized and produce

excellent X-ray diffraction patterns. Within each commercial class, there are

many grades; these grades are usually based on particle size and carbon content

(purity). For refractory usage, the coarsest grades with wide particle-size distri-

butions are required. The highest carbon content is needed for many applications,

and the remaining ash composition is important as well; ashes from the same geo-

graphical area are similar, but quite different, between areas. The ashes need to be

examined for refractoriness and compatibility with the refractory body; avoid

graphites with ashes containing high levels of alkalis and other fluxes. The graph-

ites should have good oxidation-loss ratios in the range of 0.1 to 0.5%. Other

important graphite properties include moisture content and volatile levels.

Finally, the “wettability” of the graphite grade with the batch binder is

extremely important. During froth flotation, some processes use chemical condi-

tioners that can be phobic with binders; these particular chemicals associated

with the graphite can cause severe problems in batch mixing and forming.

Avoid breathing graphite dust; residual quartz particles from the original

metamorphic rocks may be related to certain health issues (silicosis and cancer).

Table 6 (30) exhibits properties for each of the three classes of natural

graphites.

4. The Magnesia-Carbon Paradox

Carbon, in any form, plays a vital role in minimizing the penetration of steel-

making slags into the microstructure of magnesia-carbon refractories; at the

same time, MgO becomes incompatible with carbon at these same steel-making

temperatures. This incongruity is discussed below.

Barthel (31) contrasted the wear in basic oxygen furnace test panels

between burned magnesia brick and the same brick that had been pitch-

impregnated; although the initial rate of wear was less in the carbon-free brick,

the pitch-impregnated magnesia brick ultimately had a lower overall rate of

wear. The importance of carbon in minimizing slag attack was supported shortly

thereafter by Herron et al. (32), whose work concluded that slag penetration, and,

conversely, overall slag attack, was inversely proportional to the amount of

residual carbon (from coked pitch) in the pores of pitch-impregnated, burned

magnesia brick and due to the nonwetting of the residual carbon by the infiltrating

slag. A number of researchers subsequently studied the role of carbon.
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One author argued that the flow of gases toward the hot face from the

carbon oxidation tended to inhibit the slag penetration (33); still others revealed

that the formation of a dense zone of magnesia almost immediately behind the

brick’s hot face formed a barrier to the slag (34, 35).

This latter microstructural feature formed as a result of the instability of

MgO with carbon at steelmaking temperatures. The diagram representing free

energy as a function of temperature indicates that magnesia is stable in contact

with carbon below �18008C (36). However, thermodynamic calculations indi-

cate that the reaction

MgOþ C ! Mgþ CO

can take place even at lower temperatures (e.g., the partial pressure of Mg in

contact with carbon at 16008C is 103 Nm22). Brezny and Landy’s experiments

confirmed these calculations and postulated that immediately behind the brick

hot face the magnesium vapor would react with oxygen to form a magnesia-

dense zone, a microstructual feature they that observed in BOF and laboratory

post-mortem examinations (37). In another study, Carniglia, using a diffusion-

limited model for the kinetics of the MgO–C reaction, discovered that oxidizing

agents, such as ferric oxide, carbon dioxide, and carbon monoxide, in the basic

oxygen furnace appeared to cause the majority of the carbon diminution at or

below 16508C, but he found that the MgO–C reaction is not insignificant (38).

Table 6 Properties of Each Major Class of Graphite

Class Amorphous Crystalline Flake

Origin Mexico Sri Lanka Canada

Carbon content, wt. % 83 96 96

Ash content, wt. % 17 4 4

Ash chemical composition, wt. %

SiO2 51.8 41.2 40.4

TiO2 0.5 0.5 0.4

Al2O3 35.8 22.4 15.5

Fe2O3 10.4 12.5 24.2

CaO 0.3 15.0 11.0

MgO 1.0 ND 5.3

K2O 0.1 1.9 1.7

Na2O 0.1 2.5 0.7

Screen analysis, wt. %

þ50M 27 57 (þ40M) 95

250Mþ 100M 27 40 (240Mþ 100M) 2

2100Mþ 200M 18 2 1

2200M 28 1 2

Source: Ref. 30. [Reprinted with permission of the Canadian Ceramics Society (M. Rigaud).]
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He concluded, in line with Brezny and Landy’s work, that Mg reoxidation should

be limited to the very thin, slag-penetrated region immediately behind the hot face

as well as in the slag phase.

Therefore, vaporization of magnesia in contact with carbon can occur at

and below steel-making temperatures; furthermore, Carniglia predicted increas-

ing refractory wear rates in basic oxygen steel-making processes with increasing

temperature or decreasing partial presure of oxygen. In fact, Japanese steel-

makers quickly learned to limit the maximum operating temperature in basic

operating furnaces in order to minimize this reaction.

In addition to retarding slag penetration and attack, graphite contributes to

brick longevity in other ways; the oxidation resistance of the carbon phase is

improved over that of carbon black, and the thermal conductivity of the brick

is greatly increased, which causes the slag’s freeze plane to move closer to the

hot face, minimizing the slag penetration, as well as increasing the brick’s ther-

mal shock resistance (39).

G. Metals and Other Nonoxide Powders

1. Types of Metals and Nonoxide Powders

In the late 1970s to early 1980s, silicon carbide, SiC, was used in manufacturing

the initial magnesia-carbon refractories. Aluminum, magnesium, and silicon

metals and their alloys quickly replaced this compound; these materials continue

to be predominantly used today. Lately, some boron compounds, such as B4C,

CaB6, ZrB2, and TiB2, have been introduced (40). These materials are produced

worldwide in specialty facilities as very pure metals and nonoxide compounds;

they are then ground to a very fine (244 mm) sizing. Care must be exercised

in using these very fine materials in refractories, particularly during the batching

and mixing or blending processes; metals, such as aluminum and magnesium, can

spontaneously explode in combination with the oxygen in the air.

2. Reasons for Employing Metals and Nonoxide Powders in
Magnesia Refractories

Adding these materials to resin-bonded magnesia-carbon refractories has

improved their oxidation resistance, mechanical strength, and corrosion resist-

ance (41). Oxidation of the carbon phase, carbon black or graphite, is a concern

for magnesia-carbon refractories when used in basic oxygen furnace linings or

steel ladle slaglines. This destructive brick mechanism is attenuated when the

above-named metals and nonoxide powders are incorporated in these refrac-

tories’ manufacture. Materials that minimize oxidation are called anti-oxidants.

In magnesia refractories containing carbon, anti-oxidants react with oxygen to

form gases whose counterflow retards the penetrating oxygen diffusion; simul-

taneously, a spinel phase can be formed in the thin reaction zone at the brick
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hot face, which acts to seal the brick porosity, additionally, impeding oxygen dif-

fusion into the brick microstructure (42).

New carbide phases formed in the brick matrix during these anti-oxidant

reactions with oxygen bolster the brick’s mechanical properties.

Finally, the spinel phase formed at the hot face also tends to impede the

infiltration of liquid slags into the brick’s microstructure, which reduces the

impact of slag corrosion.

The thermodynamics of these magnesia-carbon-metal reactions are

thoroughly discussed by Rymon-Lypinski (43, 44).

H. Dead-Burned Dolomite (Doloma)

This raw material is discussed thoroughly in another chapter in the present

volume.

I. Forsterite

Forsterite is the naturally occurring, magnesia end member of the olivine solid-

solution series. Its stoichiometric chemical formula is Mg2SiO4, although some

ferrous iron oxide (up to 10 wt. %) is contained in solid solution in the forsterite

structure. Its major refractory characteristics are a melting temperature of

�17508C, low heat conductivity, and relatively high resistance to liquid iron

and steel and both basic and acid slags.

Most of the world’s commercial forsterite comes from Norway, where it is

mined in an open-pit quarry; its reserves are estimated to run in the billion of tons

(45). Forsterite is associated with little gangue material and is quite friable, so it is

easily dressed for commercial use by the simple process of crushing, washing,

and screening into a number of ready-to-use sizing grades. Forsterite does not

have to be precalcined to be used.

The principal use of forsterite refractories is in Europe, but applications

throughout the world have been reported. Its main uses are as steel-making refrac-

tories for tundish boards, sprays, and back fillings; ladle safety linings for dolomite

brick; and in electric arc furnace safety linings and roof brick. In industrial furnace

applications, forsterite is employed in alloy foundries and glass tank regenerators.

J. Binders

1. General

These raw materials are added to the refractory mixes to hold the various aggre-

gates and matrix particles together in a form that can be handled with minimum

breakage. Generally, for brickmaking, they are liquid; some need to be heated to

Magnesia Refractories 129



liquify, and some may be added as soluble salts that dissolve in water or as solids

that disperse and develop plasticity. Their mission during the mixing or blending

process is to coat as many grains and fine particles as possible so that they can

produce a maximum number of particle-to-particle bonds; if added as acids,

the binders are meant to react with the particles they coat to form a reaction–

salt bond. Some bonds are temporary, only designed for green strength to handle

from presses after forming, during drying or curing, and stacking for firing in

kilns; other bonds have sufficient green strength to be handled after forming

and then develop additional strength after curing or tempering. For monolithics,

such as gun mixes, the binders are added as solids and thoroughly blended dry

with the other ingredients; then water is added as the mixes are sprayed during

an original construction or repair job. The bond development between particles

takes place as the gun mix is being propelled from the gun equipment to the

surface being treated, sometimes aided by the heat from the furnace interior if

the gunning is hot. Binders will be split into two categories for these discussions.

2. Inorganic Binders

This group includes materials such as various clay minerals including kaolinites

and montmorillonites; soluble sulfates and sulfuric acid; sodium silicates;

calcium aluminate cements; soluble phosphates, polyphosphates, and phosphoric

acid; and borates and boric acid.

3. Organic Binders

This category includes materials such as pitches, resins, lignins and lignosulfo-

nates, dextrins and starches, celluloses, waxes, and polyvinyl alcohol. Only the

major two organic binders, pitches and resins, are further briefly discussed.

Pitches. Pitches are derived from either coal or petroleum. Both have

been used in the refractories industry, but these binders have fallen out of

favor due to their cancer-causing aspects; both pitches contain dangerous poly-

cyclic aromatic hydrocarbons. Since 1986 and the advent of material safety

data sheets, employers have been obligated to educate and train their employees

with regard to the nature of materials they’re handling, and, therefore, these

pitches have become a very sensitive raw material to the workers. However,

for thoroughness and historical purposes, their major properties will be reviewed.

There are several primary manufacturers of pitches in the United States. Pitches

with the highest carbon residue after coking (simulating their state in service), as

measured by the Conradson coking value (CCV), are desired; coal-tar pitches

typically average �60 wt. % CCV, while petroleum pitches yield �50 wt. %

CCV. The softening point for these pitches is over 1008C, so the pitches, aggre-

gates, coarser fines, the mixers or blenders, hoppers over the presses, and
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the presses themselves must be heated before using as well. The coal-tar pitches

contain �6 wt. % quinoline insolubles (small, solid, organic particles), while

petroleum pitches do not have any of these insolubles.

Petroleum pitch is used also for impregnating previously shaped refrac-

tories because petroleum pitch does not contain the quinoline insolubles that

can block pores in the refractory body and limit the pitch penetration. In this man-

ner, a carbon source can be added to formed refractories such as burned magnesia

brick and, thus, enhance this brick’s slag resistance.

Resins (46). Resins originally were derived from coal, but presently most

resins emanate from petroleum sources; there are several resin manufacturers in

the United States as well as throughout the world. Environmentally, resins are

favored over pitches; however, resins need to be stored and handled properly,

so their material safety data sheets must be reviewed prior to using. Two

major thermosetting phenolic resins are used in the refractories industry; novolacs

and resoles. Novolacs require the addition of hexamethylene tetramine for

polymerization during curing, while resoles contain a built-in catalyst. Novolacs

feature �60 wt. % CCV, while resoles, �70 wt. % CCV. Only very mild,

elevated temperatures are required in production, so using resins saves energy

over the use of pitches. This feature is another advantage, in addition to the

environmental issue, favoring resins over pitches. Care does need to be paid to

the wettability of graphite by resins; as mentioned earlier, some chemicals

used in the graphite beneficiation process can impact this feature.

III. MANUFACTURE OF MAGNESIA REFRACTORIES

A. General

The overall process of refractories manufacturing is much like that of baking a

cake. When one wants to bake a pie or cake, he or she has in mind the reason

for making this dessert. A recipe is then selected that best matches the occasion,

and a visit to a grocery store is made to purchase the ingredients. Back home, the

cook carefully measures each component based on the recipe instructions; some

have to be sifted before using further. Each constituent is carefully placed

sequentially into a mixing bowl. Following careful mixing, the resulting cake bat-

ter or pie mix is placed into a selected pan or dish and then baked at a specified

temperature for a prescribed amount of time.

In a like manner, the refractory technologist considers a particular refrac-

tory application; he, like his customer, desires a long, lasting refractory life at

an economical cost to the consumer. The technologist contemplates the overall

environmental and wearing mechanisms to which the refractory will be exposed

including temperatures, gas pressures, chemically corrosive agents and/or

Magnesia Refractories 131



mechanical stresses. Based on her experience and theory, she prepares her recipe

for this refractory end use from the list of raw materials discussed in the previous

section.

In addition, throughout the entire manufacturing process, each step must be

carried out in accordance with total quality-control principles defined by ISO

9000–9004 or Malcolm Baldridge paradigms; readers unfamiliar with these con-

cepts need to consult these documents.

B. Raw Materials

The raw materials will be ordered by a purchasing official based on the specifica-

tions derived from the refractory technologist. They will arrive at the refractory

plant in bulk in covered hopper railroad cars or trucks; as a liquid in railroad or

truck tankers; or on pallets of dry, bagged materials or drums. The bulk materials

generally are discharged into below-ground bins that supply various types of fee-

ders, elevators, and belts for conveying to appropriate bulk storage silos or piles;

sometimes, the bulk materials are discharged onto concrete pads and handled by

front-end loaders. The pallets are stacked neatly in rows in the raw-material ware-

houses. All storage space must be clean and dry. Analyses certifying compliance

with specifications based on the required number of samples per batch must

accompany each shipment as set forth in advance between the quality assurance

departments of the purchaser and the raw material supplier. Initially, the refrac-

tory manufacturer’s quality-control personnel must sample and test each received

batch to verify the supplier’s data until confidence is built up between the two

parties and the supplier becomes certified. Tests may include various chemical

assays and bulk densities.

C. Crushing, Grinding, and Screening

Many of the bulk raw materials, such as dead-burned magnesia, dead-burned

doloma, and chrome ore, must be sized for the particular recipe to be produced.

The technologist wants to produce a densely packed refractory, so he must have

several graded, aggregate sizes to attain that density following the teachings of,

for example, Furnas (47); these concepts are based on the theory that each distinct

particle-size class is capable of packing to 60% of theoretical density, and that, if

the particle-size ratios are great enough between each particle-size class, each

distinct particle class will fill 60% of the remaining porosity, and so forth. One

aggregate size combination, for example, could be 29.5 mmþ 6.7 mm,

26.7 mmþ 3.4 mm, 23.4 mmþ 1.2 mm, 21.2 mmþ 300 mm, 2300 mm and

finer, and 275 mm and finer.

Most modern, fully integrated refractory producers have a portion of their

plant designed for such crushing, grinding, and screening. The coarser sizings can
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be obtained, if not available from the raw-material supplier, by crushing the

as-received raw-material briquettes or fragments in coarse crushers, such as

jaw crushers, gyratory and cone crushers; intermediate pulverizers, such as

cage disintegrators and hammer mills; and fine grinding mills, such as rod

mills and ball mills. Screening or sieving these fractions is accomplished by

passing each fraction over single or multidecked, stationary screens or dynamic

screens, such as inclined or horizontal vibrating screens, oscillating sieves, or

reciprocating units. Again, all product fractions must be sieve-tested for confor-

mity with internal specifications such as the specific sizing and its screening

efficiency. Final products for each raw-material-size fraction are conveyed to

individual holding bins or hoppers in the batching area.

D. Batching

The batching area is usually characterized by a batch weigh-hopper on wheels or

tracks capable of traversing under rows of multiple hoppers or bins, each holding

a specific size fraction of a specific raw material. Some batching systems are

automated, while others are manual. In either event, the batch-card weights for

each ingredient of a mix recipe are formulated based on the sieve analyses for

the specific raw-material fractions being held in the hoppers or bins.

If a pitch binder or similar is to be used in the mixing, the coarser fractions

or the total batch have to be heated prior to discharging into the mixer; for the

former, a rotating, gas heater might be satisfactory, while preheating the total

batch requires a salt-bath-type heater in order to prevent the fines from being elu-

triated during heating.

E. Mixing

The batch is then discharged into an appropriate mixer. A number of mixers are

employed in the refractories industry. The most common type is a muller mixer,

a mixing bowl fitted with one or two heavy wheels that rotate while the mixer

bowl revolves or the rotating wheels revolve while the mixer bowl is stationary.

This equipment produces a kneading action to the batch materials in which that

portion of the batch proceeding directly under the wheels is squeezed and pressed

producing a “de-airing” action together with intimate mixing of those ingredi-

ents. This type of processing is necessary, particularly when graphite is a mix

component. Another mixer type is one that has a bowl fitted with a high-intensity

rotor, ribbon blades, or screw. These latter mixers usually produce a uniform mix

faster than the muller type, but de-airing is not as good.

In general, initially the binder is added to coat the coarser grains or aggre-

gates of the mix, then the recipe fines are added to be picked up in the sticky

binder around these coarser grains. Studies have to be conducted for each recipe
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to optimize the mixer type-time requirements-mix temperature in order to yield a

properlymixed batchwithwell-distributed components so that each unit of themix

will have the same, randomly arranged percentage of each ingredient as the next.

At this point, the mix batch is conveyed to the press feed-hopper if a brick

or a formed piece is to be made. If a monolithic is being produced, the mix batch

goes to a holding hopper or bin over a bagger; after filling, the bags are palletized

and shrink-wrapped before shipment to customers. Also, samples of the final

monolithic product are taken for monitoring various quality characteristics

such as chemical properties as well as grain sizing and other pertinent physical

characteristics.

F. Pressing or Forming

A formed or pressed refractory piece may be manufactured using a number of

different processes. Special, large, complex pieces might be formed by hand

molding using an air hammer. Simple geometric shapes, such as straights, keys,

wedges, arches, and combinations of these (i.e., key wedges, key arches, or

key-arch wedges), are formed by using toggle presses, friction presses, or hydrau-

lic presses; each piece of equipment has advantages. Toggle presses can turn over

about six to eight strokes a minute, so they are very high-volume presses; these

were very popular in the 1960s to 1980s. Hydraulic presses can produce very

high forming pressures and are easily automatically programmed for various

steps including de-airing cycles; these presses are replacing toggle presses.

Friction (also called screw or impact) presses can be considered as falling between

the two others; they were employed in early manufacturing of resin-bonded,

magnesia-carbon brick containing large percentages of graphite (up to 50 wt. %).

Typically, the highest possible forming pressures are used in order to obtain

brick with the highest bulk densities; recall that brick recipes were designed to

yield maximum particle packing so forming pressure also plays a very important

element in the overall process. Typical refractory recipes require forming pres-

sures of 50 to 100 Mpa, but resin-bonded, magnesia-carbon refractories with

high amounts of graphite may need higher forming pressures of greater than

100Mpa; also, multiple de-airing cycles will be needed to produce a lamination-

free product. Some pressing chambers are enclosed to allow for vacuum pressing

to assist with de-airing (48).

Process quality parameters monitored here are brick dimensions and weight

and, consequently, brick bulk density; statistical process control techniques are

particularly easy to employ at this point of the process.

The type of binder used in the mix recipe will determine how a brick is

handled following pressing; most bricks are placed or slid onto flat, individual

trays that can be then placed onto steel racks, while other bricks can be stacked

several bricks high on drying cars.
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G. Drying, Curing, or Tempering

Following off-bearing from the press, inorganic-bonded bricks designed to be

sold as chemically bonded or designated for subsequent firing to produce a

burned brick are dried at low temperatures (�1508C) in order to develop the

green strength of the temporary binder-magnesia component reaction.

Resin-bonded brick are processed to temperatures in the range of �1358C
to cure the resin bonds. Pitch-bonded brick have to be heated to �2908C to

develop appropriate green strength, primarily in the brick’s outer areas, in

order to be handled during shipment and installation without breaking.

Heating in batch or tunnel ovens can be used for any of these bricks. After

cooling, some bricks have completed their manufacturing cycle; see the last part

of this section for final procedures. Bricks for burning are appropriately stacked

on kiln cars and sent to the kilns.

H. Burning

Burning or firing can be carried out in batch-type or tunnel kilns that are gas- or

oil-fired; in some instances, oxygen partial pressures in the heat-up stages are

controlled. Temperatures attained during this process can range from 15008C
to 17508C depending on the type of brick being produced. For example, burned

magnesia bricks that are subsequently pitch-impregnated are exposed to the

lower temperature, while direct-bonded magnesia-chrome bricks require the

upper temperature. Other bricks need intermediate temperatures. Overall heat-

up, at-temperature, and cool-down kiln schedules take two to three days. Follow-

ing cool-down, the bricks are unloaded and await final processing; see the last

part of this section for details.

I. Post-Treatments

Some examples of post-treatments are (1) burned magnesia brick may be sub-

sequently pitch-impregnated prior to use; (2) brick for cement kilns may have

cardboard spacers glued on one or two brick faces; and (3) resin-bonded magne-

sia-carbon brick may be subjected to a heating cycle and then pitch-impregnated.

J. Final Inspection and Palletizing

The last processing step for all shaped refractories involves careful inspection for

product defects and compliance with proper workmanship standards; randomly

selecting finished units for further testing, such as dimensions, weight, and

other physical and chemical properties, according to a predetermined quality

sampling plan; palletizing; and shrink-wrapping before shipment to the customer.
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All pallets carry a date-made code. The palletized brick can be stored in cool, dry,

clean warehouses before such shipment.

IV. CLASSIFICATIONS OF MAGNESIA REFRACTORIES

A. Refractory Forms

Two forms of refractories products are universally recognized: (1) formed or pre-

shaped refractories, which includes bricks of numerous shapes such as keys,

wedges, and arches; and (2) monolithics, which includes mortars and cements,

plastics, ramming mixes, castables, and gunning mixes. Various classifications

exist for these products.

B. Standard Industrial Classifications

The U.S. Government Census Bureau has several standard industrial classifi-

cations (SIC) that are used for reporting annual refractories industry statistics

involving basic and, in particular, magnesia products: SIC 3297, Nonclay

Refractories; and SIC 3274, Lime (49). These classifications are quite general,

confusing, and not very helpful.

C. American Society for Testing and Materials Standard
Classifications

A more useful reference is ASTM C455, Standard Classification of Chrome

Brick, Chrome-Magnesite Brick, Magnesite-Chrome Brick, and Magnesite

Brick; except for all-chrome brick, its purpose is to describe classes distinguished

by obvious differences in magnesium oxide (MgO) content (50). Table 7 from

this standard presents the essence of this standard. Also, in a just-approved

ASTM standard, C1547, Standard Classification of Fusion-Cast Refractory Blocks

and Shapes; Table 8 exhibits the classification of magnesia-containing refractories

for magnesia-spinel and magnesia-chromite compositions (A.D. Davis, Jr.,

personal communication, 2002).

D. International Organization for Standardization
Classifications

The International Organization for Standardization (ISO) has established an

extensive classification for various types of dense-shaped refractory products,

ISO 1109–1975; Table 9 replicates the section applicable to shaped basic

products (51). Another ISO standard, ISO 10081-1 : 1991, Basic Refractory

Products—Classification, Part 1: Products Containing Less Than 7% Residual

136 Landy



Carbon, not only classifies by refractory type, but also by MgO content or

principal oxides content; this classification is shown in Table 10 (52). ISO

1927–1984 covers the ISO classification for dense and insulating monolithic

refractories; Class IV applies to basic materials, but, like the SIC standards,

this standard uses only general types of products with differentiation within the

class limited to the principal basic material of the monolithic mixtures—magnesia,

chrome ore, spinel, forsterite, dolomite, or other alkaline earth oxides (53).

Table 7 ASTM’s Classification of Chrome Brick,a Chrome-

Magnesite Brick, Magnesite-Chrome Brick, and Magnesite Brick

According to MgO Content

Class

MgO Content, %b

Nominal Minimum

Chrome-magnesite and magnesite-chrome brickc

30 30 25

40 40 35

50 50 45

60 60 55

70 70 65

80 80 75

Magnesite brickc

90 90 86

95 95 91

98 98 96

Source: Ref. 50. (Reprinted with permission, copyright ASTM International.)
a Chrome brick is a refractory brick manufactured substantially or entirely of

chrome ore.
b Ignited basis.
c This classification applies to both chemically bonded and burned brick.

Table 8 ASTM’s Classification of Fusion-Cast Magnesia-Containing Refractories by

Types and Content of MgO and Spinel

Class Spinel content (vol.%) MgO content (vol.%)

Magnesia-spinel

(46–50 wt. % MgO)

65–75 (as MgAl2O4) 25–35 (as MgO)

Magnesia-chromite

(18–22 wt. % Cr2O3)

37–43 (as chromite spinel) 48–56 (as Mg12xFexO)

Source: A.D. Davis, Jr. Personal communication. (Reprinted with permission, copyright ASTM

International.)
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E. Other Classifications

Other classification standards exist, notably British Standards Institution (BSI)

7225, a series of classifications that follow ISO practices (54). China, Japan,

and Australia, among others, also have developed industry standards and may

be of interest to users in those nations.

V. MAGNESIA REFRACTORIES: THEIR APPLICATIONS
AND EXAMPLES

A. Evolution of Magnesia Refractories Applications
in the United States

In the United States, magnesia refractories are used in a multitude of heat-

processing industries, but the greatest quantity is used by the steel industry.

Within this industry, the types and amounts of magnesia refractories have

dramatically changed over the years and continue to evolve as the steel-making

process technology, which requires magnesia refractories, matures. For example,

the major application of magnesia refractories in the 1950s and 1960s was in

Table 9 ISO’s Classification of Dense-Shaped, Basic Refractory Products

Products

Limiting content of

principal constituents

Criteria of subdivision with

general observations

Magnesite MgO . 80% Products in which the principal

constituent is magnesite

Magnesite-chrome 55% , MgO , 80% Products in which the principal

constituents are magnesite

and chromite

Chrome-magnesite 25% , MgO , 55% Products in which the principal

constituents are chromite and

magnesite

Chromite Cr2O3 . 25%

MgO , 25%

Products in which the principal

constituent is chromite

Forsterite Products in which the principal

constituent is forsterite

Dolomite Products in which the principal

constituent is dolomite

Note: In view of recent and posible future developments in basic products, new subdivisions and new

criteria of classification may become necessary.

Source: Ref. 51. (The terms and definitions taken from ISO 1109 : 1975 Refractory Products, Classi-

fication Table, are reproduced with the permission of the International Organization for Standardiz-

ation, ISO. These standards can be obtained from any ISO member and from the web site of the

ISO Central Secretariat at the following address: www.iso.org. Copyright remains with ISO.)
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constructing open-hearth furnaces. The open hearths were lined with an array of

magnesia refractories; the most predominant types were chemical-bonded,

burned, direct-bonded, and fusion-cast magnesia-chrome brick and magnesia

ramming mixes, while magnesia and doloma fettling and gun products were

used extensively for bottom and wall maintenance, respectively.

The development of the basic oxygen steel-making furnace (BOF) in the

late 1950s and early 1960s ushered in pitch-bonded doloma, doloma-magnesia,

magnesia-doloma, and magnesia brick (the latter with purity levels from 70 to

95 wt % MgO) for construction of the vessel linings; magnesia and doloma

gun mixes continued to be used as maintenance materials. In the late 1960s,

high-strength, pitch-impregnated, burned magnesia bricks were developed

based on using Greek magnesite or its equivalent with their magnesia levels in

the range of 95 wt % MgO; these bricks were used in place of pitch-bonded

types in the higher-wear areas of BOF linings such as impact pads. As the

basic oxygen process for steel production expanded and the open-hearth process

waned during the late 1960s and into the 1970s, the most widely used magnesia-

chrome brick used in the latter were surpassed by all-magnesia brick in the for-

mer, either the previously mentioned pitch-impregnated, burned magnesia or

pitch-bonded magnesia in the remainder of these same BOF vessels. Magnesia

gunning materials were used extensively to maintain these linings, and BOF lin-

ing lives with these particular magnesia refractories reached the high hundreds to

low thousands.

Table 10 ISO’s Classification of Basic Refractory Products Containing Less Than

7% Residual Carbon by Types and Groups

Types Groups [MgO (% m/m)]a

Magnesia 98 95 90 85 80

Magnesia doloma 80 70 60 50

Doloma 40 30

Magnesia spinelb 80 70 60 50 40 30

Forsterite 50 40

Magnesia chrome ore 80 70 60 50 40 30

Chrome ore MgO , 30

Cr2O3 5 30

Lime CaO 5 70

Source: Ref. 52. (The terms and definitions taken from ISO 10081-1 : 1991 Basic Refractory Products,

Table 4.1 Types and Groups, are reproduced with the permission of the International Organization for

Standardization, ISO. These standards can be obtained from any ISO member and from the web site of

the ISO Central Secretariat at the following address: www.iso.org. Copyright remains with ISO.)
a The analysis is carried out on the calcined products and the residual carbon is determined as in ISO

10060-1.
bMagnesia spinel: MgO–MgO . Al2O3.
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However, as the usage of all-magnesia brick surpassed the magnesia-chrome

brick, magnesia-chrome brick continued to be used in other steel-making process

applications. For example, with the increased production of steel in mini-mills,

the amount ofmagnesia-chrome brick in electric arc furnaces (EAFs) also increased

correspondingly; these furnaces were lined initially with fusion-cast magnesia-

chrome brick in the high-wear hot spots (walls nearest to the electrodes), direct-

bonded and rebonded magnesia-chrome brick in the remainder of the sidewalls,

and chemical-bonded and direct-bondedmagnesia-chrome brick in the roofs.More-

over, with the steel production shifting away fromopen hearths, stainless steel-mak-

ing technologymade a significant advancement in the late 1960s by the introduction

of the argon-oxygen-decarburization (AOD) refining process duplexed with scrap

melting in EAFs, and direct-bonded and rebonded fused-grain magnesia-chrome

brick found a new usage in these AOD reactors. Currently, direct-bonded magne-

sia-chrome bricks still line small AOD vessels, but fired doloma bricks are the pro-

duct of choice for large AODs (S. Miglani, personal communication, 2002).

In the mid-1970s, the Japanese introduced resin-bonded magnesia-carbon

refractories for EAF hot spots.Within a short time period, graphite became the prin-

cipal carbon ingredient for these resin-bonded magnesite-carbon bricks, and graph-

ite contents up to 35 wt% were tried in the EAF hot spots. Before long, however,

experiments commenced with water-cooled panels in EAF upper sidewalls. From

the mid-1980s and continuing until the present time, a typical EAF wear lining

for the production of carbon and low-alloy steels consists of water-cooled panels

in the upper and middle sidewalls from just above the slag lines and several resin-

bonded magnesia-graphite qualities in the slaglines and lower hot-spot sidewalls.

Typically, such brick for the hot spots are composed of 15 wt. % graphite with var-

ious combinations of premium-quality, sintered and fused-grain magnesias and one

to three anti-oxidants, while the noncritical areas have the same level of graph-

ite with only sintered magnesia and one to two anti-oxidants (S. Miglani, personal

communication, 2002). A hydration-resistant, burned magnesite brick is used to

construct the subhearth with the overlying hearth made from either pitch-

impregnated, burned magnesite brick or a dry, vibratable, Austrian-type magnesite.

Water-cooled panels now also compose the bulk of the EAF roof with high-alumina

castableswith orwithout spinel additions in the delta section. Linings for EAFs used

in stainless steel production differ from those just described for the production of

carbon and low-alloy steels in that several varieties of direct-bonded and rebonded

fused-grain magnesite-chrome (�60 wt. % MgO) brick and/or resin-bonded mag-

nesia-graphite brick are used in the slagline and lower hot-spot sidewalls. EAF lin-

ings are repaired and maintained with various magnesia and doloma products.

Shortly after the introduction of resin-bonded magnesia-carbon brick in

EAFs, this brick type was applied in the early 1980s to the high-wear trunnion

areas of BOFs with surprisingly good results. These trials began a period of

new and upgraded magnesia-carbon (based on graphite) developments as well
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as experimentation in BOF zoning that has lasted to the present. Coupled with the

brick developments and new zoning designs, technology changes in steel-making

practices, in particular, implementation of slag-splashing technology to coat of

the BOF bottoms and walls between heats and the introduction of secondary

ladle metallurgy, have succeeded in extending BOF lining life into the high thou-

sands and tens of thousands. Currently, BOF high-wear trunnions are lined with

resin-bonded magnesia-carbon brick containing 15 wt. % high-purity graphite. In

some cases, 99 wt. % MgO, premium-quality, sintered magnesia is used, but,

where extreme conditions exist, various quantities and qualities of fused-grain

magnesia replace some or all of the premium-quality, sintered magnesia. In

addition, several anti-oxidants are used in these bricks. In the bottom and non-

critical areas of the BOFs, resin-bonded magnesia-carbon bricks with 15 wt. %

graphite and standard-quality, sintered magnesia with one anti-oxidant are

employed. The lining for the BOF cone contains a resin-bonded magnesia-carbon

brick with 5 wt. % carbon black and standard-quality, sintered magnesia rein-

forced with two anti-oxidants (S. Miglani, personal communication, 2002).

Again, these linings are repaired and maintained with magnesia gunning mixes.

The advent of secondary ladle metallurgy in the 1970s and the subsequent

technological changes to the current ladle metallurgical furnace (LMF) designs

have seen a radical transition of ladle wear lining refractories from fireclay brick

to bauxite castable or brick (some containing a small addition of magnesia aggre-

gate) in theworking bottomand barrel and resin-bondedmagnesia-carbon brick or,

sometimes, direct-bonded magnesia-chrome brick in the working slagline.

Moreover, the application of magnesia refractories in LMF slaglines now

represents the largest utilization for this class of refractories in steel-making;

EAFs consume the second-largest quantity of magnesia refractories, while

BOF usage, which for the last 30 or so years represented the largest amount of

magnesia refractories consumption, has currently fallen even behind the EAF

application (S. Miglani, personal communication, 2002). Degassers, processing

units that have gained popularity in the past 20 years due to the recent push

for “clean steel,” are now the largest consumers of magnesia-chrome refractories,

primarily direct-bonded or rebonded fused-grain types (A. Ketner and S. Miglani,

personal communication, 2002).

A very important and highly specialized use of burned high-magnesia

shapes is for small to medium-sized slide-gate plates for steel ladles with bore

size less than 50 mm; the thermal expansion of magnesia is too high for large

plates or bores, causing the latter to crack in service. In addition, burned high-

magnesia, tundish slide-gate plates and porous upper nozzles are fabricated to

control the flow of Mn- or Ca-treated liquid steel into continuous casting molds.

Practically all consumable tundish linings are made from sprayable magne-

sia mixes; where these magnesia spray materials are not used, dry, vibratable

magnesias are employed. Forsterite may be part of these mix recipes.
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The use of burned magnesia-spinel brick in the sintering or burning zone

and adjacent transitional areas of cement kilns represents the biggest application

of magnesia refractories in the nonsteel-making or so-called industrial industries

(A. Ketner and S. Miglani, personal communication, 2002). Demand for higher

throughputs and energy conservation in the cement industry over the years,

particularly in the past 40 years, has led to kiln technology changes, such as tran-

sitioning from long, wet and dry kilns to short, preheater and precalcining units

and has greatly affected refractory lining practices (55). One hundred years ago,

super-duty fireclay or high-alumina brick lined the above-mentioned areas; then,

about 70 years ago, chemical-bonded chrome-magnesia brick superseded these

products (56). In the 1950s, burned magnesia-chrome brick came into vogue,

while direct-bonded magnesia-chrome and doloma bricks were successfully in-

troduced in the 1960s (57). About 30 years ago, burned magnesia-spinel (ini-

tially, in situ spinel and, later, sintered or fused spinel) brick appeared, and this

trend was accelerated after 1986 when material safety data sheets highlighted

the environmental problems of the various magnesia-chrome brick.

Another major environ for magnesia refractories usage in industrial pro-

cesses is glass tank regenerators. For soda-lime glasses, chemical-bonded high-

magnesia bricks (95–98 wt. % MgO) with a low lime/silica ratio have been

used successfully in the upper checkers for many years; today, in addition to

the aforementioned bricks still being recommended, burned high-magnesia

bricks (95–98 wt. %) with a high lime/silica ratio may be employed in these

areas, or, if high temperatures and batch carryover exist, burned creep-resistant

magnesia-zircon bricks have been introduced recently and have yielded substan-

tially better results than the former magnesia types (58, 59). In the intermediate

checkers where operating temperatures exist above the temperature of alkali con-

densation, chemical-bonded or burned high-magnesia bricks (90–94 wt. %MgO)

have been used in the past, whereas today conventional burned high-

magnesia bricks (95–97 wt. %) with a low lime/silica ratio are recommended.

In the lower checkers where alkali condensation does take place, burned and

unburned forsterite, chrome, chrome-magnesia, and magnesia-chrome brick

types have been employed in the past (60); the current concept is to use several

burned high-magnesia brick types (95–96 wt. % MgO) with either low or high

lime/silica ratios in order to have chrome-free regenerator packages, but, if

there’s a serious condensate-zone problem, then a burned condensate-resist-

ant magnesia-zircon brick is a better choice for that area as well (61). For the re-

generator top walls, target walls, and crown, co-sintered magnesia-chrome

brick gradually had replaced conventional burned magnesia-chrome brick for

these applications over the past 25 years or so, but today the emphasis is on

chrome-free brick, so burned high-magnesia (96 wt. %) with a high-lime/silica
ratio is being recommended with burned creep-resistant magnesia-zircon brick

for severe carryover with high temperatures. These comments are general
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considerations; the glass composition, lime/silica ratio of the batch carryover,

type of fuel system, regenerator design, temperature profile throughout the regen-

erators, and operations, among other factors, may require recommendations of

brick types different than just stated.

The lastmajor industrial application formagnesia refractories to be covered is

in copper processing, particularly in copper converting that takesplace almost exclu-

sively in Peirce-Smith converters. In the 1940s, the wear lining of most of these

cylindrical vessels was composed of burned magnesia brick, while the trend in the

1950s was to employ burned chrome-magnesia brick (62). Since then, the tendency

has been to construct these copper converterwear liningswith either silicate-bonded

chrome-magnesia brick or direct-bondedmagnesia-chromebrickwith the exception

of the tuyere zone, a section that starts about 50 cm below a single line of 30–50

tuyeres and extends for about 150 cm above the tuyere line (63). This tuyere area

is always lined with higher-quality refractories than the rest of the converter; e.g.,

Table 11 Selected Properties of Some Widely Used Magnesia-Carbon Brick

Brick type

Pitch-

impregnated

burned

magnesia

Resin-

bonded

magnesia-C

Resin-

bonded

magnesia-C

Resin-

bonded

magnesia-C

Resin-

bonded

magnesia-C

Physical properties

Bulk density, kg/m3 3150 2900 3020 2930 2980

As-received

Apparent porosity, %

As-received 3.8 4.0 5.0 5.5

Coked 7.4 10.0 11.0

Ignited 15.0

Modulus of rupture, Mpa

@218C 2.3 12.4 17.2 12.4 13.8

@14008C 11.7 16.5 8.3 12.4

@15408C 8.6

Chemical composition, wt. %

Carbon

(Carbon-free basis)

5 14 3.2 12.7 9.5

MgO 96.0 81.0 94.0 77.2 86.0

CaO 2.2 2.0

Al2O3 0.1 3.3

Fe2O3 0.3 0.2

SiO2 1.1 0.4

Typical application BOF charge

pad

BOF

non-critical

barrel areas

BOF cone EAF hot spots LMF slag

line/

freeboard

Source: Ref. 67. (Reprinted with permission, # ANH Refractories Company.)
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if silicate-bonded chrome-magnesia bricks are used for the bulk of the furnace

wear lining, then direct-bonded magnesia-chrome bricks are used for the tuyere

section wear lining, while if direct-bonded magnesia-chrome bricks are used for

the bulk of the wear lining, then rebonded co-sintered or fused-grain magnesia-

chrome bricks are used for the tuyere section wear lining (64). Recently, concerns

over the disposal problems with spent magnesia-chrome refractories, as men-

tioned in other applications, have led to research programs and test panels of

magnesia-spinel brick for these converters with some success (65, 66).

B. Examples of Magnesia Refractories

As seen from the many applications just described, refractory manufacturers

produce a wide range of magnesia products with a spectrum of chemical and

physical properties. Table 11 (67) depicts selected properties for several widely

used magnesia-carbon brick types, while Table 12 (68) shows selected properties

for an assortment of other popular magnesia refractory bricks.

Table 12 Selected Properties of Popular Non-carbon Magnesia Brick

Brick type

Chemical-

bonded

magnesia

High-fired

magnesia

Direct-

bonded

magnesia-

chrome

Rebonded

fused-grain

magnesia-

chrome

Burned

magnesia-

spinel

Physical properties

Bulk density, kg/m3

As-received

2980 3030 3270 3300 2910

Apparent porosity, %

As-received 8.6 13.3 15.0 13.0 17.4

Coked

Ignited

Modulus of rupture, Mpa

@218C 11.7 16.3 4.1 10.3 5.0

@12608C 6.0

@14808C 11.9 2.8 4.8

Chemical composition, wt. %

MgO 98.0 96.2 59.0 62.0 82.4

CaO 0.8 2.5 0.8 0.8 1.5

Al2O3 0.2 0.1 6.9 6.3 15.2

Fe2O3 0.3 0.3 13.0 12.0 0.2

Cr2O3 20.0 18.0

SiO2 0.7 1.0 0.3 0.6 0.4

Typical application Glass tank top

checkers

Glass tank top

checkers

Small AODs EAF stainless

steel slaglines

Cement

kilns

Source: Ref. 68. (Reprinted with permission, # ANH Refractories Company.)
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I. INTRODUCTION

We present here the most current thermal and mechanical material property data

of normal density, 112 pcf (identified as KN), and high density, 116 pcf (identified

as KD), silica brick used in coke oven walls. Coke ovens are used to produce coke

for processing iron ore in blast furnaces to make iron. The property tests on the

silica brick were conducted by RWTUV, Essen, Germany, and three other testing

facilities to be cited below. The testing program was coordinated during 1999 by

Dr. Hans-Dieter Potsch at RWTUV with the assistance of Dr. Uhlig and is docu-

mented in (1). The tests were conducted on brick samples, mortar samples, and

brick/mortar composite samples. The brick/mortar composite samples reflect

the behavior brick and mortar joints in the actual coke oven walls. This data

can also be applied to other silica brick/mortar joint refractory lining systems.

A considerable number of silica brick-only, mortar-only, and brick/mortar

samples were tested. As a result of page limitations in this chapter, representative

typical sample data are provided. Average data from a large number of samples

are presented in some instances. Due to the nature of silica refractory brick man-

ufacturing, it is expected that there will be some variation from brick to brick in

material property values. However, the data presented here can be used to provide

insight into the trends of mechanical material properties of silica brick. The

unique brick sample data, mortar-only sample, and brick/mortar composite

data on refractory material properties in this chapter are typically not found in

the literature.
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A considerable range of mechanical material property tests was conducted

at the RWTUV facilities, including cold static compressive stress–strain (SCSS)

of brick-only and composite samples, cold crushing strength (SC) of brick-only,

creep in compression (CIC) of brick-only and composites, thermal expansion

(TE) of brick-only, and modulus of rupture (MOR) of brick-only.

Testing at the Institute of Refractory and Ceramics (DIFK) facilities at

Bonn, Germany, consisted of hot compressive stress–strain (SCSS) of brick-

only. These tests were coordinated by Dr. Jorgen Portschke at DIFK.

The testing at the Didier facilities at Weisbaden, Germany, was hot static

compressive stress–strain (SCSS) of brick-only and composites and hot crushing

strength of brick-only and composites.

The testing at the Lemmens facility at Koln, Germany, was cold sonic tests

of brick-only samples to determine Poisson’s ratio of the brick.

The SCSS tests were conducted to determine Young’s modulus (or mod-

ulus of elasticity, MOE) and can be used to define the complete stress–strain

behavior up to ultimate failure at room temperature and elevated temperatures.

The ultimate crushing strength (SC) was also obtained from the peak compressive

stress in the stress–strain curve. The brick specimens were hollow and cylindri-

cal. They were nominally 2 in. (50 mm) in height and had an OD of 2 in. (50 mm)

and an ID of 1
2
in. (12.5 mm). Brick/mortar composite samples were also tested.

The brick/mortar composite samples consisted of a split brick sample with a total

nominal height of 13
4
in. (45 mm) and about a 13/64 in. (5 mm) mortar joint

between the two splits. The composite samples provided valuable information

on the role of the mortar joint in the behavior of the brick/mortar joint lining sys-

tem. The silica mortar was identified as Silica 11/55. In both the brick and com-

posite samples, the loading rate was 29 psi (0.2 MPa) per second up to the

crushing strength for the lower test temperatures and to the maximum crushing

strain at the higher temperatures. Several samples of each silica KD and KN

brick-only, mortar-only, and composite samples were prepared and tested at

room temperature, 2608C (5008F), 5388C (10008F), 8168C (15008F), 10948C
(20008F), and 12058C (22008F). All of the samples were subjected to an initial

preload of 277 psi (1.91 MPa). The initial preload allowed the test machine

platens to be properly seated on the test samples. The SCSS data curves are

highly useful for engineers who wish to model and evaluate the thermomechani-

cal behavior of silica brick lining systems using finite element method computer

programs.

The CIC tests were conducted using a sample size similar to the SCSS test

samples except for the sample OD. The brick sample size used for the creep in

compression tests were the same as those used in the SCSS tests. The brick/mor-

tar composite samples were also the same as those used in the SCSS tests. The

creep samples were subjected to a constant compressive load of 0.689 MPa

(100 psi). The heatup rate of the CIC samples was set at 1.88F/min (18C/min)
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to the holding temperature. Separate samples had holding temperatures of 15008F
(8168C), 20008F (10948C), and 5008F (13728C). The samples were held at these

temperatures for 100 hr. The plots of percent expansion (TE) and the resulting

coefficient of thermal expansion were also provided.

MOR tests were conducted on a sample size of 6 in. (152 mm) in length and

a square cross section of 1 by 1 in. (25 by 25 mm). The support span was 5 in.

(125 mm). The loading was applied at a stress rate of 22 psi (0.15 MPa) per

second. The MOR was evaluated at room temperature, 5008F (2608C), 10008F
(5388C), 15008F (8168C), 20008F (10948C), and 25008F (13728C).

Poisson’s ratio tests were conducted using dynamic methods. The dynamic

method was defined as an “impulse excitation of vibration.” The sample size was

150 mm in length and a cross section of 15 by 25 mm. The tests were conducted

at room temperature. Brick/mortar composite samples were not tested.

II. STATIC COMPRESSIVE STRESS–STRAIN (SCSS)
TEST RESULTS

Figures 1 through 24 are the SCSS data curves for the silica KD and KN brick

samples and brick/mortar composite samples. The data associated with the

SCSS test data and each figure are described in Table 1.

A. Silica KD Brick Sample SCSS Data

Figures 1 through 6 show the SCSS data curve for the temperature defined. The

elevated temperature curves (Figures 2 through 6) define the initial tangent

Young’s modulus or MOE (EO, slope line with circle) and the secant modulus

(ES, slope line with solid square). ES reflects the slope to the point of maximum

crushing stress on the SCSS data curve. SC is the maximum stress or crushing

stress for the test temperature defined. Refer to Table 1 for the values of EO,

ES, and SC.

B. Silica KD Brick/Mortar Composite Sample SCSS Data

Figures 7 through 12 show the SCSS data curve for the temperature defined.

These plots are similar to the SCSS data shown in Figures 1 through 6. The

brick/mortar composite EO and ES values are less than those of brick-only EO

and ES. The lesser slope is due to two reasons: First, the brick/mortar composite

has a lower SC. Second, the crushing strain (1C) of the brick/mortar composite is

greater than the brick-only crushing strain. It is expected that the brick/mortar

composite is softer than the brick-only.
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Figure 1 Compressive stress–strain data silica KD brick sample at room temperature.

Figure 2 Compressive stress–strain data silica KD brick sample at 5008F.
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Figure 3 Compressive stress–strain data silica KD brick sample at 10008F.

Figure 4 Compressive stress–strain data silica KD brick sample at 15008F.
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Figure 5 Compressive stress–strain data silica KD brick sample at 20008F.

Figure 6 Compressive stress–strain data silica KD brick sample at 22008F.
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Figure 7 Compressive stress–strain data silica KD brick/mortar sample at room

temperature.

Figure 8 Compressive stress–strain data silica KD brick/mortar sample at 5008F.
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Figure 9 Compressive stress–strain data silica KD brick/mortar sample at 10008F.

Figure 10 Compressive stress–strain data silica KD brick/mortar sample at 15008F.
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Figure 11 Compressive stress–strain data silica KD brick/mortar sample at 20008F.

Figure 12 Compressive stress–strain data silica KD brick/mortar sample at 22008F.
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C. Silica KN Brick Sample SCSS Data and Silica KN Brick/
Mortar Composite Sample SCSS Data

Figures 13 through 18 show the SCSS data for the KN brick-only samples.

Figures 19 through 24 show the SCSS for the KN brick/mortar composite

samples. As expected, the lower density of the KN brick results in lower EO

and ES values.

III. INTERPRETATION OF TEST DATA FOR SILICA KD

The following sections interpret the thermal expansion data and the SCSS

data.

Figure 13 Compressive stress–strain data silica KN brick sample at room temperature.
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Figure 14 Compressive stress–strain data silica KN brick sample at 5008F.

Figure 15 Compressive stress–strain data silica KN brick sample at 10008F.
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Figure 16 Compressive stress–strain data silica KN brick sample at 15008F.

Figure 17 Compressive stress–strain data silica KN brick sample at 20008F.
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Figure 18 Compressive stress–strain data silica KN brick sample at 22008F.

Figure 19 Compressive stress–strain data silica KN brick/mortar sample at room

temperature.
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Figure 20 Compressive stress–strain data silica KN brick/mortar sample at 5008F.

Figure 21 Compressive stress–strain data silica KN brick/mortar sample at 10008F.
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Figure 22 Compressive stress–strain data silica KN brick/mortar sample at 15008F.

Figure 23 Compressive stress–strain data silica KN brick/mortar sample at 20008F.
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Figure 25 describes the thermal expansion of the silica KD brick-only and

the silica KD brick/mortar composite samples. The mortar-only sample was also

tested. The brick-only and the brick/mortar composite samples are similar except

for temperatures above about 11008F. The mortar softens considerably, as

reflected in the mortar-only sample. Due to the confinement of the mortar within

the mortar joint in the brick/mortar composite sample, the mortar maintains

reasonable strength. This confirms that the true compressive stress–strain beha-

vior of mortar must be tested with the mortar contained in the mortar joint (2).

Containment of the mortar is an important and necessary parameter in testing

the thermomechanical behavior of mortar.

Figure 26 describes the coefficient of thermal expansion as a function of tem-

perature for the silica KD brick-only sample, mortar-only sample, and silica KD

brick/mortar composite sample. Note the similarity of the brick-only and the

brick/mortar composite samples. The confinedmortar in the brick/mortar compo-

site sample behaves in a similar manner as the brick-only sample. Themortar-only

data curve reflects the importance of providing confinement to the mortar.

Figure 27 shows the silica KD brick-only sample and silica KD brick/mor-

tar composite sample Young’s modulus, EO, as a function of temperature. The

maximum Young’s modulus is at 10008F. As expected, the brick/mortar compo-

site sample is softer. It should be noted that the brick/mortar composite Young’s

Figure 24 Compressive stress–strain data silica KN brick/mortar sample at 22008F.
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Figure 25 Comparison of expansion of silicaKD composite, mortar-only, and brick-only.

Figure 26 Comparison of coefficient of thermal expansion of silica KD composite,

mortar-only, and brick-only.
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modulus is for the given split brick thickness (45 mm) and the mortar joint thick-

ness (5 mm). With a different brick height-to-mortar joint thickness ratio, the

brick/mortar composite Young’s modulus (Emb) will change. To determine

Young’s modulus for a different ratio, it is necessary to first determine Young’s

modulus of the mortar (confined Young’s modulus). Equation (1) defines the con-

fined Young’s modulus of the mortar.

Em ¼
tm(Emb)

Eb

� tmþ (Eb � Emb)tb (1)

where Em is the confined Young’s modulus of the mortar, tm is the mortar joint

thickness, Eb is the brick Young’s modulus, tb is the height of the split brick, and

Emb is Young’s modulus of the brick/mortar composite. Rearranging terms in Eq.

(1), we can determine the composite Young’s modulus for the revised brick

height as shown in Eq. (2).

Emb ¼ (tm þ tb)(EbEm)=(Emtb þ Ebtm) (2)

Figure 28 shows the temperature-dependent MOR of the silica KD brick.

As with the Young’s modulus trend, the greatest MOR values are in the 1000

to 15008F range.

Figure 29 shows the temperature-dependent crushing strength, Sc of the

brick-only and brick/mortar composite samples. The brick-only samples reach

maximum crushing strength in the 15008F range. The brick/mortar composite

samples reach maximum crushing strength at about 10008F.
Figures 30, 31, and 32 show the creep behavior of the brick-only, mortar-

only, and brick/mortar composite samples at 8168C (15008F), 10948C (20008F),
and 13728C (25008F), respectively. At all three temperatures the brick-only and

brick/mortar composite samples exhibit insignificant creep. The mortar-only

samples (no confinement) exhibit relatively considerable creep response. The

creep tests also confirm that unconfined mortar tests do not replicate the true con-

fined behavior of the mortar in the mortar joint.

IV. INTERPRETATION OF TEST DATA FOR SILICA KN

Figures 33 and 34 show the temperature dependent thermal expansion of the

silica KN brick-only, mortar-only, and brick/mortar composite samples. The

interpretive results are quite similar to the interpretive results of the silica KD

tests. These results also show that the mortar-only (unconfined mortar) tests do

not reflect the true confined thermomechanical behavior of mortar in mortar

joints. Strength patterns as a function of temperature are also similar to the silica

KD brick.
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Figure 30 Comparisons of creep curves at 8168C of silica KD composite, mortar-only,

and brick-only.

Figure 31 Comparisons of creep curves at 10948C of silica KD composite, mortar-only,

and brick-only.
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Figure 32 Comparisons of creep curves at 13728C of silica KD composite, mortar-only,

and brick-only.

Figure 33 Comparisons of expansion of silica KN composite, mortar-only, and

brick-only.
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Figure 38 Comparisons of creep curves at 8168C of silica KN composite, mortar-only,

and brick-only.

Figure 39 Comparisons of creep curves at 10948C of silica KN composite, mortar-only,

and brick-only.
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Figure 35 shows the temperature-dependent MOE of KN silica brick. Note

the room temperature MOE is not as high as at the 10008F temperature. This data

is MOE at temperature.

Figure 36 shows the temperature-dependent MOR of KN silica brick.

Figure 37 shows the temperature-dependent crushing strength of KN silica

brick.

Figures 38 through 40 show the creep deformations of silica KN composity,

mortar-only and brick-only.

V. POISSON’S RATIO OF KD AND KN SILICA BRICK

Figure 41 shows the test results variability in measuring Poisson’s ratio for KD

and KN silica brick.

VI. THERMAL CONDUCTIVITY OF SILICA BRICK

Figure 42 is a plot of the thermal conductivity of silica brick. The solid line rep-

resents the expected upper bound values (for the higher-density silica brick). The

Figure 40 Comparisons of creep curves at 13728C of silica KN composite, mortar-only,

and brick-only.
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dotted line represents the expected lower bound values (for the lower-density

silica brick). These data were not determined by RWTUEV. Because of the vari-

ation in silica brick properties from manufacturer to manufacturer, the actual

thermal conductivity data should be obtained from the supplier or brick

manufacturer.
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Figure 42 Thermal conductivity of silica brick.
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7
Doloma Refractories

Colin Richmond
LWB Refractories, York, Pennsylvania, U.S.A.�

I. INTRODUCTION: HISTORICAL BACKGROUND

The mineral dolomite is a double carbonate of calcium and magnesium

[CaMg(CO3)2]. Dolomite is named after the French geologist Trancrede de

Dolomieu, who identified it as a distinct mineral in the late 18th century. The

name “dolomite” can refer to both the mineral and the rock contains a large per-

centage of the mineral. Theoretically, the mineral contains 30.4% CaO (54.3%

CaCO3), 21.7 MgO (45.7%MgCO3), and 47.9% CO2. The formation of dolomite

occurs by one of two methods. Primary dolomite has been formed from the direct

precipitation from magnesium-rich solutions. Secondary dolomite has formed by

impregnation of limestone with Mg-rich brines. The direct precipitation of dolo-

mite occurs rarely under normal conditions so most deposits are thought to be of a

secondary origin.

As other carbonate rocks, dolomite deposits are fairly common throughout

the world. While dolomite is not as common as calcite (limestone, CaCO3), it is

considerably more abundant than magnesite (MgCO3). Naturally occurring dolo-

mites usually deviate only slightly from the 1 : 1 chemical ratio of calcium to mag-

nesium. Most deposits occur in sedimentary rock sequences or their metamorphic

equivalent, dolomitic marble. The rock dolomite usually contains some impurities

that are often associated with accessory minerals. These impurities typically consist

of silica, alumina, iron, manganese, sulfur, and phosphorous. Refractory-grade

dolomites are usually high purity, which are considered to contain a minimum of

20% MgO (42% MgCO3) and a maximum of 2.5% impurities (1).

�Current affiliation: Independent Consultant, Ripon, North Yorkshire, England.
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The use of dolomite as a refractory was first started in 1878 when dolomite

rock was used as the linings in Open Hearths or Thomas converters (2). Dolomite

stone was bonded with a sodium silicate binder and calcined in situ in the con-

verter. As the increase for “basic” refined steel increased, the requirement to

achieve better phosphorous and sulfur control was recognized and the use of

the consumable dolomite hearth was replaced with linings of tarbonded doloma.

In these early processes, much of the lining was intended to be consumed as part

of the process; during these initial developments, purity of the doloma was not a

consideration. In fact, the doloma used at this time was very impure, as calcining

technology could not achieve adequate density or hydration resistance without

high levels of iron oxide and silica. Even at these levels of impurities, oil or

tar as binders was required to avoid hydration.

The increased usage of lime as a flux in steel making led to the replacement

of doloma with magnesia, because poorly calcinedmagnesia was both more refrac-

tory- and more hydration-resistant than the low-purity doloma. Additionally, the

doloma was no longer needed as a lime source for steel production. At this

time, doloma was mainly used as a low-purity repair material for magnesia hearths.

During the 1930s, tar-bonded blocks comprising low-purity doloma were

produced, and attempts to produce doloma of higher purity were also tried.

Fired doloma bricks “stabilized” with silica were produced in the United Kingdom

during this time, but with the technology available at the time it was still not poss-

ible to produce high-purity doloma. Rapid developments occurred during World

War II with regards to doloma technology in Europe due to its availability and

lower production cost as compared to magnesia. During the early 1950s, the intro-

duction of the LD refining process came with medium- and high-purity tar-bonded

and direct-bonded doloma bricks being used for LD converters and electric

furnaces. The primary competition with doloma was magnesia. Improvements

in the technology to make higher-quality magnesia grain and the moderately

basic steel-making processes led to a decrease in doloma usage. The development

of magnesia carbon refractories has resulted in all but eliminating the use of

doloma in primary steel making (BOF, QBOP, BOS processes).

In the early 1960s, fired dolomite bricks had been developed for use in the

burning zone of rotary cement kilns. Dolomite is chemically compatible with the

cement-making process and readily acquires a protective coating with the clinker

in the burning zone. The need for chrome-free linings in the cement-making pro-

cess added impetus to penetration of dolomite refractories in this application.

II. HIGH-PURITY DOLOMITE FOR THE PRODUCTION OF
DOLOMA REFRACTORIES

Despite the widespread occurrence of dolomite, there are only a limited number

of dolomite deposits in the world that have satisfactory uniformity, purity, and
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calcining behavior to be processed economically into a high-purity raw material

suitable for the production of doloma refractories. The term “doloma” refers to

the calcined dolomite. Refractory-grade doloma typically contains less than

2.5% impurities and greater than 97.5% CaOþMgO. Most high-purity dolomite

deposits are difficult to calcine and sinter to high density and usually require

special methods to yield an acceptable refractory-grade doloma.

Currently, high-purity doloma is produced in several European countries,

Canada, and the United States, based on natural dolomite; “synthetic” dolomite

is only produced in Japan and China. There are approximately 10 producers

worldwide of all types of doloma.

Silica, iron oxide, and alumina are the most common impurities in high-

purity doloma. Since the impurity levels are low and the melting points of the

liquid phases are so high, the dolomite can be difficult to calcine. Temperatures

in excess of 18508C are usually required in order to achieve satisfactory density

and hydration resistance. The microstructure of a typical high-purity doloma as

shown in Fig. 1 consists of magnesia crystallites (3–5 microns in size) embedded

in a matrix of lime.

Figure 1 Microstructure of high-purity doloma grain.
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The typical chemistry of dolomites used for doloma production are shown

in Table 1.

The chemistry ofDolomite 2 corresponds to the upper limit of impurities that

would be suitable for the production of doloma for refractory brick purposes. This

dolomite would have to be dead-burned in such a way that there would be no sig-

nificant pickup of impurities during the process (i.e., requires high-purity fuels).

High-purity doloma, which is produced today, is equal to or more refractory

than magnesia products of up to 95% purity that are used for steel-making appli-

cations. Figure 2, the CaO–MgO phase diagram (3), indicates the range of compo-

sition within which most refractory-grade doloma falls; the lowest melting point in

this system is 23708C. While the presence of impurities will lower the initial melt-

ing, it is much higher than required for most steel-making applications. Table 2

shows the chemical and physical properties of a typical high-purity dolomamaterial.

III. PRODUCTION OF DOLOMA FROM DOLOMITE

The carbonate (dolomite) is converted to the oxide (doloma) and sintered to the

required density in either a rotary kiln or a shaft kiln operating at 18508C or

greater. There are basically two different production routes:

1. Single-pass process. In this process the dolomite rock is crushed to a

suitable size for direct feed to the rotary or shaft kiln, with the calcina-

tion and densification being done in one single pass through the kiln.

Only a few dolomites are suitable to be processed in this way.

2. Double-pass process. The dolomite is first crushed to kiln feed sizing

and then passed through a kiln to complete the calcination stage.

The resulting oxide (dolime) is then ground and pelletized to feed

into a shaft or rotary kiln operating at 18508C, or greater, to densify

the doloma to required density. This double firing process is obviously

more energy-consuming than the single-pass route.

Table 1 Chemistry of Typical Dolomite Raw

Materials

Chemical analysis

Dolomite 1 Dolomite 2

CaCO3 55.00 54.30

MgCO3 44.50 44.60

SiO2 0.20 0.30

Al2O3 0.10 0.15

Fe2O3 0.30 0.55
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Figure 2 CaO–MgO phase diagram. (From Ref. 3.)

Table 2 Chemical and Physical Properties of a

Typical High-Purity Doloma

Chemical analysis

CaO 57.0%

MgO 41.0%

SiO2 0.70%

Al2O3 0.50%

Fe2O3 0.80%

Liquid phases present at 16008C 2–3%

Physical properties

Bulk density 3.25 g/cm3

Open porosity 4%

Hydration resistance (ASTM C-492) Less than 5%
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IV. CHARACTERISTICS OF REFRACTORIES BASED ON
HIGH-PURITY DOLOMA

In the last 20 years there has been a significant growth in the use of high-

purity doloma refractories for steel applications and the burning and transition

zones of kilns. In steel making this growth is primarily due to an increase in

basic steel refining to produce higher-quality steel with precise metallurgical

control. Doloma refractories are well suited for usage in many of these

steel applications due to their high refractoriness and compatibility with

basic slags.

In the case of cement, one of the big advantages of doloma-based refrac-

tories is to provide chrome-free lining configurations.

A. Metallurgical Considerations for Using Doloma

Doloma is an excellent refractory for use in many steel-making applications since

it is thermodynamically stable to slags and metal. The two major constituents of

doloma, CaO and MgO, are among the more stable of the refractory oxides. This

can be seen by examination of the free energies of formation of various refractory

oxides shown in Table 3. A doloma refractory containing less than 1% SiO2 is far

more thermodynamically stable than high alumina or even magnesite chrome

refractories. Fruehan (4) shows that in ladle furnace applications involving

aluminum killed steel, the Al in solution reduces the SiO2 in the alumina brick

according to the following equation:

2Alþ 3=2SiO2 ¼ Al2O3 þ 3=2Si (1)

Table 3 Free Energies of Formation for Various Refractory

Oxides

DG@16008C (Kcal/mole O2)

2CaþO2 ¼ 2CaO 2205

4/3AlþO2 ¼ 2/3Al2O3 2175

2Mgþ O2 ¼ 2MgO 2170

SiþO2 ¼ SiO2 2140

4/3CrþO2 ¼ 2/3Cr2O3 2110

Source: Ref. 5.
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This reaction causes aluminum fade in the metal and can be a source of inclusions

in the steel. The reduction of SiO2 by the aluminum in the steel also raises the

oxygen potential in the steel, which in turn inhibits desulfurization. The basic

desulfurization reaction is given by

CaOþ S ¼ CaSþ O (2)

Therefore, the lower the oxygen, the better the desulfurization. Numerous studies

(6–9) have shown the benefits that doloma-based refractories offer regarding

desulfurization efficiency. Additionally, for desulfurization and inclusion

removal, a fluid, highly basic slag is required. The optimum slag composition

for these purposes is shown in Table 4. Doloma refractories are very compatible

with the same slag practice that optimizes the refining processes used to produce

clean and low-sulfur steel.

B. Slag Resistance

The good slag-resistant characteristics of doloma are a result of the presence of

free lime not found in other refractories of lower basicity. In contact with slags

not fully saturated with lime, a dense layer of recrystallized lime and di-calcium

silicates forms on the hot face of the brick, limiting further slag penetration. Basi-

cally, the slag’s reaction with the lime stops penetration, slowing down overall

wear. However, slags deficient in lime but high in R2O3 oxides can be quite

aggressive to a doloma brick. This is due to the formation of calcium aluminates

and/or ferrites that have melting points significantly below 16008C (10).

C. Hydration Susceptibility

In any discussion of doloma refractories, one must consider the potential for

hydration. The free lime portion of the doloma can react with atmospheric mois-

ture, which can cause the material to powder and crumble. The degree of

Table 4 Optimum Slag Composition

for Desulfurization and Inclusion

Removal

Chemical composition

CaO 60%

Al2O3 25%

MgO 5–10%

SiO2 5–10%
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hydration under set conditions of time, temperature, and relative humidity is

dependent upon the amount of lime and impurities contained in the material,

and the density of the grain achieved during the dead-burning process. The degra-

dation of doloma grains by hydration in storage occurs in essentially two ways:

(1) a formation of Ca(OH)2 on the surface of the grains and (2) the breaking apart

of the grains into smaller particles. The main difficulties caused by doloma’s pro-

nounced tendency to hydrate are in the refractory manufacturing process and not

in the products. By careful control at critical stages of manufacture and speedy

use of the freshly processed doloma, the manufacturing difficulties can be mini-

mized. A comparison of the hydration tendencies of natural doloma, synthetic

doloma, and high-purity magnesite are shown in Table 5.

As can be seen, natural dolomite has a much better resistance to hydration

than synthetic dolomite and in some cases not much worse than some high-purity

magnesite.

Today, with modern packaging materials and techniques together with

other means of protecting products, it is possible to store fired doloma

products for up to two years and pitch or resin-bonded products for more than

six months.

V. DOLOMA-BASED REFRACTORY PRODUCTS

A. Direct-Bonded Doloma Bricks (Fired)

Direct-bonded bricks are produced by pressing a combination of doloma grain

fractions with an organic binder. Direct bonding between the doloma grains is

achieved by firing the brick through a tunnel kiln. The organic binder provides

green strength to the brick for handling and in the kiln, until the ceramic bond

is developed. After firing in the tunnel kiln, the organic binder is completely

burned out of the brick.

It is the lime phase of the doloma grain that provides the direct bond and is

responsible for the chemical behavior of the brick. The microstructure of a fired

doloma brick shows a high degree of direct bond, as Figure 3 shows.

Table 5 Hydration Resistance of Basic Refractory Material

(Based on ASTM C-492)

Material Hydration resistance (ASTM C-492)

Natural doloma 3–5%

Synthetic doloma 25–30%

HP magnesite 0.3–2%
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In the past there has been some reluctance to using direct-bonded bricks for

steel-making applications because of their susceptibility to thermal shock.

Significant improvement in the thermal shock resistance of the brick was accom-

plished through the addition of small amounts of zirconia. The enhancement is

attributed to microcracking caused by the expansile formation of calcium zirco-

nate as a result of reaction between the lime in the doloma and the zirconia. The

microcracking is clearly illustrated in the microstructure shown in Figure 4.

Further improvements to the slag resistance of both direct-bonded and

carbon-bonded doloma bricks have been made through the addition of high-

purity magnesia. Doloma bricks that have been enriched with MgO are typically

used in areas of ladles and AOD vessels where higher slag resistance is required.

The chemical and physical properties of the direct-bonded bricks used in steel

making are shown in Table 6.

Figure 3 Microstructure of fired doloma showing direct bonding between doloma

grains.
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A similar range of doloma-based products exists for cement applications,

with a high proportion containing zirconia additions (up to 2% ZrO2) because

of the high risk of failure due to thermal shock in the operation. For the burning

zone the products are based on doloma, but for the conditions in the transition

zone MgO-enriched grades are required (60–80% MgO).

As indicated previously, fired dolomite brick has been used in cement kiln

burning zones since the early 1960s, and in order to improve product perform-

ance, formulations have been developed incorporating ZrO2 additions to improve

the resistance to thermal shock. The use of zirconia for this purpose was first

developed for cement kiln brick.

Formulations have been developed using magnesite additions to dolomite

to extend its use into the transition zone of the cement rotary kiln. The use of

the zirconia technology is also incorporated into these formulations.

Figure 4 Microstructure of fired dolomite with zirconia addition showingmicrocracking

associated with zirconia in the dolomite matrix.
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B. Carbon-Bonded Doloma Bricks

Carbon-bonded doloma bricks can be subdivided according to the type of

carbon precursor used. In the case of pitch-bonded bricks, the coal tar or

petroleum pitch used to bond the doloma aggregate is a thermoplastic binder.

Doloma bricks using pitch as the binder are typically tempered at 2508C to

30008C to partially polymerize the binder. Resin-bonded doloma bricks are

produced much like pitch-bonded bricks except a thermosetting phenolic

resin is used instead of pitch. The important differences associated with the

different binders are that the pitch-bonded graphitizes at higher temperatures,

giving better oxidation resistance than the “glassy carbon” from the resin-

bonded, but the latter exhibits much higher strength values and lower fume

emissions during preheating. Carbon-bonded doloma bricks are used only in

steel-making applications.

Doloma bricks with higher carbon contents are also available for steel-

making applications. The higher carbon qualities are generally resin-bonded

and contain a graphite addition. These bricks are used in impact pads, slag

lines, and other high wear areas in steel-making vessels and ladles. The chemical

and physical properties of the various resin-bonded doloma bricks are shown in

Table 7.

Table 6 Chemical and Physical Properties for Various Direct-Bonded

Doloma Brick

Chemical composition Doloma Doloma/MgO

CaO 57.2 57.2 56.6 40.0 38.3 30.5

MgO 40.5 40.5 40.0 58.0 58.3 67.0

SiO2 0.9 0.9 0.8 0.8 0.8 0.7

Fe2O3 0.9 0.9 0.9 0.7 0.6 0.3

Al2O3 0.5 0.5 0.5 0.5 0.5 0.5

ZrO2 — — 1.0 — 0.9 1.0

Physical properties

Bulk density (g/cc) 2.80 3.00 2.85 2.95 2.95 3.05

Modulus of rupture

(N/mm2) 12.4 13.8 11.0 13.8 12.4 12.4

Hot modulus of

rupture @

14008C (N/mm2) 2.8 4.1 3.1 4.8 4.8 4.8

Porosity (%) 15.0 11.0 13.8 12.0 12.0 11.5

Application Ladle AOD Ladle

Ladle

AOD

Ladle

AOD

Ladle

AOD
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Carbon-bonded doloma refractories offer many advantages as linings in

ladle furnace applications; however, there are factors to consider when using

doloma.

Like all basic refractories, doloma bricks’ thermal conductivity is higher

than high-alumina brick. The consequence of this feature is that doloma linings

are prone to develop open joints and to metal penetration.

For insulation and protection against possible breakouts, a high-quality

safety lining is required in ladle furnaces. A high-alumina safety lining, either

brick or monolithic (dry-vibrating) with a high resistance to carbon monoxide,

is recommended since for most of the brick, sensitivity to sudden changes in tem-

perature can still lead to spalling. This requires that preheating equipment is used

for the initial burn-in and temperature maintenance during use.

A variety of ladle refining processes are used today. Examples of these

are ASEA/SKF, Daido VAD, and VOD. Each of these ladle refining processes

has its own chemical and mechanical wear mechanisms that are a character-

istic of that process. In addition, variations in the operations and types of

grades produced by a shop will affect the wear of the refractory lining. This

requires that zoning by quality and lining thickness is done to optimize the

refractory life for a particular process and shop. Lining designs combining

doloma with magnesia carbon and high alumina, as backing linings, are also

utilized.

Table 7 Chemical and Physical Properties of Various Resin-Bonded

Doloma Brick

Chemical composition Doloma Doloma/C Doloma/MgO/C

CaO 57.6 57.6 39.7

MgO 40.0 40.0 58.2

SiO2 0.8 0.8 0.8

Fe2O3 0.9 0.9 0.7

Al2O3 0.6 0.6 0.6

Carbon 3.0 6.0 6.0

Physical properties

Bulk density (g/cc) 2.96 2.95 2.96

Cured modulus of

rupture (N/mm2)

22.4 15.5 17.2

Hot modulus of rupture

(N/mm2) @14008C
4.8 4.8 5.2

Coked porosity (%) 12.8 12.0 12.0

Application Ladle AOD Ladle AOD Ladle AOD
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C. Doloma-Based Monolithic Refractories for Steel
Applications

A variety of doloma-based monolithic materials are designed to be used in con-

junction with brick, and also monolithic lining materials or for maintaining and

patching vessel linings.

Doloma monolithic materials used in conjunction with doloma and

magnesia-based bricks for the construction of ladles, AODs and other steel-

making vessels are typically classified as rams, mortars, plastics, and seals.

These materials are able to withstand high temperatures, basic slags, and thermal

shock. These brick accessories are based on combinations of doloma and magne-

sia aggregate depending on the application, and an organic thermo-setting binder

system. Since the products are water-free, they can be safely used with hydratable

brick.

Doloma-based monolithic lining materials are typically dry, free-flowing

materials designed to be vibrated, poured, and/or tamped into place. Carefully

controlled aggregate gradings are utilized so that a maximum installed density

is achieved. Once installed, these materials form the working lining on which

steel and slag are in direct contact. These types of materials are based on a

combination of doloma and/or magnesia aggregates and various organic and

inorganic binder systems. The main areas of use of these products are in tundish

lining and electric arc furnace hearths.

Monolithic materials based on doloma that are used for lining maintenance

are typically classified as gunning materials and/or hot patching products.

Doloma-based gunning materials are applied when the furnace, ladle, etc. is

hot to minimize the potential of hydration. Hot patching materials based on

doloma, magnesia, and organic resin systems are also utilized for maintenance

of electric furnace hearths, BOF vessels, and ladles.

D. New Developments in Doloma-Shaped Refractories

1. Introduction

Recent developments in doloma-based refractories have been based on their

anticlogging characteristics and the potential for cleaner steels.

Steelmakers producing aluminum killed steels typically encounter alumina

clogging in their continuous casting refractories. Alumina buildup can occur in

the tundish nozzle, tundish slide gate refractory bore, submerged entry shroud

(SES), and/or submerged entry nozzle (SEN). The former is typically associated

with facilities that use tube changing devices. Other alloy additives to steel such

as Ti and rare earth metals (Ce, La) can enhance alumina buildup or result in the

deposition of other materials (titanium nitride, rare earth oxides). This is particu-

larly important with Ti-containing steels, as the tiny (1–10 mm) Al2O3 inclusions
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act as nuclei for other solubility or oxidation products. The ability for hetero-

geneous nucleation increases both the rate and extent of precipitation. This can

result in certain stainless grades and ultralow carbon steel grades (11–14) to

have a higher tendency to clog during casting. Alumina clogging can reduce

the service life of the refractories, reduce casting productivity, and negatively

affect the steel quality.

One method to reduce or eliminate alumina buildup on the refractory sur-

face is to suppress the ability for the alumina to adhere to the refractory. Numer-

ous reports have shown that lime-based refractories can reduce the tendency for

buildup. The primary mechanism is that the alumina inclusions react with the

lime and form lowmelting calcium aluminates that do not adhere to the refractory

surface.

In the 1990s, trials of doloma-based refractories in the continuous casting

of steel were started. It was felt that the high lime content (57%) of the doloma

refractory would make it very effective in the prevention of alumina buildup

during the continuous casting of aluminum killed carbon and stainless steels.

Doloma graphite SENs and ceramic bonded doloma tundish nozzles have both

been developed.

Doloma Tundish Nozzle. When aluminum killed steels are cast, the upper

tundish nozzle is prone to clogging. Alumina inclusions in the molten steel

deposit on the nozzle bore and restrict steel flow from the tundish. At this

point the nozzle can be physically reamed open with a rod; however, this practice

has an adverse effect on the steel quality, so generally the tundish is replaced by a

new one.

Argon purging of the upper tundish nozzle is common when aluminum

killed steels are cast. This practice is effective in reducing the rate of alumina

buildup on the nozzle bore, but it does not prevent it. Clogging of the upper

nozzle limits tundish life in some steel plants.

Doloma-based upper tundish nozzles, without argon purging, were devel-

oped in an effort to prevent clogging due to alumina buildup. The properties of

the doloma nozzle are shown in Table 8. The doloma nozzles are based on

Table 8 Typical Analysis of a Fired Doloma Nozzle

Chemical analysis MgO CaO SiO2 Al2O3 Fe2O3 ZrO2

(%) 38.9 55.9 0.9 0.6 0.9 2.8

Physical properties

Bulk density

(g/cc)
2.95

Porosity (%) 14.0
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CaO and MgO with low levels of impurities (Fe2O3, Al2O3, and SiO2). The noz-

zles are fired to high temperatures in order to develop a ceramic bond and have

good erosion resistance. A ZrO2 addition is made to the nozzle formulation to

enhance thermal shock resistance.

There are two key features that make doloma a good candidate to prevent

alumina clogging. One is the high level of free lime (57%) that can react with

alumina inclusions, and the second is that the lime phase is continuous and

readily available to react with these inclusions.

Results in practice have confirmed this theoretical potential of doloma to

prevent clogging of nozzles in the tundish.

Doloma Graphite SENs. Doloma graphite (DG) pouring shrouds were

developed in order to reduce and/or eliminate the tendency for alumina depo-

sition in the SEN or SES. The DG tubes have been used primarily for casting

stainless steels prone to alumina clogging and aluminum killed carbon steels

that are also prone to this problem. Alumina graphite (AG) are typically used

in these applications; however, alumina deposition is usually the limiting factor

for their performance. Properties for several DG materials are shown as com-

pared to a typical AG material in Table 9.

These products are exposed to extreme thermal shock conditions in use,

and it has been shown (15) that doloma-based products can be produced to

have extremely high resistance to thermal shock (as measured by RST values),

higher even than the alumina–graphite application standard. In the case of

doloma graphite products, the high resistance to thermal shock is most likely

related to the presence of microvoids observed around the doloma grains in the

microstructure. These microvoids develop during the manufacturing process

Table 9 Physical and Chemical Properties of DG Compared to AG

DG-1 DG-2 AG

Chemical analysis (%)

MgO 22.0 24.0 —

CaO 33.0 36.0 —

Al2O3 0.6 0.7 62

SiO2 — — 3.0

ZrO2 — — 4.0

Cþ SiC 40 35 24

Bulk density (g/cc) 2.26 2.34 2.23

Apparent porosity (%) 14.0 15.0 12.0

CCS (MPa) 15.9 14.5 32.0
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and probably act in the same way as in other materials (e.g., magnesite-chrome

and doloma-zirconia refractories).

The significance of the microvoids observed in doloma graphite may be

exploited if similar structures can be developed in other types of refractory

products.

VI. SUMMARY

Doloma-based refractories have been applied to the continuous caster to prevent

alumina clogging when casting aluminum killed steel grades. Tundish nozzles

based on doloma have been used at BOF shops that cast a variety of aluminum

killed steel grades. It was found that the sulfur content of the steel was critical

with maintaining the clogging resistance of the doloma nozzles.

The doloma nozzles have prevented alumina buildup and eliminated the

use of argon in the tundish nozzle.

Doloma graphite SENs have been used by stainless steel producers to cast

Ti modified and rare earth (Ce) stabilized stainless steels. The majority of these

steel grades were 400 series. These grades were successfully cast without calcium

treatment.
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Carbonaceous Refractories

Albert J. Dzermejko
Consulting Engineer, Schaumburg, Illinois, U.S.A.

I. INTRODUCTION

The objective of this chapter is to familiarize the user with carbonaceous-type

refractories and provide basic characteristics and application information so that

intelligent decisions can be made when incorporating these types into a lining

design (1). Carbonaceous refractories behave differently than the typical ceramic

refractories, primarily because carbonaceous types are conductive rather than

insulating. All carbonaceous lining systems perform as a “conductive cooling

system” as opposed to a classic definition of a refractory lining that is typically

an “insulating system.” Consequently, proper cooling must always be utilized

with any carbonaceous lining system to assist in maintaining refractory tempera-

tures that are below the critical chemical attack temperature for mechanisms such

as oxidation, alkali, CO degradation, or dissolution of the carbon by molten metal.

The words “carbon” and “graphite” are often used interchangeably in the

literature, but the two are not synonymous. Additionally, the words “semigra-

phite” and “semigraphitic” are also similarly misused. The following describes

the composition, processing, and major characteristics of these various carbon-

aceous materials.

II. CARBONACEOUS REFRACTORY MATERIALS

A. Carbon

The terms “carbon,” “formed carbon,” “manufactured carbon,” “amorphous carbon,”

or “baked carbon” refer to products that result from the process of mixing
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carbonaceous filler material particles such as calcined anthracite coal, petroleum

coke, or carbon black with binder materials such as petroleum pitch or coal tar,

forming these mixtures by molding or extrusion and conventionally baking these

formed pieces in furnaces at temperature from 8008–14008C to carbonize the

binder. Conventionally baked carbon can be densified, and thus its permeability

improved by the introduction of additional binders impregnated into the baked

carbon under vacuum, and the resultant product rebaked to carbonize the impreg-

nation. Multiple impregnations are possible to double or triple densify the end

product. Each densification, however, adds to the cost of producing a denser

product.

Some manufacturers also add special raw materials to the carbonaceous

mix prior to baking to improve the end-product properties. Silicon carbide or sili-

con metal can also be added to improve permeability and abrasion resistance.

B. Hot Pressed Carbon

The Union Carbide Corporation developed a unique proprietary method of man-

ufacturing carbon that is called the BP process or “hot pressing.” Carbon, as pre-

viously described, is a product containing carbon particles with a carbon binder,

and hot pressed carbon is the same, except the manufacturing process is different.

Unlike conventionally baked carbons that can take weeks to bake to volatilize the

binders, this proprietary process of manufacturing “instant carbon” carbonizes

the binders in minutes. In this hot pressing process, a special pressing/carboniz-

ing method is utilized. The carbon particles and binders are mixed as before but

are introduced into a special mold in which a hydraulic ram pressurizes the mix-

ture while, simultaneously, an electric current is passed through the mold, carbo-

nizing the binders. More importantly, as the binders volatilize, the hydraulic ram

compresses the mixture that closes off the pores formed by the volatilizing gases

as they escape. The resulting product is a very impermeable carbon that can be

approximately 100 times less permeable than conventionally baked carbon.

This impermeability is an important property that prevents furnace contaminants

such as alkali and zinc vapor from penetrating into the hot pressed brick structure.

Additions such as silica and quartz are used to make this special hot pressed

carbon more alkali resistant. Normally, alkali materials such as sodium and

potassium react with normal carbon to form damaging lamellar compounds

that “swell,” causing volume expansion and spalling of the carbon. However,

these alkali materials react preferentially with the silica addition in hot pressed

carbon and form compounds that do not “swell,” avoiding damaging volume

expansion or spalling.

Hot pressing results in a higher thermal conductivity than conventional

carbon, which makes this special hot pressed carbon a very successful metallur-

gical furnace hearth wall lining material. This is because the higher thermal
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conductivity of the lining maintains a hot face temperature that is below the soli-

dification temperature of the metal and slag, allowing the formation of a protec-

tive layer (skull) of frozen process materials of metal and/or slag on the hot

pressed lining hot face. The solidified layer of metal and slag protects hot pressed

carbon from the erosive wear from moving liquids and insulates the carbon, pre-

venting chemical attack. The special hot pressing manufacturing process limits

the size of these pressed carbon bricks to 450 � 250 � 115 mm.

C. Graphite

The term “graphite,” also called “synthetic,” “artificial,” or “electrographite,”

refers to a carbon product that has been additionally heat treated at a temperature

between 24008–30008C. This process is called “graphitization,” which changes

the crystallographic structure and also changes the physical and chemical

properties.

Graphite is also found in nature. This natural graphite is found in flake form

and, if used in a refractory product, is usually part of a mixture with ceramic

material or used for the binder. However, clay or ceramic bonded, natural graphite

containing refractory is considered a ceramic product.

Artificial or synthetic graphite refractories begin as a baked carbon

material, similar in manufacture to the carbon refractory material described pre-

viously. However, after carbonizing of the binder is completed, this baked carbon

is then loaded into another furnace to be high-temperature-treated (to be graphi-

tized). This graphitization changes the structure of not only the carbon particles,

but also the binder. The resulting product contains graphitized particles as well as

a graphitized binder.

There is no industry-wide system for designating the various grades of

graphite that are commercially available. Each manufacturer has its own method

and nomenclature to describe the available grades and varieties that are made for

specific purposes or properties. These grades differ in their raw materials, grain

sizes, purity, density, etc. For denser versions, the porosity of the material can

be filled with additional binder materials such as tar or pitch by impregnation

under a vacuum. The impregnated material can then be regraphitized, forming

a denser and less porous product. Multiple re-impregnations/graphitizations

can be performed to provide additional densification.

Purification can also be utilized to reduce the ash levels of graphite for

high-purity requirements. Additionally, proprietary manufacturing methods and

techniques can also be utilized to minimize ash (noncarbonaceous constituent)

or iron contamination of graphites. Iron is a catalyst for oxidation of graphite

in a carbon monoxide environment, so graphite intended for use as a refractory

should contain relatively low ash and iron content.
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D. Semigraphite

The term “semigraphite” is used to describe a carbonaceous product that is com-

posed of artificial graphite particles, mixed with carbonaceous binders such as

pitch or tar, and baked at carbonization temperatures of 8008–14008C. The result-

ing product is composed of carbon bonded graphite particles, in which the graph-

ite particles were manufactured at temperatures close to 30008C, but the binders

have only been baked at the 8008–14008C range. The resulting product, a true

“carbon bonded graphite,” is called semigraphite. Semigraphite exhibits higher

thermal conductivity than the carbons, but because of its carbon binder, not as

high as 100% graphite. Thermal conductivities of any carbonaceous product

will vary with baking temperature and can be increased by rebaking at higher

temperatures. Semigraphites can also be densified as was previously described

for graphite and rebaked to carbonize the newly impregnated binder, reducing

porosity and consequently permeability.

E. Hot Pressed Semigraphite

The proprietary “hot press” method of manufacturing brick can also be used

to make true semigraphite products, utilizing graphite particles combined with

carbon binder and other proprietary ingredients. The process is as described

previously for hot pressed carbon.

F. Semigraphitized Carbon

The term “semigraphitized” refers to a baked carbon that has been additionally

heat-treated at a temperature of between 16008–24008C. This high-temperature

baking process begins to change the crystallographic structure of the carbon and

alters its physical and chemical properties. However, because this additional

heat-treating occurs at temperatures below graphitization temperatures, the pro-

duct is said to be “semigraphitized.” This product contains carbon particles and a

carbon binder that are both semigraphitized. This is different than a semigraphite

product that is composed of graphite particles with a carbon binder.

The resultant semigraphitized carbon, in which both particles and binder

are semigraphitized, provides a material with higher thermal conductivity and

chemical attack (from alkali or oxidation) resistance than either carbon or semi-

graphite materials. This is because alkalis and zinc attack the binder material first

and the semigraphitized binder is more resistant to attack than the carbon binder

of semigraphite.

Carbon and graphite have limitations (2) with regard to oxidation (burning).

In air, particulate carbon burns rapidly at 5008C and in pure oxygen at 4008C and

in CO2 in excess of 6008C. Combustion of carbon in CO is not possible, which is
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an important consideration in steel making. Hot steel-making vessels lined with

carbon-bearing refractory brick can be severely deteriorated in a short period of

time when not protected from air. Similarly, carbon or graphite electrodes in

arc furnaces exposed to air, CO2, or other oxidizing agents while hot will oxidize,

which is the principal cause of deterioration.

Table 1 provides a summary of various carbonaceous refractories, classi-

fied by type.

III. CARBONACEOUS MATERIAL PROPERTIES AND
CHARACTERISTICS

There is no industry-wide standard for designating the various grades of carbon-

aceous materials that are commercially available. Each manufacturer has its own

method and nomenclature to describe the available grades and varieties that are

made for specific purposes or properties. The following will help introduce

carbonaceous products typically utilized as refractory materials.

A. Carbon

Typical carbon refractory material properties are shown in Table 2.

B. Graphite, Semigraphite, and Semigraphitized Carbon

Material properties typically will vary greatly, resulting from the differing

raw materials and processing techniques used by the different manufacturers.

Table 1 Carbonaceous Refractory Types, Compositions and Baking

Temperatures

Product

classification

Characteristics

Baking temp. (8C) Particles Binder

Carbon 800–1400 Carbon Carbon

Hot pressed carbon Approx. 1000 Carbon Carbon

Graphite 2400–3000 Graphite Graphite

Semigraphite 800–1400 Graphite Carbon

Hot pressed

semigraphite

Approx. 1000 Graphite Carbon

Semigraphitized 1600–2200 Semigraphitized

carbon

Semigraphitized

carbon
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Note also the wide range in thermal conductivities of these materials, which, as

was explained previously, depends upon their materials and processing

temperatures.

Table 3 provides a limited list of various semigraphite and semigraphitized

materials and their properties.

Table 4 summarizes typical material properties of graphite.

Tables 5 and 6 describe other parameters that have a direct effect on the

properties of graphite materials. Table 5 illustrates the difference in material prop-

erties of graphite from two different manufacturers that reflects differing raw

materials and processing methods or techniques. As can be seen from Table 5,

the manufacturer has a profound influence on graphite properties due to differing

manufacturing procedures, proprietary methods, and processes. This is primarily

why there is no industry-wide standard for carbonaceous refractories.

Table 6 illustrates the effect of grain size, which also has a profound influ-

ence on material properties.

A critical consideration when designing a graphite-type lining system is

heat flow. The greater the heat flow, typically the better the design. Table 7 tabu-

lates the test results of heat flow measurements on mortar joints (cemented) ver-

sus machined contact (dry) joints.

Table 7 illustrates heat flow through differing graphite refractory interface

conditions. The precision-machined joints (Tests 2 and 6) permitted between

8–16% higher heat flows than the mortared joints (Tests 1 and 5). In one case,

however, the mortared joint (Test 3) permitted a 12% higher heat flow than the

Table 2 Typical Carbon Material Properties

Property

Hot pressed

bricks þ silica addition

High-conductivity,

conventionally

baked, large blocks

Bulk density, g/cc 1.62 1.6

Crushing strength, kPa 30,500 44,000

Modulus of rupture, kPa 8,100 —

Ash, % 10a 13

Permeability, m’Darcys 9 �200

Thermal conductivity,

W/m8K
@6008C 18.4 11

@8008C 18.8 15

@10008C 19.3 16

@12008C 19.7 N.A.

aAsh content includes quartz and silica addition to control alkali attack.
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machined joint (Test 4). This can partially be explained by the fact that the

quality of any mortar application varies greatly as a function of the bricklayer,

the bricklayer’s technique, and tools and/or skills and can sometimes be so

poor that heat transfer can be adversely affected. Conversely, a good mortar

application can provide a beneficial heat-transfer effect.

Unfortunately, there is no way to predict the actual quality outcome of

thousands of mortar joints in a typical refractory application, so some designers

believe that joints should be minimized or mortar eliminated in favor of pre-

cision-machined contact. However, it should also be noted that properly prepared

and applied mortar joints provide critical differential expansion compensation

and actually enable mortared carbonaceous refractory linings to accommodate

high differential stresses and avoid cracking. Machined contact joints provide

Table 4 Typical Graphite Material Properties

Properties

Graphite material description

Standard

density,

standard ash

Standard

density, low

ash

Medium

density, low

ash

High

density, low

ash

Bulk density, g/cc 1.63 1.67 1.72 1.80

Porosity, % 21 16 14 12

Ash, % 0.5 0.2 0.2 0.2

Cold crushing strength,

kPa

20,000 28,000 40,000 51,000

Thermal conductivity,

W/m8K:

@208C 150 140 15 160

@10008C 70 70 75 80

Table 5 Graphite Material Properties from Two Different

Manufacturers

Property

Raw material manufacturer

A B

Thermal conductivity, W/m8K 165 235

Thermal expansion, @ 2.4 � 1026 1.1 � 1026

208C
Dl/1208C

Young’s modulus, kPa 9.86 � 106 13.72 � 106
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Table 6 Effects of Grain Size on Graphite Properties

Raw material size Property Value

Fine 1.55

Medium Density, g/cc 1.54

Coarse 1.44

Fine 1.0 � 1026

Medium Thermal expansion, @208C 1.4 � 1026

Coarse D1/1208C 1.9 � 1026

Fine 17,900

Medium Flexural strength, kPa 8,300

Coarse 5,700

Table 7 Comparison of Heat Flow Through Graphitic Refractory Interface Conditions

Joint type Test no. Sample material Joint composition

Longitudinal heat

flow, Watts

Dry vs. mortared

joints

1

2

Hot pressed

semigraphite

bricks

1.5 mm mortar

Dry (no mortar)

522

623 (16% higher)

617 (12% higher)

3

4

Machined

semigraphite

blocks

1.5 mm mortar

Dry (no mortar) 543

835

5

6

Machined

graphite blocks

1.5 mm mortar

Dry (no mortar)

906 (8% higher)

Ram joint vs.

machined

contact to

copper cooler

7 Machined

semigraphite

and 25-mm

layer of

graphitic ram

25-mm graphite

ram layer

548

8 Machined

semigraphite

block in contact

with copper

cooler

Dry (no mortar) 648 (15% higher)

Standard density

graphite vs.

premium

density

graphite vs.

semigraphite

6

9

4

Machined

graphite blocks

Machined

premium

graphite blocks

Machined

semigraphite

blocks

Dry (no mortar)

Dry (no mortar)

Dry (no mortar)

906 (30% lower)

1176

543 (11% lower)
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no such protection unless the designer includes proper differential expansion

compensation provisions.

The effect on heat flow of graphite versus dense graphite versus semigra-

phite (Tests 6, 9, and 4) is also evident in Table 7. The premium dense graphite

blocks show a desirable significant increase in the heat flow because of their

higher density and consequential higher conductivity.

In general, carbon, semigraphitized carbon, and sometimes semigraphite

materials are normally utilized for the hot face of blast furnace hearth linings

that are in direct contact with molten materials. Graphite materials are usually

restricted to the backup lining to take advantage of their very high thermal con-

ductivity and because they are more easily dissolved by molten iron from dissol-

ution. Typically, ceramic refractories such as high alumina, mullite, and chrome

corundum are used in the uppermost hearth pad layer as a wearing surface to

minimize exposure of the carbon or semigraphite to molten iron and to provide

an impermeable insulating crucible in which the “salamander” can reside.

C. Ceramic

Typical ceramic refractory materials used in the hearth wearing surface are

shown in Table 8. Note that the thermal conductivities of ceramic refractories

(insulating) are significantly lower than any carbonaceous refractory. The proper-

ties and characteristics of all ceramic refractories depend on the type, quality, and

source of the raw materials utilized in their mix and the particle size makeup.

The fine particles in the mix form the ceramic bonding of the larger par-

ticles as the material is fired at high temperature. The fired refractory contains

Table 8 Typical Hearth Ceramic Refractory Properties

Ceramic material

Property

Hard-burned,

superduty fireclay

60%

alumina

Artificial

mullite

Chrome

corundum

Density, g/cc 2.24 2.40 2.45 3.43

Crushing

strength, kPa

31,000 35,000 85,000 78,000

Porosity, % 13 22 19 8

Thermal

conductivity,

W/m8K
@5008C 1.9 2.0 — —

@10008C 0.9 1.7 1.8 2.3
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larger crystalline particles bonded together with glass or other small crystalline

particles that have fused together during firing.

Critical spalling rates for various refractory materials are shown in Table 9

(3). All refractories will spall and crack if they are exposed to severe magnitudes

of temperature fluctuations that exceed their “critical spalling rate.” Table 9 lists

the critical spalling rates for a variety of refractory materials.

These critical spalling rates define the maximum temperature variations

over time that the hot face of the refractory can survive without cracking. At

higher rates, cracking will occur whether the temperature change is through heat-

ing or cooling. Note that carbonaceous materials can withstand much higher

temperature fluctuations than ceramic materials, making them extremely valu-

able for applications subjected to severe thermal cycling.

IV. BLAST FURNACE HEARTH WALLS

Blast furnace hearth wall concepts and designs vary worldwide and provide totally

different performance histories. However, the mechanisms of hearth wear are iden-

tical regardless of the region. These include chemical attack by alkalis and zinc

vapor, slag, dissolution of the carbon by iron, oxidation, carbon monoxide degra-

dation, and erosion by molten material movement. Additionally, operating practices,

inadequate or improper cooling, furnace internal geometry, and lining configuration

and composition can also intensify the effects of these wear mechanisms.

There are many reasons for the many different concepts, designs, and con-

figurations utilized, including historical, evolutionary “solutions” that inadvertently

have become accepted “standards” within a specific region. Yet the conservative

nature of the Industry in general tends to avoid changing concepts or configurations

that have been historically utilized, oftentimes for long-forgotten reasons.

Table 9 Critical Spalling Rates for Various

Materials

Material 8C/min 8F/min

High duty 4 7

High alumina 5 9

Chrome corundum 5 9

Cast iron 50 90

Silicon carbide 50 90

Carbon 200 400

Semigraphite 250 450

Graphite 500 900
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Consequently, blast furnace hearth wall designers must properly identify

and address all factors that can contribute to refractory wear, including the actual

cause of the problem, not just the “symptoms.” For example, it has been a stan-

dard practice in some regions to increase lining wall thickness as a response to

severe wall material loss, when the actual cause of the initial material loss was

that the wall was originally too thick to be properly cooled or to accommodate

differential stresses through its thickness!

Making the wall even thicker doesn’t solve the real problem of cracking and

cooling loss. It only prolongs the period before wall wear would again reach a

critical state, a sort of race of “mass against time”! Unfortunately, this kind of

“mass vs. time” solution doesn’t eliminate the actual problem cause, which is

cracking of the carbon and consequential degradation and ineffective cooling.

A thinner, highly conductive, and effectively cooled wall lining with proper

differential movement compensation can eliminate the actual problem that causes

the wear and allow a long-term, reliable campaign because differential movement

and stresses are eliminated, preventing cracking. Consequently, effective heat

transfer and thermal conductivity can be maintained throughout its lifetime,

achieving and maintaining thermal equilibrium and resulting in a protective

and insulating hot face accretion (skull).

In order to assist in this regard, a series of computer simulations were con-

ducted to analyze the theoretical performance of two different hearth wall lining

compositions and configurations, to demonstrate differing predicted performance

outcomes for the same operating conditions.

Table 10 summarizes the thermal performance of various blast furnace

hearth wall carbonaceous lining material concepts, utilizing a heat-transfer anal-

ysis of each hearth wall composition (Case 1 through Case 5).

Table 10 Carbonaceous Wall Lining Materials Performance Comparison

Case no. Wall lining material Condition

Carbon hot

face temp.

Heat flux

(kW/m2)

1 Hot pressed carbon brick Blow-in 821 11.4

2 Hot pressed carbon brick Skull formation @

equilibrium

206 2.5

3 Large block carbon

w/ceramic cup

Blow-in 700 6.3

4 Large block carbon

w/ceramic cup

Crack formation, ram

shrinkage, and

deterioration

852 3.9

5 Large block carbon

w/ceramic cup

Carbon and ram

chemical attack

943 3.4
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In Case 1, the initial blow-in (new) condition of a new hot pressed carbon

wall section results in a high lining hot face temperature because molten

materials would be in direct contact with the carbon so that heat flow is unim-

peded by any hot face insulating accretion (skull).

In Case 2, the resultant achievement of a thermal equilibrium allows for-

mation of an insulating skull formed from solidifying slag materials on the carbon

lining hot face, resulting in a greatly reduced hot face temperature.

Case 3 represents a large, single-thickness block carbon wall lining in the

blow-in (new) condition that includes a high-melting-point ceramic material on

the carbon lining hot face intended for protecting the carbon.

Case 4 represents the deteriorated condition of Case 3 caused by stress

cracking from differential thermal expansion of the large, single-thickness blocks

that interrupts effective heat transfer through the carbon and thermal degradation

of the ramming layer between the ceramic and the carbon.

Case 5 represents continued carbon and ram deterioration from chemical

attack resulting from degradation and loss of thermal conductivity as lining

material temperatures continue to rise unabated.

The primary reason for lining failure demonstrated in Cases 4 and 5 is the

differential temperature cracking that interrupts heat transfer and results in

chemical attack of the carbon and loss of thermal conductivity and consequential

lack of a skull formation on the ceramic lining hot face. As a result, the ceramic

lining absorbs heat because the deteriorating carbon cannot cool it effectively.

Consequently the cold face of the ceramic becomes very hot versus time, further

intensifying chemical attack of the carbon by alkalis and zinc vapor. Addition-

ally, since the now hot “insulating” ceramic has become a heat source within

the lining, it allows molten materials to penetrate into the stress cracks and joints

of the carbon, causing dissolution of any exposed carbon and/or ram and conse-

quential carbon loss and “break-out” possibilities.

The theoretical advantage of utilizing an “insulating” ceramic lining is lost

because of ram deterioration and carbon block cracking, both of which interrupt

heat transfer and result in carbon temperatures that exceed the “critical reaction

temperature” for chemical attack by alkalis and zinc. Additionally, because the

hot face ceramic cannot be sufficiently cooled because of the loss of continuity

caused by the cracks and the loss of conductivity by the carbon, thermal equili-

brium cannot be achieved. Thus, instead of providing “insulation,” the ceramic

layer instead becomes hotter and hotter versus time as it absorbs heat from the

molten materials and thus creates a “heat source” on the hot face of the carbon.

This heat absorption by the “insulating” ceramic continues unabated until it

reaches a temperature that is nearly the same as the molten materials in which

the ceramic is exposed on its hot face. This is the same effect that would occur

if a block of this insulating ceramic would be submerged in a ladle of molten

metal, after which in a very short time, this “insulating” material would reach
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an equilibrium temperature with the metal because it could not be cooled. Con-

sequently, including an insulating type, ceramic hot face wall lining with the heat

conducting carbon wall lining design, prevents the achievement of thermal equi-

librium, because the ceramic actually becomes a heat source so that an insulating

layer of solidified materials (skull) cannot form on its hot face.

V. CONCLUSION

Carbonaceous refractories behave differently than the typical ceramic refrac-

tories, primarily because carbonaceous types are conductive rather than insulat-

ing. All carbonaceous lining systems perform as a “conductive cooling system”

as opposed to a classic definition of a refractory lining that is typically an

“insulating system.” Consequently, proper cooling must always be utilized

with any carbonaceous lining system to assist in maintaining refractory tempera-

tures that are below the critical chemical attack temperature for mechanisms such

as oxidation, alkali, CO degradation, or dissolution of the carbon by molten

metal.

There is no industry-wide system for designating the various grades of car-

bonaceous materials that are commercially available. Each manufacturer has its

own method and nomenclature to describe the available grades and varieties that

are made for specific purposes or properties.

Carbonaceous materials exhibit excellent thermal conductivity, volume

stability, chemical attack resistance, and thermal shock resistance,

making them a valuable component for refractory applications. However, they

must be properly cooled to assure long-term survivability in metallurgical

applications.

Various methods can be utilized to accommodate internal stresses such as

mortared joints or proprietary differential thermal expansion compensation, and

carbonaceous materials can be combined in applications with various types of

ceramic materials to take advantage of the best properties and characteristics

of each.
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9
Spinel-Containing Refractories

S. Zhang and W. E. Lee
The University of Sheffield, Sheffield, England

I. INTRODUCTION

The minerals in the group of “spinel” are double oxides that crystallize in the

cubic crystallographic system. They are generally indicated by the formula

AB2O4, where “A” is a divalent element such as Mg, Fe, Zn, Mn, Ni, Co, V,

and Cu, and “B” a trivalent element such as Al, Fe, and Cr with reciprocal dia-

dochal exchange. An enormous number of individual compounds (.200) and

systems can justifiably be classified as spinels. Apart from those compounds clo-

sely related to the naturally occurring parent mineral spinel [i.e., magnesium-alu-

minate spinel, MgAl2O4 (MA)], there are many compounds that are structurally

related (with greater or lesser variations), and there are also a broad range of solid

solutions adhering to the same structure. Spinels associated with refractories sys-

tems include FeFe2O4, FeAl2O4, FeCr2O4, MgFe2O4, MgAl2O4, MgCr2O4, and

their solid solutions. Some of their properties are listed in Table 1 (1). Among

these spinels, MgAl2O4 and MgCr2O4 offer a good combination of physical

and chemical properties such as high refractoriness, high mechanical strength,

and high resistance to chemical attack, so they are consequently used to make

a variety of spinel-containing refractories. Although MgCr2O4-containing refrac-

tories are still being used in many areas, due to the carcinogenic nature of Cr6þ,

they have been and are continuously being replaced by MgAl2O4-containing

refractories. Therefore, in this chapter, we emphasize the raw materials, proces-

sing, properties, and applications of MgAl2O4-containing refractories.

The crystallography, stoichiometry, and typical properties of MA spinel

will be described followed by a discussion of preparation methods of spinel pow-

ders and aggregates. The production, microstructures, and properties of several of
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the most widely used spinel-containing refractories such as MgO–MA and

Al2O3–MA system refractories, and newly developed spinel-containing refrac-

tories such as MgO–MA–MgTi2O5 and MgO–MA–ZrO2 will be summarized.

Finally, likely future work on development and application of spinel-containing

refractories will be discussed.

II. SPINEL CRYSTALLOGRAPHY

The crystallographic structure of the MA spinel was determined independently

by Bragg (2) and Nishikawa (3). It is simple cubic and belongs to space group

Fd3m with eight formula molecules in one cubic unit cell. The oxygen ions

form an almost perfect cubic close-packed array with the metal ions distributed

among the resulting positions of fourfold and sixfold oxygen coordination. The

maximum number of possible tetrahedral and octahedral sites is 64 and 32,

respectively. The coordinates of the ionic positions for this space group are 8 pos-

itions of fourfold oxygen coordination at 8a, 16 positions of sixfold oxygen

coordination at 16d, and 32 positions at 32e.

The 32 oxygen ions occupy the 32-fold positions, and the cations occupy

the 8-fold and 16-fold positions. In MgAl2O4, 8 Mg2þ ions are distributed at

the 8a positions, and the 16 Al3þ ions at the 16d positions, so only 1/8 of the tet-

rahedral cation sites are occupied by Mg2þ ions and 1/2 of the tetrahedral cation

sites by Al3þ ions (Figure 1). Thus, the MA spinel structure has great potential to

accommodate a number of other types of divalent and trivalent cations, allowing

large deviations from stoichiometry and solid solution formation. The divalent

and trivalent cations are usually limited to those with radii from 0.044–

0.100 nm so that they can be accommodated in the tetrahedral and octahedral

sites.

III. TYPICAL PROPERTIES OF MA SPINEL

As will be discussed in Section V, spinel can be synthesized using different raw

materials and via different processes; therefore, the properties of synthesized

spinels vary. Table 2, as an example, lists some typical properties of dense, sin-

tered, stoichiometric spinel (4). Spinel has a higher melting temperature (21358C)

than Al2O3 (20548C) but lower than MgO (28508C). Its thermal expansion coef-

ficient (�8.4 � 1026/K) is close to that of alumina (�8.8 � 1026/K), but much

lower than MgO (�13.5 � 1026/K). Furthermore, it has superior hydration

resistance than periclase and thus can be used in water-based castable systems.
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IV. MA SPINEL STOICHIOMETRY

MA spinel has a range of stoichiometry discernable by its phase field in the

MgO–Al2O3 phase diagram (Figure 2). Stoichiometric MA contains 28.3 wt%

MgO and 71.7 wt% Al2O3. However, with increasing temperature, a wide

range of nonstoichiometry may form in the system and the solid solubility of

alumina in MA spinel is higher than that of magnesia at the same temperature.

For example, the solid solubilities of MgO and Al2O3 at 16008C are 2 and

6 wt%, respectively, but increase to 3 and 10 wt%, respectively, at 17008C.

Clearly, it is more likely that single-phase MA spinel is alumina-rich, and this

can be indicated by the notation MgO . nAl2O3 where n, the number of moles

of alumina, can be as high as 7.3 (5). MgO-rich spinel (n , 1) is, according to

the phase diagram, theoretically achievable by quenching from very high

temperatures (.16008C), but more commonly MgO-rich spinel grain contains

periclase and is located in the MgO-spinel binary phase field.

Figure 1 View of the spinel crystal structure.
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Table 2 Properties of Sintered, Stoichiometric

MA Spinel

Melting point (8C) 2135

Thermal expansion (�1026/8C)

1008C 5.6

5008C 7.6

10008C 8.4

15008C 10.2

Thermal conductivity (W/mK)

258C 15

1008C 13

5008C 8

10008C 5

Density (g . cm23) 3.58

Young’s modulus (GPa) 240–284

Bending strength (MPa),

RT 110–245

14008C 8–10

Hardness (GPa) 15

Source: From Ref. 4.

Figure 2 Phase diagram of the MgO–Al2O3 system.
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In alumina-rich spinel, Al3þ replacing Mg2þ ions on tetrahedral sites

with charge compensating cation vacancies on the octahedral sites accommo-

dates the excess alumina stoichiometry range in the crystal structure. Because

the ionic radius of Al3þ (0.050 nm) is also significantly smaller than that of

Mg2þ (0.065 nm), doping with excess Al3þ leads to the formation of vacant

cation sites, i.e., MA becomes cation deficient with a smaller unit cell volume.

Figure 3 (5) shows that the spinel lattice constant decreases with increasing

mole number of alumina. If the lattice constant of spinel is known, then

using Figure 3, the amount of excess alumina in an alumina-rich spinel can

be estimated. The cation vacancies formed in the alumina-rich spinel can

accommodate many different cations, conferring spinel-containing composites

with some interesting properties. For example, due to the accommodation of

slag ions such as Fe2þ and Mn2þ by the spinel structure, spinel-containing

refractories show improved slag penetration resistance, which will be discussed

in detail in Section VI. In contrast to alumina-rich spinel, in MgO-rich spinel,

enlargement of the spinel unit cell occurs with the formation of oxygen vacant

sites, i.e., doping with excess MgO leads to the formation of an anion-deficient

structure. In this case, the lattice constant increases slightly with increasing

MgO content.

Figure 3 Lattice constant of spinel as a function of mole number (n) of Al2O3. (From

Ref. 5.)
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Alumina-rich, stoichiometric, and MgO-rich spinels are all used by the

refractories industry, and their stoichiometry affects sinterability, physical prop-

erties such as mechanical strength, and chemical properties such as slag corrosion

resistance of spinel-containing refractories (see Section VI).

V. PREPARATION OF SPINEL POWDERS
AND AGGREGATES

Spinel can be introduced into refractories in the following ways: (1) as preformed

synthetic spinel powders in the matrix; (2) as preformed spinel aggregates; (3) by

formation of in situ spinel by addition of Al2O3 to MgO-based refractories or

MgO to Al2O3-based refractories; and (4) by formation of in situ spinel by

addition of a mixture of MgO and Al2O3 powders. Processes for the synthesis

of spinel powders or aggregates will now be described.

A. Synthesis of Spinel Powders

1. Conventional Oxide Mixing (Solid–Solid Reaction)

MA spinel does not occur in nature and so commercial powders have to be syn-

thesized using a wide variety of techniques. The oldest, simplest, and still most

widely used method is the conventional oxide mixing (CMO), or solid–solid

reaction, technique. With this technique, powdered MgO- and Al2O3-bearing

compounds (e.g., oxides, hydroxides, or carbonates) are mixed and pressed

into pellets or some other shapes and then heated in a furnace at high temperature

for prolonged periods. After synthesis, the product mass is crushed to aggregates

or further ground to powders with the desired size distribution.

Spinel formation via CMO has been investigated extensively [e.g., (6)].

Initially, all the elements necessary to form the MA product are present at

every interface between particles of MgO and Al2O3. Therefore, small crystals

with the spinel stoichiometry and structure are nucleated relatively easily on

the surfaces of either MgO or Al2O3 grains (Figure 4). Once these initial spinel

layers form, subsequent growth or thickening of the spinel product becomes

much more difficult because, effectively, the two reactants, MgO and Al2O3,

are no longer in contact but are separated by a rather impenetrable spinel

layer. To continue the reaction, a complex counterdiffusion process is thus

required in which Mg2þ ions diffuse away from, and Al3þ ions diffuse toward,

the MgO–MgAl2O4 interface and vice versa for the MgAl2O4–Al2O3 interface.

To preserve local electroneutrality during the reaction and throughout the

product, it is necessary that, for every three Mg2þ ions that diffuse to the

right-hand interface, two Al3þ ions must diffuse to the left-hand interface. The
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reactions that occur at the two interfaces may be written, ideally, as

At the MgO=MgAl2O4 interface:

2Al3þ � 3Mg2þ þ 4MgO ¼ MgAl2O4

At the MgAl2O4=Al2O3 interface:

3Mg2þ � 2Al3þ þ 4Al2O3 ¼ 3MgAl2O4

The overall reaction is: 4MgO þ 4Al2O3 ¼ 4MgAl2O4

from which it can be understood that the right-hand interface should move three

times as quickly as the left-hand interface (Figure 4).

Spinel formation reaction by this process is particularly slow because ions

such as Mg2þ and Al3þ diffuse slowly. Defects are required, particularly vacant

sites into which adjacent ions can hop. High temperatures are also required so that

ions have sufficient thermal energy to, occasionally, vibrate or hop out of one site

into an adjacent vacancy or interstitial site. Consequently, it can be difficult for

solid-state spinel formation reactions to proceed to completion as the remaining

reactants become increasingly separated from each other. A popular way of

accelerating the reactions is to frequently regrind the partially reacted mixtures,

which acts to break up reactant–product interfaces and to bring fresh reactant

surfaces into contact. Alternatively, if gas- or liquid-phase assisted transport of

matter can occur, the reactants may be brought together without the need for

long-range solid-state diffusion. A small amount of gaseous or liquid transporting

agent (mineralizer) may be effective in enhancing reaction rates.

Effective mineralizers for spinel formation reactions include fluorine- and

boron-containing compounds. The former includes LiF, NaF, AlF3, Na3AlF6,

Figure 4 Formation of MA spinel product on the reactant MgO and Al2O3 grains by a

counter-diffusion process.
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ZnF2, CaF2, and BaF2, whereas the latter includes, e.g., CaB4O7 and B2O3. These

mineralizers can form liquid phases and/or help create cation vacancies, increas-

ing spinel formation rate and decreasing its formation temperature. Figure 5

shows the effect of addition of LiF and a combination addition of LiF þ CaCO3-

on spinel formation [after (7)]. Using 2 wt% LiF or 2 wt% LiF þ 3.3 wt% CaCO3

significantly increases the rate of spinel formation. Figure 6 shows the effect of

additions of CaB4O7 or B2O3 on the spinel formation reaction [after (8)]. With

increasing addition from 0 to 1.0 wt%, the content of spinel formed increases

markedly. Figure 6 also shows that for the same amount of addition, CaB2O4

is more effective than B2O3, indicating that not only the type of mineralizer

but also the amount is important to the spinel formation reactions.

2. Electrofusion

An electrofusion (EF) process is also used to synthesize spinel. Starting materials

such as natural magnesite and calcined alumina are melted in an electric arc fur-

nace to a temperature above the melting point of the mixture, so that MgO and

Al2O3 react with each other to form spinel in the molten state. After reaction,

the molten product is cooled to a solidified ingot that can be crushed to aggregates

Figure 5 Effect of addition of LiF or LiF þ CaCO3 on the formation of spinel. (From

Ref. 7.)
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or further ground to controlled particle size distribution powders. The spinel

formation reaction by EF is more complete than by CMO, and the spinel syn-

thesized is usually purer and more homogeneous than by CMO due to volatiliz-

ation of impurities. However, spinel powders prepared by EF have lower surface

reactivity than by CMO, thus requiring even higher temperatures to densify them

to aggregates or final products. Another problem with this technique is that

very high temperatures (�22008C) are needed, so the process is highly energy-

intensive and thus financially expensive.

3. “Wet-Synthesis” Techniques

To prepare high-quality (uniform and reactive) spinel powders at lower tempera-

ture, several so-called wet-synthesis methods, including, e.g., sol-gel and hydro-

thermal synthesis processes, have been developed.

The starting point in the sol-gel technique is to prepare a homogeneous sol-

ution containing all the cationic ingredients. The solution is gradually dried and,

depending on the species present, it may transform to a viscous sol containing

particles of colloidal dimensions and, finally, to a transparent, homogeneous,

amorphous solid gel, without precipitation of any crystalline phases. The gel is

then fired at appropriate temperatures to remove volatile components trapped

in the pores of the gel or chemically bonded organic-side groups and to crystallize

the final product. The reagents for sol-gel synthesis of spinel are usually

metal-organic compounds, especially alkoxides such as aluminium isopropoxide

and magnesium ethoxide, or inorganic salts such as Mg(NO3)2
. 6H2O and

Figure 6 Effect of addition of CaB4O7 or B2O3 on spinel formation.
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Al(NO3)3
. 9H2O. Spinel powders prepared by sol-gel processes are pure, homo-

geneous, and highly reactive, and the synthesis temperature (as low as 800–

10008C) is much lower than CMO and EF. However, this synthesis technique

often requires expensive (and environmentally unfriendly) organic precursors

and solvents (9,10), and so is only applicable to niche cases and for small-

scale products.

Synthesis of spinel powders using hydrothermal techniques involves react-

ing the MgO- and Al2O3-bearing precursors in water/steam at appropriate press-

ures and temperatures. After reaction, the resulting spinel-forming precursors can

be pyrolysized at appropriate temperatures to obtain reactive spinel powders.

Fujiyoshi et al. (11) recently synthesized MA spinel precursors by hydrother-

mally heating gibbsite and magnesium acetate [Mg(CH3COO)2] for 48 hr at

15.2 MPa and 2008C. They found that spinel could be prepared by heating the

precursors at temperatures as low as 5008C. Similar to the sol-gel process, hydro-

thermal synthesis markedly decreases the spinel synthesis temperature while

the resulting spinel powders are homogeneous and reactive. The drawbacks

with this technique are that it sometimes uses similar precursors to the sol-gel

process and requires a high-pressure autoclave. Furthermore, long reaction

times are generally needed to complete the reaction (often several days).

4. Other Novel Synthesis Techniques

Besides “wet-synthesis” methods, another two novel methods have been used to

synthesize MA spinel powders. These are mechanochemical alloying and molten

salt synthesis (MSS).

In mechanochemical alloying, the appropriate raw materials (oxide,

hydroxides, or carbonates) are mixed and co-milled by a high-energy milling

machine. On milling a spinel-forming precursor forms from which fine spinel

powders can be obtained by crystallization usually below �12008C. Kim and

Saito (12) investigated the effect of dry milling of a powder mixture of

Mg(OH)2 and Al(OH)3 on spinel formation and found that MA spinel crystallized

in a mixture ground for only 15 min at as low as 7808C.

The MSS technique uses low-melting salts as the reaction medium and/or

reactants, thus permitting atomic-scale mixing of the reactants in the liquid phase.

This, along with the quicker diffusion of species in the liquid medium, means the

spinel formation reactions can be completed at a relatively low temperature and

in a short time. Zawrah and Kheshen (13) co-melted Al(NO3)3
. 9H2O and

Mg(NO3)2
. 6H2O at 5008C for 2 hr and later calcined the resulting mixture at

500–10008C to prepare MA powders. They found that pure nanocrystalline

(with a maximum size of �10 nm) spinel powders can be obtained by calcining

the mixture at 10008C.
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B. Preparation of Spinel Aggregates

Spinel aggregates used in refractories include fused aggregates and sintered

aggregates. Fused spinel aggregates are produced by an electro-fusion process

while sintered aggregates are usually made by either reaction sintering of

Al2O3 and MgO (single-stage sintering) or sintering of partially spinelized pow-

ders or preformed spinel powders (double-stage sintering). Commercially, inex-

pensive Al2O3 and MgO sources may be used such as bauxite and brucite. Several

research groups including Bradt et al. (14) and Cunha-Duncan and Bradt (15)

have examined production of MA spinel aggregates from various types of readily

available minerals.

Compared to sintered spinel aggregates (especially those produced by one-

stage sintering), electro-fused spinel aggregates are usually purer, denser, and

more homogeneous. Furthermore, the spinel crystallite size in the aggregates is

larger (up to mm) than in sintered aggregates. These features, along with lower

surface reactivity, confer good slag penetration and corrosion resistance and

high hot mechanical strength on refractories using fused spinel aggregates

although they may lead to poorer thermal shock resistance than sintered

aggregates.

Sintered spinel aggregates can be produced by either a single-stage or a

double-stage sintering technique. However, it is usually difficult to produce

dense spinel aggregates by single-stage sintering, i.e., by direct reaction sintering

of a mixture of Al2O3 and MgO. The main reason for this is the large volume

expansion (5 � 8%) associated with spinel formation via MgO þ Al2O3 ¼

MgAl2O4. Thus, in single-stage sintering, even when a high sintering temperature

(depending on the reactivity of the starting materials and their impurity levels,

often .17008C) is used, the synthesized spinel aggregates are still porous. To

obtain dense sintered spinel aggregates, the general practice is to use the

double-stage sintering technique. In the first stage, partially spinelized or comple-

tely spinelized powders (i.e., preformed spinel powders) are prepared using the

methods outlined in Section V.A, and in the second stage, the preformed powders

are further sintered at high temperatures to obtain dense spinel aggregates.

Clearly, the sintering behavior of preformed spinel powders plays an

important role in preparation of dense spinel aggregates (or products). Therefore,

factors affecting sintering behavior of spinel powders will now be discussed.

A key factor is the powder surface reactivity. The higher the surface reactivity

of the preformed spinel powders, the better their sinterability. Fused spinel pow-

ders usually have poor surface reactivity, so they show poor sinterability. On the

other hand, because of the higher surface reactivity of powders synthesized by

processes such as “wet synthesis,” mechanochemical alloying, and molten salt

synthesis, spinel densification can be completed at much lower temperatures.

For example, Kong et al. (16) sintered MA spinel powders prepared by the
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mechanochemical process and found that spinel could be densified to .96%

theoretical density at a temperature as low as 15008C. In the double-stage sinter-

ing process, the calcination temperature in the first stage is important, as it affects

the surface reactivity and volume expansion associated with the spinel formation

reaction. Generally speaking, with increasing calcination temperature, the spine-

lizing extent increases and thus the volume expansion associated with the spinel

formation reaction decreases. However, increased calcining temperature usually

decreases surface reactivity. Therefore, in double-stage sintering, an appropriate

calcination temperature must be selected so that the spinel powders maintain a

high surface reactivity but suffer from a minimum effect of volume expansion

during the second-stage.

Spinel stoichiometry affects the sinterability of spinel powders since oxy-

gen lattice diffusion through vacancies is the rate-controlling step and the oxygen

vacancy (Vo) content is a function of stoichiometry (17). The oxygen ion is

believed to be the slowest moving species for diffusion because it is large

(0.14 nm) and has low diffusivity in both Al2O3 and MgO, which have close-

packed oxygen sublattices similar to MA. The generation of oxygen vacancies

extrinsically in nonstoichiometric MgO-rich compositions promotes oxygen

lattice diffusion, and densification is consequently enhanced. In Al2O3-rich com-

positions, however, oxygen vacancies are not likely to be the predominant defect

species, even though their diffusion is the rate-determining sintering step. Al2O3-

rich compositions exhibit much lower densification rates than nonstoichiometric

MgO-rich compositions, as expected from the low concentration of Vo. The

reason for this is that the electrostatic attraction of neighboring oppositely

charged point defects form defect clusters indicated by the following reactions:

Vo þ VMg ¼ (Vo, VMg)�

3Vo þ 2VAl ¼ (3Vo, 2VAl)
�

The effects of additives on the sintering of spinel powders have also been exten-

sively studied. As in spinel formation, fluorides such as LiF, ZnF2, BaF2, AlF3,

and CaF2 improve the sinterability of spinel powders by formation of a liquid

phase. However, B2O3, a strong mineralizer for spinel formation, hinders the den-

sification of spinel powders. A similar detrimental effect is also found with V2O5.

The quicker crystal growth due to additions of B2O3 and V2O5 probably hinders the

sintering process (18). TiO2 is one of the most investigated additives for the sinter-

ing of spinel powders [e.g., (18,19)]. It is commonly accepted that addition of

appropriate amounts of TiO2 can significantly increase spinel densification.

Increasing TiO2 from 0 to 1.5 wt% gradually increases the sintered density

(Figure 7) believed due to exsolution of alumina and dissolution of TiO2 in spinel

(19). Other additives that are effective in accelerating the sintering of spinel include

AlCl3, Y2O3, Yb2O3, Dy2O3, Cr2O3, MnO2, SrO, BeO, and ZrO2 (or ZrSiO4).
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C. Commercial Spinel Materials

As described in Section B, spinel powders and aggregates used in refractories can be

prepared using a range of materials and processes. Due to the differences in properties

of the raw material, stoichiometry of spinel and synthesis processes, spinel powders

and aggregates prepared for use in refractories exhibit differing properties and per-

formance. Table 3 lists typical properties of some industrial spinel raw materials pro-

duced by sintering and electro-fusion processes. The main impurities in spinel raw

materials include Na2O, CaO, and SiO2. Higher levels of impurities and porosity

are found in reaction sintered spinels from bauxite and magnesite (Sintered MA4).

Sintered MA1, MA2, and MA3 are pure sintered spinels produced by Alcoa with com-

mercial designations MR66 (MgO-rich), AR78 (nearly stoichiometric), and AR90

(alumina-rich), respectively. MR66, due to its hydration tendency, is mainly used to

make spinel-containing bricks, whereas AR78 and AR90 are more commonly used

in castable systems. MR66, AR78, and AR90 are well sintered so that their density

and porosity levels are close to those seen in fused spinel although their spinel crystal-

lite sizes are smaller (a few 10 s of mms). Figures 8 and 9 show the microstructures of

AR78 and AR90 (20) revealing alumina laths and angular spinel crystallites in AR90

and angular spinel crystallites and light CA6 and CMAS (CaO–MgO–Al2O3
. SiO2)

secondary phases in AR78.

Figure 7 Effect of TiO2 addition on the relative density of sintered spinel. (From

Ref. 19.)
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Table 3 Chemical Compositions and Densities of Industrial Spinel Raw Materials

Sintered

MA1

(MR66)

Sintered

MA2

(AR78)

Sintered

MA3

(AR90)

Sintered

MA4 Fused MA

Chemical

composition

(wt%)

MgO 32.0–33.5 22.0–23.0 9.0–10.0 30.11 26.19

Al2O3 �66 �78 �90 59.74 73.32

CaO 0.31–0.47 0.22–0.26 0.12–0.16 1.17 0.22

SiO2 0.06–0.12 0.08–0.12 0.03–0.10 4.31 0.06

Na2O 0.02–0.04 0.06–0.12 0.13–0.17 0.03 0.17

Fe2O3 0.15–0.25 0.10–0.20 0.05–0.08 1.45 0.04

TiO2 — — — 2.81 —

Bulk density

(g . cm23)

3.26–3.29 3.25–3.29 3.38–3.42 3.00 3.48

Apparent

porosity (%)

1.2–2.0 1.50–2.0 1.5–2.5 9.2 ,1.5

Figure 8 SEM image of AR90 showing angular spinel (S) and alumina laths (A). (From

Ref. 20.)
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VI. SPINEL-CONTAINING REFRACTORIES

A. Main Types

Modern spinel-containing refractories (neglecting MK chromium spinels) can be

classified into the following main types: (1) MgO–Al2O3 refractories (including

MgO–MA, pure MA, and Al2O3–MA); (2) MgO–Al2O3–TiO2 refractories

(including, e.g., MgO–MA–MgTi2O4 and Al2O3–MA–Al2TiO5); (3) MgO–

Al2O3–ZrO2 refractories (including MgO–MA–ZrO2 and Al2O3–MA–ZrO2);

(4) MgO–Al2O3–SiO2 (including, e.g., MA–M2S and MA–A3S2) refractories;

(5) MgO–Al2O3–CaO refractories (including, e.g., MA–CA6) and (6) MA–carbon

refractories (including, e.g., MA–SiC–C, Al2O3–MgO–C, and MgO–Al2O3–C).

B. MgO–MA Refractories

1. Historical Development of Sintered MgO–MA Bricks

The earliest MgO–MA bricks date back to the 1960s. Strictly speaking, they

were simply improved magnesia bricks. In the first generation of MgO–MA

Figure 9 SEM image of AR78 showing angular spinel crystallites and lighter

CaO-containing second phases. (From Ref. 20.)

230 Zhang and Lee



bricks, a small amount of alumina or bauxite powder, co-milled with MgO

powder, was added to magnesia bricks. On firing, the co-milled MgO and

Al2O3 reacted to form in-situ spinel. Compared with silicate (CMS or M2S)

bonded magnesia bricks (see Chapter 6, Magnesia Refractories in this book),

this first generation of MgO–MA bricks had promising properties, including

higher hot mechanical strength and much better thermal shock resistance. The

early work also found that increasing Al2O3 content generally leads to better ther-

mal shock resistance. However, with increasing level of Al2O3, brick porosity

also increased and when the Al2O3 content was above 10 wt%, it was difficult

to make dense bricks. The improvement in thermal shock resistance with increas-

ing Al2O3 content was found to be related to the mismatch of thermal expansion

coefficients between MgO (�13.5 � 1026) and MA (�8.4 � 1026). Due to this

mismatch, microcracks form between MgO and MA grains during cooling, assist-

ing release of thermal stress and disrupting the microstructure, making crack

propagation more difficult. The increase of porosity with Al2O3 content is related

to the volume expansion (5 � 8%) associated with the spinel formation reaction

from MgO and Al2O3. For this reason, the amount of Al2O3 in the first generation

of MgO–MA bricks was limited to be ,10 wt%. The second generation of

MgO–MA bricks, developed in the mid-1970s, used a preformed synthetic spinel

grain to replace some MgO. The use of preformed MA grain instead of Al2O3

eliminated the thermal expansion caused by the formation of in-situ MA in the

first-generation bricks, so a large amount of spinel could be introduced without

significantly increasing the porosity. Nevertheless, in the second generation of

MgO–MA bricks, the matrix remained unimproved because no spinel fines

were present. To improve this, the third generation of MgO–MA bricks has

been developed recently which contain spinel aggregates and spinel introduced

in the matrix via direct addition of preformed spinel and/or alumina powders

to form in-situ spinel. The third generation of bricks thus combine the main

advantages of the first and second generations, so they show much better proper-

ties such as higher hot strength, higher slag penetration resistance, and higher

thermal shock resistance and longer service life in many application areas. The

morphologies of in-situ generated spinel are a complex function of a range of fac-

tors including local composition and temperature. Figure 10 shows several in-situ

spinel morphologies including the characteristic angular habit and a tuber-like

shape often seen in the presence of large amounts of liquid (21).

2. MgO–MA Bricks in Steel-Making Furnaces

Due to environmental concerns about formation of Cr6þ in MgO–Cr2O3 (MgO–

MK) refractories, MgO–MK refractories previously used in many steel-making

furnaces such as RH and VOD vessels have been, and are being, replaced by
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Figure 10 Various in situ spinel morphologies. (From Ref. 21.) The top picture shows

angular (center S) and tuber-like (left S) spinel, the mid picture angular agglomerates and

the bottom picture rounded spinel agglomerates.
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high-quality MgO–MA refractories. Another reason for this replacement is that

the properties and performance of second- and third-generation MgO–MA bricks

are competitive with those of MgO–MK bricks. Table 4 shows some typical prop-

erties of MgO–MA and MgO–MK bricks used in the slag line of a VOD (VAD)

ladle (22) illustrating that properties such as hot strength and corrosion resistance

of MgO–MA bricks approach, or are better than, those of MgO–MK bricks.

Properties of MgO–MA bricks can be further improved by using fused

aggregates to partially or completely replace sintered aggregates. An effective

additive for improvement of properties of MgO–MA bricks is ZrO2, which

enhances hot strength slag corrosion resistance. Addition of ZrO2 to MgO–

MA bricks alleviates some problems attributable to spinel. Lime, from impurities

in the magnesia-spinel bricks or from other sources such as slags, extracts the

alumina within the spinel to form low-melting calcium aluminates. As a result,

the hot strength of the MgO–MA will be decreased. However, when ZrO2 is

added, it reacts with lime to form high-melting (25508C) because CaZrO3 reac-

tion between ZrO2 and CaO is more thermodynamically favorable than reaction

between Al2O3 and CaO, so avoiding formation of low-melting calcium alumi-

nates. ZrO2 can be incorporated in the form of single-phase ZrO2 or in the

form of Al2O3–ZrO2 coexisting grain, but the latter appears more effective in

improving the properties, because of formation of both CaZrO3 and in-situ spinel.

Gruver (23) showed that the modulus of rupture (MOR) of MgO–MA bricks at

Table 4 Properties of MgO–MA and MgO–MK Bricks Used in

Slag Line of VOD (VAD) Ladle

MgO–MA

(No. 1)

MgO–MA

(No. 2)

MgO–

MK

Chemical composition

(wt%)

MgO 89 92 59

Al2O3 10 7 10

Cr2O3 — — 19

Fe2O3 — — 8

Apparent porosity (%) 14.8 16.9 14.9

Bulk density (g . cm23) 3.06 2.98 3.17

Cold crushing strength (MPa) 78 58 85

Modulus of rupture (MPa)

RT 16 11 15

14008C 15.1 10.2 11

Wear ratio (Rotary slag test) 1.00 0.96 1.88

Source: From Ref. 22.
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�14808C increased from 1.36 MPa (without addition) to 3.15 MPa (with

addition of single ZrO2) and 4.67 MPa (with addition of Al2O3–ZrO2).

3. MgO–MA Bricks in Glass Tanks

The condensation zone of glass furnace regenerators is prone to attack. Although

the temperature in this zone is not particularly high (800 � 10008C), the refrac-

tories are exposed to an extremely corrosive environment. The main corrosive

agents in this zone include Na2O, SO3, and Na2SO4, which are introduced

through the waste gases used. Al2O3–SiO2 system refractories, e.g., high alumina

and mullite-based refractories, are not suitable for application in this zone, since

they react rapidly with alkalis to form low-melting phases. Magnesia or dolomite

refractories are also not suitable, because MgO and CaO can react easily with

SO3 gas to form low-melting MgSO4 and CaSO4, respectively. MA is most suit-

able in glass checkers because of its excellent resistance to these corrosive agents.

Industrial trials showed that pure fused spinel bricks can achieve 10 years’ ser-

vice life (24) and pure spinel bricks (spinel-bonded spinel) should be ideal in

such an application. These bricks are, however, expensive and have poor thermal

shock resistance so that MgO-spinel bricks have been tried. As mentioned earlier,

the thermal expansion mismatch between MgO and MA can lead to improved

thermal shock resistance. However, due to MgO’s lower resistance to corrosive

soda- and sulphate-containing compounds, especially SO3 gas, MgO–MA bricks

for such application need careful design. One strategy is using MgO as aggregates

rather than as fines in the matrix; another is using enough spinel that the MgO

clinkers are completely covered by spinel. Use of MgO-rich spinel to introduce

MgO is effective because of the higher coverage of MgO by spinel. Table 5 lists

Table 5 Properties of Improved MgO–MA

Bricks Used for Glass Furnace Regenerator

Chemical composition (wt%)

MgO 76

Al2O3 15

CaO 1.3

SiO2 3.2

Fe2O3 3.5

Porosity (%) 16–20

Density (g . cm23) 2.85–3.00

Hot bend strength (MPa)

12608C 11.0

14008C 1.0

Source: From Ref. 24.
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compositions of MgO–MA bricks for these applications (24), and such bricks

showed relatively good resistance to SO3 and sulphate. No obvious corrosion

was found except that secondary CMS phases in the bricks reacted to form

Na–Ca sulphate (24).

In addition to sintered MgO–MA bricks, electro-fused MgO–MA blocks

are being developed for application in the melting zones of glass tanks [e.g.,

(25)]. Such blocks are comprised essentially of �60 mol% MA spinel with

�40 mol% MgO and a minor silicate boundary phase. The MgO is distributed

bimodally as a fine co-precipitated phase locked within the spinel grains or as

large primary MgO dendrites. Such refractories exhibit high strength with

excellent high-temperature retention and extremely high creep and corrosion

resistance; therefore, they may represent the ultimate superstructure option for

high-temperature glass-melting tanks.

4. MgO–MA Bricks in Cement Kilns

MgO–MA bricks have also been developed and used to replace MgO–MK

bricks in cement kilns. They are used in the burning (sintering), transitional

and cooling zones, although the use of MgO–MA bricks to line the cooling

and transitional zones is more common than in the burning zone, due to higher

temperatures and more corrosive environment in the latter.

Bricks in the burning zone are protected from corrosion by an in-situ cement

clinker coating that develops on the refractories surface (26). MgO–MA bricks

originally developed for the transitional zone did not allow formation of such a

coating and so were inappropriate for use in the burning zone. To use them in the

burning zone, their coating formation and its adherence ability had to be improved.

Zongqi and Rigaud (27) found that fine crystalline spinel in MgO–MA

bricks reacts with CaO from the cement forming low-melting phases and belite

with good adherence. Lack of fine spinel crystals resulted in poor adherence.

Impurities in MgO–MA bricks as well as deliberate additions are effective in

improving coating formability. Using MgO and MA raw materials containing

appropriate levels of impurity accelerates formation of coatings. For example,

appropriate amounts of CaO and SiO2 in the MgO aggregate can accelerate the

formation of cement coatings. Additives such as FexO, TiO2, and ZrO2 (28–

30) also improve coating quality. The added FexO can react with CaO and

Al2O3 from the cement clinker and refractories to form CaO–Al2O3–FexO

liquid, contributing to the cement coating adhesion. FexO can be added as

FexO or in the form of fused Al2O3–FexO or FexO–MgO grains. Addition of

TiO2 can also improve coating stability via formation of CaTiO3. ZrO2 additions

react with CaO from the cement clinker to form CaO-stabilized ZrO2 and

CaZrO3, which improve coating adhesion. Table 6 shows typical properties of

MgO–MA bricks developed for the different zones of a cement kiln (31).
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5. MgO–MA Castables

As well as MgO–MA bricks, MgO–MA castables have been developed. First-

generation MgO–MA castables were developed using phosphate binders (32).

Fused alumina clinkers were added to obtain a slightly positive permanent

volume change once fired at 16008C. Phosphate binders were supposed to

improve the hydration resistance of MgO fines. On adding Al2O3, slag pen-

etration resistance improved slightly, but structural spalling resistance improved

significantly although hot strength deteriorated. Corrosion resistance tended to

decrease with Al2O3 addition but was still better in basic slags when compared

to a pure alumina castable.

Second-generation MgO–MA castables with similar MgO–Al2O3 clin-

kers have been developed using hydratable-alumina as a binder. The optimum

size distribution of both MgO and Al2O3 is critical. When MgO and Al2O3

react to form in-situ spinel, as discussed in Section V.B, a volume expansion

of 5 � 8% occurs, affecting the volume stability. By proper choice of reactive

alumina, and control of the sintering process, it is possible to achieve a volume

stable MgO–MA castable with 20–30% Al2O3. Adjustments (e.g., changing the

particle size of added Al2O3 and adding preformed spinel) can be made to the

formula, which allows control of the volume change at almost any given

alumina content. The advantage of second generation MgO–MA castables is

higher hot mechanical strength due to elimination of low-melting phosphates

from the binder. Slag tests show that slag penetration resistance increases as

alumina content increases although corrosion resistance decreases. In second-

generation MgO–MA castables, either fused or sintered spinel clinkers with

different stoichiometry can be used. Rigaud et al. (33) compared the effect of

MgO-rich (MR66) and two Al2O3-rich spinels (AR78 and AR90) on the Mod-

ulus of Rupture (MOR) and corrosion resistance of MgO–MA castables, and

found that castables using MgO-rich spinel had slightly higher MOR and better

corrosion resistance than those using AR78 and AR90. The better corrosion

resistance using MgO-rich spinel is attributed to the higher MgO content, as dis-

cussed by Zhang and Lee (34), since the solubility of MgO in silicate slag is

lower than Al2O3. Bi et al. (35) verified that increasing Al2O3–MgO ratio in

MgO–MA castables generally leads to better slag penetration resistance but

poorer corrosion resistance.

To improve the flowability and hydration resistance of MgO fines, micro-

silica is also used as binder, individually or along with hydratable alumina.

However, its presence significantly decreases the castables’ hot strength

due to liquid formation. Calcium aluminate (CA) cement is sometimes used

as well, although its addition also leads to formation of low-melting phases

at high temperatures and thus decreases hot strength and slag corrosion

resistance.
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6. Corrosion of MgO–MA Refractories

The corrosion mechanisms of MgO–MA refractories depend on the environment

in which they are used. In CaO–Al2O3–SiO2 (CAS) model steel-making slags, if

the slag Al2O3 content is high, it will react with MgO from the refractories to

form a protective secondary spinel layer on the MgO surface, leading to indirect

corrosion of MgO in the slag (Figure 11 after Goto et al. (36)). If the slag Al2O3

content is low, no continuous spinel layer forms on MgO; in this case, MgO will

react with CaO and SiO2 from the slag to form low-melting phases such as CMS

and C3MS2 and then dissolve into the slag directly. If the slag CaO is high, MA

from the MgO–MA refractories can react with it to form low-melting calcium

aluminate phases; on the other hand, if the slag CaO is low, MA will react

with CaO and SiO2 from the slag to form low-melting phases such as C2AS or

CAS2 and thus dissolve into the slag directly (37). Figure 12 shows schematically

the corrosion process of an MgO–MA brick in a CAS slag (C/S ¼ 1,

Al2O3 ¼ 20 wt%) (36). In such a slag, MgO dissolves in the slag indirectly via

formation of a secondary spinel on its surface while MA dissolves in the slag

directly.

In a more complex steel-making slag, e.g., an Fe- and Mn-containing

CaO–MgO–Al2O3–SiO2 (CMAS) slag, the corrosion mechanism will be slightly

Figure 11 Angular spinel particles (S) precipitated adjacent a MgO grain (M) in contact

with CAS slag (Sl). (From Ref. 36.)
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different. Based on the corrosion mechanisms of MgO [e.g., (38)] and MA [e.g.,

(20,39,40)], the overall corrosion mechanisms of MgO–MA refractories can be

predicted to be as follows. MgO in the refractories may dissolve into the slag

via three routes: (1) reaction with slag Al2O3 to form a spinel layer so the MgO

dissolves into the slag indirectly; (2) reaction with slag FexO and MnO to form

a magnesio-wustite so the MgO dissolves in the slag indirectly; and (3) reaction

with slag CaO and SiO2 to form low-melting phases such as CMS and C3MS2,

so in this case the MgO dissolves directly in the slag. In such a slag, MA from

Figure 12 Schematic diagram of corrosion process of MgO–MA refractories in CAS

slag. (From Ref. 36.)
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the refractories may also dissolve in the slag in three ways: (1) reaction with slag

FexO and MnO to form a complex spinel (Mg,Mn,Fe)(Al,Fe)2O3 and thus dissolve

into the slag; (2) reaction with slag CaO to form low-melting calcium aluminates;

and (3) reaction with slag CaO and SiO2 to form low-melting CAS phases such as

C2AS and CAS2, so the MA dissolves directly in the slag.

C. Al2O3–MA Refractories

Similar to the MgO–MA system, liquid formation temperatures in the

Al2O3–MA system are high (see Figure 2), so the refractories in this system

also have high refractoriness. Due to the much lower thermal expansion coeffi-

cient of Al2O3 than that of MgO, the thermal expansion coefficients of Al2O3–

MA refractories are generally lower than those of MgO–MA refractories. There-

fore, Al2O3–MA refractories usually show better thermal shock/spalling resist-

ance than MgO–MA refractories, although the mismatch between the thermal

expansion coefficients of Al2O3 and MA is much smaller than that between

MgO and MA.

Like MgO–MA refractories, Al2O3–MA refractories are prepared as

shaped bricks or monolithic castables. In recent years, extensive research and

development work on Al2O3–MA castables had led to their use in many areas

such as steel-making ladles. Two Al2O3–MA castable types are used: Al2O3–

MgO castables and Al2O3–spinel castables. In the former, MgO is added to

alumina-based castables to form in-situ spinel, and in the latter, preformed syn-

thetic MA spinel is used instead of MgO. Due to the difference in the spinel used,

these two kinds of castable show different microstructures, properties, and

performances.

1. Al2O3–Spinel Castables

Effect of Preformed Spinel Addition on Physical Properties. In Al2O3–

spinel castables, preformed spinel is used, so the volume expansion associated

with the spinel formation reaction that occurs in Al2O3–MgO castables is elimi-

nated. As a result, compared with Al2O3–MgO castables, Al2O3–spinel castables

usually show better thermal shock resistance.

Use of preformed spinel also improves the mechanical strength of Al2O3–

spinel castables. MacZura et al. (41) studied an Al2O3–spinel castable containing

15 wt% alumina-rich spinel, 15 wt% CA cement, and 70 wt% alumina and found

that hot MOR at 1400 or 15008C became much higher than seen in alumina

castables without addition of spinel. Vance et al. (42) made similar observations.

Ko and Chan (43) studied the effect of spinel content on mechanical strength of

Al2O3–spinel castables and found that both cold MOR and HMOR of the Al2O3–

spinel castables increases with increased AR90 spinel content (Figures 13
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and 14). The enhanced mechanical strength of Al2O3–spinel castables from the

addition of preformed alumina-rich spinel was attributed to the reaction of CaO

from the cement binder with Al2O3 in the preformed alumina-rich spinel forming

calcium aluminate phases such as CA6, which improve the bond linkage between

the CA6, alumina, and spinel grains in the matrix (41,43) as illustrated in

Figure 15.

As well as mechanical strength, creep resistance of Low Cement Castables

(LCC) and Ultra LCC Al2O3–spinel castables is also significantly improved by

addition of alumina-rich spinel (44), although it is not clear whether the improve-

ment in bond linkage stated above is responsible for this or not.

Effect of Preformed Spinel Addition on Slag Penetration and Corrosion

Resistance. Slag penetration and corrosion resistance of Al2O3–spinel

castables using preformed spinel has been extensively investigated in both lab-

oratory and industrial trials. In general, addition of preformed spinel results in

better slag penetration resistance since it is believed to make the local penetrating

slag more viscous. The mechanism by which it achieves this is still the subject of

debate but may be associated with dissolution of the spinel, affecting local slag

composition, and/or the potential for the spinel to take up slag ions such as

Fe2þ and Mn2þ. Nonetheless, depending on the properties of the preformed

spinel, its effect on the slag penetration and corrosion resistance varies.

Figure 13 Effect of spinel content on the cold modulus of rupture of Al2O3–spinel

castables. (From Ref. 43.)
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Figure 14 Effect of spinel content on the hot modulus of rupture of Al2O3–spinel

castables. (From Ref. 43.)

Figure 15 SEM image of the matrix of an Al2O3–spinel castable containing interlinked

spinel (2) and lighter CA6 whiskers (1). (From Ref. 43.)
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Spinel particle size has a clear influence on slag penetration resistance. Fine

spinel powders generally lead to better slag penetration resistance than the use of

coarse grain [Figure 16 after Mori et al. (45)], although the presence of the latter

confers better behavior than in castables without spinel addition (46). Fine spinel

grains can be more evenly distributed in the castables, especially in the matrix

and, because of their higher surface reactivity, they can take up slag ions such

as Fe2þ and Mn2þ or dissolve more efficiently than coarse spinel grain.

The level of spinel addition also plays an important role in inhibiting slag

penetration and corrosion. As shown in Figure 17, if appropriate amounts of spinel

are used, both slag penetration resistance and corrosion resistance of the castables

can be improved (47). Others have also found similar results [e.g., (45, 48–50)].

Interestingly, although the compositions of the samples and slags these researchers

used were different, their results all indicated that the spinel content corresponding

to the best slag penetration resistance seems to be around 20 wt%.

Another important issue affecting slag penetration and corrosion resistance

is the stoichiometry of the spinel used. Zhang et al. (51) investigated slag cor-

rosion resistance of two alumina-rich spinel clinkers (AR78 and AR90) in a

CMAS slag and found that alumina from AR90 reacts with CaO from the slag

to form CA6, which makes the local slag at the slag–spinel interface become

SiO2-rich and thus more viscous. As a result, AR90 shows better slag penetration

resistance than AR78. Recently, Sarpoolaky et al. (20) compared the slag pen-

etration resistance of these two types of spinel in an Fe- and Mn-containing

Figure 16 Effect of spinel particle size on slag penetration resistance of Al2O3–spinel

castables. (From Ref. 45.)
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CMAS slag. AR90 again showed better slag penetration than AR78. The reason is

that AR90, due to its higher Al2O3 content, is able to form more cation vacancies

than AR78, and thus can take up more Fe2þ and Mn2þ from the slag, leading to

the formation of a layer of complex spinel so depressing slag penetration.

Figure 18 shows X-ray element distribution maps at the interface of slag–

AR90. It can be seen that a complex spinel layer containing Fe and Mn formed

between the slag and uncorroded AR90. Cho et al. (40) compared the slag pen-

etration and corrosion resistance of Al2O3–spinel castables containing spinels

with different stoichiometries (MgO-rich and Al2O3-rich) in an Fe-containing

CAS slag. They found that with increasing Al2O3 content in the spinel, the

slag penetration resistance improved although the corrosion resistance became

worse. Others have found similar results [e.g., (49, 52)]. Figure 19, for example,

shows that with increasing Al2O3 in a spinel clinker (up to 90 wt%), the

castable’s slag penetration resistance increases. The improvement in slag pen-

etration resistance with increasing Al2O3 content in the spinel is attributed to

the increased concentration of cation vacancies in the crystal structure.

Figure 17 Effect of spinel content on slag penetration and corrosion resistance of

Al2O3–spinel castables. (From Ref. 47.)
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Figure 18 Elemental maps of area around the interface of slag/AR90. (From Ref. 20.)

It is evident that the spinel takes up Fe2þ and Mn2þ slag ions.
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2. Al2O3–MgO Castables and Comparison with

Al2O3–Spinel Castables

In Al2O3–MgO castables, both Al2O3 and MgO are used as the main raw

materials, so spinel forms in situ at high temperatures. This type of castable is

often used in applications such as the wall and bottom impact pad of a steel-

making ladle (while the Al2O3–spinel castables discussed in the previous section

are used in the bottom area other than the impact pad).

In Al2O3–MgO castables, MgO (instead of preformed spinel as in Al2O3–

spinel castables) is used. Due to the volume expansion associated with the spinel

formation reaction from MgO and Al2O3, Al2O3–MgO castables show different

microstructures and properties to those seen in Al2O3–spinel castables.

The thermal expansion behavior of Al2O3–MgO castables is related to the

spinel formation reaction, which is affected by temperature and MgO content.

The starting temperature for formation of in-situ spinel is �10008C, and the

spinel formation rate increases significantly with increasing temperature to

Figure 19 Effect of Al2O3 content in alumina-rich spinel on slag penetration resistance

of Al2O3–spinel castables. (From Ref. 49.)
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1200–14008C (53,54). For this reason, at temperatures up to �10008C, the ther-

mal expansion of Al2O3–spinel castables is similar to that of Al2O3–MgO, but

with increasing temperature above 10008C, Al2O3–MgO castables show larger

thermal expansion. The MgO content also affects the thermal expansion of

Al2O3–MgO castables. Due to formation of greater amounts of in-situ spinel,

with increasing MgO content, thermal expansion of the Al2O3–MgO castables

increases. As a result of the larger thermal expansion, Al2O3–MgO castables

have poorer thermal shock resistance than Al2O3-spinel castables (55).

MgO content also significantly affects slag penetration and corrosion resist-

ance of Al2O3–MgO castables. According to Itose et al. (56), with increasing MgO

content up to �9 wt%, slag penetration and corrosion resistance increases.

Nakamura et al. (57) compared the slag resistance of Al2O3–MgO castables and

Al2O3–spinel (with similar MgO content) and found that Al2O3–MgO castables

showed better corrosion resistance than Al2O3–spinel castables (Figure 20), and

thus Al2O3–MgO castables have longer service lives than Al2O3–spinel castables

(58), although their thermal shock resistance is poorer. The better slag penetration

and corrosion resistance of Al2O3–MgO castables over Al2O3–spinel castables

was attributed to the higher surface reactivity of in situ formed spinel, which can

take up slag Mn and Fe ions more efficiently than preformed spinel (54,59).

Ko (60) found that slag penetration into Al2O3–spinel and Al2O3–MgO castables

decreased with increased spinel MgO content, a result he attributes to spinel dissol-

ution and MgO precipitation in the penetrating slag leading to increased local slag

viscosity and reduced penetration.

Figure 20 Al2O3–MgO castables show better slag corrosion resistance than Al2O3–

spinel castables. (From Ref. 57.)
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3. Corrosion of Al2O3–MA Refractories

Depending on the slag composition, the corrosion mechanisms of Al2O3–MA

refractories are different. In an Fe- and Mn-containing CMAS slag, Al2O3 in

the Al2O3–MA refractories is initially attacked by the slag CaO via formation

of calcium aluminates with melting temperatures shown in brackets according to

CaO þ Al2O3 �! CaO:6Al2O3(18308C) �! CaO:2Al2O3(17628C)

�! CaO:Al2O3(16028C)

These calcium aluminates are further attacked by the slag SiO2 via formation of

low-melting CAS phases such as C2AS (15938C) or CAS2 (15538C) according to

CaO:6Al2O3(CaO:2Al2O3 or CaO:Al2O3) þ SiO2

�! 2CaO:Al2O3:SiO2 or CaO:Al2O3:2SiO2

On the other hand, MA spinel in the refractories is also attacked by the slag CaO

to form calcium aluminates, which further react with the slag SiO2 to form low-

melting CAS phases, according to

CaO þ MgO:Al2O3 �! CaO:Al2O3 þ MgO

CaO þ 2MgO:Al2O3 �! CaO:2Al2O3 þ 2MgO and

CaO:Al2O3 (or CaO:2Al2O3) þ SiO2

�! 2CaO:Al2O3:SiO2 or CaO:Al2O3:2SiO2

or the spinel is attacked by the slag FexO and MnO to form a low-melting com-

plex spinel according to

FexO þ MnO þ MgAl2O4 �! (Mg,Mn,Fe)(Fe,Al)2O4

Many groups have verified the above corrosion mechanism (e.g.,

(39,52,61–63). Figure 21 schematically shows the overall microstructure of an

Al2O3–MgO castable corroded by an Fe- and Mn-containing CMAS slag at

16008C for 24 hr (52).

D. Spinel-Bonded Spinel Refractories

Pure spinel (spinel-bonded spinel, rebonded spinel) refractories have also been

developed for specialist applications. They have much better resistance to alkalis

than other spinel-containing refractories, so they can be potentially used in, e.g.,

glass industry furnaces (regenerator and melting furnaces), induction furnaces,

and high soda waste-melting incinerators. Windle and Bentley (64) determined

that rebonded spinel bricks exhibit exceptional tolerance to alkali in combination
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with thermomechanical properties, which are ideal for crowns and superstruc-

tures of oxy-fuel fired glass melting furnaces.

E. MgO–Al2O3–ZrO2 Refractories

The eutectic points corresponding to the two subsystems in the MgO–Al2O3–

ZrO2 system are all higher than 18008C (18308C for Al2O3–MgAl2O4–ZrO2

and 18408C for MgO–MgAl2O4–ZrO2) (65). This fact, along with the unique

properties of ZrO2, confers many excellent properties such as high refractoriness,

mechanical strength, thermal shock resistance, and slag corrosion resistance on

refractories in the MgO–Al2O3–ZrO2 system. Consequently, MgO–Al2O3–

ZrO2 refractories have potential uses in many applications such as steel-making

furnaces and waste-melting furnaces (66,67). Table 7 compares properties of

MgO–MA–ZrO2 castables developed by Sakamoto and Miyagishi with those

of Al2O3–Cr2O3 castables currently used in waste-melting furnaces. MgO–

MA–ZrO2 castables show better corrosion resistance and spalling resistance

and so may replace Al2O3–Cr2O3 castables in such applications.

F. MgO–Al2O3–TiO2 Refractories

MgO–Al2O3–TiO2 (MgO–MA–MgTi2O4) refractories have also been devel-

oped to replace MgO–MK refractories used in RH-degasser vessels or to replace

Figure 21 Schematic diagram of the general form of the corrosion front of Al2O3–

spinel castables. (From Ref. 52.)
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Al2O3–Cr2O3 refractories used in waste-melting furnaces. By selection of appro-

priate TiO2–Al2O3 and total TiO2 and Al2O3 content in the matrix, and addition

of appropriate amounts of preformed spinel, MgO–Al2O3–TiO2 refractories

with excellent properties can be fabricated. Table 8 compares properties of devel-

oped MgO–Al2O3–TiO2 bricks with those of MgO–Cr2O3 bricks (after (68)).

Most of the properties of MgO–Al2O3–TiO2 bricks are close to or better than

those of the MgO–MK bricks. The bricks were trialed in RH vessels (mainly

the lower vessel and snorkel) and showed longer service life than MgO–MK

bricks. The better performance of MgO–Al2O3–TiO2 bricks is attributed to

the following factors: (1) TiO2 and MgO in the bricks react with the slag CaO

and Al2O3 to form high-melting CaO . TiO2 and MA, respectively; (2) use of

TiO2 reduces slag wettability; and (3) TiO2 forms a solid solution with MA

Table 7 Properties of MgO–MA–ZrO2 Castables Developed for

Waste-Melting Furnaces

MgO–MA–ZrO2 Al2O3–Cr2O3

Chemical composition (wt%)

ZrO2 5.0 —

Al2O3 32.0 86.2

Cr2O3 — 9.9

MgO 61.0 —

Water addition (%) 5.7 4.5

Apparent porosity (%)

1108C � 24 hr 16.0 8.0

10008C � 3 hr 20.0 10.0

15008C � 3 hr 19.0 13.0

Bulk density (g . cm23)

1108C � 24 hr 2.99 3.55

10008C � 3 hr 2.91 3.45

15008C � 3 hr 2.85 3.45

Cold crushing strength (MPa)

1108C � 24 hr 39 69

10008C � 3 hr 25 78

15008C � 3 hr 34 147

Permanent linear change (%)

10008C � 3 hr 0.1 0.0

15008C � 3 hr 0.5 0.2

Corrosion resistance index (slag

C/S ¼ 1.0), at 16008C
129 100

Spalling resistance (JIS

standard), at 14008C
9 7

Source: From Ref. 66.
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spinel, which takes up slag FexO and MnO, increasing slag viscosity and suppres-

sing slag penetration (69).

G. Spinel–Carbon Refractories

Spinels can be used in carbon-containing refractories to improve their properties.

Similar to the oxide-based systems discussed above, spinel can be introduced by

using preformed grain or by forming in situ.

Hamazaki et al. (70) investigated the effect of adding preformed spinel on

properties of Al2O3–SiC–C castables used in blast furnace troughs and found

that additions of spinel improved corrosion resistance while having little effect

on mechanical strength. The improved corrosion resistance was attributed to

the high resistance of spinel against the alumina-rich slag formed by dissolution

of Al2O3 from the castables in the original slag. However, the addition of spinel

was found to be detrimental to the spalling resistance as it accelerated oxidation

of SiC. Addition of small amounts (,5 wt%) of MgO to such castables was less

beneficial because the MgO reacted with Al2O3, CaO from the CA cement, and

SiO2 (SiC) to form liquid rather than in-situ spinel (71).

Addition of preformed spinels to both Al2O3–C or MgO–C bricks also led to

improved slag corrosion resistance. For example, addition of 20 wt% preformed

stoichiometric spinel to MgO–C refractories improved their slag corrosion resist-

ance by 48% (72). When MgO and Al2O3 are added to Al2O3–C (i.e., Al2O3–

MgO–C) and MgO–C (i.e., MgO–Al2O3–C) refractories, respectively, in-situ

spinel forms in both refractories; as a result, both refractories show improved

slag corrosion resistance although the MgO–Al2O3–C refractories are more slag

resistant than Al2O3–MgO–C refractories. For this reason, the former are usually

used in the slag lines of steel ladles whereas the latter are used in the wall.

H. Other Spinel-Containing Refractories

In addition to the spinel-containing refractories discussed above, other types of

spinel-containing refractory, e.g., MA–M2S, MA–A3S2, MA–CA6, and MA–

Al2TiO5, are being developed and some promising results have been obtained.

For example, M2S–bonded MA bricks show very good alkali resistance (73)

and MA–Al2TiO5 refractories show good thermal shock resistance (74).

VII. FUTURE WORK ON SPINEL-CONTAINING
REFRACTORIES

Due to their excellent properties such as high refractoriness, mechanical strength,

thermal shock resistance, and slag corrosion resistance, and environmentally
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friendly nature, spinel-containing refractories are used extensively. Many tra-

ditional applications of MgO–MK refractories or Al2O3–Cr2O3 refractories,

including steel-making furnaces (e.g., ladles, RH and EAF furnaces), glass

tanks (e.g., regenerators), cement kilns (transitional, cooling, and burning

zones) and waste-melting incinerators, have replaced MK- or Cr2O3-containing

refractories with MA spinel-containing refractories. With improved and cheaper

raw materials, improved processing, microstructures and properties, and develop-

ment of new types, spinel-containing refractories will find increased application.

Along with continuous improvement in the current synthesis techniques, novel

synthesis techniques such as mechanochemical alloying and molten salt synthesis

techniques may become significant, so that high-quality spinel raw materials can

be prepared at lower temperatures and cost. In addition, microstructures, proces-

sing, and properties of currently used and newly developed spinel-containing

refractories such as MgO–MA, Al2O3–MA, MgO–Al2O3–TiO2 (MgO–MA–

MgTi2O4) and MgO–MA–ZrO2 will be further improved, so that they can be

used to replace Cr2O3-containing refractories more efficiently. Finally, new

types of spinel-containing refractories with excellent properties and perform-

ances (e.g., Al2O3–MA–Al2TiO5, spinel/nonoxide composite refractories, and

spinel–carbon castables) will be developed, leading to new applications for

spinel-containing refractories.
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I. INTRODUCTION

In the family of monolithic refractories, refractory castables comprise a large

group of materials that have evolved and grown significantly in the past 30

years. Progressing from rather simple mixes, refractory castables today comprise

some very complex and technical formulations, finding use in a variety of very

demanding and severe industrial applications. In this time period, refractory

castables have gained in market share and, in many instances, have supplanted

brick and shaped refractories and become, in many applications, the refractories

of choice because of enhanced performance and ease of installation.

Refractory castables are premixed combinations of refractory grain, matrix

components, bonding agents, and admixtures. The vast majority of castables are

supplied as bagged, blended mixes though some very simple formulations are

still field blended for use in low-temperature and noncritical applications. At

the point of installation, the castable is mixed with a liquid (typically water)

and vibrated, poured, pumped, or pneumatically shot into place to form a refrac-

tory shape or structure that becomes rigid because of hydraulic or chemical set-

ting (1). The majority of refractory castables use a calcium aluminate cement as

the bonding agent though in recent years other bonding systems have been

employed. Common to all castables is the use of refractory aggregates and matrix

components that may allow the refractory to be used to service temperatures of up

to 18508C.
Another class of monolithic refractory called a refractory gunning or gunite

mix is very similar in formulation to a refractory castable, generally utilizing the

same type of bonding agents. In fact, in some instances, refractory castables can

also be dry gunned. In the dry gunning process, the dry blended formulation is
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usually but not always predampened with a small amount of water to reduce dust-

ing and begin cement/bond hydration. The dampened mix is charged into a

gunite machine and conveyed through a hose by pneumatic pressure. At the

end of the hose is a nozzle assembly where water is mixed into the air/refractory
stream and the resulting mixture gunned onto the vessel shell or existing lining.

While many of the physical property trends and hydration and setting attributes of

refractory gunning materials are similar to those of refractory castables, refrac-

tory gunning mixes for the purposes of discussion in this chapter will be con-

sidered a distinct class of monolithic refractory and not specifically addressed.

II. TYPES OF REFRACTORY CASTABLES

Since refractory castables are a very large and diverse group of materials, they

may be typed or classified in various ways or by a combination of characteristics.

The primary division of castables is based on chemistry. This division separates

the refractory castables based on alumina and alumino-silicate aggregates

from the castables based on basic refractory oxides such as magnesite and dolo-

mite. This division is fundamental in that different bonding systems are utilized in

each category. In addition, the scope of application of basic castable products are

more limited than that of the alumina- and alumino-silicate-based castables. The

majority of basic castable products are used in areas where basic slag conditions

exist such as in various steel, copper, and lead processing vessels. The tonnage

sold of basic castables is also much smaller, accounting for approximately

20% of all refractory castables produced (2).

Alumina and alumino-silicate refractory castables may further be classified

or typed in many ways. The American Society for Testing and Materials (ASTM)

classifies alumina and alumino-silicate refractory castables in a very simplistic

and general classification (3) that is a useful initial guide. In reality, refractory

castables are typed or classified by a combination of the attributes listed in

Table 1.

III. REFRACTORY CASTABLE COMPOSITIONS

A. Components

As mentioned, refractory castables are combinations of refractory aggregates,

matrix components, bonding agents, and admixtures. The proportions of each

component used vary in each castable composition to achieve the desired

physical and chemical properties and characteristics for the intended castable

application. The general range of component quantities in a refractory castable

is shown in Table 2.
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The refractory aggregates constitute the basic “skeleton” of the castable

and account for the largest amount of the formulation. The sizing of the aggre-

gates can range from 20 mm to 300 mm (50Mesh) and are sized and proportioned

to achieve the desired packing and particle size distribution. A wide variety of

refractory aggregates is available, and castables can be formulated based on

one or a combination of aggregates to achieve the desired chemistry, mineralogy,

and physical properties. Tables 3 and 4 list the principal aggregates used in

refractory castables.

In insulating and medium-weight refractory castables, lightweight aggre-

gates are used in place of denser aggregates or are blended with dense aggregates

to achieve the desired density and properties. Table 5 lists common insulating

aggregates used in these castable compositions.

In order to “fill out” the particle sizing and to impart other desired

attributes such as expansion control, chemistry/mineralogy modification, bond

Table 1 Classification of Alumina and Alumino-Silicate Refractory

Castables

1. Chemistry and/or mineralogy

a. Alumina content/refractoriness (i.e., superduty, 60% alumina, etc.)

b. Mineral base (i.e., mullite, fused silica, etc.)

2. Density/thermal insulating value

a. Dense (.1920 kg/m3)

b. Medium weight (1600–1920 kg/m3)

c. Light weight/insulating (,1600 kg/m3)

3. Cement content (by CaO from cement)

a. Conventional (.2.5% CaO)

b. Low cement (1–2.5% CaO)

c. Ultralow cement (0.2–1% CaO)

d. No-cement (,0.2% CaO)

4. Flow/placement characteristics

a. Vibrating

b. Casting

c. Free-flow

d. Shotcrete

Table 2 Refractory Castable Composition

1. Aggregate 40–80%

2. Modifiers 5–30%

3. Bond agents 2–50%

4. Admixtures ,1%
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enhancement, etc., refractory fillers and/or modifiers are added to the

castable composition. In many cases multiple fillers are used and in various par-

ticle size distributions. Fillers and modifiers can be finer-sized fractions of the

same minerals used as aggregates or other minerals chosen for compositional

enhancement. Table 6 lists the most common fillers and modifiers used in refrac-

tory castable compositions and their primary function. Many other and more

exotic modifiers are routinely used in refractory castables for specific appli-

cations or operating conditions such as aluminum containment, slag resistance,

thermal shock resistance, etc.

The types of bonding agents used in refractory castables have increased in

number over the years though, in alumino-silicate castables systems, calcium alu-

minate cements are still the principal bonding agents. The available types of these

cements are listed in Table 7. Specialized castables have been developed in the

past 20 years using noncement bonds such as hydratable alumina, clay, silica

and alumina gels, and chemical bonds such as monoaluminum phosphate, phos-

phoric acid, and alkali silicates. Basic castable systems rely on chemical or

Table 3 Primary Alumina and Alumino-Silicate Aggregates

Aggregate Al2O3/SiO2 Max. service limita (8C)

Alumina—tabular or white fused 99þ%/0% 1870

Alumina—brown fused 94–98%/1–2% 1760

Bauxite—S.A. and Chinese 84–90%/5–7% 1760

Mullite—sintered or fused 74–76%/19–24% 1760

Bauxitic kaolin—calcined 58–70%/26–37% 1760

Andalusite 57–61%/38–40% 1760

Calcined kaolin and flint clay 40–47%/49–55% 1650

Pyrophyllite 13–30%/65–80% 1425

Fused silica 0%/99.7þ% 1370

aIn optimum castable formulation.

Table 4 Other Dense Aggregates

Aggregate Chemical formula Ratio

Periclase/Magnesite MgO 89–98%

Dolomite CaO�MgO 56–59%/32–40%
Magnesium aluminate spinel MgO�Al2O3 26–32%/66–72%
Chromite FeO�Cr2O3

�Al2O3 10–24%/33–46%/15–29%
Silicon carbide SiC 90–99%

AZS Al2O3
�ZrO2

�SiO2 42–45%/36–37%/16–17%
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organic bonds, the most common of which are alkali silicates, sodium phos-

phates, mineral or organic acids, and resins.

To complete the refractory castable formulation, various types of additives

or admixtures may be used to modify the flow/rheology characteristics of the

castable, control setting behavior (retarding or accelerating), reduce casting

water, stabilize/control the cement paste’s pH, or stabilize storage behavior.

Table 5 Insulating Aggregates

Aggregate Aggregate density (kg/m3) Max. service limit (8C)

Vermiculite 64–128 1090

Perlite 140–190 1370

Haydite 720–1050 1200

Bubble fly ash 400–640 12008–1525
Crushed insulating brick 480–960 1525

Lightweight clay grog 450–720 1650

Bubble alumina 540–610 1800

Table 6 Common Refractory Fillers and Modifiers

Filler/Modifier Chemical formula Function

Fine milled aggregates Various Chemistry/mineralogy

adjustment, bond

modification/development

Alumina

Calcined a-Al2O3 Chemistry adjustment, bond

modification/development

Reactive a-Al2O3 Flow/rheology control, bond

modification/development

Silica

Quartz SiO2 Shrinkage control (�8008C)
Fume SiO2 Flow/rheology characteristics,

bond modification/
development

Kyanite 3Al2O3
�3SiO2 Shrinkage control (13258–

14108C), chemistry/
mineralogy adjustment

Clay (fire, ball, bentonite) Hydrated alumino-

silicate

Filler, flow/rheology control

Zircon ZrSiO4 Reduce metal, slag, alkali attack

Graphite/Carbon C Reduce metal, slag attack

Fly ash Varies Low-temperature filler
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In many cases, multiple additives are used in a single formulation. Additives and

admixtures are used in very small amounts, typically .0.2% and may possibly

change in function by varying the quantity used. The proper use and control of

additive/admixture combinations is an essential aspect of advanced castable

mix design. Table 8 lists general types of additives and their function(s) in

castable systems.

B. Aggregate and Particle Sizing

The aggregates and fillers/modifiers used in a refractory castable formulation are

sized and proportioned to achieve a desired packing and particle size distribution.

The packing and sizing of the components of the refractory castable will affect

Table 7 Calcium Aluminate Cement Types

Chemistry (%) Max. use

temperaturea

(8C)Al2O3 SiO2 CaO Fe2O3

Low purity 36–48 3–9 35–40 7–16 1370

Medium purity—50 51–53 4–5 37–39 1–2 1540

Medium purity—60 57–59 4–5 33–35 1–2 1540

High purity—70 69–72 ,0.5 27–29 ,0.5 1870

High purity—80 79–82 ,0.5 17–20 ,0.5 1870

aIn best aggregate system.

Table 8 Common Additives/Admixtures Used in Refractory Castables

Additive

Function

Accelerator Retarder pH control

Water

reducer

Rheology

modifier

Lithium carbonate �

Calcium hydroxide � �

Sodium carbonate � �

Sodium bicarbonate �

Sodium citrate � � �

Sodium phosphate(s) � � �

Sodium polyacrylate � �

Polycarboxylate � �

Citric acid �

Boric acid �
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the rheology of the castable mix during installation and the ultimate density and

strength of the placed castable when in service. Particle packing has been studied

since the 1930s (4), but the application of sophisticated particle packing systems

in refractory castables only began to be applied in the 1970s when the first low-

cement castable systems were being developed.

There are two primary approaches in aggregate sizing and particle packing

used in refractory castables. These will be referred to as random and ordered sys-

tems (5). In a random system the aggregates are sized in broad mesh distributions

and blended with the fillers/modifiers to obtain an “adequate” particle size dis-

tribution yielding acceptable rheology/flow on mixing and good physical proper-

ties. Most conventional dense and lightweight castables are formulated on this

approach. In conventional dense castables, this means that acceptable flow on

mixing is obtained with casting water amounts ranging between 8–15% (depend-

ing on aggregate base and cement type used) and resulting in porosities of

approximately 22–30% (fired).

Ordered particle sizing systems are employed primarily in advanced

castables to reduce water demand, impart desired rheological characteristics

(such as vibratory/thixotropic flow or free flow/self-leveling behavior), mini-

mize porosity, and maximize particle contact for enhanced bonding and optimum

strength development and fracture resistance. In ordered systems, there are two

distinct packing methods—gap sizing and continuous sizing.

Gap sizing relies on the mixing of two, three, four, or more tightly graded

aggregate mixtures to achieve good packing density. The main disadvantage of

this system is poor flow, and castables based on a gap sized aggregate distribution

require intense vibration for consolidation and placement. Gap sizing does mini-

mize casting water (typically 3.5–5%) and fired porosity (10–15%) and has been

reported to impart good thermal shock resistance (6).

In continuous particle sized systems, the aggregate fractions are added in a

relatively large number (or as a packaged blend) of closely sized screened frac-

tions to fill out a continuous distribution curve such as proposed by Furnas (4) and

illustrated in Figure 1. Continuous packing distributions have the advantage of

very good rheologies at relatively low water contents, and good compaction

with low shrinkage and high strength. In recent years, various continuous packing

theories and approaches have been advanced resulting in castables with extre-

mely fluid behavior. These “free flow or self-leveling” castables have had their

rheology and flow improved, mainly by paying more attention to continuous

packing in the subsieve and submicron particle fractions.

C. Bonding Mechanisms

Refractory castables must “set” or harden at room temperature. Either water or

another catalyzing agent must activate the bonds used in castables. After
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setting, a controlled heat-up procedure is generally required to dewater or

dehydrate the bond as the refractory castable lined vessel or furnace is put into

service.

The majority of alumina and alumino-silicate castables produced have his-

torically been bonded with calcium aluminate cement. Extensive investigations

on calcium aluminate cement hydration/dehydration have been carried out and

reported over the years by various authors (7–9), and it is not the intention of

this chapter to fully detail the cement hydration/dehydration mechanism but

rather to provide an overview of the most important hydrating process. In the

different grades of commercially available calcium aluminate cement, there

are many mineralogical phases present and in various percentages. However,

the principal and most important hydrating phase, common to all of them, is

calcium monoaluminate—CaO�Al2O3 or CA. Upon the addition of water in

optimum ambient conditions, CA hydrates per the following equation:

CAþ H ! C3AH6 þ AH3 þ heat

where C ¼ CaO, A ¼ Al2O3, and H ¼ H2O. C3AH6 is the normal, stable hydrate

phase when cement curing temperatures of .358C occur in the castable mass.

While this curing temperature may seem high, it is generally attainable since

cement hydration is an exothermic reaction. Quite often internal castable

temperatures can reach temperatures of up to 758C or greater especially in

high-cement (20þ%) formulations. If a curing temperature of 358C is not

reached, the metastable hydrates of CAH10þAHx (gel) (,248C) and C2AH8þ

AHxþAH3 (248–358C) will form. These hydrates will convert to C3AH6 per the

Figure 1 Continuous particle size distribution curve after Furnas.
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following:

CAH10=AHx (gel)þ time=temperature ! C2AH8=AHx=AH3

þtime=temperature ! C3AH6 þ 2AH3

However, with this conversion to the stable hydrate there is a phase volume

shrinkage that can disrupt the bond structure and lead to weakening of the bond.

When the castable is heated for the first time, the hydrated cement phase

will undergo a dehydration process over a temperature range. Dehydration of

the hydrated cement occurs over a temperature range from 2108C to 3708C,
with the peak dehydration temperature for AH3 at 2308C and for C3AH6 at

3158C. If the castable is heated too quickly and if released steam from the dehy-

drating cement cannot vent from the castable structure fast enough, internal

pressure will build up in the castable and steam spalls or explosions can occur.

Many advanced castables also contain fine powder additions and are packed to

achieve maximum density, which reduces castable permeability and further com-

plicates heat-up procedures. To help reduce the possibilities of bake-out spalls, it

is quite common to use organic, synthetic fiber additions, which melt or burn out

at low temperatures (typically ,2008C) to help open the castable structure and

ease the release of moisture. Polypropylene, acrylic, or polyester are the

most common fibers used in lengths ranging from 3 mm to 10 mm and diameters

of 15–40 mm. In any case, it is always recommended to consult the

refractory castable manufacture for the proper bake-out procedure for the specific

castable used.

While calcium aluminate cement is still the dominant bond used, some

alumina and alumino-silicate castables systems and basic castables utilize

other bonding agents. In recent years, many cementless castables have been

developed around a variety of bond systems.

One such bond is a hydratable alumina binder. This binder is referred to as

a hydraulically setting, reactive, transitional alumina (g or r Al2O3) and is

finely ground for maximum reactivity and sometimes modified with an organic

polymer to provide added low-temperature strength. A reported hydration

mechanism is (10)

x=r� Al2O3 þ H2O ! a� Al(OH)3(gel)þ a� AlOOH (gel)

Moist curing of the castable is not required and is detrimental to green strength

development with this bond system. It has also been reported that dehydration

is easier with this bond that dehydrates between 2008C and 3008C (peak at

2558C). In reality, most castables utilizing this bond do have low permeabilities

because of ultrafine particle additions, such as silica fume and reactive alumina,

so again it is recommended to consult with the castable manufacturer prior to

initial heat up of castables based on this bond system.
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In another system, a colloidal silica solution is used to bond the castable

(11). Hardening is achieved by the use of a small amount of a setting agent

(,1%) such as magnesia, lime, or calcium aluminate cement. Again, dewatering

is not as critical as with cement systems because the silica sol does not chemically

attach the water. Dewatering of this system is reported to be completed at rela-

tively low temperatures (,1258C).
Gel bonding, also referred to as gel casting (12), is another method of

cementless bonding. In this case, setting and low-temperature bonding occurs

because of a polymerization of organic monomers suspended in the casting liquid.

Polymerization takes place either by a heat setting or by a chemical catalyst.

Strength development in gel cast systems is dependent on temperature treatment

and sintering rather than the initial bond. This results in a “weak” castable after

polymer burnout (�2508C) until the ceramic bonding processes begin.

There are other bonding agents or binders used in castables that are referred

to as chemical binders. A system that has seen an increasing use in recent years

utilizes phosphoric acid or monoaluminum phosphate (MAP). Castables that use

this system are supplied either as a two-component package—consisting of a dry

component and liquid component (phosphoric acid or MAP) or a dry component

and a damp/wet component (phosphoric acid or MAP premixed with a portion of

the dry mix), or as a single-component mix using a dry MAP powder. Setting

occurs by the use of an additive (in the dry portion of the castable) that reacts

exothermically with the acid. Two commonly used setting additives that react

with the phosphoric acid or MAP are powdered MgO (or MgO aggregate in

basic castables), which forms a reaction bond phase of MgHPO4 or

Mg(H2PO4)2 (13), and calcium aluminate cement, which forms a composite

bond phase of Ca(H2PO4)2 and 3CaO�Al2O3
�6H2O. The bond phases of

MgHPO4 or Mg(H2PO4)2 and Ca(H2PO4)2 will lose their chemically attached

water at approximately 2008C.
Related to the use of phosphoric acid for bonding is the use of alkali phos-

phates (sodium phosphate) or alkaline phosphates (magnesium phosphate and

calcium phosphate). These phosphates, especially sodium phosphate, find exten-

sive use in bonding basic refractory castables since they can react with magnesite

or dolomite aggregate and fines and stiffen the castable by coagulation. Many

types of sodium phosphates are available, and setting time and setting hardness

can vary depending on the phosphate used. Care must also be taken to minimize

the quantity of sodium phosphate used since it can form low-melting reaction

compounds, which will reduce the refractoriness of the castable. While sodium

phosphates have been used in small quantities in advanced alumino-silicate

castable systems for water reduction and flow control, a recent “innovation”

has been to use a relatively large amount (1–4%) of a sodium phosphate such

as sodium hexametaphosphate or sodium tripolyphosphate along with calcium
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aluminate cement (13) to formulate refractory castables with excellent intermedi-

ate temperature (6008–10008C) strength and abrasion resistance.

Another bond used in basic castables and for producing acid resistant

alumino-silicate castables involves the use of alkali silicates, either sodium silicate

or potassium silicate. Alkali silicates will react with acids, salts, andmetal hydrox-

ides and stiffen or set by formation of a silica hydrogel. This gel will dewater con-

tinuously as temperature increases with complete dehydration at 3508C. Setting
agents used to set alkali silicate bonded castables include sodium silicofluoride,

aluminum polychloride, sodium phosphate, aluminum polyphosphate, mag-

nesium polyphosphate, and calcium and magnesium hydroxides (13).

D. Flow Characteristics and Placement Methods

Historically, refractory castables have been mixed and placed in small quantities

(,225 kg), by mixing by hand in a mortar box or in mechanical mixers such as

paddle or drum mixers. Flow and placement consistencies were similar to that of

a “stiff” mix portland cement civil concrete. Many conventional refractory

castables are still placed this way. With the improvement in refractory castable

technology, specifically starting with low-cement castable development, other

placement methods and techniques have come into use. Early low-cement sys-

tems were either gap sized, requiring extensive vibration during placement

(vibration cast), or “sticky” thixotropic materials, which use vibration assistance

for flow and consolidation. Mixing of these early advanced castables was still

done in small quantities, and placement was for the most part by “bucket bri-

gade.” As the large-scale application of low- and ultralow-cement castables

increased, so did castable placement technology. Second-generation advanced

castables had improved flow with most of the mix “stickiness” removed. Mixer

and batch placement size increased with paddle type and turbine type mixers

being introduced that were capable of correctly mixing up to 1350-kg castable.

The need for faster placement of larger batches developed into two techno-

logical approaches and solutions. One was an equipment approach resulting in

the successful development of specially designed refractory pumps (14) that

were able to place up to 10 m3/hr of advanced castable at distances of greater

than 100 m. The other was a refractory castable approach resulting in free flow

or self-flowing refractory castables (15) that could be used with readily available

concrete pumps. Free flow castable systems are available today in both conven-

tional and advanced types and are widely used. Pumping technology also exists,

allowing for the placement of castables with extremely stiff flow consistencies.

In the 1990s, another placement method was developed to speed up place-

ment of castables and eliminate expensive forming. Called refractory shotcreting

or shotcasting, it combines many of the benefits of a “correctly” mixed castable
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with the speed of gunning placement (14, 16, 17). In this method, a large batch of

castable is mixed with the correct amount of water and charged into a pump. The

castable is pumped similar to the method used in pump casting applications.

However, at the end of the hose, a special nozzle assembly is employed. In

this assembly, the castable is mixed with compressed air (at �0.4–0.5 MPa)

and a small amount of an “activator” or accelerator that begins a stiffening of

the castable. The mixture is the pneumatically “shot” onto the installation surface

similar to the dry refractory gunning process. Because of the “activator” or accel-

erator, the castable mix begins to stiffen and allows the surface to be built up

without forms. With proper anchoring and support systems, even overhead appli-

cations are possible.

Today, numerous castable are available in casting, free flow or shotcrete

formulations. There are even commercially available “multi-viscosity” castables

that allow a formulation to be placed by different methods by simply altering

mixing water. The user should be aware that physical properties can vary

between seemingly identical materials developed for different placement tech-

nologies and should always review available technical data.

IV. PHYSICAL PROPERTIES AND CHARACTERISTICS

As expected with a large, diverse group of materials, the physical properties and

characteristics of refractory castables will vary between castable types and appli-

cation purpose, i.e., insulating, conventional dense, low-cement, etc., and because

of mineralogical and formulation differences among castables within a “group.”

Formulation and composition differences (raw material sources) can produce

significant variance in physical properties in seemingly “identical” materials

(similar densities and reported chemistry). Generalized statements and data trends

can be presented to provide an understanding of how the various castable types

differ and what the primary attributes of each type are. The refractory castable

user is cautioned to carefully evaluate potential materials, because material prop-

erties may differ between “similar” products produced by various manufacturers.

There can also be exceptions to the anticipated physical property trends due to

subtle and/or exotic compositional enhancements in a castable system.

A. Insulating Refractory Castables

The primary purpose of insulating refractory castables is to provide thermal insu-

lation either as a backup lining or as a primary lining in nonsevere applications. As

such, insulating castables are formulated for low relative thermal conductivity and

not for strength or abrasion resistance. The vast majority of insulating castables
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are alumino-silicate-based though high-alumina, high-purity “insulating”

castables are produced for applications in very high-temperature environments

(up to 18008C) or in combustion atmospheres containing high concentrations of

hydrogen. Alumino-silicate-based insulating castables are available in densities

of 400–1450 kg/m3 with corresponding porosities of 45–85% and service tem-

perature limits up to 16508C. For alumino-silicate-based insulating castables,

chemistry, specifically alumina content, has no apparent effect on thermal

conductivity for castables with alumina contents between 12–60%. Density

and porosity control the heat transfer. Generally, as density increases and porosity

decreases, thermal conductivity will increase in a linear fashion. For very high-

alumina insulating castables (.90% alumina), the crystalline alumina in the

castable has a significant effect on thermal transfer. These thermal conductivity

trends are illustrated in Figure 2. These curves represent thermal conductivity

data obtained on the initial heat up of unfired insulating castables. A cool-down

thermal conductivity curve is also shown in Figure 2. On cool down (or for a

prefired castable) thermal conductivity will increase slightly (�5–10%) because

of the dehydration of the cement bond phase.

B. Dense Castables

The category of refractory castables classified as dense castables represents a

large and diverse group consisting of conventional-type castables and the various

categories of advanced products. For the refractory user, the differences in the

types of advanced castable are important to understand since dense refractory

castables are used as structural components in furnaces and kilns, as primary lin-

Figure 2 Insulating castables: thermal conductivity vs. density and chemistry.
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ings in vessels containing molten metals and slags, in corrosive atmospheres, and

in furnace areas experiencing physical abuse and abrasive conditions. Based on

the intended application, different physical characteristics come into play when

choosing the appropriate castable material.

1. Density, Porosity, and Permeability

Density of dense castables follows a simple trend—as the alumina content of the

base aggregate(s) increases, so does density since higher-alumina raw materials

are also denser. Particle sizing and packing also will influence density with

castables based on ordered sizing being denser than materials based on random

sizing. Porosity, on the other hand, does not depend as much on aggregate as it

does on sizing, with gap sized systems having the lowest porosity and random

systems having the higher porosities. A property that is related to porosity and

that very much depends on particle sizing and packing is the permeability of

the castable. In ASTM C71, permeability is defined as “the capacity of a refrac-

tory for transmitting a fluid or gas” (18). This property is important since the abil-

ity to safely dehydrate or bake out a refractory castable depends on its

permeability. Permeability can also play a role in gaseous corrosion reactions.

Permeability is measured per ASTM test method C577. While it is possible to

measure the permeability of dense conventional castables with this test method,

it is not possible to obtain flow measurements on many advanced castable types

due to the amount of fine particles used in their formulation and the effect of the

ordered particle packing systems employed. These advanced castables do have

permeability, but it is below the limit that can be measured by the ASTM test.

A recently developed technique and associated apparatus to measure the low per-

meability of advanced castable systems, called the vacuum decay method, has

been developed and is being used to model dewatering behavior of these

materials at the university research level (19). The low relative permeability of

advanced castables and the difficulty or increased care in baking out field

installations has led to the widespread and almost universal use of organic

bake-out fibers (OBOF) to increase permeability and aid in water release

especially in the critical dehydration range. Figure 3 illustrates the trend of

low permeability of a low-cement castable and the increase achieved by the

use of an OBOF addition versus the normal permeability of a conventional

dense castable.

2. Hot Properties—Strength, Load Deformation, Creep,
and Work of Fracture

It is easy to measure the strength of refractory materials at room temperature, and

while this data is useful for quality assurance testing, it is of little importance
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when trying to evaluate a refractory castable for use in a high-temperature appli-

cation. High cold strengths are impressive on paper but may mean a weak

material at operating conditions. To truly evaluate the attributes of a refractory

castable or any refractory for that matter, it is more important to be concerned

with the hot measured properties.

Dense conventional castables are much stronger than insulating castables

with strengths generally equaling those of normal firebrick of the same class.

In dense conventional castables, hot strength behavior with increasing tempera-

ture is principally dependant on the cement type—low, medium-purity, or high-

purity calcium aluminate cement, and the amount used in the formulation. With

the exception of high-purity, high-alumina conventional castable formulations,

the hot MOR (modulus of rupture measured at test temperature) of dense

castables begins to decrease above 11008C. Above this temperature, the calcium

aluminate cement begins to react with silica in the castable and begins to form a

phase called anorthite (CaO�Al2O3
�2SiO2 or CAS2). Silica can be contributed

from the aggregate(s) or from other matrix components. While anorthite has a

melting point of 15538C, in systems with other phases containing CaO and

SiO2, liquid phase formation can begin at temperatures as low as 11708C. In a

silica-free, high-purity, high-alumina castable, the calcium aluminate cement is

able to form the very refractory phase of calcium hexaluminate (CaO�6Al2O3

or CA6) at high temperature. The hot strength of high-alumina castables of this

type actually increases above 13508C. Figure 4 illustrates these hot strength

trends for dense conventional castables based on different calcium aluminate

cements and aggregates.

Figure 3 Superduty dense castables: relative permeability per ASTM C577.
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Because of the many types of advanced castables on the market today and

due to the specialized development of many of these materials for specific uses, it

is harder to characterize their strength development. The refractory manufacturer

has less leeway in development of most dense conventional castables since they

are viewed more or less as a commodity product (every manufacturer makes

similar products) in the marketplace, and price dictates formulation constraints.

This is sometimes true for “low end” (superduty, 50% alumina) advanced

castable types in the low- and ultralow-cement classifications. However,

application and performance criteria can and do call for the development and

use of “premium” castables where the use of expensive formulations and

exotic modifiers can modify physical properties and characteristics such as

strength in specific temperature ranges that correspond to the anticipated service

condition.

Most low-cement, ultralow-cement, and cement-free castables derive their

enhanced strength from a combination of improved particle size distribution,

reduced water demand, improved density, optimum cement/bond hydration,

and the use of micro-sized additions, most notably silica fume and reactive

alumina. Silica fume is used in the vast majority of these materials produced, con-

tributing to particle packing, rheology, and, most importantly, to strength devel-

opment (20, 21). While silica fume causes a significant strength increase

especially in the sub-13008C temperature range, it does react with the calcium

aluminate cement in low- and ultralow-cement castables and contribute to

anorthite formation at elevated temperatures (22), similar to what occurs in con-

ventional alumino-silicate castables. The anorthite formation is minimized in

low- and ultralow-cement castables due to the overall lower CaO content and

by the use of reactive alumina in the formulation that will combine with some

Figure 4 Dense conventional castables: hot strength per ASTM C583.
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of the silica to form mullite. Cement-free castables do not experience anorthite

formation (unless a lime-containing compound is used to “set” the system).

The silica fume in these systems reacts with the reactive alumina and forms mul-

lite as the stable bond phase at elevated temperature (23). Typical strength curves

for commercially available low-cement (LC), ultralow-cement (ULC), and

cementless (NC) castables is illustrated in Figures 5 and 6. Figure 5 shows the

normal trend in hot strength development for the alumino-silicate-based

Figure 5 Fifty to 70% alumina advanced castables: hot strength per ASTM C583.

Figure 6 Ninety-five percent tabular alumina advanced castables: hot strength per

ASTM C583.
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castables. The superduty low cement because of aggregate and formulation

limits, while much stronger than conventional castables, is not as strong as the

“premium” 70% alumina, mullite-based, low-cement castable. In this castable,

strength development is superior due to a premium aggregate and by the use of

better, more expensive raw materials such as reactive alumina and micro-sized

mullite. The difference in strength development or the optimum strength zones

for low-cement, ultralow-cement, and cement-free castables is also illustrated.

In comparing similar materials in these categories, we can generalize and

say that alumino-silicate-based low-cement castables have the best strength

development below 11008C, while ultralow-cement castables and cement-free

castables in this class develop and retain relatively higher strength at elevated

temperatures.

A somewhat different trend in strength at elevated temperatures is noted in

high-alumina advanced castables as exhibited in Figure 6. In this case, above

12008C the ultralow-cement castable goes from being the weakest to the stron-

gest in a very short temperature span. This illustrates a physical property effect

due to proper formulation. In this case a correct balance of cement to silica

fume results in an interesting bond phase development where mullite was able

to crystallize from a liquid phase that was formed between 11008C and

13008C (24). This crystallization of mullite led to an increase in hot strength at

14008C that would not have been predicted and is not experienced in low- or

ultralow-cement castables based on alumino-silicate aggregates even when the

same cement/silica fume ratio is maintained.

All these advanced castables discussed contained silica fume. There are

specially reduced cement and cement-free systems for high-temperature and/or
slag/metal contact applications that are based on high alumina and magnesium

aluminate spinel aggregates and don’t use a silica fume addition. These specialty

castables can yield some very strong elevated temperature strengths (up to

15–20 MPa at 14508C) though low-temperature strengths are not remarkable.

Typical hot strength curves for two other types of commonly used

advanced castables are shown in Figure 7. Chemical bonded (CB) alumino-

silicate and high-alumina castables find application because of their rapid set

and quicker bake out. They generally develop adequate hot strength in the

intermediate temperature range (,11008C) but can lose strength rapidly

above this temperature because of eutectic points of phases in their bond sys-

tems—typically the Al2O3–CaO–P2O5 or Al2O3–MgO–P2O5 systems. High-

cement, low-moisture castables (HCLM) that contain relatively high-cement

amounts (�20%) also contain silica fume and dispersants that allow them to

flow and cast at 2–4% lower water amounts than conventional castables of

equivalent cement contents. Their hot strength is very good and uniform

from ambient conditions to 11008C, which favors their use in many lower-

operating-temperature applications (25). Above this temperature, again due
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to anorthite formation, their strength decreases to levels equivalent to

conventional dense castables.

Figure 8 exhibits hot load deformation data for dense conventional

castables and low-cement castables as compared to similar grades of refractory

brick. Once again the low-cement castables show their superior load-bearing

properties compared to conventional castables and their brick counterparts. It

is interesting that increasing alumina content in all three types of refractories

shown (conventional castable, low-cement castables, and brick) does not yield

the best deformation resistance. The refractories based on mullite aggregate

have better load resistance, illustrating the point that mineralogy rather than

Figure 7 Chemical bond and high-cement, low-moisture advanced castables: hot

strength per ASTM C583.

Figure 8 Hot load deformation per ASTM C16—0.17 MPa @14258C.
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chemistry is more important for developing better hot properties. This trend is

again shown in the creep curves in Figure 9. Here the mullite-based, 70%

alumina, low-cement castable again is better than the higher-alumina, low-

cement one and only creeps about half of that of the superduty low-cement

castable. Also illustrated is the benefit of an ultralow-cement castable in creep

resistance at high temperature compared to its low-cement counterpart.

The fracture resistance of refractory castables, and refractories in general,

is one of the more important attributes to be considered in the refractory selection

process but, unfortunately, is probably the most nonreported property due to lack

of available test equipment and a standard test method. It is a fact of life that a

refractory lining will develop cracks during service, so it is important to know

how well the refractory will resist crack growth propagation. Work of fracture

(WOF) is a measure of the energy needed to propagate a crack through a material.

This property is influenced very strongly by aggregate type, particle size distri-

bution, and bond phase development. In many cases a relatively weaker castable

or refractory as evaluated by modulus of rupture may be a more crack-resistant

material and a better choice for an application. Subtle changes to a formulation

or size distribution may not affect MOR as much as WOF, especially in advanced

castable systems.

For dense conventional castables, the hot WOF trend is easy predicted, as

cement and aggregate type have little effect on work of fracture (26), as illustrated

in Figure 10. WOF for most alumino-silicate castables, regardless of the cement

used, increases to a maximum at 11008C and then decreases rapidly. The higher-

strength, high-purity conventional castables have slightly higher WOF values

though not in proportion to their hot strength. For example, the hot MOR of the

Figure 9 Creep per ASTM C832—0.17 MPa @14258C.
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95% Al2O3 dense castable at 11008C is over twice that of the superduty low-purity

cement castable, but its hot WOF at the same temperature is only �10% greater.

One can readily see the advantages of the advanced castable system over

dense conventional castables and brick by comparing hot WOF values. Figure 11

plots the hot WOF of low-cement, ultralow-cement, and cement-free castables.

The same trend is noted for these castables as was shown for hot MOR.

The low-cement castables have the best fracture resistance below 11008C, and
the ultralow-cement and cement-free products yield better values at higher tempera-

tures. Comparing this figure with the previous one also shows the superior fracture

properties of this class of castables. The main advantage of these castables for the

Figure 10 Dense conventional castables—hot work of fracture.

Figure 11 Fifty to 70% alumina advanced castables—hot work of fracture.
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user is the fact that they are much tougher than other comparable refractories such

as brick, plastic refractories, or conventional castables. The resistance to crack

propagation also plays an important role in resistance to thermal shock and impact.

3. Abrasion Resistance

Many applications where refractory castables are used require that the castable be

resistant to abrasion or erosion. Most of these applications are in the moderate- to

low-temperature range (,11008C) and this allows the use of a room-temperature

test for evaluation. The most universally used test method is ASTM C704,

“Abrasion Resistance of Refractory Materials at Room Temperature” (27).

While there have been attempts at developing hot erosion tests, none are consist-

ently used or as accepted as C704. This test has been used for over 30 years to

specify refractories for the petrochemical industry and has been accepted for

providing useful data to predict or classify refractories for moderate temperature

erosion environments. Dense conventional castables, for the most part, are “aver-

age” abrasion-resistant materials, having volume losses after testing of 20–40 cc.

For abrasion-resistant applications, advanced castable systems such as low-

cement, ultralow-cement, high-cement, low-moisture, and chemical bonded

castables are used. Abrasion loss also varies with prefiring temperature and can

reflect strength (MOR) variances. Figure 12 plots the cold abrasion loss of

various castables versus prefiring temperature. Castables generally increase in

abrasion loss as cement dehydration occurs, as illustrated by the conventional

dense and even the low-cement castable. As the ceramic bonding/sintering pro-

cess begins (.6008C), measured abrasion loss decreases. High-cement, low-

moisture castables go against this trend and retain a more uniform abrasion

loss throughout the low- to moderate-temperature range (25), making them

Figure 12 Superduty refractory castables—abrasion resistance per ASTM C704.

280 Krietz



ideal for some petrochemical, mineral processing, and incineration applications.

Figure 13 shows comparative abrasion ranges for the various types of refractory

castables. It should be noted that the higher-alumina compositions in each class

generally, but not always, have the lowest measured abrasion losses.

4. Thermal Conductivity

The thermal conductivity trend of dense alumino-silicate and high-alumina

refractory castables is similar to that of refractory brick and is easy to predict:

As alumina content and density increase, so does thermal conductivity.

Figure 14 illustrates this for dense conventional castables. As with insulating

Figure 13 Refractory castables—abrasion resistance range per ASTM C704.

Figure 14 Dense conventional refractory castables—thermal conductivity.
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castables, very high-alumina castables have a much higher thermal conductivity

due to the higher amount of crystalline alumina.

Thermal conductivity for many advanced castables is significantly higher

than their comparable conventional dense castable counterparts (28, 29). This

is due partly because of their increased density and improved particle packing

but primarily because of ultrafine powder additions, most notably silica fume.

The ultrafine powders help reduce casting water and porosity, improve matrix

continuity, and increase the crystalline content of the matrix. The exact mechanism

of the thermal conductivity increase is not well researched, but the effect in ther-

mal conductivity increase caused by silica fume is illustrated in Figure 15. This

increase in thermal conductivity (20–30%) caused by a silica fume addition is

illustrated for both low-cement (LC) and high-cement, low-moisture (HCLM)

castables as compared to a conventional dense castable (CC). Typical thermal

conductivities for other advanced castables based on different aggregates and

bonds are shown in Figure 16.

V. FUTURE TRENDS IN REFRACTORY CASTABLES

For the past 30 years, refractory technologists have significantly improved refrac-

tory castable formulations, widening both the types of castables and the installa-

tion methods available. The improvement in their physical properties and

characteristics have enabled castables to gain in market share and application

at the expense of other types of refractories. In a recent report, an industrial mar-

ket research firm predicted that castables would see the best sales growth in the

refractory market over the next 5 years due to “superior performance character-

Figure 15 Fifty percent alumina dense castables—thermal conductivity.
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istic in an array of applications as well as from relative ease in installation” (30).

Refractory producers are continuously improving both product quality and con-

sistency. New advanced castables are continuing being developed and applied

with the emphasis on engineering formulations for specific applications. This

is evident in the new castable developed for metal contact in both the steel and

aluminum industries, and it is expected that this development trend will spread

to other industrial applications as well.
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11
Unshaped Refractory Products

Rudolf Krebs
St. Augustin, Germany

I. INTRODUCTION

In the United States, the year 1914 marked the opening of a new era in refractory

technology with the manufacture of specialties or monolithic refractories. The

term “specialties” was the official U.S. government term for the classification

of unshaped and unburned refractory materials (1). During the 1920s and 1930s,

important advances were made in new and improved monolithic refractories,

and a big increase of the production of such refractories (especially plastics

and rammings) took place during World War II. The demand for monolithic

refractories of all kinds increased in the emergency “get-it-out-yesterday” atmos-

phere of World War II. One special wartime use of monolithic refractories was in

dehydration plants, which produced millions of pounds of powdered eggs to be

shipped to the American military and manufacturers. The production of ramming

mixes, castables, mortars, and coatings increased by more than one third between

1937 and 1943 (1).

People often talk about modern, intelligent, and innovative refractory pro-

ducts and/or technologies. However, before an evaluation of these words can be

made, it seems to be necessary to make a brief review of the “unshaped refractory

history.” Table 1 shows some remarkable highlights of the last 88 years.

After the inventions of the “plastic” refractory in 1914 and the “cast”-able

refractory in 1923, in the United States, there was a long pause until the mid-

1950s, when the conventional gunning technology was established in Europe,

too. As far as prefabricated shapes are concerned, the original idea was to

make big prefabricated and pretreated blocks for quick installations and short

heat-up times. The time of prosperity for this way of thinking was in the
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1970s, when soaking pits and walls of pusher-type furnaces were lined with such

big blocks within extremely short times. But today soaking pits have practically

disappeared, and this technique ended simply due to the fact that in the steel

plants the availability of the cranes could not be guaranteed.

One of the biggest steps ahead was the invention of deflocculated castables,

which took place at the same time. This basic development was the assumption

for all further developments in regard to the MCCs, LCCs, ULCCs, and NCCs.

The development of self-flowing (SFC) and shotcreting (SCC) castables was a

logical consequence. Both are no-new-product types: SFCs have the know-how

to fill any space after casting without additional energy; products like SCCs

were needed automatically after the introduction of the right equipment (which

originally came from the civil building industry). However, it is a fact that

both product types are deflocculated castables (2)!

II. DEFINITIONS, CLASSIFICATIONS, STANDARDIZATION

Shaped refractories like bricks were widely used for refractory linings before

monolithics entered the market. And due to the fact that unshaped refractories

were mostly used as repair materials, there was no need for standards or defi-

nitions in the beginning. Where properties were required, existing standards

for bricks were applied. This “standard-free” state was no longer possible

when monolithics gained a better image and were used more and more for new

linings, too.

In Table 2 a historical summary is made in regard to the development of

ASTM standards by showing the most relevant ones (3). It can be stated that

according to the total production and consumption of refractories, the first stan-

dards were made for shaped refractories and applied later for monolithics as

well. It can be also stated that in the United States, the necessity for standardizing

monolithic refractories was more urgent. This can be traced back to the big increase

Table 1 Highlights Regarding the Development of Unshaped Refractory Products

Time Development Type of installation

1914 Invention of plastic refractory Ramming

1923 First patent on “cast-able” refractory Casting

1950s “Gun-able” refractories Dry gunning

1970s Invention of deflocculated castables Vibrating

1970s Prefabricated and pretreated shapes Quick installation

1980s Self-flowing castables Self-flowing

1990s Refractories for shotcreting Shotcreting

288 Krebs



of such refractories (especially plastics and rammings) during World War II

(see ASTM C179 and C181).

Until the end of the 1960s, there was no unified European standardization. As

already mentioned, existing standards for testing refractory bricks were applied in

cases where properties of monolithics were necessary. Parallel to the work, which

was made in the national standard bureaus like AFNOR, BS, and DIN, a very suc-

cessful procedure was practiced by the creation of the so-called PRE recommen-

dations. The PRE (Federation Européenne des Fabricants de Produit Refractaires)

was formed in 1953 and is a federation of Western European producers of refrac-

tories presenting “technical recommendations produced in mutual agreement by

all its members” (in 1976, 14 European countries were members of the PRE,

Table 2 History of Important Refractory Standards in the United States

ASTM

standard Content

Originally

issued in Type

C 20 Determination of app. porosity, water

absorption, bulk density

1918 Shaped

C 24 Determination of refractoriness by

pyrometric cones for bricks mortars,

clay, etc.

1919

C 113 Reheat change of refractory bricks 1934

C 133 Cold crushing strength and modulus of

rupture of refractories

1937

C 134 Size, dimensional measurements, and

bulk density of refractory bricks and

insulating bricks

1938

C 135 True specific gravity of refractory

materials

1938

C 179 Drying and firing linear change of

plastics and rammings

1943 Unshaped

C 181 Workability index of plastic

refractories

1943

C 401 Classification of alumina and

alumina-silicate castables

1957

C 417 Determination of thermal conductivity

of unfired monolithic refractories

1958

C 860 Determining and measuring

consistency of refractory concretes

(e.g., “ball-in-hand test”)

1977

C 862 Preparing refractory concrete

specimens by casting

1977
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representing a total production of refractories of approximately 5.7 million tons

(United States ¼ 4.5 million tons, Japan ¼ 2.7 million tons). The members were

Austria, Belgium, France, Germany, Greece, Holland, Italy, Portugal, Scandinavia

(Denmark, Norway, Sweden), Spain, Switzerland, and the United Kingdom. To

avoid the development of any divergence of ideas between the refractories manu-

facturers belonging to PRE and the main users, mixed groups comprising members

of the Iron and Steel and Refractories Industries were set up in 1969 under the name

SIPRE (Siderurgie et PRE, or Steel Industry and PRE). Six working groups were

organized. Their objectives were the attainment of an agreement between manufac-

turers and users on the procedures to be followed for determining the fundamental

properties of refractories with a view to subsequent standardization of methods,

both at national and international (ISO) levels (4).

In Europe much more time passed until the first tendencies for starting a

standardization of unshaped refractories appeared. In February 1964, the PRE

Bulletin No. 65 was published containing a first definition and classification of

unshaped refractories and refractory mortars on a modest scale.

The most difficult items concerning standardization were the shape, the

sizes of the shape, the method(s) for preparation, and the curing and treatment

of test pieces, because we all know that without having a general test piece, no

classification is possible. It is a matter of fact that, for example, the permanent

linear change of a product depends on the shape and the sizes of the test pieces

after a certain prefiring temperature and soaking time. A standard brick shows a

different PLC than a 2 in. cube or a 50-mm cylinder after firing at 12008C for

5 hr. Therefore, most intentions made in the early 1970s were concentrated on

this item.

During the early 1970s, a consensus could be found and first parts of the

relevant PRE recommendations were published. Table 3 shows the results of

the PRE activities as far as the unshaped refractories are concerned. In the data

sheets for the products of the PRE producers, it was mentioned in most of the

cases that data were obtained by applying the relevant PRE recommendations;

the advantage was that these test procedures were accepted by the steel industry.

According to the philosophy of PRE, the German DIN 51 010 was published in

1987 showing the same wording as the respective PRE recommendations.

Looking at Tables 1 and 2, it can be stated that during the 1970s, the biggest

steps ahead were made in regard to unshaped refractories in Europe and in the

United States. On the other side, it must be stated as well that in 1915 it was

known how to measure the refractoriness of a product and how to determine

the physical properties. But it took 28 years in the United States until the first

“monolithic standard” was published (in Europe, it took more than 60 years).

In the mid-1980s, there was a need to create European standards (EN ¼

Norme Européenne) to achieve easier communication and trading within the

European Community. This referred to refractories, too. The CEN Technical
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Committee 187 was established with four working groups to set up the new

standards. The first idea was to take the existing PRE recommendations that

were approved and applied by users and producers for a long time and elaborate

EN standards with a little updating. But it was found that some of the PRE mem-

bers voted in the PRE meetings for the approval of the recommendations

although they still practiced the testing according to their national standards in

their countries—which differed very often significantly—especially as far as

the monolithics are concerned. That was the main reason why the progress in

working group 2 (unshaped refractories) was not as big as in the other three

groups. However, now, after many meetings, tests, and discussions, the result

is the issue of the EN 1402, which is subdivided into eight parts, as Table 4

shows.

Table 4 Subdivisions of EN 1402

EN 1402: Unshaped Refractory Products

Part 1 Introduction and classification

Part 2 Sampling for testing

Part 3 Characterization as received

Part 4 Determination of consistency of castables

Part 5 Preparation and treatment of test pieces

Part 6 Measurement of physical properties

Part 7 Tests on preformed shapes

Part 8 Determination of complementary properties

Table 3 PRE Recommendations Concerning Unshaped Refractories

PRE

rec. Content

First

issue

Revised/
supplemented

42 Classification of prepared unshaped dense and

insulating refractory materials

1978

43 Provisional supplementary classification of

dense and insulating refractory castables

1972 1978

44 Provisional supplementary classification of

refractory ramming materials and mouldables

1973 1978

25 Control as received 1974 1984

26 Preparation of test pieces 1974 1984

27 Testing of the characteristics on unfired test

pieces at ambient temperatures

1974 1986

28 Testing of the characteristics of test pieces

during and after firing

1977 1986

45 Test on refractory mortars 1984
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The vocabulary and definitions, which will be used in the following text,

are in accordance with this standard.

A. Definition

The term “unshaped refractory products” is the correct designation for the pro-

ducts in question, although words like “mixes,” “refractory mixes,” or “ramming

mixes” are still used frequently today. However, the word “monolithics” is the

more common term overseas. Compared to a refractory brick, the adjective

“unshaped” also expresses the main difference. A brick generally has a specific

shape, is prefired homogeneously, and is bricked or laid with suited mortars. In

contrast, unshaped refractories are placed in larger sections, mostly behind shut-

tering. The furnace lining consists of these monolithics once they have hardened.

The comparison of the quantity of joints for a brick lining and a refractory lining

made of unshaped refractories justifies the word “monolithic.”

The general definition of monolithic refractories is found in the standard

ISO 1927 (5) and in the European standard EN 1402-1:

Mixtures which consist of an aggregate and a bond or bonds, prepared ready

for use either directly in the condition in which they are supplied or after the

addition of one or more suitable liquids, and which satisfy the requirements

on refractoriness given in ISO R 836. They may contain metallic, organic or

ceramic fiber material. These mixtures are either dense or insulating. Insulat-

ing mixtures are those whose true porosity is not less than 45% when deter-

mined in accordance with EN 1094-4, using a test piece pre-fired to specified

conditions.

Prefabricated refractory shapes are made of such products by casting, vibrating,

or ramming. They are mostly thermally pretreated and can be taken into service

immediately.

As far as the nature of bond is concerned, there are four types:

1. A hydraulic bond with setting and hydraulic hardening at ambient

temperature

2. A ceramic bond with hardening by sintering during firing

3. A chemical bond (inorganic or organic–inorganic) with hardening by

chemical, but not hydraulic, reaction at ambient temperature or at a

temperature lower than that of a ceramic bond

4. An organic bond with binding or hardening at ambient temperature or

at higher temperatures.

Of course, a lot of bonds are mixed bonds: This is, for example, the case with

phosphate-bonded ramming materials (¼chemical—ceramic) or materials for

repairs with a hydraulic bond which contain besides calcium aluminate cements
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also considerable amounts of clays (¼hydraulic—ceramic). When several bonds

are used together, the bond has to be designated according to the nature of that

bond that plays the principal part during the hardening.

Before selecting a product, it is recommended to first check whether the

material in question will require a special heat treatment for a proper setting or

not. This will help to avoid unpleasant surprises and discussions about setting

times, progress of the work, and the date of taking the furnace into operation.

Very often additional “lost” shuttering is needed to support the setting of the

material unless it has sufficient strength. This often happens with linings consist-

ing of phosphate-bonded rammings or plastic mixes.

The mesh width of the finest sieve (ISO 565 series), through which at least

95% by mass of the material passes, is synonymous with the maximum grain size

of the mixture. The yield by volume is the mass of material as delivered that is

necessary to place 1 m3 of material, expressed in tons, to the nearest 1%.

B. Subdivision of Materials

The extensive product range of unshaped refractory materials can be subdivided

as follows.

1. Refractory Castables

The family of the refractory castables is certainly the most important product

group. Refractory castables can be either dense or insulating materials. The for-

mer relatively simple mixtures consisting of aggregates and calcium aluminate

cements have been continuously improved so that they are on a very high tech-

nical level today. This called for differentiation. The dense castables are classi-

fied according to EN 1402-1 as follows:

Regular Castables. These are hydraulically bonded refractory castables

containing cement; however, they do not contain a deflocculant.

Deflocculated Castables. Such cement-containing castables have to

meet, in general, two requirements: They must contain

1. At least one deflocculating agent

2. A minimum of 2% by weight of ultrafine particles (less than one

micron).

Ultrafine particles are, for example, pyrogenic microsilica or reactive aluminas.

The family of the deflocculated castables is subdivided according to the content

of CaO—and not (!) to the content of cement—as shown in Table 5.

This table shows that of course the amount of cement is decreasing parallel

to the decrease of the CaO content. For example, an ULCC containing a 70%
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Al2O3 cement allows the addition of 3.3% cement maximum, and if a cement is

used that contains 80% Al2O3, the allowed quantity of cement is 5% only. The

problems concerning strength development during the setting increase by

decreasing cement content, as ULCCs and NCCs very often need additional

heat to achieve sufficient green strength values.

Chemically Bonded Castables. These refractory castables contain one or

more chemical bonds. After the addition of water or a suitable mixing liquid and

an intensive mixing, they start setting mostly due to a neutralization process. By

this it should be stressed that a clear differentiation between a chemically bonded

castable and a deflocculated one of the NCC type is hardly possible. This can be

also traced back to the fact that the nature of bonds has not been investigated in

detail, respectively classified, so far.

2. Refractory Gunning Materials

As these materials can be installed very easily and efficiently, they increased their

market share considerably. Refractory gunning materials can be subdivided into

the following three groups:

1. Castables (dense or insulating), which are supplied dry and used after

the addition of water during and/or before gunning

2. Deflocculated castables for the shotcreting process

3. Plastics for gunning, which are especially designed for gunning under

high air pressure with special equipment, and are normally delivered in

a “ready-to-use” state.

3. Refractory Moldable Materials

These moldable materials are usually described as plastic or ramming refractory

materials.

Table 5 Classification of Deflocculated Castables

Category

Content (%) CaO

Minimum Maximum

Medium-cement castable (MCC) .2.5 —

Low-cement castable (LCC) .1.0 ,2.5

Ultralow-cement castable (ULCC) .0.2 ,1.0

No-cement castable (NCC) 0 ,0.2
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Plastic Refractory Materials. The product group is demonstrably the

oldest monolithic material. It was developed in the United States as “pliable

firebrick” in 1914, and for a long period it was used as the standard material

for the front installation of many types of furnaces (3). (The refractory castable

was developed at a later stage; a first patent application in the United States

was registered in 1923.)

Plastic refractory materials are supplied in mouldable, preformed blocks or

slices and placed by ramming (manual or mechanical). An installation without

shuttering is possible. They harden under the action of heat above ambient

temperature.

Refractory Ramming Mixes. These are noncoherent materials, which are

supplied in premoistened status or “ready-for-use.” After filling them behind a

stable shuttering, they are installed by ramming (in special cases by vibrating,

too). These materials can also be supplied in dry status together with a separate

liquid binder. The “ready-for-use” consistency will be achieved by using a paddle

mixer on-site.

Also, the refractory ramming mixes harden under the action of heat above

ambient temperature.

4. Refractory Jointing Materials

This material group also belongs to the unshaped refractory products and is

designed for laying and jointing or gluing refractory bricks or preformed blocks

and also insulating products. The composition of these materials—consisting of

fine aggregates and bonds—varies depending on the quality of the used bricks

respectively on the field of application. These materials are delivered either

dry or in a ready-to-use state. There are two main types:

1. Heat setting jointing materials, which harden at elevated temperatures

by chemical or ceramic bonds

2. Air setting jointing materials, which harden at ambient temperature by

chemical or hydraulic bonds.

5. Other Unshaped Refractory Materials

Dry Mixes. These materials are especially designed to be placed in the

dry state by vibration or ramming. Due to their special grain size distribution,

they reach a maximum compaction without adding any liquids. They may include

a temporary bond (organic additives, sintering agents) but are eventually ceramic

bonded by a further increase of temperature. These products are mainly used for

the installation of induction furnaces, wear lining of tundishes, or transport ladles

in foundries.
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Injection Mixes. Such products have mostly a fine grading; they are

“injected” by double-piston pumps, using pressures between 10 and 200 bar.

They may be supplied ready-to-use or may require mixing on-site. Here a typical

material is, for example, the so-called grouting mix that is injected through the

steel jacket of the blast furnace to serve as rear-filling material in the remaining

brickwork. The mix fills gaps and improves cooling efficiency.

Coatings. These products are mixtures of fine refractory aggregates and

bond(s). They are usually supplied ready-for-use with a higher water or liquid

content than is required for mortars. They are often designated as “coatings”

and may have a ceramic, hydraulic, chemical, or organic bond. The mixtures

are applied manually (with a brush or trowel), by pneumatic or mechanical

projection, or also by spraying.

As already mentioned above, a remarkable overlapping can be stated here.

Therefore, the following should be pointed out:

In boilers of power stations and waste incinerators, SiC-ramming mixes are

installed by the “patching” method (by hand) between the studs. The thickness of

the lining is often not more than 18 mm. To be exact, the ramming mix is actually

being used as a “coating” for the water-cooled pipes. This example shows how

difficult precise classification can be as several products can be placed or installed

in different ways.

Tap Hole Mixes. These materials are especially designed for the filling and

sealing of blast furnace tap holes. They are also supplied—like the plastic refrac-

tory materials—in extruded preformed blocks having a mouldable and plastic con-

sistency containing refractory aggregates and several organic and ceramic bonds.

These products usually have a carbon bond after firing or once in service.

Figure 1 shows a conclusion schematically.

C. Type of Chemical Composition

The subdivision of unshaped refractory products according to their chemical

composition is in accordance with ISO R 1927:

Al2O3 –SiO2 products, consisting mainly of Al2O3, SiO2, and alumino-

silicates.

Basic products, consisting mainly of magnesia, doloma, magnesia-

chrome, chrome ore, and spinel.

Special products, mainly consisting of oxides or nonoxide aggregates or

others that are not mentioned above. These can include silicon carbide,

silicon nitride, zircon and zirconia.
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Carbon-containing products, mainly consisting of aggregates mentioned

under item 1.4.1, 1.4.2, or 1.4.3, which, however, contain more than 1%

carbon or graphite.

D. Classification—Testing

One of the most important points of EN 1402 was the agreement about shapes and

sizes of the test pieces. It was agreed to use for the preparation of test pieces the

following three shapes:

1. Shape A ¼ 230 mm � 114 mm � 64 mm (mainly for insulating

products)

2. Shape B ¼ 230 mm � 54 mm � 64 mm (previous standard shape for

dense products)

3. Shape C ¼ 230 mm � 64 mm � 64 mm (reference shape/test piece).

Figure 1 Subdivision of unshaped refractory products schematically.

Unshaped Refractory Products 297



It is very important to point out that statements about the properties of unshaped

refractory products depend on the shape of the test pieces and the standard being

used. In other words, results determined on the basis of the EN standard cannot be

compared with results determined on the basis of ASTM or JIS standards. As a

result of international competition and more open markets, there is a growing

necessity to quickly set up ISO standards, which apply worldwide. Positive

efforts are being made. For example, ASTM standards, such as C704 (abrasion

resistance) or C288 (CO resistance), have been included in the testing guidelines

for unshaped refractory products for a long time (6,7). They have also been

included in the EN 1402, Part 8.

In addition to the above-mentioned standards, a number of specifications

exist, unfortunately. These specifications come from the petrochemical industry

and deviate from EN and ASTM standards especially in regard to the shape of the

test pieces. Here, too, harmonization would be in the best interest of all parties

involved. Figure 2 demonstrates how many test pieces a producer of unshaped

refractories has to prepare.

Figure 2 Collection of test pieces made of unshaped refractories. Description from left

to right: (Top) Two bricks for measuring thermal conductivity (230 � 114 � 76 mm);

Shape A according to EN; cup for slag tests (100 � 100 � 100 mm, hole 50 mm in

diameter and depth). (Middle) Test piece for measuring abrasion resistance according

to ASTM C 704 (114 � 114 � 40 mm); test piece according to special specifications

for petrochemical industry (230 � 50 � 50 mm); drilled 50 mm cylinders out of a shape

B (one with 12.5 mm hole for determination of Refractoriness Under Load or Creep

Under Compression). (Bottom) Shape B according to EN; 3 cubes for petrochemical

specifications (50 � 50 � 50 mm); Shape C according to EN.
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The consumer is confronted with a confusing number of manufacturers and

products with more or less fancy names. However, names or designations are not

always in agreement with the performance capability of the refractory product

and what is expected. Consequently, the “Verein Deutscher Eisenhüttenleute”

(VDEh) (Association of the German Iron and Steel Engineers) published a

code number key for unshaped refractory products. This code number key is pro-

vided in the form of a standard titled “Stahl-Eisen-Werkstoffblatt 916 (SEW)”

and was universally accepted and applied by all concerned German-speaking

countries (8).

The products are provided with a 12-digit code. The explanations of the

digit positions in information sheet SEW 916 are given in Table 6.

The individual descriptions and properties are to some extent very differen-

tiated. Consequently, this code system is quite explicit. This is also proven by

the fact that digits 11 and 12 indicate the refractoriness under load classification

temperature by way of a hot test and the permanent linear change after prefiring.

Table 7 gives an example of how the code number key works for a regular

dense refractory castable.

Looking at the above example, it is quite easy to define the main parameters

(especially a hot one) of this castable. The coding system is also a help for mak-

ing decisions, such as which product can be used for quick repairs in case of

emergencies. The RUL classification Temperature is very near to the “real maxi-

mum service temperature,” although it has to be mentioned here that this property

cannot be measured really.

It would have been a big advantage if an updated version of this code

system could become part of EN 1402-1. It has provided such good service for

many years. However, there were some different philosophies concerning classi-

fication within the European standardizing committee. The result is a classifi-

cation according to certain temperature classes in combination with maximum

Table 6 Product Code of the VDEh for Unshaped Refractory Products

(according to SEW 916)

Number

of digits

Position in

the code Description and property

1 1 Type of product (e.g., castable, plastic, etc.)

1 2 State of delivery

1 3 Nature of bond

1 4 Type of installation

2 5 and 6 Raw material base

2 7 and 8 Percentage of main chemical component

2 9 and 10 Material required

2 11 and 12 RUL classification—Temperature
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permanent linear changes after prefiring, which is similar to ASTM C401 and

shown in Table 8.

III. METHODS OF PLACEMENTS

The performance of a refractory lining will greatly depend on the type of instal-

lation and the quality of the unshaped refractory materials. This applies for laying

Table 7 VDEh Code of a Regular Dense Castable Based on Calcined Clay

VDEh—code 0 0 1 8 10 33 20 25

Decoding:

1 ¼ Type of product 0 ¼ Dense castable

2 ¼ State of delivery 0 ¼ Dry for water addition

3 ¼ Nature of bond 1 ¼ Hydraulic

4 ¼ Type of installation 8 ¼ Vibrating

5 þ 6 ¼ Raw material base 10 ¼ Chamotte, 30–45% Al2O3

7 þ 8 ¼ Percentage, chemically 33 ¼ 33–37% Al2O3

9 þ 10 ¼ Material required 20 ¼ 2.0 t/m3

11 þ 12 ¼ RUL classific.—Temperature 25 ¼ 12508C

Table 8 Classification Temperatures According to EN 1402, Part 1

Criterion: Total linear changea (determined in accordance with EN 1402-6)

Dense unshaped refractories Insulating unshaped refractories

Not applicable

10008C
Not applicable 11008C
12008C 12008C
13008C 13008C
14008C 14008C
15008C 15008C
16008C 16008C
17008C 17008C
.17008C .17008C
All types of castables ,1.5% shrinkage Castables ,1.5% shrinkage

Shotcreting refractories ,1.5% shrinkage Gunnings ,1.5% shrinkage

Gunning refractories ,1.5% shrinkage

Rammings ,2.0% shrinkage

Plastic refractories ,2.0% shrinkage

aEquals PLC after drying þ firing.
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refractory bricks and even more so for the installation and curing of the unshaped

refractories. Here humans have a great influence, and their actions are decisive

for the quality of the furnace lining. Consequently, this chapter gives information

on the most important general rules.

A. Concrete Work

After mixing with a suited liquid, refractory castables are generally installed

by casting, rodding, vibrating, or self-flowing, which means casting without

vibration. In some cases these materials can also be compacted by ramming, as

was formerly often done with RC-type castables. In this case the results were

also excellent.

Table 9 gives recommendations as to how the different types of refractory

castables should be mixed and installed. This table cannot be considered as

generally applicable or valid due to the multitude of available products; however,

it should be a guideline. For example, it should be obvious that a paddle mixer

cannot be used for so-called lightweight insulating castables, which contain

aggregates in form of perlite and vermiculite. If a paddle mixer is used, the danger

exists that these aggregates would be destroyed by abrasion. Bulk density and

thermal conductivity of the product would increase. On the other hand, it is

state of the art to prepare deflocculated castables in a paddle mixer only. This

will ensure that the correct consistency for placement is obtained when the

manufacturer’s recommended amount of mixing liquid is used.

Inside and outside vibrators are used for compaction. The consistency of

the castable requires special consideration if using outside vibrators. The refrac-

tory castable should never be adjusted to suit the vibrator. The vibrator must

always be regulated in regard to the type of castable and the wall thickness.

For example, MCC- and LCC-type castables often have a viscous consistency,

which can be changed by adding more liquid. This will enable the user to install

the castables with less suitable equipment, but in the end the user will also run the

risk that the expected properties of the castables will not be achieved.

The packing units usually contain some kind of information on proper

installation and working methods. In addition to this, informative brochures

about the various installation techniques can be obtained from the refractory man-

ufacturers as well. Due to the multitude of special factors requiring the attention of

the user, it is recommended to request information directly from the manufacturer.

Every year the topic of cold temperatures arises. Many studies have been

conducted in regard to castables and cold-weather conditions. The main points

are summarized as follows:

The properties of a product are determined usually at room temperature,

which is considered to be 208C. At lower temperatures, for example near 08C,

the (mostly) exothermal setting process is delayed, i.e., the moulds cannot be
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removed quickly, the initial strength is lower, which results in reduced strength

values at higher temperatures.

An example: Comparing a RC-type castable with a cement content of 20%

and an ULCC-type castable with 3% of the same cement. It is obvious that the

ULCC type will need a relatively long time for setting and hardening at low tem-

peratures. It is also not really helpful to use a warmer mixing liquid. For example,

5 l of mixing liquid per 100 kg only means 5 kg warm water facing 100 kg “ice-

cold” material—this cannot have big effects. Refractory manufacturers often

offer summer and winter versions of MCC- and LCC-type castables by adding

accelerators or retarders. Nevertheless, certain on-site precautions will still be

required despite these modifications. Further information can be found in the

relevant literature.

As far as the curing of castables is concerned, the following general guide-

lines should be noted:

The setting procedure regarding refractory castables is exothermal—

specifically for the insulating refractories and dense RC-type castables. The

following simplified reaction serves to explain the process:

Calcium aluminate cement (CA, CA2, C12A7, etc.) þ aggregates þ water

�! calcium aluminate hydrates (CAH10, C3AH6, C2AH8, etc.)

þ aggregates þ heat þ remaining water

Insulating refractory castables and RC-type castables can get very hot during

hydration. The temperature peak will depend on the quantity of castable,

which has to be installed, on the ratio of the surfaces surrounded by moulds

to the surface releasing water, and also on the moulded materials on their own.

During this time (approximately 15 to 18 hr), the refractory castable must be

protected against losing moisture (for example, by covering or sprinkling).

Once the heat has disappeared, it is not necessarily required to continue to

preserve moisture. If the ambient temperatures are high, however, it is still

recommended to preserve moisture in any case. These refractory castables should

be given approximately 48 hr’s time before starting any drying or heat-up

procedures. The main reason for these measures is that calcium aluminates

hydrate on a quantitative basis (see above equation).

Deflocculated castables contain lower amounts of cement, which produce

a slight amount of heat. From this point of view, everything stated above can

be limited to 24 hr in most cases. For ULCC- and NCC-type castables, the

supply of heat will most likely be required to obtain sufficient green strength.

Consequently, subsequent treatment of the castable will not be required in the

sense described above. Special ULCC castables, which are installed in blast

furnace trough systems, contain metallic additives and catalysts. These effect
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an intensive exothermal reaction after the addition of water and installation of

the castable. Hydrogen forms and creates capillaries by venting out of the

castable structure. These capillaries assist the “self-drying” process and also

the heat development. Furnaces lined in this way can be put into operation

after a relatively short time.

B. Ramming

1. Plastic Refractory Materials

Plastic refractory materials are supplied in cardboard boxes already preformed in

blocks or, more frequently, in slices. Depending on the thickness of the walls, the

slices, or parts of a slice, which are broken off or cut out, are rammed into

position. The ramming method is used to shape the mix better and to obtain

the desired contour to fit its surrounding. Ramming is not selected in order to

ensure better compaction of the mix, because it has already been properly com-

pacted during its production. The material can be installed with pneumatic

rammers or a heavy hammer weighing 1–1.5 kg. The rammer head should be

a larger one and not small. The individual rammed layers must be scraped before

installing the next layer. Because there is the danger of lamination, which effects

spalling, it is always required to work vertically on the surface to be stressed

later on.

The use of shuttering is not an absolute requirement for plastic

refractories.

After completion, the surface is leveled and scraped with a board contain-

ing nails. This is not for trimming the surface alone, but for an easier drying out as

well due to the bigger specific surface. To avoid uncontrolled shrinkage cracks,

so-called shrinkage joints have to be made. An approximately 1-mm-thick steel

plate is hit deep into the rammed material. Penetration must be at least one third

of the entire thickness of the rammed section. The resulting segments should not

have a side length above approximately 900 mm. For more complicated design

(burners), the joint cut must be at the thinnest section.

To ensure better evaporation, venting holes are poked with a steel stud at

distances of 150 to 200 mm (staggered). This steel stud should be at least

3 mm thick. It is best to poke all the way through the wall. The poking direction

should be slightly upwards (approximately 308–458).

2. Refractory Ramming Mixes

Refractory ramming mixes require very stable shuttering. Here, too, it is very

important that ramming work is always conducted vertically on the surface to

be stressed later on. The ramming mixes are filled behind the shuttering to a

height not exceeding 50 mm. Each layer, having been poured into position,

must be compacted with an appropriate pneumatic rammer. Continuous filling
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during the ramming work, which must take work progress into consideration, will

reduce lamination if working with proper pneumatic rammer heads. Generally, it

is required to scrape the surface of each compacted layer. Typical technical data

of a pneumatic rammer are as follows:

Frequency: approximately 50 Hz at 6 bars

Piston stroke: 120–180 mm

Weight: approximately 5 kg

The piston rod should be polygonal or crowned in order to ensure better guidance

of the rammer head. The recommendations given by the refractory manufacturers

should be followed when selecting the size and shape of the rammer head. The

size of segments to be rammed with ramming mixes is about the same as for seg-

ments filled with plastic refractory mixes.

C. Gunning

More than a third of all unshaped refractories will be installed by gunning. In a

previous chapter the type of gunning was described; Table 10 makes a compari-

son between the old traditional dry gunning technique and the shotcreting

method.

Table 10 Comparison of Regular Gunning and Shotcreting

Dry gunning process Shotcreting process

Type of product Regular castables mostly Deflocculated castables only

Equipment Rotor or double chamber

guns þ compressed air

Paddle mixer þ double piston

pump þ compressed air

Transport of

castable

Dry to the nozzle through hose Wet in “cast-able”

consistency to the nozzle

through hoses (metallic

preferably)

Pressure during

transport

Less than 6 bar Sometimes more than 200 bar

Nozzle technique Adding water through a

water ring

Injection of compressed

air þ accelerator

Type of setting “Normal” like typical for

castables

Hardening very quick after

hitting the wall

Dust development Big as usual No dust

Rebound Big as usual Under good conditions

on-site—no rebound

Properties of the

lining

As usual for regular castables As cast or vibrated

deflocculated castables
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IV. PROPERTIES OF UNSHAPED REFRACTORY
PRODUCTS

The multitude of refractory aggregates (for example, calcined clay, flint clay,

andalusite, mullite, bauxite, fused white or brown alumina, sintered alumina,

etc.) and the different grain sizes of these materials—in addition to the big

variety of bonding agents, additives, and mixing liquids—enable endless combi-

nation possibilities in development work on unshaped refractory products. There-

fore, a qualitative standardization is not really possible as it is the case for

refractory bricks. As a result of the ENV 1402-1 standard, which now provides

a more precise definition of the products, there will probably be adjustments on

the market in the long run. If also considering economic aspects, suitable products

will obviously be developed on the basis of all the available constituents.

The upcoming tables list typical commercial products and generally valid

criteria.

A. Refractory Castables

Regular castables (RC type), which also include insulating and hydraulically set-

ting gunning mixes, have a typical strength pattern depending on the degree of

prefiring. Figures 3 and 4 give examples of the progress of CCS and cold MOR

for a typical chamotte-based castable with various types of calcium aluminate

cements (CAC) and the same consistency (“W/C” ¼ ratio of water to cement).

Figure 3 Cold MOR of a chamotte-based castable—type RC—with 20% CA–cement.
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Generally, the strength drops to a minimum after prefiring at 10008C to 11008C.

This decline in strength is due to the dehydration of the calcium aluminate

hydrates and changes in pore size distribution. Increasing strength at temperatures

above approximately 11008C is the result of the formation of new minerals con-

sisting of the components of high-alumina cements and aggregates. This can be

equated with the start of a ceramic bond.

These correlations are typical for all regular refractory castables. The final

strength will depend on the type of refractory castable; in other words, on the type

of aggregate, grain structure, cement type, water-to-cement ratio, and installation

technique.

The consistency becomes more “liquid,” and strength declines further with

increasing mixing liquid content. Figure 5 illustrates the influence of the quantity

of water on a refractory castable at 1108C and after 12508C.

Figure 5 also shows which type of placement has to be applied at which

water addition. If, for example, comparing the strength data after 1108C, which

was obtained with 9 l water per 100-kg material (which had to be rammed), to

the data recorded after using 14 l (having a consistency like a “soup”), one

notices an appropriate 50% loss concerning CCS and approximately 35%

loss regarding cold MOR. A comparison between unfired material and material

prefired at 12508C gives similar results. This is a good example of how the

properties of a refractory castable can become worse through the use of too

much water.

Figure 4 CCS of a chamotte-based castable—type RC—with 20% CAC of different

grades.
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On the one hand, adding more water makes working with the refractory

castables “easier.” On the other hand, there can be disadvantages in some

cases (longer setting times, lower strength, higher shrinkage, and higher porosity,

etc.). This is shown in Figure 6, where the influence of water addition (and type of

placement) on B.D. and CCS is demonstrated.

In addition to the decrease of B.D. and CCS, there is also generally a signifi-

cant increase of shrinkage by using too much water especially as far as lightweight

products are concerned. And another very important correlation has to be

mentioned: A loss of more than 0.2 g/cm3 in B.D. is equivalent to a reduction

of 0.1 W/mK for thermal conductivity!

Table 11 lists the properties of those standard insulating castables whose

maximum service temperatures are between 9508C and 18008C. The bulk density

usually increases with rising maximum service temperature. This is due to the

change of lightweight raw materials in the castables. Thermal conductivity and

strength increase likewise, whereas apparent porosity, shrinkage, and permanent

linear change decrease. The fact that the CaO and Fe2O3 contents drop can also be

attributed to the raw material combination. However, the Al2O3 content increases.

Apart from a few exceptions, this is generally the case.

As mentioned before, it was an absolute necessity for all producers to develop

refractory castables with higher strength in the critical temperature range. Since the

1970s the so-called deflocculated castables have been available, and they have been

improved continuously. The principle is to decrease the amount of cement,

Figure 5 Influence of water addition on MOR and CCS of a chamotte-based castable,

Type RC.
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introduce raw materials with very high specific surfaces like microsilica or reactive

alumina, and add deflocculants for reducing the water requirement.

Figures 7 and 8 illustrate current correlations concerning regular castables.

Deflocculated MCC-type castables have more or less the same strength behavior

as the RC types. However, the strength level is substantially higher and the

strength drop less pronounced, as shown in Figure 7. LCC-type castables usually

show a continuously rising strength curve at a generally high level without dis-

tinct maximums and minimums.

Figure 8 shows the CCS of castables based on andalusite/flintclay and on

tabular alumina as regular castables RC and the deflocculated versions in each

case. As far as flintclay/andalusite is concerned, the traditional RC type has

poor strength. The MCC version shows similar tendencies as typical for the

cement bonding—however, on a triple higher level. The LCC version is very

similar to the MCC in this case.

Looking especially to the tabular alumina castables, it can be recognized that

the ULCC version has relatively low strength at lower temperatures. Above 11008C
a strong and linear increase can be seen until 17008C. Such behavior is typical for

this type of deflocculated castables. The strength curve of the RC version is crossing

the ULCC at 12008C. Above this temperature, the strength is significantly lower

than the one of ULCC. The LCC modification has a more or less “ideal” behavior.

Until 12008C the CCS is nearly constant on a high level (double of RC and ULCC).

At higher temperatures the strength increases linearly, too, like the ULCC does.

Figure 6 Influence of water addition on properties of LW-castables (after drying).
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Table 12 lists properties of eight different industrial refractory castables and

gives a comparison between RC- and MCC-type castables. Chamotte (A 1 þ A 2),

flint clay (B 1 þ B 2), flint clay/fused brown alumina (C1 þ C 2), and tabular

alumina (D 1 þ D 2) were selected to serve as examples of the raw material

Figure 7 CCS of different castables; RC in comparison to MCC and LCC.

Figure 8 CCS-comparison of RC’s and deflocculated industrial castables based on

similar raw materials.

Unshaped Refractory Products 311



T
a
b
le

1
2

T
ec

h
n

ic
al

D
at

a
o

f
D

en
se

C
as

ta
b

le
s,

C
o

m
p

ar
is

o
n

B
et

w
ee

n
R

C
—

M
C

C

P
ro

d
u

ct
A

1
A

2
B

1
B

2
C

1
C

2
D

1
D

2

T
y

p
e

R
C

M
C

C
R

C
M

C
C

R
C

M
C

C
R

C
M

C
C

R
aw

m
at

er
ia

l
b

as
e

C
h

am
o

tt
e

C
h

am
o

tt
e

F
li

n
tc

la
y

F
li

n
tc

la
y

F
li

n
tc

la
y
/

F
B

A

F
li

n
tc

la
y
/

F
B

A

T
ab

.-

al
u

m
in

a

T
ab

.-

al
u

m
in

a

M
ax

.
se

rv
ic

e
te

m
p

.,
8C

1
3

0
0

1
3

0
0

1
5

0
0

1
5

0
0

1
6

0
0

1
6

0
0

1
8

0
0

1
8

0
0

W
at

er
ad

d
it

io
n

,
l/

1
0

0
k

g
1

3
9

1
1

6
9

.5
6

.5
7

5
.5

A
l 2

O
3
,

%
3

8
3

5
4

9
5

1
6

9
7

1
9

5
.6

9
3

.4

S
iO

2
,

%
4

7
5

3
4

5
4

3
2

7
2

5
,

0
.2

3
.4

F
e 2

O
3
,

%
4

3
.5

0
.5

1
.0

0
.4

0
.5

,
0

.1
5

,
0

.2

C
aO

,
%

7
.5

4
.6

4
.4

3
.6

2
.8

2
.8

3
.6

2
.8

A
ft

er
p

re
fi

ri
n

g
at

8C
1

2
0

0
1

2
0

0
1

4
0

0
1

4
0

0
1

5
0

0
1

5
0

0
1

6
0

0
1

6
0

0

B
u

lk
d

en
si

ty
,

g
/c

m
3

1
.9

2
.0

2
.0

8
2

.3
5

2
.4

5
2

.5
5

2
.9

3
.0

A
p

p
.

p
o

ro
si

ty
,

%
2

5
1

8
2

3
1

5
2

2
1

6
2

0
1

8

M
O

R
,

N
/

m
m

2
4

9
6

1
4

8
1

2
1

5
2

4

C
C

S
,

N
/m

m
2

2
4

6
5

3
5

1
1

0
4

0
9

5
8

0
1

4
0

P
.L

.C
.,

%
+

0
2

0
.7

+
0

2
0

.2
2

0
.2

2
0

.1
2

0
.2

2
0

.7

312 Krebs



base. First, it should be pointed out that the addition of water for the MCC modi-

fication is far less than for the RC version. The same applies for the CaO content.

B.D. and strength are substantially higher with MCC castables. However, the por-

osity is much lower.

From this it can be stated that deflocculated refractory castables generally

possess the following characteristics in comparison to the regular ones:

Lower amounts of mixing liquids

Lower CaO contents

Higher strength values

Better erosion resistance

Higher bulk densities

Lower porosities

Finer pore size distribution

Higher thermal conductivity

These properties are made possible by the controlled introduction of raw

materials with large specific surfaces, for example, microsilica. The selection

of suited deflocculation systems is of further assistance. However, the hot proper-

ties (hot MOR, refractoriness under load, creep under compression, etc.) must be

classified as a bit lower in comparison to the relevant RC. Microsilica, for

example, leads to thermoplastic effects at high service temperatures. Conse-

quently, LCC- and ULCC-type castables were developed by using other reaction

partners (for example, Al2O3 and/or Cr2O3), which do not even contain SiO2.

If these products, made from premium-grade raw materials, have been subjected

to prefiring at high temperatures, they can be compared to the corresponding

high-fired, direct bonded bricks. Special additives, such as spinel or components

forming spinel, will enable the attainment of special properties.

There will be promising applications for cement-free refractory castables in

the future, too. The low green strength of these castables will be compensated for

by superb properties in the hot state.

Table 13 shows some typical LCC- and ULCC-type castables. Product A is

applied for high strength requirements up to 13008C. Products B and C have pro-

vided good service results in hearths of rotary hearth, pusher-type, and walking

beam furnaces. They have replaced the standard ramming mixes used previously.

Product C is based on fused brown alumina and used for steel ladle coverings

(lids), pouring lips, etc. Products E and F are ULCC-type castables. Despite

high B.D. and strength, product E has good thermal shock resistance. Product F

can be subjected to extremely high thermal stress due to its low SiO2 content.

It is possible to manufacture deflocculated castables in self-flowing modi-

fications. The better description of this exceptional property seems to be “self-

leveling without segregation.” The properties of such SFCs are generally similar

to those castables applied by vibration (SFC ¼ self-flowing castable). SFC-type

Unshaped Refractory Products 313



T
a
b
le

1
3

T
ec

h
n

ic
al

D
at

a
o

f
D

if
fe

re
n

t
D

en
se

C
as

ta
b

le
s,

T
y

p
e

L
C

C
an

d
T

y
p

e
U

L
C

C

P
ro

d
u

ct
A

B
C

D
E

F

T
y

p
e

L
C

C
L

C
C

L
C

C
L

C
C

U
L

C
C

U
L

C
C

R
aw

m
at

er
ia

l
b

as
e

C
h

am
o

tt
e

A
n

d
al

u
si

te
C

o
ru

n
d

u
m
/F

B
A

C
o

ru
n

d
u

m
/F

B
A

M
u

ll
it

e
T

ab
.-

al
u

m
in

a

M
ax

.
se

rv
ic

e
te

m
p

.,
8C

1
4

5
0

1
6

0
0

1
7

0
0

1
7

0
0

1
7

0
0

1
8

0
0

W
at

er
ad

d
it

io
n

,
l/

1
0

0
k

g
5

.8
5

.8
4

.4
3

.8
5

.8
4

.2

A
l 2

O
3
,

%
4

8
5

7
8

0
9

0
7

7
9

9

S
iO

2
,

%
4

7
3

8
1

5
8

2
1

0
.2

F
e 2

O
3
,

%
1

.1
1

.1
0

.6
0

.1
0

.2
0

.1

C
aO

,
%

2
.3

2
.3

2
.3

1
.4

0
.7

0
.5

A
ft

er
p

re
fi

ri
n

g
at

8C
1

2
0

0
1

4
0

0
1

4
0

0
1

6
0

0
1

6
0

0
1

6
0

0

B
u

lk
d

en
si

ty
,

g
/c

m
3

2
.3

5
2

.5
0

2
.8

0
3

.1
0

2
.6

5
3

.1
0

A
p

p
.

p
o

ro
si

ty
,

%
1

6
1

7
1

8
1

3
1

8
1

6

M
O

R
,

N
/

m
m

2
1

3
9

1
0

3
0

1
0

2
0

C
C

S
,

N
/m

m
2

9
5

1
0

0
1

2
0

1
8

0
7

0
8

0

P
.L

.C
.,

%
2

0
.2

þ
0

.4
þ

0
.1

2
0

.2
0

þ
0

.7
0

2
0

.3

314 Krebs



castables are specifically suited for “veneering” purposes; however, they can be

used for new linings, too. Inside and outside vibrators often cannot be used for

complicated designs (for example, single layer on water-cooled pipe walls

with anchoring). In such cases, SFCs can be the better solution for a proper instal-

lation. Their properties follow the same rules, which were mentioned before.

B. Plastic Refractory Materials

Table 14 lists properties of typical plastic refractory materials. The ceramic bond

is compared with the chemical (phosphate) bond. The latter will generally effect

higher strength and B.D. However, after having been installed, the chemical bond

mixes require heat in order to set. For this type of material it may be necessary to

install extra shuttering for support.

The manufacturers of plastic refractory materials must make proper raw

material compositions and operate strong extruders to ensure optimum proper-

ties. It is not easy to make a mouldable product with a workability index of

approximately 15% to 20% considering the high density of this material.

C. Refractory Ramming Materials

Similar to the plastic refractory materials, ramming materials can have a ceramic

or chemical (chemical ceramic) bond. Table 15 shows the properties of several

ramming mixes, which, if installed properly, can be an excellent refractory lining.

This is especially the case if liquid phases, slags, melts, etc., and thermal shock

resistance are the main stress factors for the wear layer. The physical properties of

these materials are comparable to those of dry-pressed refractory bricks. The pro-

duction of ramming mixes is on the decline for two main reasons:

1. There are very few well-skilled operators who can install a ramming

material properly without layers or free of lamination.

2. In addition to this, very stable shutterings are required on-site. This

results in high installation costs.

However, refractory ramming materials are still used for the manufacturing of

prefabricated shapes. This is done by hand ramming or by vibrating presses. In

this case the mixes usually have a chemical bond. The preformed shapes are nor-

mally tempered at approximately 4008C and, consequently, have sufficient

strength for any manipulation procedures until reaching the application site.

If installed prefabricated and thermally pretreated shapes are not heated up

immediately after installation, they will lose strength due to a hydration of the

clay component. However, this loss of strength is compensated for without any

disadvantages after heat-up.
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D. Refractory Gunning Materials

Unfortunately, an applicable uniform standard for the sampling and testing

refractory gunning materials does not exist so far in Europe. Nevertheless, it is

quite common to gun panels or plates. After a subsequent curing time has

elapsed, which depends on the specific material, samples are cut out of a panel

like that shown in Figure 9.

These test pieces are subjected to testing and inspection according to the same

procedures applicable for other unshaped refractory castables. For panels without

sufficient green strength for cutting, a prefiring at a sufficient high temperature

may be necessary. This procedure is valid generally for the preparation of test pieces

of gunned plastic materials. Consequently, if comparing various data provided by

several manufacturers, it is important to check if the data in the product information

sheet refer to the gunned or, for instance, cast, trowelled, or rammed state.

Table 16 and 17 list properties of gunning materials. Table 16 includes

insulating refractory gunning products A þ B and plastic refractory materials

C þ D.

The dense refractory gunning products E, F, G, and H with hydraulic bond are

shown in Table 17. These gunning mixes always have a higher porosity than the

regular ones, which are rammed, respectively, cast. The higher porosity is based

on the installation technique. Any rebound material of hydraulically setting pro-

ducts cannot be used again. The rebound of plastic refractory gunning mixes can

be fed back continuously into the gunning machine if conditions on-site permit.

Table 15 Technical Data of Different Ramming Mixes

Product 1 2 3 4 5

Raw material base Flintclay Chamotte/
corundum

Mullite Bauxite Corundum

Max. service temp., 8C 1450 1600 1700 1650 1800

Nature of the bond Ceramic Chemical Chemical Ceramic Ceramic

Material required, t/m3 2.5 2.65 2.55 2.80 3.25

Al2O3, % 50 62 70 80 95

SiO2, % 47 34 28 15 4

Fe2O3, % 0.9 0.7 0.4 1.5 0.2

After prefiring at, 8C 1350 1500 1500 1400 1500

Bulk density, g/cm3 2.35 2.47 2.38 2.68 3.07

App. porosity, % 14 14 13 17 14

MOR, N/mm2 9 8 13 7 10

CCS, N/mm2 40 50 65 50 150

P.L.C., % 20.6 +0 20.3 þ0.4 20.4
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Figure 9 Cut test pieces, shape B, out of a panel.

Table 16 Properties of Insulating and Plastic Gunning Refractories

Product A B C D

Type of bond Insulating

hydraulic

Insulating

hydraulic

Plastic

ceramic

Plastic

ceramic

Raw material base Vermiculite Bubbled

alumina

Andalusite Corundum

Max. service temp., 8C 1100 1500 1600 1800

Al2O3, % 28 73 47 85

SiO2, % 39 18 49 10

Fe2O3, % 9.3 0.7 1.2 1.0

CaO, % 15 7 0.2 0.2

After prefiring at, 8C 1000 1400 1500 1600

Bulk density, g/cm3 0.85 1.75 2.35 2.85

App. porosity, % 75 48 24 27

MOR, N/mm2 1.5 5 8 6

CCS, N/mm2 2 25 55 35

P.L.C., % 21.5 21.6 20.7 20.2
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The loss of rebound must always be estimated in advance when calculating

the required quantity of material for a gunned lining. This “lost” amount depends

on several factors. It is possible to expect a so-called “usual rebound rate” (15%,

for example). However, this rate can increase considerably when faced with dif-

ficult site conditions (gunning-above-head, hot gunning, anchor bricks, single-

layer gunning, etc.). The gunning equipment is also an important factor (machine

leaks, air pressure, water pressure, how far or high mix is transported, suitable

prewetting of mix with water, etc.). Additionally, the experience of the gunning

team (personnel) has also an effect on properties of the product in the wall and

amount of rebound material.

Once an installation technique has been selected, it is important to use pro-

ducts best suited for this installation method. This applies specifically for gunning

mixes. Conventional dense refractory castables should generally not be gunned

(too high loss of rebound). Gunning castables should not be cast (low strength,

high shrinkage, and porosity). Exception: Plastic gunning mixes can be installed

also by ramming!

At the end of this chapter about gunning, it seems necessary to point out the

superior properties of shotcreted refractories compared with ones that can be

reached by the regular dry gunning method. This is shown in Figure 10, where

three different curves are shown, which are explained as follows:

1. “as dry gunned” ¼ standard gunning material (rich in cement), based

on flintclay with 60% Al2O3, gunned with a MEYCO PICCOLA in

gear 1

Table 17 Properties of Dense, Regular Dry Gunning Materials

Product E F G H

Type of bond Dense

hydraulic

Dense

hydraulic

Dense

hydraulic

Dense

hydraulic

Raw material base Chamotte Andalusite Corundum SiC/chamotte

Max. service temp., 8C 1400 1600 1650 1500

Al2O3, % 55 60 85 23

SiO2, % 34 35 10 7

Fe2O3, % 0.7 0.9 0.6 0.5

CaO, % 7.7 2.3 1.8 5.8 (60% SiC)

After prefiring at, 8C 800 1400 1600 1400

Bulk density, g/cm3 2.10 2.35 2.60 2.15

App. porosity, % 32 26 27 33

MOR, N/mm2 9 4 8 5

CCS, N/mm2 80 30 60 15

P.L.C., % 20.2 þ0.4 20.9 20.7
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2. “as shotcreted” ¼ 60% Al2O3 LCC based on flintclay, shotcreted with

PUMPMOR MX 10 after the addition of 6.2 l water/100 kg and using

sodium silicate as an accelerator (flow ¼ 231 mm after mixing with

paddle mixer on machine, before entering the hopper)

3. “as vibrated” ¼ same product with the same water addition vibrated in

laboratory (flow ¼ 210 mm after mixing in Hobarth mixer).

As far as the flow values are concerned, it can be noticed that obviously the mix-

ing energy of a big paddle mixer (flow ¼ 231 mm) is much better than the one of

a laboratory mixer (flow ¼ 210 mm).

During dry gunning, respectively, shotcreting, panels were gunned and test

pieces—shape B—were cut according to Figure 9. Doing so, a comparison of

physical properties after certain prefiring temperatures could be made between

the gunned and cut test pieces and the vibrated ones, which were also of the

shape B type, of course.

Figure 10 shows the measured properties for MOR, CCS, PLC, and appar-

ent porosity, and Figure 11 (see Sec. VII) shows the erosion loss, which was

determined in accordance to ASTM C704.

Looking to the strength, it can be recognized that MOR and CCS show

the same tendencies for shotcreting and vibrating, which are typical for LCCs

Figure 10 Continued.
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generally. On the other side, the strength behavior of the normal gunned product

has the known decreasing tendency. The decrease will be stopped at higher tem-

peratures above 12008C; however, this has to be traced back to a strong sintering,

which can be seen in the PLC diagram. Regarding the apparent porosity, it is

remarkable that the one for regular dry gunning is about a third higher than

that determined for shotcreting and vibrating.

Additionally, it can be stated that there is no significant difference whether

the deflocculated castable will be installed by shotcreting or vibrating, as far as

the measured properties are concerned.

The excellent physical properties of shotcreting and/or vibrating can be recog-

nized also in Figure 10, where the erosion resistance is shown after prefiring. After

8008C, the loss of material by erosion is more than double for dry gunning; after

10008C, the loss is three times higher; and after 12008C, the material loss increases

to four times the value, which was determined for the shotcreting and vibrating tech-

nique. Finally it can be noticed that shotcreting and vibrating have no significant

decrease or increase of erosion loss in function of the prefiring temperature.

As said before, there are serious tendencies to develop and introduce so-called

high-compact, high-strength, or high-density LCCs that can be gunned by using the

standard equipments for dry gunning. The main target is to reach similar properties

and to overcome the disadvantages of big equipment and a bigger team as well,

which are necessary for shotcreting technology. Results of gunned panels are com-

parable with shotcreted or vibrated properties. However, the disadvantages of dust

development and bigger rebound are not yet solved with the new dry gunning pro-

ducts. Due to the chemical additives and raw materials with big specific surfaces,

there is a small range between “too wet” and “too dry” during the gunning of

such products. If the upper range for water addition is exceeded, the gunned refrac-

tory wants to flow down, and if insufficient water is added, there will be a big dust

development. Therefore, the advantages of shotcreting should be pointed out again.

No dust development.

Optimum wetting of all particles with water and homogeneous mixing in

paddle mixers.

Only little or no rebound.

Quality of the lining can be compared with vibrated ones.

Big capacity! More than 10 tons/hr are possible on well-prepared job sites.

The products for shotcreting can be used also for vibrating—without any

disadvantage.

E. Special Products

Tables 18 and 19 give examples of so-called special products, which are distin-

guished from the above-mentioned products due to their chemical composition or
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installation method. All data were determined under the specific working consist-

ency. Products containing SiC and C were fired in reducing atmosphere. Some of

the application areas are listed in the tables.

1. Special Ramming Materials

The first-mentioned material “A” is a pure zirconia ramming mix, which provides

good service results at extremely high service temperatures like in carbon black

reactors. In addition to its high price, specific mention is made of the high B.D.,

which corresponds to a material requirement of approximately 4.5 t/m3. The

second example “B” is a SiC–C-ramming material, which is occasionally used

in blast furnace troughs but also in foundries.

2. Dry Mixes

Product “C” is based on chamotte and is used in aluminium foundries in ladles and

smaller crucible furnaces. The spinel-forming dry mix “D” is based on fused white

alumina and is suited for inductive melting of special steel alloys at high temperatures.

Table 18 Properties of Different Special Unshaped Refractories, Part I

Product

A

Ramming

mix

B

Ramming

mix

C

Dry

mix

D

Dry

mix

E

Tap hole

mix

Raw material base Zirconoxide SiC/
bauxite

Calcined

clay

FWA/
MgO

FBA/SiC

Max. service temp., 8C ca. 2200 1600 1100 1750 1600

Nature of bond Ceramic Ceramic Ceramic Ceramic Organic

Al2O3, % 0.1 54 52 82 66

SiO2, % — 10 40 1.5 —

Fe2O3, % 0.1 1 0.6 — 0.4

CaO, % — — — — —

SiC, % — 18 — — 18

C, % — 14 — — 6

MgO, % — — — 14 —

ZrO2, % 95 — — — —

After prefiring at 8C 1700 1400 800 1600 1400

Bulk density, g/cm3 4.4 2.4 2.1 3.0 2.20

App. porosity, % 22 25 19 21 19.8

MOR, N/mm2 3 2.5 2 24 n.d.

CCS, N/mm2 70 12 12 18 9.5

P.L.C., % 20.7 20.7 20.2 þ2.5 þ0.3
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Here the quartzite-based dry mixes (also referred to as siliceous dry

vibratables) have to be mentioned, too, which contain more than 95% SiO2 gen-

erally and consist of quartzite grains and quartz sand having excellent grain size

distribution and special shapes of the grains. Sintering at low temperatures is poss-

ible with the assistance of additives like boric acid or other low-melting agents.

Some additives are functioning as a catalyst for the transition of a-quartz to cris-

tobalite. These mixes are placed in induction furnaces for melting steel and brass.

3. Tap Hole Mixes

Both tap hole mixes “E” and “F” do not contain tar. They are resin bonded and

mainly differ from each other in regard to their Al2O3–SiO2 content of the raw

material base. Here the higher strength—usually desired for unshaped refractory

products—is not that important. Different criteria are essential for all tap hole

mixes. These are correct consistency, setting, and carbonization at the right

time, precisely controllable PLC, and “drilling capability.”

Table 19 Properties of Different Special Unshaped Refractories, Part II

Product

F

Tap hole

mix

G

Casthouse

castable

H

Spinel

castable

J

Patching

mix

K

Patching

mix

Raw material base Bauxite/
SiC

FBA/SiC FWA/
MgO

SiC FBA

Max. service temp., 8C 1550 1650 1800 1500 1750

Nature of bond organic ULCC ULCC inorganic inorganic

Al2O3, % 36 71 93 1.5 93

SiO2, % — 4 1.2 7 3

Fe2O3, % 0.9 0.3 0.1 0.3 0.1

CaO, % — 0.7 0.5 — —

SiC, % 18 19 — 87 —

C, % 11 3 — — —

MgO, % — — 4.8 — —

ZrO2, % — — — — —

Prefiring at 8C 1400 1600 1600 1000 1200

Bulk density, g/cm3 2.08 3.0 3.1 2.5 3.0

App. porosity, % 19.0 15 16 17 16

MOR, N/mm2 n.d. 5 20 21 28

CCS, N/mm2 11 50 150 120 130

P.L.C., % þ0.2 þ0.2 þ0.3 20.7 2 1.20

324 Krebs



4. Special Refractory Castables

Two products, which are used quite frequently, were selected from the multitude

of products.

The first-mentioned product “G” is a ULCC-type castable and based on

fused brown alumina/SiC with approximately 3% carbon. It is applied in the

casthouse of blast furnaces, especially in the pig iron trough. The second example

“H” is a spinel-forming ULCC castable, which is used as wear lining in steel

ladles.

5. Refractory Patching Materials

These are mixes installed as relatively thin layers on water-cooled and studded

pipes. They are usually placed by hand (patching method). SiC mixes like pro-

duct “J” are often used in boilers and waste incinerators due to their high thermal

conductivity and good properties to resist slag attack. In incinerators today, tem-

perature and time for burning out of particles increased due to the dioxin problem.

Therefore, the risk of SiC oxidation increased, too. In such cases it is rec-

ommended to use refractory patching materials with a high Al2O3 content like

shown in product “K” in the case of higher service temperatures; however,

their thermal conductivity is significantly lower than that of SiC products.

V. THE ADDITION OF FIBERS

The definition of unshaped refractory products includes a statement that “they

may contain organic, ceramic, or metallic fibers.” These fibers fulfill various

objectives. Consequently, these additives will be described in brief.

A. Organic Fibers

These fibers generally serve as vaporization assistance for the drying and heat-up

period in refractory systems. The dense and deflocculated refractory castables

may experience explosionlike damage in the castable lining when a furnace is

heated up too rapidly in the lower temperature range (at approximately 1508C
to 2508C). The fibers most often used are made from polypropylene. These fibers

form a system of communicating channels inside the castable structure. The

fibers will already shrink below the boiling point of water and dissolve as the tem-

perature increases. This permits easier evaporation of the lining. The general rule:

The efficiency of the fiber increases with growing length and decreasing diameter

(based on the same weight shares). Standard lengths are in the range of 6 to

12 mm and a diameter of 10 to 30 mm. Neither strength nor porosity of the pro-

duct will change if the share of fibers is below 0.5% (in weight) in the dry mix.
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B. Metallic Fibers

This concerns the addition of steel fibers. There are many reports on steel fibers in

the literature (9). Steel fibers are wiredrawn, “centrifuged” out of the melt, or

milled fibers made from blocks. The production of these fibers is directly related

to the shape or geometry of the fibers. Consequently, it can be deducted that there

are varying quantities of fibers per weight unit. The number of fibers per kg varies

between 25,000 and 48,000 depending on the manufacturing method, shape, and

alloy. Steel fibers with lengths of approximately 25 mm and 0.4 mm diameter are

used most often. They can be straight, hooked, or corrugated, and they are mixed

into a refractory castable with about 3% by weight. There is a common rule that

the amount of steel fibers by volume shall not exceed 0.8% of the castable

volume. This means, for example: If the B.D. of the castable is approximately

2 g/cm3, the addition of 3% in weight of the a.m. wire-type fibers corresponds

to approximately 0.8% by volume.

Steel fibers improve the thermal shock rupture work. In other words, they

improve the thermal shock resistance of the lining and its capability to stay in one

piece upon rupture and act as a crack stopper. The thermal limits in refractories,

of course, depend on the type of steel alloy and service conditions. Furthermore,

they can still be effective under reducing atmospheres at temperatures above

16008C like in gas lances for steel treatment. Under normal or oxidizing

atmospheres, castables containing Cr–Ni-alloyed steel fibers should not be

exposed to temperatures .12008C.

However, it should be pointed out that the composition of the refractory

castable matrix is of special significance, too. The chemical reactions between

the main refractory matrix components like SiO2, CaO, and Al2O3 with the oxides,

resulting from the steel oxidation, like Cr2O3, NiO, Fe3O4, and FeO should be

taken into consideration.

Table 20 illustrates how adding steel fibers changes the properties of a

refractory castable.

C. Ceramic Fibers

As mentioned before, the maximum service temperature for steel fibers under

normal conditions is approximately 12008C. Therefore, attempts have been

made to reinforce unshaped refractory products with ceramic fibers in order to

achieve positive effects at even higher temperatures.

Here one must differentiate between glassy and/or polycrystalline fibers,

which are applied for the manufacture of insulating refractory products (mats/
blankets, modules, vacuum-shaped components, etc.) and such fibers that are

made by extrusion of raw materials including clay, mullite-based compositions,

or Al2O3 (10). The latter type is subsequently fired (“ceramic studs”). They have
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a diameter of one to several millimeters, whereas ceramic fibers have a diameter

of approximately 2 to 5 mm.

In addition to the problems concerning mixing (dispersing of fibers, self-

crushing, etc.), ceramic fibers and studs have not established themselves as suit-

able additives for the unshaped refractory products. They have certain reinforcing

effects up to the point of ceramic bonding. However, upon further temperature

increase, they react with the surrounding matrix as a refractory raw material.

So they become an integral component of the refractory construction material

and thereby lose the capability of reinforcing.

VI. PREFORMED SHAPES

Preformed shapes will be made normally from refractory castables and ramming

mixes. These parts are usually pretreated thermally (dried, respectively, tempered)

at the manufacturer’s plant and, consequently, they can be put in service more or

less immediately. Often expense for moulds, installation, and heat-up on-site can

be saved if applying preformed shapes wisely. The size of a preformed shape can

vary greatly and is not a criterion for classification. For example, smaller furnaces

with a complicated design can be lined more quickly with these parts than having

to first install complicated shuttering. On the other hand, large-shaped sidewall

elements or roof parts are suited as “shuttering” for the installation of insulating

products. Preformed shapes, such as burners, injection lances for pig iron or

Table 20 Influence of Steel Fiber Addition on the Properties of

Refractory Castables

Property Changing

Water addition Bit higher (approx. 0.1—0.15 l/100 kg)

Consistency, flow behavior More “difficult”

Bulk density Not significant

Porosity Not significant

Modulus of rupture Positive

Compressive strength Not significant

Erosion resistance Not significant

Thermal shock resistance Positive

Thermal conductivity Not significant

Permanent linear change Tendency to expand

Thermal expansion Bigger

CO resistance —No changing for Cr–Ni–steel

—Bad for carbon steel fibers
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steel treatment, gas purging systems, or impact blocks for bottoms in steel ladles,

can actually be better classified as “functional” refractory products.

If using preformed shapes, in regard to application and subsequent treat-

ment of unshaped refractory materials, the consumers hand the problems over

to the expert manufacturer. The advantages for the consumer include

Optimum processing.

No installation and removal of moulds and shuttering on-site.

Setting times are no longer required.

“Immediate” start of operation due to thermal pretreatment at manufac-

turer.

VII. DRYING AND HEATING UP

The drying and heat-up procedures can start once the furnace has been con-

structed and all treatment or finishing measures completed. The following gen-

eral rules should be observed if longer time periods have elapsed (weeks or

months) until first heating up:

1. The furnace must be subjected to draft conditions so that sufficient

ventilation prevails. This will ensure that humidity is not too high and no hydro-

thermal conditions arise. Otherwise, alkaline hydrolysis is possible when using

refractory castables. The result will be a carbonation and disintegration of the lin-

ing, beginning on the surface mostly (11).

2. Substantial reduction of strength was noticed on the surface of tem-

pered shapes made from phosphate-bonded ramming mixes. From different

reasons the furnace was not taken into operation. Half a year after the completion

of the furnace, the surface could be grated by hand easily in a depth of approxi-

mately 15 mm. In this case the reason is not carbonation but rehydration of the

meta-kaolinite due to hydrothermal conditions. The same strength as before

can be restored if the furnace will be heated up.

3. Consequently, drying and heat-up should start immediately respect-

ively 48 hours after the last concrete work! However, it should be taken into con-

sideration that a refractory lining made of unshaped refractories has much more

residual water than a brickwork.

Figure 11 shows the amount of residual water as function of the storage

conditions.

This diagram will be explained as follows.

Test pieces shape B were prepared from two dense castables and three insu-

lating castables with different bulk densities:

Based on tabular alumina, B.D. ¼ 2.9 g/cm3, H2O ¼ 7 l/100 kg

Based on calcined clay, B.D. ¼ 2.0 g/cm3, H2O ¼ 11 l/100 kg
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Based on expanded clay, B.D. ¼ 1.4 g/cm3, H2O ¼ 23 l/100 kg

Based on exp. clay/
vermiculite,

B.D. ¼ 0.9 g/cm3, H2O ¼ 43 l/100 kg

Based on vermiculite, B.D. ¼ 0.5 g/cm3, H2O ¼ 115 l/100 kg

The test pieces were put on a laboratory table in that way, so that all sides were in

contact with air. They were weighed daily, and it needed 21 days until a constant

weight was reached for all test pieces. Hereafter the test pieces were dried at

1108C for three days and at 2508C for three days also. The firing at 5008C,

respectively at 8008C, were done in an electrically heated laboratory furnace.

Of course, they all needed different amounts of water for a proper flow.

However, after each treatment the residual amount of water in percent was deter-

mined related to the initial water addition, which was set ¼ 100%.

The a.m. diagram shows the results of dehydration. It is remarkable that

both dense castables still have 80% residual water after 21 days storage in

air. The residual water decreases under this condition generally with decreasing

B.D. Although the initial water addition was much higher for the lightweight

castables than for the dense ones, the drying in air is much easier if the B.D.

is low. This can be traced to the bigger pore sizes for LW products. The

vermiculite-based product has after drying in air 35% residual water only!

Figure 11 Dehydration of different dense and insulating castables (RC type).
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This means, in practice, that after a long time drying in air, the residual

amounts of water in linings—for example, in walls—must be bigger than 80%

due to the fact that in furnaces normally one side only can dry out, and not all

sides like for the test pieces.

It was surprising, too, that the two dense castables had approximately 50%

residual water after drying at 11088888C, whereas the water amounts of LW products

were determined between 20 and 30% only. This is interesting so far as with

decreasing B.D. the cement contents increase automatically. Due to this, the

amount of calcium aluminate hydrates must be logically higher in LW products.

Nevertheless, it seems to be a fact that it is easier to dry products with more

cement, respectively hydrates, if the pore sizes are big enough!

After drying at 25088888C, the residual water was determined for all castables

with approximately 10%, except the tabular alumina-based dense castable, which

had still 17% water after this temperature.

After 50088888C the residual water was between 8% for the tabular alumina

castable and 4% for the vermiculite castable. After firing at 80088888C, weight losses

of ,0.5% were determined, which can be traced back to “loss on ignition” and

which have nothing to do with residual water.

Deflocculated castables normally have significant lower cement contents,

which also means less hydrates after installation and curing. Nevertheless, it has

to be taken into consideration that the pore size distribution is much finer in

such products than in regular castables. From Figure 11 it can be learned that

the tendency for an easier drying out is strictly connected with increasing porosity,

respectively increasing pore sizes, too. Therefore, the drying out and heating up of

deflocculated castables is more dangerous. For further information, see also (12).

A similar investigation was made with clay-bonded products and different

agents. From the following mixtures the same test pieces were rammed as

described before (to avoid any influence on the results, the raw material base

was fused white alumina):

clay þ Al(H2PO4)3 liq. ¼ type of bond, typical for phosphate-bonded

ramming mixes; the liquid binder is mono-

aluminumphosphate (MAP), which is a 50%

hydrous solution

clay þ water þ ¼ typical for air-bonded plastic refractory,

Al2(SO4)3 � 18 H2O which contains approximately 3% aluminum-

sulfate

clay þ water ¼ pure ceramic bond without any chemical

additive

The used clay (12% in weight) was a German refractory one with 41% Al2O3,

which is widely used in such products. Due to the fact that the raw material clay

contains crystal water (for example, in kaolinite) and organic substances, which
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are all parts of the loss on ignition of a mixture (including the water addition for

getting the right workability), it was not possible in this case to determine the

residual moisture after thermal pretreatments alone. Therefore the LOI of the mix-

tures in question was determined after a firing at 10508C. These values were set at

100%. It was investigated now how big the percentage of LOI was under certain

circumstances for the different clay mixtures.

Figure 12 shows the results.

Looking to the curve for clay þ water, it can be seen that drying out in air is

relatively easy. After 15 days, about 75% of the total LOI is reached, which is equal

to the water addition more or less. The residual LOI is 26% only. From ambient

temperature in air to drying at constant mass at 2508C, the LOI increases for 8%

only, down to 18%. After 5008C the residual LOI is 5%, and after 8008C 2%.

The mixture with aluminumsulfate shows different behavior. After drying

in air, the residual LOI is higher than the one for clay alone. This can be traced

back to the fact that the 18-mol crystal water disappears at higher temperatures

(868C). After drying at 2508C and 5008C, the rest LOI is higher again because

of the dissociation of the sulfate, which is theoretically finished at .7708C.

The phosphate-bonded modification was mixed with MAP only, which

means no additional water was used. Drying in air results in 50% remaining

LOI. After drying at 1108C, the water rest of the hydrous solution evaporates,

and at higher temperatures Al(H2PO4)3 loses the H2O for the formation of AlPO4.

All the above-mentioned processes are combined with shrinkage of the

capillary tubes. Therefore, the chemical and physical reactions of clay-bonded

products also have to be taken into consideration during the first drying out

and heating up.

The information about heat-up schedules, which is provided by the refrac-

tory manufacturers, must be read and followed precisely. An incorrect heat-up

can have fatal results. The outcome can be an explosion-like destruction of the

refractory lining.
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Surface Chemistry as a Tool for the
Development of Advanced
Refractory Castables

André R. Studart and Victor C. Pandolfelli
Federal University of São Carlos, São Carlos, Brazil

I. INTRODUCTION

The surface chemistry of solid particles in a liquid medium is known to be of

major importance for several distinct industrial processes, including food proces-

sing, soil conditioning, ore processing, formulation of paints and inks, pharma-

ceutical and cosmetic production, paper manufacturing, and ceramic fabrication

(1–4). An understanding of some basic concepts of surface chemistry is therefore

essential to improve the reliability and reproducibility of such processes and to

enable the development of novel processing technologies (5–9). The common

feature that makes surface chemistry principles so important for all these appar-

ently diverse processes is the fact that they all involve the handling of suspensions

(solid–liquid mixtures) containing colloidal particles (,1 mm) of relatively high

specific surface area (.1 m2/g), which are more susceptible to the surface forces

that take place at the solid–liquid interface. The magnitude of these surface forces

controls the dispersion state of particles and the rheological behavior of colloidal

suspensions.

Advanced refractory castables usually display a broad particle size distri-

bution and, therefore, contain a large fraction of micron- and submicron-sized

particles (0.1–100 mm) in combination with coarse aggregates (.100 mm). Con-

sequently, aspects of the surface chemistry and, thus, the dispersion state of the

smaller particles (matrix) in water also play a major role in the processing and

final properties of these refractory materials (10–15).
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Particle dispersion has, in fact, been an important issue in refractory appli-

cations since the early years when crude fireclay used to be mixed with water to

form a plastic material suitable for lining crucibles for melting metal and glass

(16). However, little attention was given to this topic until the 1970s, when the

need to develop refractory castables containing lower contents of calcium alumi-

nate cement led to the addition of higher amounts of finely ground raw materials

(e.g., silica fume and reactive alumina) to castables so as to increase the prefiring

mechanical strength of low- and ultralow-cement compositions. At that time, the

appropriate dispersion of such fine raw materials using novel chemical admixtures

(or dispersants) became a primary requirement to obtain refractory castables with

lower cement content (16). In later years, new placing techniques utilizing self-

flowing, pumpable, and innovative shotcrete castables were developed by tailoring

the dispersion state of particles and selecting appropriate particle size distributions.

This chapter discusses the concepts of surface chemistry that have been

applied to develop novel placing technologies and refractory castables with

enhanced high-temperature properties. The main objective is to address the

basic mechanisms underlying these developments rather than to provide detailed

information concerning a specific installation process or class of castable. We

expect this approach will provide useful guidelines to improve advanced castable

processing and all refractory manufacturing processes where rheological proper-

ties and the dispersion state of particles are concerned. To this end, we have tried

to present the sections of this chapter into a logical and comprehensive sequence.

Section II discusses the inherent tendency of particles to form agglomerates,

while Section III addresses the main mechanisms employed to inhibit this pro-

cess. The agglomeration/dispersion mechanisms among particles are described,

assuming that the earlier wetting and de-agglomeration processes were success-

fully conducted (4,17). The three following sections focus on the widely used

electrostatic mechanism of dispersion, illustrating the development of electric

charges on the surface of particles in water (Section IV), the repulsive force deriv-

ing from these charges to counterbalance the action of the attractive forces (Sec-

tion V), and the method commonly used to measure the electric potential

developed close to the charged surfaces (Section VI). It is worth mentioning

that the physicochemical phenomena at the solid–liquid interface are outlined

in a general, qualitative manner rather than with the rigorous approach used by

colloidal scientists. Section VII describes the mode of action of dispersants, start-

ing with their influence on the surface charge of particles (Part A), the effect

of some of their features on the dispersion state and the rheological behavior of

castables (Parts B–D), their most likely interactions with cement particles

(Part E), and how they have been structurally designed to optimize the dispersion

of advanced castables (Part F). Finally, Section VIII presents mechanisms to tailor

the dispersion state of particles so as to produce castables with distinct rheological

behaviors, homogeneous microstructures, and enhanced final properties.
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II. DRIVING FORCE FOR AGGLOMERATION

The term “agglomerate” used herein denotes the relatively weak clusters of par-

ticles formed in the absence of efficient dispersing mechanisms. From this stand-

point, agglomerates differ from the hard clusters of particles linked to each other

by strong covalent bonds, normally referred to as aggregates.

Based on the above-mentioned aspects, one can readily conclude that par-

ticle agglomeration must result from a strong driving force, which justifies the

need for efficient dispersing mechanisms. This driving force derives from the

van der Waals attractive forces originated by the interactions between the perma-

nent and/or induced inner electric dipoles of neighboring particles (1,3,18). This

force is inherent to most particulate systems and can give rise to an attractive

potential energy UA, which depends on the separation distance among particles

(D), according to the equation

UA ¼ �
Ar

12D
(1)

valid for spherical equally sized particles at small separation distances (1,3). The

variables r and A in this equation account, respectively, for the particle radius and

the Hamaker constant.

Figure 1 shows the variation of the attractive potential energy UA as a func-

tion of the distance D separating two alumina particles (r ¼ 0.25 mm) in water.

It can be noted that the potential energy UA decreases continuously as the neigh-

boring particles approach each other, indicating that the most thermodynamically

stable condition (lower potential energy) is the close proximity (agglomeration)

between the interacting particles. However, it must be kept in mind that, when the

particles are separated by very short distances (D ! 0), an extremely strong

repulsive force prevails over the attractive van der Waals potential (UA), leading

to a minimum in the potential energy curves known as the primary minimum

(Figure 1). This strong repulsive potential energy at very short distances is caused

by the interpenetration of the outer electronic orbitals of atoms present on the

surface of neighboring particles.

The reduced level of potential energy of the primary minimum in compari-

son to that associated with Brownian motion (�kT) is the main driving force for

particle agglomeration. For particles with a given radius r, the level of the pri-

mary minimum, and, hence, the tendency for agglomeration, depends on the

Hamaker constant A [Eq. (1)]. Table 1 lists some Hamaker constants of different

raw materials used in refractory applications. It can be seen that alumina particles

display a strong driving force for agglomeration in comparison to other materials.

This is probably one of the reasons for the major role of alumina particles in the

dispersion of multicomponent castable systems (14).
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Table 1 Hamaker Constantsa and pH at the Point of Zero

Charge (pHPZC)b for Various Refractory Raw Materials

Raw materials

Hamaker constant, A

(10220 J) pHPZC

Al2O3 3.67 7–10d

SiO2 (amorphous) 0.46 2–4

a-SiC 10.9c 4–7e

b-SiC 10.7 —

b-Si3N4 5.47 4–9e

MgO 2.21 12–13

MgAl2O4 2.44 —

aSource: Ref. 18.
bSource: Refs. 19–22.
cValue obtained for 6H-SiC.
dRange normally observed for Bayer aluminas.
eValues significantly dependent on the surface treatment (21,22).

Figure 1 Potential energy as a function of the separation distance among noncharged

particles (r ¼ 0.25 mm, A ¼ 3.67 � 10220 J), illustrating the strong driving force for

agglomeration around the primary minimum (the repulsive potential energy expected at

very small separation distances is schematically indicated by the dashed line).
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III. DISPERSION MECHANISMS

The agglomerates formed through the action of the van der Waals attractive

forces exert a marked influence on the rheological behavior and final properties

of refractory castables.

In terms of rheological properties, the main effects are due to the entrap-

ment of water inside the newly formed agglomerates, which increases the suspen-

sion’s effective solid loading and results in larger particulate units. This usually

leads to an increase in the apparent viscosity and yield stress of the matrix sus-

pension and, therefore, to a reduction of the castable’s flowability (10). Higher

water content is needed to increase the fluidity of castables in such cases,

which may significantly reduce the matrix suspension’s density and favor the seg-

regation of dense and coarse aggregates.

The greater amount of water required by poorly dispersed castables also

leads to a more porous final microstructure, reducing the mechanical, wear,

and corrosion strengths of the refractory material. Additionally, the agglomerates

thus formed usually reduce particle packing efficiency, further degrading the

mechanical properties of castables.

Most of these drawbacks are overcome when dispersing mechanisms are

activated to prevent particle agglomeration. The main approaches used for this pur-

pose are known as the (1) electrostatic, (2) steric, and (3) electrosteric dispersing

mechanisms. The electrostatic mechanism involves the development of electric

charges on the surface of particles, inhibiting agglomeration through the formation

of an electric double layer around the particles. In the purely steric mechanism,

long-chain nonionic molecules are adsorbed at the particles’ surface to prevent

their close approach by a physical hindrance effect. The electrosteric mechanism

simultaneously combines the electrostatic and steric features of the previous mech-

anisms by the adsorption of relatively long-chain charged molecules on the surface

of particles. All these mechanisms are expected to provide a repulsive force that

counterbalances the attractive effect of the van der Waals forces.

Since dispersion in refractory castables is usually accomplished by gener-

ating electric charges on the surface of particles, the following sections focus on

the electrostatic and electrosteric mechanisms of dispersion.

IV. ELECTRIC DOUBLE LAYER

In the electrostatic and electrosteric mechanisms, the repulsive force required to

overcome the attractive van der Waals forces is developed through the formation

of the so-called electric double layer around particles. As previously mentioned,

the buildup of this double layer starts with the generation of electric charges on

the surface of particles.
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Electric charges can readily appear on the surface of metal oxide particles

in an aqueous medium through the reaction of the particle hydroxyl surface

groups (–OH) with the H3Oþ and OH2 ions in water (1,3). As shown in

Figure 2a, at acid pH values, the hydroxyl surface groups tend to be protonated

by the excess of H3Oþ ions present in the aqueous medium, leading to positively

charged particles. At basic pH values, on the other hand, the hydroxyl groups are

most likely deprotonated by the OH2 ions, resulting in negative sites on the par-

ticle surface (Figure 2b). An intermediate condition may exist wherein the

hydroxyl groups display the same reactivity with either H3Oþ or OH2 ions, so

that the number of positive charges equals the number of negative sites on the

particle surface. The pH at which this electric neutrality occurs is known as

the “point of zero charge” (PZC). The PZC is usually affected by the protona-

tion/deprotonation ability of the M–OH surface groups, which in turn depends

on the charge/size ratio of the oxide metallic ion (M) (19). Table 1 presents

the PZC values of some raw materials commonly used in refractory castables.

The wide range of PZC values of these raw materials indicates their markedly

distinct surface properties in water. In the case of nonoxide materials (SiC and

Si3N4), the PZC is highly dependent on the surface treatment to which particles

Figure 2 Simplified scheme showing the mechanisms of generation of (a) positive and

(b) negative electric charges on the surface of oxide particles in an aqueous medium.
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were submitted (20–22). A thin outer layer of SiO2 is most often encountered in

SiC and Si3N4 particles due to surface oxidation (20–22).

Electric charges can therefore easily originate on the surface of oxide par-

ticles by simply changing the pH of the aqueous medium to values differing from

the powder’s PZC. The charged sites developed on the surface of particles give

rise to an electric potential c0 that attracts many oppositely charged ions (counter-

ions) present in the liquid medium, as schematically illustrated in Figure 3. Such

counter-ions promote a screening effect on the surface potential c0, resulting in a

continuous decay of the electric potential from the particle surface toward the bulk

solution. Two main layers of counterions may be distinguished around the

charged particle. The first, known as the Stern layer, contains the counterions

that are rigidly attached to the particle surface through strong electrostatic inter-

actions. These first counterions lead to a nearly linear reduction of the surface

electric potential, resulting in the Stern potential cd (Figure 3) (3). The second

layer, called the diffuse layer, is formed by counterions that are loosely bonded

to the charged particles due to the electrostatic repulsion caused by the ions of

the Stern layer. The counterions in the diffuse layer promote a gradual and steady

reduction of the Stern potential until the electric neutrality of the bulk solution is

achieved, as illustrated in Figure 3.

The layer of charged sites on the particle surface, together with the (Stern

and diffuse) layers of counterions, form the so-called electric double layer around

particles. The following section describes the repulsive potential energy originat-

ing from the interaction between neighboring electric double layers and how this

energy can be combined with the attractive van der Waals forces to predict the

type of interaction between colloidal particles in a liquid medium.

V. DLVO THEORY

The type of interaction between colloidal electrically charged particles in a liquid

medium can be estimated by the DLVO theory (1–4,23). According to this theory,

the extent of agglomeration in colloidal suspensions depends on the total poten-

tial energy of interaction between particles (UT), which consists basically of a

balance among the attractive (UA) and repulsive (UR) potential energies, as

follows:

UT ¼ UA þ UR (2)

As discussed earlier herein, the van der Waals interactions usually account

for the attractive potential energy (UA), which is a strong driving force for particle

agglomeration.

A repulsive potential energy (UR) is therefore required to counterbalance

the attractive van der Waals potential energy if agglomeration is to be prevented.
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Figure 3 Schematic representation of the electric double layer developed around

charged particles in an aqueous medium (surface potential c0), illustrating (a) the cloud

of counterions that form the Stern and diffuse layers, and (b) the electric potential

decay through these layers that determines the Stern potential cd, the zeta potential z

(at the indicated shear plane), and the double-layer thickness k21.
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In the case of the electrostatic dispersion mechanism, this repulsive potential

energy arises from the overlap of the electric double layers of two approaching

particles. This overlap significantly increases the concentration of counterions

in the interparticle region, resulting in an osmotic pressure that tends to push

the interacting particles apart. The repulsive potential energy that results from

this interaction depends mainly on the distribution of electric charges (ions)

around the colloidal particles. However, the complexity involved in calculating

this spatial distribution of charges requires several assumptions to be made to

estimate the potential energy owing to double-layer overlapping. For a simple

case of equally sized spherical particles with a relatively low surface potential,

separated by relatively large D distances, the potential energy, UR, can be

described by the following equation:

UR ¼ 2p1rc 2
d exp½�kD� (3)

where k is the Debye parameter and 1 is the permittivity of the liquid medium.

The Debye parameter, which indicates the effect of the counterions of the liquid

medium on the electric potential decay from the particle surface, is given by the

equation:

k ¼
2e2Sn0z

2

1kT

� �1=2

(4)

where e is the charge of the electron, k is the Boltzmann constant, T is the tem-

perature, n0 corresponds to the bulk concentration of each ionic species in the

liquid medium, and z accounts for the species’ charge number.

Based on the above considerations, one can then estimate the total potential

energy of interaction (UT) for the purely electrostatic mechanism by introducing

Eqs. (1) and (3) in Eq. (2), as follows:

UT ¼ �
Ar

12D
þ 2p1rc 2

d exp½�kD� (5)

The repulsive counterpart UR from the above equation can be tailored to

overcome the attractive potential energy UA and then generate an energetic bar-

rier in the UT curve that inhibits particle agglomeration around the primary mini-

mum, as illustrated in Figure 4.

The variables of the repulsive term [UR in Eq. (5)] that exert a major effect

on the profile of the UT curve are the Stern potential cd and the Debye parameter

k, since the other parameters are usually constant for a given castable compo-

sition. To control the dispersion state of particles in refractory castables, it is

therefore essential to understand the factors that determine the Stern potential

and the Debye parameter.
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The Stern potential depends on the density of charges on the particle sur-

face and the type and concentration of ions located in the Stern layer. Due to

the difficulty of controlling the ions that compose the Stern layer, the most

straightforward approach to increase the Stern potential is to provide a high sur-

face charge density. As shown in previous sections, this can easily be accom-

plished by adjusting the suspension’s pH to values differing from the particle

point of zero charge (Table 1). Another approach that can be used to increase

the Stern potential is to add to the solution charged molecules that specifically

adsorb at the solid–liquid interface, providing additional electric charges on

the particle surface. The next section describes the most important experimental

techniques that have been used to assess the Stern potential of charged particles.

The Debye parameter k, on the other hand, is mainly affected by the charge

and concentration of ions in solution that screen the particles’ Stern potential

[Eq. (4)]. The ions that can contribute to increase the Debye parameter may be

supplied by different sources, as, for example: impure raw materials; purposely

added salts in shotcrete applications (Section VIII); partially or totally soluble

particles (e.g., cement, dissolving powders); and dispersants that display

low adsorption ability on the particle surface and remain dissolved in the

Figure 4 Total potential energy among particles as a function of their separation

distance, showing the individual contributions of the attractive and repulsive potential

energies. In this example, the repulsive counterpart was high enough to enable the

formation of an energetic barrier against agglomeration around the primary minimum

(electrostatic mechanism).
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liquid medium. Conversely, some chelating agents may be added to the suspen-

sion to decrease the Debye parameter through precipitation and complexation

mechanisms.

Alternatively, the screening effect of the ions dissolved in solution can be

estimated by considering the inverse of the Debye parameter, k21. This variable,

commonly known as the double-layer thickness, indicates the distance from the

particle surface where the electric potential decays to approximately 37% of

the Stern potential. Hence, a reduction in the Debye parameter k or an increase

in the double-layer thickness k21 may aid the dispersion of particles by extending

the range of action of the electrostatic repulsive forces.

Due to their strong influence on the Debye parameter [Eq. (4)], the charge

number (z) and concentration (n0) of ionic species in solution are usually com-

bined in another parameter called ionic strength (I), as follows:

I ¼

P
n0z

2

2
(6)

The marked effect of the ionic strength and the Stern potential on the profile

of the UT curves is illustrated in Figure 5 for the case of two alumina particles

(r ¼ 0.25 mm) interacting in an aqueous medium. As can be seen, the formation

of an energetic barrier against particle agglomeration requires the appropriate

control of these two parameters, particularly of the Stern potential.

Figure 5 also reveals that a secondary minimum may occur in the potential

energy curve, especially when the ionic strength of the liquid medium is

increased at a fixed Stern potential. This secondary minimum is usually a rela-

tively shallow energy potential well, which leads to a weak coagulation of par-

ticles if compared to the strong agglomeration that occurs around the primary

minimum. Due to this feature, particles coagulated at the secondary minimum

can sometimes be redispersed easily by applying a shear stress (energy) to the

suspension sufficiently high to overcome the low attractive potential energy in

this condition. As a result, suspensions containing particles coagulated around

the secondary minimum often display a typical yield stress and are characterized

by a pronounced shear-thinning rheological behavior. This characteristic of the

secondary minimum, which may have several implications in the processing

and final properties of refractory castables, will be discussed in Section VIII.

VI. ZETA POTENTIAL

Several experimental techniques have been used to measure the electric potential

near the surface of charged particles in an attempt to estimate their Stern potential

and predict the dispersion state of colloidal suspensions. The methods most
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widely applied for this purpose have been the electrophoretic and electroacoustic

techniques (1–3).

The electrophoretic technique consists of applying an electric field to a

diluted suspension and measuring the velocity developed by the charged particles

in response to the voltage applied. The velocity data are then used to calculate the

electrophoretic mobility of the particles in the liquid medium. The movement of

charged particles induced by the electric field applied displaces the ions from the

outer part of the diffuse layer, defining the so-called shear plane of the electric

double layer (Figure 3). The electric potential at this shear plane can be calculated

from the particle’s electrophoretic mobility and is referred to as the zeta potential.

Due to the proximity between the shear and Stern planes of the double layer

Figure 5 Effect of (a) the Stern potential and (b) the electrolyte concentration (or ionic

strength) of the aqueous medium on the total potential energy of interaction among

particles (r ¼ 0.25 mm, A ¼ 3.67 � 10220 J). The insets provide a magnified view of

the potential energy curves, illustrating the secondary minimum that appears in high

ionic strength and low Stern potential conditions.
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(Figure 3), the zeta potential value is usually considered representative of the

Stern potential in most of the calculations performed to predict particle

interaction.

Another method commonly employed to measure the zeta potential of

particles is the electroacoustic technique, which involves the application of an

oscillatory electric field to the colloidal suspension. As a result, an oscillatory

relative displacement occurs between the charged core particle and the surround-

ing ions of the diffuse layer, giving rise to an acoustic response to the applied

alternating electric field. The sound wave thus produced has been empirically

correlated to electrophoretic mobility data so as to estimate the zeta potential

of colloidal particles. A variation of this technique, in which a sound wave is

applied to the suspension and an electric field is obtained as a feedback, is also

widely used for zeta potential measurements. The main advantage of these elec-

troacoustic methods is that they allow the zeta potential to be measured in con-

centrated suspensions, yielding a more realistic result in the case of high-solid

loading systems.

Figure 6 presents the variation of zeta potential as a function of pH for some

finely ground raw materials used in refractory applications. It is worth noting the

markedly different zeta potential profiles of these raw materials, which reflects

Figure 6 Zeta potential as a function of pH for some of the raw materials commonly

used in refractory castables. In the case of graphite, a wetting agent was employed to

enable the homogenization of the particles in the aqueous medium (after Ref. 14). The

zeta potential data for MgO were taken from Ref. 24.
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their distinct interaction with the H3Oþ and OH2 ions of the aqueous medium, as

discussed in Section IV.

VII. DISPERSANTS

As stated in earlier sections, the dispersion of refractory castables is usually

accomplished by developing electric charges with the same signal on particle

surfaces. However, a brief glance at the zeta potential curves of powders com-

monly used in refractory castables (Figure 6) reveals that it would be almost

impossible to promote particle dispersion simply by controlling the suspension

pH, since such raw materials display dissimilar surface charges over a very

broad pH range. Even in the case of simple refractory compositions, substan-

tial pH shifts are not expected to favor particle dispersion due to the large con-

tents of acid/alkaline compounds usually required to change the pH of

castables, which would substantially increase the ionic strength of the liquid

medium.

Taking into account these factors, the most common approach to disperse

refractory castables is the addition of specific charged molecules (dispersants),

which can adsorb and provide charges with the same signal on particle surfaces.

It should be mentioned that the charged sites of such molecules should be able to

establish relatively strong interactions with the surface groups so as to actually

modify the surface chemistry of particles. This can occur through the formation

of either primary bonds or coordinated interactions among the dispersant

molecules and the surface groups. This characteristic distinguishes the action

of dispersants from that of the counterions of the Stern and diffuse layers,

which, rather than reacting with the particle surface, simply exert a screening

effect on the surface electric potential.

Due to the buildup of a layer of molecules on the particle surface, the

above-mentioned approach usually leads to a steric effect, whose extent may

vary according to the length and conformation of the charged molecules on the

solid–liquid interface. Figure 7 indicates schematically the combined effect of

the electrostatic and steric mechanisms on the potential energy curve between

particles, illustrating the significant contribution of the steric mechanism (US)

to the energetic barrier that prevents agglomeration.

This section presents a general overview on the mode of action of disper-

sants in refractory castables, focusing especially on the ability of these molecules

to adsorb and modify the surface chemistry of particles (Parts A–C), the second-

ary effects that may arise from the addition of dispersants to the castable matrix

(Part D), the possible interactions between dispersants and cement particles (Part

E), and novel routes that have been applied to design the dispersant molecule in

order to optimize the rheological behavior of castables and concretes (Part F).
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A. Surface Modification

The dispersants most commonly used to modify the surface features of particles

through the electrostatic/electrosteric mechanism can generally be classified as

anionic or cationic species. When dissolved in water, the anionic dispersants pos-

sess mainly negative sites along the dissociated chain, whereas the cationic ones

usually display positive charges throughout the molecule. Table 2 lists some dis-

persants commonly employed in refractory castables (e.g., carboxylates and

phosphates) and examples of other anionic and cationic molecules that, although

not yet fully exploited in refractory applications, may also display high dispersing

ability. The dispersants shown in Table 2 have been further grouped into poly-

meric molecules (polyelectrolytes) and small aliphatic or aromatic compounds.

As can be seen, regardless of chain length, anionic molecules usually

contain carboxylate (–COOH) (12,14,25–35), phosphonate (–PO(OH)2 or

–PO(OH)O–) (36), sulfonate (–SO3H) (37), and/or hydroxyl (–OH)

(12,14,25,27–29,31,32) functional groups as major dissociable sites along the

molecular structure. The cationic dispersants, on the other hand, usually have

amines or amine-derived (–NH– or –NH2) groups that can be protonated in

an aqueous medium. The extent of protonation/deprotonation of these functional

groups is ruled by their dissociation constants pKa, which correspond to the pH

value when half of the functional groups have reacted with water to form charged

Figure 7 Schematic drawing of the interaction potential energy curve expected for

electrosterically dispersed particles, indicating the energetic contribution of the steric

layer (US) to the total potential energy curve (USþURþUA). (Adapted from Ref. 1.)
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Table 2 Dispersants Commonly Used in Refractory Castables and Examples of

Other Molecules That May Display High Dispersing Ability

Compound Structure pKa valuesa

Long-chain molecules

Carboxylates Salts of polyacrylic (R ¼ H)

or polymethacrylic

(R ¼ CH3) acid (M ¼ Na

or NH4)

�4.75

Phosphates Sodium

hexamethaphosphate

—

Sulfonates
Beta-naphthalene sulfonate

(M ¼ Na or H)

—

Anionic Sodium

tripolyphosphate

—

Citric acid 3.48, 4.50,

5.82, .14

Short molecules 3,4,5-trihydroxybenzoic

acid (gallic acid)

4.26, 8.7,

11.45, .14

Pyrocatechol-3,5-disulfonic

acid disodium salt (Tiron)

—

2-phosphonobutane-1,2,4-

tricarboxylic acid

(PBTCA)

3.74, 4.23,

5.14, 6.80,

9.05

Cationic Polyethyleneimine —

aSource: Refs. 13, 38, and 39.



sites on the molecule. Therefore, the development of charges on the dispersant

molecule only occurs in castables displaying a pH close to or greater than the

pKa values of the molecule’s functional groups. Table 2 shows the pKa values

of some of the molecules chosen as representative dispersants.

The ability of anionic and cationic dispersants to modify the surface

characteristics of ceramic powders in water is shown in Figure 8. Zeta potential

curves obtained for alumina and silica particles in either the presence or absence

of dispersant were taken as illustrative examples. As can be observed, the adsorp-

tion of the anionic species onto the alumina surface causes a shift of the zeta

potential curve toward acidic values, leading to negatively charged particles

over a broad pH range. The opposite behavior occurs in the case of the cationic

dispersant, whose adsorption produces a positive net charge on the surface of

silica particles within a wide pH interval.

The net surface charge of particles after dispersant adsorption is given by

the combination of the charges from the anchored dispersant molecule and

those originally developed on the surface due to interactions with water

(Figure 2). Therefore, five possible configurations may occur at the solid–liquid

interface, depending on the pH of the aqueous medium, as schematically shown

in Figure 9 for a hypothetical fully charged anionic dispersant. According to this

figure, the adsorption of the charged molecules may (1) partially reduce the sur-

face electric potential (c0), (2) completely neutralize the electric potential c0,

leading to the condition known as the isoelectric point (IEP), (3) reverse the

surface electric potential, (4) develop an electric potential on originally neutral

surfaces, or, finally, (5) further increase the surface potential c0. A comparison

of Figure 8a and 9 reveals that the zeta potential curve obtained after dispersant

Figure 8 Examples of the effect of (a) anionic (0.06 wt% citric acid) and (b) cationic

(0.33 wt% polyethyleneimine, PEI) dispersants on the zeta potential curve of alumina

and silica particles, respectively. (The curves shown in graph b were kindly supplied by

H. Wyss, ETH-Zürich.)
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adsorption is a direct consequence of the distinct configurations that may occur at

the solid–liquid interface.

According to the schemes shown in Figure 9, one would expect that the affi-

nity between the dispersant molecules and the particle surface is considerably

influenced by the pH of the aqueous medium. The following section describes

the significant influence of pH on the adsorption ability of anionic molecules

and how their functional groups can affect the pH range in which maximum

adsorption occurs on the particle surface.

B. Adsorption Ability

The adsorption ability of anionic molecules on the surface of oxide particles is

greatly dependent on the pH value of the aqueous medium, since the pH con-

ditions control the type and density of charges on the particle surface (Figure 2)

and along the adsorbing molecule (25–27). In the case of alumina particles, it has

been shown (27) that such pH dependence is significantly influenced by the dis-

sociation constants (pKa values) of the functional groups that constitute the

Figure 9 Electric potential profile at the solid–water interface resulting from the

adsorption of electrically charged (anionic) molecules on the surface of oxide particles

under various pH conditions. It is assumed that the adsorbed molecules shift the plane of

charge from the particle surface to a distance equivalent to their molecular length.

(Adapted from Ref. 2, where (1) is the surface plane, (2) is the plane of charge, (3) is the

Stern plane, and c0, cpc, and cd denote the electric potential at each of these planes.)
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adsorbing molecule. Maximum adsorption is known to occur in a pH range close

to the pKa values of the molecule dissociable groups. Less adsorption is expected

to take place at pH values lower than the pKa value because of the absence of dis-

sociated anchoring groups on the molecule. On the other hand, at pH values

above the pKa value, although the functional groups are fully dissociated, the

lower density of positively charged sites on the alumina surface limits the adsorp-

tion of anionic molecules.

In addition to the pKa value, the spatial arrangement of the functional

groups also exerts a marked influence on the adsorption ability of anionic mol-

ecules. Carboxylate groups (–COOH), for instance, are known to form very

stable configurations with the positive sites of alumina surfaces (27).

Compounds displaying carboxylate groups typically have low pKa values

(Table 2) and are therefore expected to adsorb preferentially under acid pH con-

ditions on the alumina surface. Molecules predominantly containing hydroxyl

groups, on the other hand, display much higher pKa values (Table 2), which

favor surface adsorption at basic pH values (38,39). Finally, molecules contain-

ing phosphonate groups (e.g., polyphosphate salts) may exhibit a wide range of

pKa values (from low to intermediate), which lead to maximum adsorption

from acid to slightly basic pH conditions. Obviously, these pKa ranges are sus-

ceptible to variations depending on the molecule side groups and should therefore

only be considered as general guidelines for the selection of dispersants.

Due to the predominance of carboxylate groups in their molecular struc-

ture, citrate and polyacrylate molecules have low pKa values and, thus, adsorb

to a greater extent on alumina surfaces at lower pH values, as shown in

Figure 10 (25,27).

Molecules displaying functional groups with intermediate to high pKa

values should therefore be chosen if one aims to improve the adsorption

ability of the dispersant in the usual pH range of high-alumina castables

(8 , pH , 12). Gallic acid (3,4,5-trihydroxybenzoic acid) is an example of a

dispersant with such a characteristic (Table 2). This aromatic compound displays

one carboxylate (–COOH) and three hydroxyl (–OH) groups around the benzene

ring, which would favor adsorption on the alumina surface at basic pH values.

Adsorption curves obtained for a similar molecule, namely 2,3,4-trihydroxyben-

zoic acid, on the alumina surface show that almost complete adsorption of

this compound occurs within the alkaline pH range (Figure 10). The absence of

(–OH) groups in the ortho position of the benzene ring (Table 2) is supposed to

further aid the adsorption of gallic acid in comparison to 2,3,4-trihydroxybenzoic

acid, since this steric configuration prevents the occurrence of unfavorable elec-

trostatic repulsion between the carboxylate ion and the alumina surface (27). The

probable enhanced adsorption ability of gallic acid at alkaline pH values was

shown to have a positive effect on the dispersion of high-alumina castables

(13). Although the pKa values of the gallic acid molecule suggest that it might
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not fully dissociate at the castable’s pH (Table 2), higher absolute zeta potential

values can be achieved with this dispersant in basic pH conditions in comparison

to citric acid (13). Additionally, the minor content of nonadsorbed gallic acid

molecules at the castable’s pH results in a liquid medium with lower ionic

strength. As a result, alumina suspensions and zero-cement castables containing

gallic acid have been shown to achieve lower viscosity and higher free-flow

values, respectively, than those prepared with citric acid, as revealed in

Figure 11 (13).

C. Density of Charged Sites

The density of charged sites on the dispersant structure is another factor that

exerts a major influence on molecule dispersing ability. Molecules containing

a high density of dissociable functional groups can modify particle surfaces to

a greater extent, since a greater number of charged sites will be attached to the

particle for each functional group anchored on the surface. This usually results

Figure 10 Adsorption behavior of polymethacrylic acid, citric acid, and 2,3,4-

trihydroxybenzoic acid on the alumina surface as a function of pH. (Adapted from Refs.

26 and 27.)
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in higher zeta potential levels at a given pH and enables a considerable reduction

of the particle’s isoelectric point.

The effect of this characteristic can be visualized by evaluating, for

example, the dispersing ability of 2-phosphonobutane-1,2,4-carboxylic acid

(PBTCA) in comparison to that of citric acid (Table 2). This organic compound

possesses one phosphonate and three carboxylate groups along its molecular

structure, which provide a higher charge density per molecule than citrate ions.

The PBTCA molecules also adsorb to a greater extent on the alumina surface

at basic pH values, since the presence of phosphonate groups expands the mol-

ecule’s pKa range toward higher values (Table 2) (40,41). This improved adsorp-

tion efficiency combined with a higher density of charged sites per molecule has

allowed for the preparation of alumina suspensions with lower viscosity and zero-

cement castables with higher free-flow values than those attained with citric acid

(Figure 11).

D. Secondary Effects

The examples described in earlier sections involved short-chain molecules with

similar maximum lengths (0.5–1.0 nm), which presumably provide steric repul-

sive forces of a rather low magnitude. However, the use of polymeric molecules

as dispersants may significantly enhance this steric contribution to particle dis-

persion. Furthermore, when these macromolecules display dissociable sites

along their basic units (meres), high zeta potential values are usually attained,

as shown in Table 3 for sodium polyacrylate. Therefore, these long-chain charged

molecules would be expected to display a better dispersing behavior than that of

short-chain molecules.

Figure 11 Example of the effect of distinct anionic dispersants on (a) the apparent

viscosity of alumina matrix suspensions and (b) the flowability (free-flow value) of

zero-cement alumina castables. (Adapted from Ref. 13.)

Surface Chemistry as a Tool 355



Figure 11, however, reveals that zero-cement alumina castables containing

sodium polyacrylate as dispersant exhibit much lower flowability levels than

those achieved using citric acid and other short-chain molecules. In principle,

this contradicts the high zeta potential levels and the probably more pronounced

steric effect obtained with sodium polyacrylate (Table 3). This unexpected beha-

vior has been attributed to some secondary effects imparted by long-chain disper-

sant molecules, which tend to increase the viscosity and yield stress of matrix

suspensions and, therefore, decrease castable flowability. These secondary

effects occur mainly when the molecular length of the dispersant species remain-

ing in solution is greater than or similar to the suspension interparticle spacing

(IPS) (30). This condition is preferentially encountered in suspensions possessing

high solid loading (as the castable matrix) or containing large contents of

extended nonadsorbed molecules in solution. The most conspicuous secondary

effects that may arise in the presence of long molecules in high solid loading sus-

pensions are known as bridging and depletion flocculation (12).

Depletion flocculation is a phenomenon triggered by the difference in the

concentration of nonadsorbed molecules in the region between particles (Ci)

and that in the bulk solution (Cb), as schematically shown in Figure 12. When

the molecules’ length (l) is similar or greater than the interparticle

spacing (IPS), steric hindrance makes the access of molecules into the region

between particles difficult. The difference in the concentration of nonadsorbed

molecules, when Ci , Cb, produces an osmotic pressure along the poorly and

highly concentrated regions in an attempt to establish a condition of equilibrium.

Because molecules are unable to enter the interparticle region, the osmotic pressure

tends to expel the less concentrated solution located between particles (Ci) toward

the bulk solution. As a result, neighboring particles are pushed against each other,

originating an attractive force between them (Figure 12). This mechanism

Table 3 Comparative Data Obtained for Alumina Suspensions Containing Citric

Acid or Sodium Polyacrylate (MW ¼ 5400 g/mol) at Optimum Dispersing Conditions

Dispersant 6 (mV) I (M) IPSa (nm) lb (nm) ty (Pa) happ (mPa.s)

Citric acid 231 0.14 26.2 0.5 2.3 342

Sodium

polyacrylate

267 0.20 19.3 10.1 817

aObtained by applying the Westman and Hugill modified algorithm to the powder particle size dis-

tribution (from Ref. 12).
bEstimated based on Refs. 30 and 36.

The zeta potential values (6) were measured using diluted suspensions, whereas the ionic strength

(I), interparticle separation distance (IPS), yield stress (ty), and apparent viscosity data (happ) were

either estimated or measured in 58 vol% solid-loading slurries (from Ref. 12).

Source: Ref. 12.
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constitutes an additional driving force for agglomeration not taken into account

by the classic DLVO theory.

The bridging effect, on the other hand, occurs when the same molecule in

solution adsorbs simultaneously on two different particles, forming a link

between them (Figure 12). This mechanism is most likely activated when the

Figure 12 Schematic diagram presenting (a) the depletion flocculation and (b) the

bridging effects that may occur when the interparticle separation distance (IPS)

approaches the molecular length of nonadsorbed molecules (l). Ci in figure (a) represents

the concentration of nonadsorbed molecules in the region between particles, whereas Cb

corresponds to the bulk concentration [molecules adsorbed on the particle surface are not

included in Figure (a)]. Figure (b) also shows the particle’s effective radius resulting

from molecule adsorption.
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particle surface is not totally covered by dispersant and/or when particles and

nonadsorbed molecules display electric charges with opposite signals. Under

such conditions, the particle surface is still available for adsorption and the elec-

trostatic attractive forces between nonadsorbed molecules and particles favor

bridging. Like the depletion effect, bridging is another non-DLVO interaction

mechanism that contributes to the formation of agglomerates and clusters in

the suspension.

Table 3 shows that the extended chain length of polyacrylate molecules

with relatively low molecular weight (MW ¼ 5400 g/mol) is, indeed, of the

same order of magnitude as the average interparticle spacing of typical matrix

suspensions. Although polyacrylate molecules may have different molecular

lengths depending on the polymer’s conformation (30,36,42), stretched confor-

mations are likely to occur when the molecule is fully dissociated in solution

(pH � pKa), as is the case in high-alumina castables (12). Therefore, bridging

and depletion flocculation are more likely to occur in castables containing such

long-chain molecules. The restricted space available for motion in these systems

(Figure 12) also favors hydrodynamic interactions and entanglement between

particles and nonadsorbed molecules, further increasing the viscosity and yield

stress of the matrix suspension (12,30). Another secondary effect imparted by

long-chain molecules is the entrapment of a considerable amount of water in

the steric layer formed around particles (Figure 12). This leads to an increase

in the matrix’s effective solid loading, which may also contribute to reduce

castable flowability (12).

The molecular length estimated for citric acid and the other short-chain

molecules previously described (0.5–1.0 nm) is about one order of magnitude

smaller than the interparticle spacing of typical matrix suspensions, which

reduces the chance of the above-mentioned secondary effects’ occurring.

This is the most probable reason for the higher flowability values obtained

with these dispersants in zero-cement high-alumina castables (Figure 11),

despite the lower zeta potential levels achieved with such small molecules

(Table 3).

It is worth mentioning that the secondary effects associated with long-chain

molecules can be minimized if the castable liquid medium displays high ionic

strength, since the dispersant molecules tend to exhibit nonextended confor-

mations in this condition. Additionally, the inferior zeta potential level obtained

with short-chain molecules may not be sufficiently high to prevent particle

agglomeration in high-ionic strength aqueous solutions. This condition is usually

encountered in castables containing calcium aluminate cement or other highly

dissoluble and impure raw materials. Therefore, the selection of additives for

refractory castables cannot be considered a straightforward task, for the particu-

larities of each specific composition must be taken into account and accurate

control and knowledge of the raw materials employed are required.
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E. Interactions with Cement Particles

An important constituent of refractory castables that has yet to be considered is

the calcium aluminate cement. This raw material is known to strongly affect the

dispersion state and rheological behavior of castables due to the various reactions

occurring in the material as soon as it comes into contact with the admixing water

(43–46). Therefore, an understanding of the effect of additives on the hydration

process of cement particles is an essential requirement to optimize the rheological

properties and working time of cement-based refractory materials.

In principle, all the concepts of surface chemistry previously described are

also expected to be valid for cement particles. However, the highly dissolving and

reactive nature of such particles introduces a dynamic and complex feature to the

particle–water system. This makes it difficult to interpret the data obtained from

cement-containing suspensions, which is probably the main reason for the pau-

city of publications available in the literature that focus on the interactions

between additives and high-alumina cement particles. The concepts described

herein are therefore based on studies performed in aqueous pastes of calcium sili-

cate (Portland) cement, which have been more extensively researched in recent

years due to their considerable importance for concrete technology (47–50).

Although calcium aluminate and calcium silicate cements are known to display

distinct reaction rates and form different hydration products, similar interactions

between the cementious phase and the chemical additives (admixtures) are

expected to occur in aqueous suspensions.

To comprehend such interactions, it is important to first understand the

hydration process of cement particles in water in the absence of additives. Cal-

cium aluminate cements are known to readily dissolve in water, releasing increas-

ing amounts of Ca2þ and Al(OH)4
2 ions in the liquid medium (43–46). This

dissolution process continues until the concentration of these ions in the aqueous

solution reaches a certain saturation level, at which point the ions tend to precipi-

tate through a nucleation and growth mechanism to form hydrated phases.

The precipitation of the first hydrated products decreases the concentration of

ions in solution to levels below the saturation condition, favoring the further

dissolution of cement particles. This leads to a cyclic process of ion dissol-

ution-precipitation that proceeds until most of the anhydrous cement phase is

reacted. It is important to note that heterogeneous nucleation of hydrates occurs

on the surface of cement particles as soon as the dissolution process begins, lead-

ing to the formation of a surface layer of hydrated phases. Hence, this hydrated

layer must be considered when predicting the interaction of cement particles with

chemical admixtures and with other neighboring particles.

Figure 13 schematically illustrates some of the possible interactions that

may take place between the dispersant molecules and cement particles in an

aqueous medium. Such interactions may involve (47): (1) the adsorption of
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dispersant molecules on the surface, leading to the earlier described mechanisms

of dispersion, (2) the selective adsorption of molecules on reactive surface

sites, locally blocking the dissolution of the anhydrous phase, (3) the complexa-

tion of dissolving ions by the nonadsorbed dispersant molecules, which may

either retard the precipitation of new hydrated phases or further aid the dissol-

ution process, (4) the inhibition of hydrate growth on the particle surface due

to dispersant adsorption, and/or (5) the formation of hydrated phases that

incorporate the dispersant molecule into its structure, leading to the so-called

intercalation phenomenon.

The influence of some of the characteristics of dispersant molecules, such

as chain length, charge density, and type of functional groups, on each of the

possible interactions illustrated in Figure 13 is not yet fully understood. The

lack of detailed investigations into this field is most likely due to the difficulties

involved in setting up experiments to individually demonstrate the effect of given

variables. Therefore, the selection of dispersants for cement-based refractory

Figure 13 Schematic illustration of the cement–water interface, depicting the possible

interactions that may occur between dispersant (anionic) molecules and cement particles.

(Adapted from Ref. 47.)
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castables must take into account all these possible interactions, in addition to the

previously discussed parameters that affect particle dispersion.

F. Molecular Architecture

Despite the inherent complexity of cement-containing systems, the previous sec-

tions have shown that some of the features of dispersant molecules (e.g., length,

charge density, functional groups) can generally be correlated with the type of

interaction expected among particles. Hence, attempts have been made to design

the molecular architecture of dispersants based on these general correlations, so

as to optimize the dispersion state of particles in refractory castables and high-

performance concretes.

A typical example of a dispersant molecule that has been designed for the

production of cementious materials with tailored rheological properties is the car-

boxylate-based polymer depicted in Figure 14 (50). This polymer displays a

comblike structure containing dissociable sulfonate and carboxylate groups in

the main backbone chain, to which lateral nonionic chains of polyethylene

oxide of varying molecular weights are grafted. By adjusting the ratio of sulfo-

nate to carboxylate groups in this molecule, one can, for instance, control the

working time of high-performance concretes, since the sulfonate groups are

known to specifically adsorb on highly reactive calcium aluminate phases (i.e.,

3CaO.Al2O3), reducing the hydration kinetics of cement particles (47). The maxi-

mum length of the molecule can also be tailored by controlling the degree of

polymerization of the backbone chain. This allows for the synthesis of molecules

of sufficient length to provide efficient repulsive electrosteric forces, but still

short enough to avoid the undesired secondary effects normally associated with

long-chain dispersants (Part D). The most interesting feature of the comblike

structure is that, once the maximum length of the backbone molecule has been

established, polymeric chains of varying molecular weight (polyethylene oxide

in the case of Figure 14) can be laterally grafted to this backbone to enhance

Figure 14 Example of a grafted polycarboxylate-based molecule whose molecular

structure can be designed to optimize the dispersion of cement-containing materials.

(Adapted from Ref. 50.)
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the electrostatic/steric effect of the dispersant without necessarily increasing its

maximum molecular length. This is expected to significantly improve the disper-

sing ability of the molecule, minimizing the occurrence of deleterious secondary

effects on the castable matrix.

It is worth mentioning that the design of molecules with enhanced disper-

sing ability requires an adequate understanding of the effects of the dispersant’s

characteristics on the dispersion and rheological behavior of cement-containing

suspensions. Other polymeric compounds that can be structurally tailored are

expected to be developed as further investigations are conducted to better com-

prehend the interactions among dispersant molecules and cement particles.

VIII. TAILORING THE DISPERSION STATE OF PARTICLES

Although particle agglomeration may result in several deleterious effects on the

flow and mechanical behavior of refractory castables, it can sometimes be delib-

erately induced to confer specific rheological properties on the material.

This is the case, for instance, of castables containing matrix particles with

different specific densities (i.e., silica and alumina), which may be susceptible to

phase segregation during transportation and placement. Such undesirable effects

can be prevented by inducing particle coagulation around the secondary mini-

mum of the potential energy curves (Figure 5). The weakly attractive forces

that arise under this condition may also be useful to prevent settling and segre-

gation of coarse and dense aggregates, since a yield stress is developed in the

matrix suspension. This secondary minimum coagulation can be achieved easily

by increasing the ionic strength (i.e., salt concentration) of the liquid medium in

previously dispersed systems, as schematically illustrated in Figure 15.

The shear-thinning rheological behavior obtained through this weak coagu-

lation may also be very important for pumpable castables in order to provide a

certain cohesiveness to the material and avoid the typical shear-thickening ten-

dency of fully dispersed concentrated systems.

The dispersion state of particles can also be tailored to impart the rheolo-

gical changes required in shotcrete applications (51). This placing technique

involves the sudden transformation of a highly fluid pumpable castable into a

stiff and cohesive material capable of adhering to the wall under repair. One of

the approaches that can be used to induce this abrupt rheological change is the

coagulation of particles either in the primary or the secondary minimum of the

potential energy curves (Figure 5). Figure 15 shows that this coagulation can

be achieved by adding chemical admixtures that shift the castable’s pH and/or

increase the ionic strength of the liquid medium. It has been observed that

secondary minimum coagulation may offer the advantage of providing more

cohesive castables, which tend to reduce the so-called rebound effect (51).
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A few attempts have also been made to produce zero-cement self-flow

castables through the appropriate control of the dispersion state of particles

(9,52). The general idea, in this case, is to replace calcium aluminate cement

for alternative coagulating agents in the castable composition in order to obtain

refractory materials with minor contents of liquid ternary phases at high tempera-

ture (i.e., guelenite and anortite). Autocatalytic and enzyme-catalyzed reactions,

as well as the gradual dissolution of partially soluble compounds, have been

employed to promote particle coagulation in zero-cement castables by decreasing

the system’s pH, increasing the liquid ionic strength, or promoting both mechan-

isms simultaneously, as shown in Figure 15. Zero-cement castables displaying

homogeneous microstructure and minimal contents of low-melting-point

phases have been obtained using this approach (9,52). Alternatively, such

high-performance castables have also been produced by gelling the liquid

medium around well-dispersed particles (53).

IX. SUMMARY

Basic concepts of surface chemistry are outlined in this chapter to understand the

mechanisms that can be applied to optimize the dispersion and rheological beha-

vior of advanced refractory castables. The modes of action of some dispersants

are described to illustrate the effects of some of their molecular features (chain

length, functional groups, charge density) on the dispersion state of matrix

Figure 15 Stability limits for an aqueous alumina suspension containing 0.35 wt% of

citric acid as dispersant, indicating (by arrows) the routes that may be used to impart

secondary or primary coagulation among particles. (Adapted from Ref. 8.)
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particles. Possible interactions between the dispersant and cement particles are

also discussed, although more extensive investigations are still required in this

field. An understanding of some of these interactions and of basic principles of

surface chemistry have enabled the design of special molecules with improved

dispersing ability and better control over the kinetics of cement hydration.

Finally, some examples are given of applications in which the particles’ dis-

persion state can be tailored to provide highly homogeneous castables and

allow for the development of innovative placing techniques.
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I. INTRODUCTION

The objective of this chapter is to provide guidance and understanding on the

design and use of refractory linings with respect to structural behavior or often

referred to as the mechanical behavior. Refractory linings, as typically used in

industry, serve two dual purposes. First, refractory linings insulate the vessel

or steel support structure from overheating and destruction of this support struc-

ture by the heat from the process contained within the refractory lining. Without

the steel support structure the process is not contained and is not possible.

Second, the refractories insulate the process and control the heat loss from the

process. Controlling the heat loss controls the energy cost of the process. There-

fore, most refractory linings are, not always but in most cases, exposed to and

contain a process that creates heat, resulting in a temperature distribution

throughout the lining system. The support structure contains and restrains

the thermal growth or thermal expansion of refractory lining. As a result, the

lining and support structure are also exposed to thermal expansion stresses.

There are also gravity load (sometimes referred to as the dead load) stresses

from the weight of the lining and structure. Usually the thermal expansion

stresses are orders of magnitude greater than the gravity load stresses. Therefore,

most attention is usually given to the thermal expansion stresses in both the lining

and the support structure. Throughout this chapter it is typically assumed that the

lining is supported by a steel structure. The term “lining system” is used to refer

to combined refractory lining and the steel support structure. This chapter does

not deal with the chemical behavior of refractories. The chemical effects on
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refractories will most likely influence the mechanical material properties and

thereby influence the mechanical behavior of the refractory lining. The chemical

effects on the thermal and mechanical material properties can be determined by

material tests.

This chapter provides information and the reasoning with respect to how to

choose appropriate design features in a refractory lining system to minimize ther-

momechanical problems such as mechanical excessive distortions, excessive

cracking, spalling, pinch spalling, and other signs of a deteriorating lining. It

also covers how to choose the best refractory based on thermomechanical con-

siderations. The mechanical behavior of most refractory materials is complex.

The mechanical behavior of the refractory lining and the interaction with the

steel support structure is also complex. These complexities lie in the nonlinear

mechanical behavior of the refractory material and in the lining system. This

chapter discusses the lining geometries that are frequently used in industry, the

fundamental mechanical behavior of the nonlinear material properties of refrac-

tory material, and the lining system. Due to the page limitation the complete pres-

entation on the thermomechanical behavior of refractory linings cannot be

presented here. A more detailed and expanded presentation on the thermomech-

anical behavior of refractory linings and refractory materials is made in (1).

The information provided here will provide guidance and insight into to

what to look for, what to expect, and what not to expect when inspecting a lining

system. This chapter provides valuable guidelines when designing a refractory

lining. Reliable lining system investigations require the use of computer methods

such as finite element analysis (FEA). The observations made during lining sys-

tem inspection often provide valuable information for the analytical investi-

gations. Accurate thermal and mechanical material properties are also

necessary for reliable FEA investigations. Since the lining and support structure

interaction is typically nonlinear, the FEA computer program must have non-

linear features such as “elastic/plastic” material stress/strain behavior features

as well as nonlinear “tension only” for either brick joints or the principal tensile

stress regions in castables.

II. LOAD TYPES

Two fundamental types of loads (2) are imposed on refractory lining systems or

for any type of structural system. The gravity load (a combination of dead load

weight and live load weight) is classified as a “stress-controlled” load. Pressure

loads are also stress-controlled loads. Typically, stress-controlled loads generate

stress within the structure which is a function of the structure geometry. This type

of load is usually the only load type considered such as in civil engineering build-

ings and bridges. For example, assume a stack of brick with a cross-sectional area
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of A, height L, and unit weight of p. The compressive stress SSC at the base of the

brick stack can be calculated as

SSC ¼ ALp=A (1)

where ALp is the total weight of the brick stack. It should be noted that the stress

calculation only required the use of material density and the geometry of this

simple structure.

The second type of load is called a “strain-controlled” load. A thermal

expansion load is a strain-controlled load. Using the brick stack example, assume

that the brick is restrained in the vertical direction by a steel structure. Let us also

assume, for the simplicity of the calculation, that the thermal expansion is totally

restrained. The compressive thermal STC in the brick stack is calculated as

STC ¼ aDT (MOE) (2)

The thermal strain “1” developed is

1 ¼ aDT (3)

where a is the coefficient of thermal expansion, DT is the temperature increase in

the brick stack from ambient temperature at installation, and MOE is the modulus

of elasticity of the brick. The brick was also assumed to remain elastic at the

heated temperature for the simplicity of the calculation. In the case of the

strain-controlled load, the material properties a and MOE were required. Also,

a and MOE are assumed to be constant with respect to temperature.

The above example is used to define the two load types in refractory lining

systems. Since refractory linings are primarily exposed to thermal expansion

loads, it is important to have accurate static compressive stress/strain (SCSS)

data in order to determine the MOE data. It will be shown in later discussions

on the SCSS data that most refractory materials become softer (lower MOE) at

higher temperatures and also become more plastic at higher temperatures.

SCSS data curves obtained from laboratory testing are used to define the MOE

property as well as the plastic behavior of the refractory material in question.

Another way to differentiate stress- and strain-controlled loads is to exam-

ine the creep response of the refractory lining when exposed to these two types of

loads. Using the previous example, the refractory brick will continue to creep

compressively when subjected to the gravity load until compressive creep failure

occurs. That is, the gravity load will not diminish and the compressive creep will

continue for the life of the lining until failure occurs. This is also true for pressure

loads. For strain-controlled loads, such as thermal expansion loads, the creep will

last until the thermal restraint strains are relaxed from the lining. Therefore,

strain-controlled loads will result in creep over a finite period of time. At the

end of the creep relaxation, the thermal stress will be reduced to a negligible

value. The same reasoning for differentiating the stress- and strain-controlled
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loads can be applied to high-temperature plastic deformation behavior of the

refractory lining material. For stress-controlled loads, the plastic deformation

will continue for the life of the structure or until a upper limit on the plastic stress

threshold is reached. For the strain-controlled load, a finite amount of plastic

deformation will take place equal to the restrained thermal strains.

III. REFRACTORY THERMAL AND MECHANICAL
MATERIAL PROPERTIES

In the investigation of refractory lining systems, the analysis is typically done in

two stages. Stage I is the thermal analysis. The thermal analysis can be simply

steady-state thermal analysis or a transient thermal analysis. For a steady-state

thermal analysis, only the thermal material property, thermal conductivity K, is

required. For transient thermal analysis, the thermal material properties required

include thermal conductivity, specific heat c and density p. In any thermal anal-

ysis other data needed are the external ambient temperatures, the emissivity of the

external surfaces, the external wind velocity, and other boundary conditions data

that are important to the thermal analysis.

Stage II is the thermal stress analysis. In this stage the basic mechanical

material properties required are the modulus of elasticity (MOE), coefficient of

thermal expansion (a), and Poisson’s ratio (y ). Poisson’s ratio defines the ratio

of the displacement in the orthogonal directions within a material. For example,

when a steel bar is stretched in tension, the bar increases in length in the direction

of the load and decreases in width in the orthogonal direction. The ratio of the

orthogonal displacement to the loaded direction displacement is Poisson’s

ratio. Basically, Poisson’s ratio defines the orthogonal cross coupling of the

material displacement behavior. For brittle materials, the value of 0.10 to 0.15

is often used. Note that steel has a Poisson’s ratio of about 0.3.

As previously discussed, most refractory becomes plastic at higher tem-

peratures. For example, a fired 70% alumina brick starts to become plastic at tem-

peratures above 800 to 10008F as shown by the static compressive stress/strain

(SCSS) data plot in Figure 1. The MOE of a material is the tangent slope of

the stress–strain curve (initial portion of the curve) obtained from the SCSS

data. The higher-temperature SCSS data curves show the effects of the higher

temperature. At the higher temperatures, the higher stress causes an increased

plastic response of the refractory material. Therefore, the refractory material

becomes more nonlinear at higher temperatures.

Another way to develop MOE data is by the sonic test methods. Fundamen-

tally, the sonic method evaluates the MOE using the resonant frequency of the

refractory sample. However, the sonic method tends to overpredict the

MOE value. The primary reason is that the resonating sample is exposed to an
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extremely low stress–strain environment. Using an actual SCSS data curve, it

means the MOE is tangent to the stress–strain data curve at an extremely low stress

value where the data curve would have the greatest slope and no significant plastic

response would be initiated. Typically, the refractory material is exposed to signifi-

cant levels of thermal stress (several thousand psi). Also, the sonic method provides

no information regarding the relationship between stress and strain. This method

also provides no information about the plastic behavior of the refractory material.

IV. INFLUENCE OF STRESS STATE DIMENSIONALITY ON
REFRACTORY STRENGTH

The compressive strength of refractory is influenced by the dimensionality of the

compressive stress (3,4), as illustrated in Figures 2 and 3. Figure 2 shows the

effective increase in the ultimate compressive crushing strength for a two-dimen-

sional compressive stress state in the order of about 1.27 over the one-dimen-

sional ultimate compressive crushing stress, f 0c based on the values of the

two orthogonal principal compressive stresses, S1 and S2. For three-dimensional

compressive stress states (see Figure 3), the values of the ultimate compressive

crushing strength can exceed six times f 0c.

The tensile fracture strength, however, is not altered by the dimensionality

of the tensile stress state. A multidimensional tensile stress state will fracture in

tension at the same value as the one-dimensional ultimate tensile stress, ft
0.

Figure 1 Static compressive stress–strain data for a fired 70% alumina brick.
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Most lining systems are three-dimensional and therefore experience three-

dimensional compressive thermal expansion states. This explains why refractory

linings can resist large compressive thermal expansion forces that create stresses

beyond the one-dimensional crushing stress. This also explains why the expan-

sion force of the refractory lining system can cause distortions in the steel support

structure and also why the refractory will not necessarily fail at high values of

compressive stress.

V. CHOOSING THE BEST REFRACTORY

In selecting the appropriate refractory for the process application, various criteria

are used. The refractory must be chemically compatible along with mineralogy

and other considerations. The capability of the refractory to maintain its strength

for the process temperature in question, resistance to thermal shock, and other

strength considerations are used. ASTM tests can be used to rank the candidate

Figure 2 Ultimate strength of brittle material under biaxial stress.
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refractory considered for the lining project. With regard to mechanical consider-

ations, the ultimate crushing strength is sometimes used to rank the candidate refrac-

tories, with the refractory having the greatest ultimate crushing stress as being the

best refractory. The following example is used to demonstrate that when consider-

ing mechanical properties, using the ultimate crushing stress provides only part of

the necessary mechanical information needed to select the best refractory.

Let us assume there are two candidate refractory materials, Refractory A

and Refractory B, chosen for the lining project. We will also assume that both

materials have the same thermal material properties, meaning that both refrac-

tories have the same temperature profiles. For the mechanical material properties,

we assume that both materials have the same coefficient of thermal expansion and

Poisson’s ratio. The only difference is in the static compressive stress–strain

(SCSS) data. Figure 4 shows the hypothetical SCSS data curves for the two

materials at an operating temperature T0. Since both materials have the same tem-

perature and the same coefficient of thermal expansion, both materials have the

same thermal strain, eR. The ultimate crushing stress for Refractory A is f 0CA

Figure 3 Ultimate strength of brittle material under triaxial stress.
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and is greater than Refractory B’s ultimate crushing strength f 0CB. However,

Refractory A is more brittle than Refractory B as reflected in the steepness of

the stress–strain curve of Refractory A and the lesser ultimate crushing strain

e 0CA of Refractory A. Refractory B has a much greater ultimate crushing strain,

e 0CB. Note the e 0CA is less than the applied strain eR of the lining. Therefore,

Refractory A would crush while Refractory B would not crush. Refractory B

has a considerable margin of compressive straining before crushing. Basically,

Refractory B is a softer material than refractory A. Refractory B, based on

thermomechanical considerations, would be chosen as the better refractory.

This example demonstrates that prudent interpretation should be given to

the ultimate crushing stress data and that the SCSS data provide considerably

more information when selecting the best candidate refractory. The SCSS data

provide information on both the ultimate crushing stress and the corresponding

ultimate crushing strain.

VI. THERMOMECHANICAL ASPECTS OF MORTAR
JOINTS

Brick joints may be either mortared or dry (no mortar). In most cases refractory

brick linings are installed with mortar in the brick joints. Based on the consist-

ency of the mortar material and how the mortar is applied, the mortar joint

Figure 4 Stress–strain curves of two hypothetical refractory materials.
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thickness can vary from less than 1 mm to several mm. Some brick linings are

installed by dipping the brick in mortar slurry, while in other linings the mortar

is troweled onto the brick joint face. A “buttered joints” is when the mortar is

mixed to a batter consistency and the mortar is troweled spread over the top sur-

face of the brick course. The next layers of brick are in turn covered with the bat-

ter mix. Typically, the literature defines the use of mortar to bond the brickwork

into a monolithic lining to provide more resistance to thermal shock and to pro-

vide a cushion at the brick joint, which has irregular surfaces. In actuality, mortar

joints are rather weak in tension and cannot resist the magnitude of the tensile

loads imposed on the cold face region in most lining systems.

Various types of mortars gain their strength by different means. There are

heat-set mortars, air-set mortars, resin-bonded mortars, and phosphate-bonded

mortars. Some mortars are given the generic name of chemically bonded mortars.

Heat-set mortars exhibit shrinkage at temperatures around 9508F due to the soft-

ening and bonding of the fine mullite and glass grains. Air-set mortars tend to lose

strength at temperatures over the 900 to 10008F range due to the melting of the

sodium silicate in the mortar. The sodium silicate gives the air-set mortar strength

at temperatures below the 900 to 10008F range. Phosphate- and resin-bonded

mortars tend to be more stable at the temperatures above 9508F. That is, these

latter two mortars expansion curves have a slight decrease in slope at tempera-

tures above 9508F and up to about 12008F.

Mortars are very soft compared to fired brick. Figure 5 (5,6) provides a

comparison of SCSS data for homogeneous brick samples and brick samples

with a 1.6-mm- (1/16-in.) thick phosphate bonded mortar joint. The mortar

used was a phosphate-bonded mortar. The brick samples were 50-mm (2-in.)

diameter by 100-mm (4-in.) long cored drilled from a fired 70% alumina brick

made on an impact press. The strain in the samples was measured over the central

50-mm length. The joint surfaces in the brick were machined to provide a uni-

form mortar joint thickness. For the low-temperature range (20 to 8158F), the

curves, at any selected strain value, show that the stress developed for the

brick mortar sample is about 15% of the stress value for the homogeneous

brick sample. For the higher-temperature SCSS curves, the mortar exhibits less

stiffness. For any given strain, the stress developed for the higher-temperature

brick mortar sample is around 70% of the stress for the homogeneous brick

sample. The MOE for the brick mortar samples and the homogeneous brick

samples was defined by using the slope of the initial portion of each curve.

The mortar MOEm is defined by the following equation:

MOEm ¼ MOEmb MOEb tm=tb (MOEb � MOEmb) (4)

where the subscript m relates to the mortar, mb to the brick/mortar sample, and b

to the homogeneous brick sample. The thickness of the brick sample and mortar

joint are tb and tm, respectively. Note that the thickness, tb, of both homogeneous
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brick and brick/mortar joint samples are 50 mm, as used in the Eq. (4) calcu-

lations. Table 1 provides the results of these calculations. The MOE values in

Table 1 reflect the softer brick mortar samples over the homogeneous brick

samples. The mortar is extremely soft. It should be noted that due to the high

compressive and tensile stress levels, the tensile bond strength of the various

mortars are destroyed due to the compressive crushing of the mortar grains

when subjected to the operating stress conditions. The mortars tend to lose

their tensile strength due to the crushing of the mortar grains.

The SCSS data also provide insight into the expansion allowance that the

mortar joints provide. Table 2 uses the same data and shows the percentage of

the compressive deformation that occurs in the 1.6-mm-thick mortar joint. As

expected, greater deformations occur in the mortar joint at the higher levels of

temperature and compressive stress applied to the mortar joint. It should also

be noted that the compressive stress levels used in the SCSS tests are realistic

based on field strain gauge measurements on cylindrical vessels lined with

70% fired alumina brick (6).

VII. THE FINITE ELEMENT ANALYSIS (FEA) METHOD

The most current state-of-the-art in analysis methods is the finite element analysis

(FEA) method. The FEA method of analysis is conducted using finite element

computer programs. Because of the nonlinear thermomechanical behavior of

Figure 5 SCSS data for refractory with and without mortar joint.
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refractory linings, FEA computer programs are required to provide a reliable pre-

diction of the thermomechanical behavior of the refractory lining. The term

“finite element” refers to the analysis approach in which a finite (or small) mathe-

matical element is used to represent stress–strain behavior over a finite portion of

the structure of interest; in our case, a finite part of the refractory lining. A large

numbers of these finite elements are assembled to represent the total structure of

interest; in our case, the lining of interest. Numerous FEA computer programs

have been developed by companies such as ANSYS, ALGOR, MSC, STAAD,

COSMOS, and CFX to name a few. Each of these FEA programs is developed

Table 1 Summary of MOE of 70% Fired Alumina Brick and 70%

Fired Alumina Brick with Mortar Joint

Data temperature, 8C
Selected

stress level

Secant MOE, GPa

MOEb MOEmb MOEm, Eq. (4)

20–815 10 43.48 8.3 0.33

25 46.30 12.76 0.56

50 47.17 17.86 0.92

1100 10 18.52 7.14 0.32

20 14.29 6.06 0.30

30 10.91 4.62 0.24

1200 4 13.33 5.00 0.21

8 9.41 2.67 0.11

12 5.22 1.46 0.07

Table 2 Summary of Calculated Phosphate Bonded Mortar Joint

Compressive Deformation

Data Temperature,

8C
Applied compressive

stress, MPa

% Deformation of 1.6-

mm-thick-mortar-joint

20–815 10 3.14

25 4.25

50 5.66

1100 10 3.20

20 6.51

30 12.48

1200 4 1.95

8 7.39

12 17.30
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to solve similar or a different variety or class of engineering problems such as

heat flow, acoustics, structural behavior, fluid and air flow, and others. Also,

these programs have a wide range of finite element types! that is, one-, two-,

and three-dimensional finite element types to represent the geometry of the struc-

ture or media of interest. Each program will most likely have similar and different

types of a finite element to model the type of engineering problem unique to that

FEA program. The following cylindrical lined vessel example shown in this

chapter was solved using the ANSYS program (mechanical version). All of the

FEA work the author of this chapter performed was done using the ANSYS

Mechanical FEA program.

VIII. THERMOMECHANICAL BEHAVIOR OF
CYLINDRICAL LININGS

The most used refractory lined vessel geometry in industry appears to be the

cylindrical refractory lined vessel. In the steel industry, the blast furnace, blast

furnace stoves, torpedo cars, steelmaking ladles (7), electric arc furnaces,

degasser vessels, and cyclone dust collector are a few examples of cylindrical

vessels. In the petrochemical industry, the petrochemical processing vessels

are typically cylindrical. Fluid bed reactor vessel walls are typically cylindrical

with a spherical vessel top. Many other basic industries use cylindrical refractory

lined vessels such as rotary kilns and wood pulp process vessels.

The following example of a cylindrical refractory lined vessel is idealized

to present the basic and fundamental features of refractory lining and the inter-

action of the lining with the steel vessel shell. Because of the frequent use of

the cylindrical type of vessel geometry, it is important that the salient features

of thermomechanical behavior of the cylindrical lining be identified. The other

popular classical refractory lining geometries used in industry include flat wall

lining systems, arch lining systems, conical lining systems, and spherical lining

systems.

Figure 6 shows a finite element model of a typical brick in an idealized

cylindrical lining. Only a single half-section of a typical brick is required to

model the cylindrical lining since the half-section of brick represents the sym-

metric behavior of any location in the complete lining. The lining shown here

is assumed to be a single thickness lining. Actual linings may consist of two or

more layers of brick.

Figure 7 illustrates the idealized steady-state linear through-thickness

temperature distribution in the refractory lining. Some refractory materials

have temperature-dependent thermal conductivity and results in the need for a

nonlinear thermal analysis and a resulting nonlinear through-thickness tempera-
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ture distribution. As previously discussed, the first part of a lining investigation is

the thermal analysis using the thermal material properties.

Figure 8 shows the temperature contour lines for the steady-state thermal

analysis. Note the brick half-section was modeled with an element mesh of 9

elements across the width and 18 elements along the length. The element mesh

chosen is typically based on the expected nonlinear stress–strain behavior of

the refractory and the nonlinear “compression-only” behavior of the brick

joint. In the case of castable systems, the circumferential width of the

model is selected by trial solutions to determine the estimated maximum cir-

cumferential tensile stress that could be developed by the castable lining.

Figure 8 is a line contour plot in which the letters on the contours represent

a temperature at that location. Color contour plots are also available from

most programs and provide a much better visualization of the temperature

distribution, especially for more complicated temperature distributions.

The temperature data file is created from the thermal analysis. This file

is used as input into the mechanical stress–strain model. The thermal model is,

in most programs, converted to a mechanical model by replacing the thermal

elements with the equivalent mechanical elements and converting the thermal

material properties to mechanical material properties. In most cases the conver-

sion from the thermal model to the mechanical model requires significant effort

due to the addition of the nonlinear joint elements and the necessary additional

Figure 6 Finite element model of idealized cylindrical refractory brick lining.
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displacement boundary conditions for symmetry. The mechanical behavior of the

refractory material is nonlinear. Typically, the refractory material becomes plas-

tic at higher temperatures. Therefore, nonlinear elastic/plastic stress–strain

relationships are required in the model material for the refractory stress–strain

behavior. Also, the brick joint, be it a mortar or dry joint, can only resist

compression and will separate under a tensile load. Nonlinear “contact” elements

are included in the mechanical model for the brick joints. These elements

will simulate the “compression-only” behavior of the dry or mortar joint.

This element will allow the joint to separate when the joint is subjected to a

tensile or separating load.

Figure 9 illustrates the radial brick joint “compression-only” behavior.

In this example the stress–strain behavior of the refractory material was

assumed to remain totally elastic. As shown, a portion of the joint on the hot

face end of the radial brick joint is in compression, and a portion on the cold

face end of the brick is separated. The circumferential loading is a maximum

at the lining hot face and decreases linearly to zero at an internal location of

the brick joint. For actual elastic/plastic refractory behavior, the circumferential

loading would be nonlinear. The internal location is where the joint begins to sep-

arate. This joint behavior can be explained fundamentally by considering the

temperature of the various locations in the brick joint compared to the steel

shell temperature and the coefficient of thermal expansion of the brick material

and the steel shell.

Figure 7 Idealized linear through-thickness temperature distribution.
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At the brick cold face (brick face against the shell) the temperature is

usually equal or nearly equal to the steel shell temperature. If a high-alumina

brick were used, the coefficient of thermal expansion of the alumina brick

would be approximately half that of the steel shell (assuming carbon

steel). Therefore, the steel shell will expand circumferentially twice that of the

brick cold face. This implies that the cold face end of the brick radial joints

will separate. The brick hot face temperature is typically several times that of

the steel shell. Therefore, the circumferential expansion of the brick hot face

will be greater than the steel shell. This implies that the brick radial joints will

experience compressive loading. The lining will also expand radially against

the steel shell. The steel shell will in turn restrain the brick lining expansion.

The brick lining hot face will develop circumferential compressive stress. In

addition, a radial compressive load will be developed between the brick cold

face and the steel shell.

There will be an interior location of the restrained brick where the brick

joint circumferential thermal expansion will be equal to that of the steel shell.

This interior location will be where the compressive load in the joint ends and

the joint begins to separate.

Figure 8 Temperature contour lines in cylindrical lining brick lining.
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Figure 9 shows a linear decreasing circumferential load in the brick. This is

typically the linear stress pattern that exists at lower temperatures in the lining

such as during the early stages of the initial heatup. As the lining hot face con-

tinues to increase in temperature during the initial heatup, the refractory brick

will become plastic and the circumferential forces in the hot face region

(a short depth in from the hot face) will start to decrease while the lining hot

face region continues to expand circumferentially. That is, the lining hot face

will plastically deform under compression at the higher temperatures. At a

cold shutdown the compressive plastic straining that took place at the maximum

operating temperature will be seen as cracks in the lining hot face and in the

lining hot face joints. The theoretical crack opening width should be equal to

the amount of plastic straining that took place at the maximum operating tem-

perature less the amount of elastic compressive strain that existed at the maxi-

mum heatup temperature. Provided the next heatup will be to the same

operating temperatures, all of the cracks should close up. The cracks will close

during subsequent heatup and should not be filled with a joint material during

the cold shutdown condition. Filling the cracks means the lining hot face will

be exposed to another cycle of compressive plastic straining. Continued compres-

sive plastic straining in subsequent heatups after subsequent crack filling should

eventually cause a mechanical deterioration of the lining refractory in the hot face

region. For more extensive investigative computer studies on refractory lining

systems of other geometries, refer to (1).

Figure 9 Idealized compression load-only condition of radial brick joint.
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IX. DO’S AND DON’TS IN REFRACTORY LINING DESIGN
AND USE

Several lining design features and use practices in refractory lining systems

should be avoided. Investigative studies have shown that the following items

have led either directly or indirectly to the deterioration of the refractory in lining

systems. Some of these items may be obvious to some readers. However, for the

sake of completeness and for the less experienced user and designer of refractory

lining systems, all items are addressed here.

A. Thin Lining Design

Avoid thin refractory linings if possible. Thin linings are defined as linings that have

a thickness such that the lining hot face temperature is not significantly greater than

the temperature of the vessel steel shell. That is, the circumferential thermal growth

of the steel shell is greater than the circumferential thermal growth of the refractory

lining hot face. The thermal growth of the vessel shell will cause the lining to basi-

cally “tear apart” circumferentially as well as in the axial or orthogonal direction in

the lining. When this takes place, process materials can penetrate the lining and

assist in a more rapid deterioration of the lining. A thin lining is usually not

restrained or at best only partially restrained, resulting in effectively a weaker

refractory material more susceptible to tensile fracture during rapid temperature

cycling. That is, there is no significant compressive stress–strain environment in

the lining hot face region to offset tensile stress–strain conditions imposed in the

hot face region due to cyclic operating temperatures.

B. Steel Plate Brick Support Ledges

Steel plate brick support ledges are often used in various types of lining geome-

tries to support the lining or to restrain the thermal growth of the lining. Brick

ledge plates are typically fabricated from the same type of steel used in the vessel

shell plate. The ledges are then welded to the vessel shell plate. Ledge plates

should be of such width (as measured perpendicular to the vessel shell plate)

that the hot end of the ledge plate is not close to the lining hot face. If the

ledge plate reaches too high a temperature, significant compressive plastic strain-

ing can take place at the hot face end, causing axial buckling in the ledge plate.

The axial buckling can be due to excessive compressive thermal stress in the

ledge plate or due to allotropic transformation (change in crystalline form) in

the case of certain types of carbon steels. Certain types of carbon steels, when

exposed to temperatures above 1200 to 14008F, will cause allotropic transform-

ation. Both effects can cause severe buckling of the ledge plate, resulting in

deterioration of the refractory lining in the vicinity of the ledge plate. Ledge
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plates should be of a width that only the cold end region of the refractory lining

rests on the ledge. In addition, a compressible insulating blanket should be

wrapped around the ledge plate for three reasons. First, the compressible blanket

will minimize the thermal gradient effects in the lining resting on the ledge.

Second, the blanket will soften the sharp edge of the ledge plate and minimize

the load concentration on the lining. Both of these reasons will isolate the steel

ledge plate from the refractory. The third reason is in regard to the temperature

within the steel ledge plate. The blanket will reduce the temperature gradient

within the ledge plate, thereby reducing the thermal stress within the ledge plate.

C. Steel Anchors in Monolithic Linings

Monolithic lining systems can consist of castable, plastic, or gunned refractories.

Castables can be poured or vibrated. Vibrated castables are typically much stiffer

than normally poured castables. Steel anchors are embedded in monolithic lin-

ings to make the monolithic lining more stable. The steel can be in the form of

stainless steel wire anchors welded to the vessel shell plate. Anchors come in

many complex configurations. (8). The more complex the configuration is,

usually the greater the “pull-out” strength. Anchors can be as detrimental to

the structural integrity of the refractory lining or can provide improved lining

stability. Certainly without anchors there is always the question of lining stab-

ility. That is, will the lining remain as a monolithic lining? Although cracking

is observed in the cold shutdown state of monolithic linings with steel anchors,

the lining tends to remain as a monolithic. The incorrect use of steel anchors

can also assist in the mechanical deterioration of the lining. The stainless steel

anchors have a coefficient of thermal expansion of about two to three times

that of the alumina-type refractory materials (see Table 3). This means that the

stainless steel anchor is firmly embedded in the cold face side of the lining

will expand more than the alumina lining and cause tensile fracture on the

cold side of the lining. If the anchors are wrapped with mastic tape or coated

with wax or plastic (7) that basically disappears at low temperatures so that the

tensile fracturing due to this difference in expansion rates between the anchor

and the refractory will not exist. However, tensile fracture cracks will still

occur due to the through-thickness temperature gradient and the same thermo-

mechanical response as previously discussed in cylindrical-type brick linings

(see Figure 9). In the case of flat walls, the through-thickness temperature gradi-

ent will also cause cold face side tensile fracture. In order to minimize the amount

of tensile fracture on the cold face side of the lining, coated or wrapped anchors

for expansion allowance appears to be the best choice for the anchor design sys-

tem. Steel anchor systems, such as steel mesh, should be avoided in the hot face

side of the lining. The primary reasoning here, as in the cold face side, is the

mismatch in the coefficient of thermal expansion between the steel anchor and
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the refractory lining. The steel anchors will expand more than the refractory caus-

ing the tensile fracture and severe distortions in the refractory, hot face region.

D. Lining Restraint

The dimensionality of the lining restraint is important in creating a stable lining.

A stable lining means that the lining does not fracture easily and remains intact

without large unrestrained movement in the bricks or castable. As previously dis-

cussed, anchors tend to keep the monolithic lining stable. A stable brick lining

does not loosen and joints open. A cylindrical lining is an example of a well-

restrained lining. Each brick is restrained in the circumferential, axial, and radial

directions. This does not mean that expansion allowance is not used. Appropriate

dimensional restraint means that the lining is contained and restrained in

all directions and appropriate expansion allowance is used. The appropriate

restraint means that the refractory has gained additional strength, as shown in

Figures 2 and 3. The lining design has to consider the dimensionality of the

restraint behavior in the heated condition. The lining is designed with as much

three-dimensional restraint as possible compatible with the expansion allowance.

E. Flat Versus Cylindrical Lining Geometry

If one has a choice of selecting either a cylindrical or a flat lining (rectangular or

square cross section) system, the cylindrical lining is the better choice. As shown

above in the cylindrical lining example, the cylindrical lining is appropriately

restrained in three directions, making the lining stable. The flat lining is, in turn,

not well restrained. Typically, hangers are welded to the vessel flat wall plate to

make the flat wall lining more stable whether it is a castable-, gunned-, or brick-

type lining. The flat lining will tend to bulge inward (sometimes referred to as

“thermal curl”) away from the vessel flat wall plate due to the through-thickness

temperature gradient in the lining.

Table 3 Coefficient of Thermal Expansion of Lining System Materials

Lining system material

Coefficient of thermal

expansion,a mm/mm/8C � 1026

Stainless steel 17.0

Carbon steel 12.0

Alumina type refractory (60 to 70%) 6.8

Alumina type refractory (80 to 90%) 7.9

Magnesia type refractory (92%) 14.3

aDivide by 1.8 to convert to in./in. 8F.
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F. Minimize Cyclic Temperature to Minimize Lining Wear

Most materials tend to degrade when exposed to a cyclic environment. Refractory

materials are no different. Cyclic heatup and shutdown of linings are detrimental

to the refractory lining. Usually, any refractory lining system that is maintained at

a constant temperature will last longer than a lining exposed to frequent heatup

and shutdowns. The cyclic thermal straining will tend to degrade the refractory

material. If the lining is exposed to high temperatures such that plastic straining

is present, then the degradation becomes more severe. Therefore, cyclic heatup

and shutdowns should be minimized as much as possible.

G. Design of Refractory Roof Hanger Support Systems

The design of refractory roof hanger supports should be designed such that they

allow the in-plane expansion displacements of the refractory roof lining. The lin-

ing supports should not be connected rigidly and directly to the steel support sys-

tem. In some cases the steel support is a steel shell plate. Stiff hanger systems

welded directly to the vessel shell plate can cause undesirable distortions in

the hanger system as well as in the steel support system. A rigidly connected

hanger to the steel support will tend to overstress the refractory lining since

the refractory hanger is typically embedded in the refractory lining. In the case

of a steel plate support system with supports rigidly connected to the shell

plate, the vessel shell plate can distort, resulting in deterioration of the surround-

ing refractory lining. Rigid refractory hanger systems are best designed with

sliding-type connections between the hanger and the vessel shell plate. The

key to a successful hanger support system is to allow for the in-plane thermal

expansion of the lining relative to the plane of the support steel.

H. Use of Blanket and Board Materials for Expansion
Allowance

Blanket and board materials are often used for expansion allowance materials in

refractory lining materials (1). The lesser-density blankets allow a greater amount

of expansion allowance because of the greater compressibility of these materials.

Likewise, the more dense blanket and boards have less compressibility. The

cylindrical refractory lining is used here as an example for the design of expan-

sion allowance. Two types of refractory brick linings are used in this example,

70% fired alumina brick and a 60% magnesia brick. Also, the other parameters

chosen here are the cylindrical vessel shell plate radius and the maximum process

temperature. Table 4 summarizes the parameters used in the design of expansion

allowance.
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Blanket and board insulating material ranges in density from about 90 to

160 kg/m3 (6 to 16 pcf) and compresses to about 10 to 20% of the original unloaded

thickness of these blanket materials, with denser material compressing to the lesser

percentage (see Figures 10 and 11). A lightweight blanket of original thickness of

about 6 to 7 mm will compress to about 0.6 to 1.4 mm. The maximum compression

pressure load to cause this amount of compressive displacement is 10 to 20 MPa

(1,450 to 2,900 psi). Once these low-density material have “bottomed out,” no

more significant compressive displacement occurs. Board materials with densities

in the range of 800 to 960 kg/m3 (50 to 60 pcf) will compress to only about 30 to

40% of their original thickness (see Figure 11). For these denser materials, the com-

pressive load has a more gradual increase to the maximum compressive loads. The

initial increase in compressive load starts at about 30% of the original thickness.

Table 4 Summary of Parameters Used in Expansion Allowance Example

Type of

refractory

brick

Coef. of thermal

exp. of refractory

brick, mm/mm 8C
and lining

thickness, mm

Process

temperature,

8C

Vessel

shell

radius,

mm

Vessel shell

coef. of

thermal exp.

mm/mm8C

Vessel shell

temperature,

8C

70% Alumina 6.3 � 1026 229 1100 2200 11.7 � 1026 200

60% Magnesia 10.77 � 1026 229 1100 2200 11.7 � 1026 200

Figure 10 Compressive displacement-stress data for 160–190-kg/m3 blanket. (From

Ref. 8.)
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Table 5 summarizes the expansion allowance used for the typical range densities of

blanket and board materials used as expansion allowance materials. Therefore, for a

blanket material with a density of 160 kg/m3 and an initial thickness of 25 mm, the

expansion allowance would be (0.94 � 25) 23.5 mm. Significant compressive thin-

ning would occur in this lightweight blanket.

I. Alumina Lining Example

Using Table 4 parameters, the first example is for the 70% alumina lined vessel.

The total expected difference in the radial displacement (DRDIFF) between the hot

Figure 11 Compressive displacement-stress data for 800-kg/m3 blanket. (From Ref. 8.)

Table 5 Summary of Blanket and Board Compressive Behavior

Material density (Q) Compressive

pressure load range,

Amount of expansion

allowance,

aEquation for

estimating percent of

thickness (C) used

for expansion

kg/m3 pcf MPa %C allowance

160 10 10–30 84 C ¼ 100–0.1Q a

560 35 44

960 60 4

aQ is in kg/m3.
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face region of the alumina lining and the carbon steel shell is

DRDIFF ¼ DRL � DRS ð5Þ

DRS ¼ RL TL aL � RS TS aL

¼ (2200 � 229)1100 � 6:3 � 10�6 � 2200 � 200 � 11:7 � 10�6

¼ 8:51 mm (3=8 in:)

To reduce the stress in the vessel wall without loss of lining restraint the

160 kg/m3 insulating blanket thickness of 6 mm is chosen to be placed between

the lining cold face and the shell plate. This blanket will compress about (see

Figure 12):

C ¼ 100 � 0:1 QB

C ¼ 100 � 0:1 � 160 ¼ 84%
(6)

Therefore, the remaining blanket thickness after compression is

6(1 2 0.84) ¼ 0.96 mm. The thermal expansion allowance is 0.84 � 6 ¼ 5.04 mm.

The thermal expansion forces in the lining and shell are reduced to

FREDUCT ¼ {(8:51 � 5:04)=8:51} � 100 ¼ 41%

of the original expansion loads without expansion allowance.

J. 60% Magnesia Example

Using Table 4 parameters for the 60% magnesia lined vessel, the total expected

difference in the radial displacement (DRDIFF) between the hot face region of the

alumina lining and the carbon steel shell is

DRDIFF ¼ (2200�229)1100 � 10:77 � 10�6�2200 � 200 � 11:7 � 10�6

¼ 18:21 mm (11=16in:)

As expected, the 60% magnesia lining expands more than the 60% alumina

lining. To reduce the stress in the vessel wall without loss of lining restraint, the

160-kg/m3 insulating blanket thickness of 12 mm is chosen to be placed between

the lining cold face and the shell plate. This blanket will compress to about 84%

as previously calculated. Therefore, the remaining thickness after compression is

f12 � (1 2 0.84)g ¼ 1.9 mm. The expansion allowance is 12 � 0.84 ¼ 10.1.

The thermal expansion forces in the lining and shell are reduced to

FREDUCT ¼ {(18:21 � 10:1)=18:21} � 100 ¼ 44%

of the original values.
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It should be mentioned that these are example problems used to demonstrate

the procedure for calculating expansion allowance. The actual lining system tem-

peratures should be determined along the thermal and mechanical material proper-

ties unique to the lining system being investigated. Field strain gauge tests along with

FEA investigations should be made to establish the need for expansion allowance.

The previous two examples on lining expansion allowance used a blanket

material laid in the circumferential direction between the lining cold face and the

vessel shell plate. The expansion allowance can also be used in the radial joints in

the brick lining. The relationship between the use of the circumferential allow-

ance in the circumferential joint and the expansion allowance used in the radial

brick joints originates with the basic equation of the circle:

C ¼ 2pR (7)

The expansion allowance in the circumferential direction DC (in the brick

radial joints) and the expansion allowance in the radial direction DR (in the

circumferential joint between the lining and shell) is

DC ¼ 2pDR (8)

Equation (8) shows that the amount of expansion allowance in the radial

direction DR is

DR ¼ DC=2p (9)

Figure 12 Estimated range of compressibility of blanket and board material.
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Therefore, the expansion allowance in the radial joints DC is 2p (about

6.28) times the radial expansion allowance DR. Continuing with the previous

example for the 70% alumina brick, the number of radial joints is N. Assuming

a total of 50 radial joints, the amount of expansion allowance per radial joint to

accomplish the same expansion allowance is

DC ¼ 2PDR ¼ DC ¼ 2p� 5:04 ¼ 31:66 mm

For each of the 50 radial joints, the expansion allowance in each radial

joint is

DCJ ¼ 31:66=50 ¼ 0:633 mm (0:025 in:) per radial joint

Typically, the material used in the radial joints would not be a blanket

material but rather a plastic material that would completely deteriorate at a

low temperature of 150 to 2008C (300 to 4008F). Based on the portion of the lin-

ing radial joints that experience compressive loading (see Figure 9), the expan-

sion allowance is not needed in the full length of the radial joint. The radial

joint expansion allowance would start at the hot face end of the radial joint

and extend inward to the location where the compressive load ends.

In most instances, the radial expansion allowance is preferred over the cir-

cumferential expansion allowance. The reason used is that the process material

will not have an opportunity to penetrate into the radial joints with the radial

expansion allowance.

X. SUMMARY AND CONCLUSIONS

Refractory linings are complex structures and made of complex refractory

materials. When designing a refractory lining system, there are aspects of lining

mechanical behavior that should be addressed.

1. There are two basic loads that are imposed on the lining, the gravity

load and the thermal expansion load. The thermal expansion stresses are usually

several orders of magnitude greater than the gravity load.

2. In order to have a stable lining it should be restrained in each of the

lining major dimensional directions. A cylindrical lining would then be restrained

in the circumferential, axial, and radial directions. The restraint results in two

primary advantages to the lining behavior. First it makes a stable lining, and

second it makes a stronger refractory.

3. Static compressive stress–strain (SCSS) data should be obtained on

all candidate refractories. These data provide valuable information on which

refractory has the greatest strain range, an important property for the thermal

expansion strains.
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4. Mortar joints are a form of expansion allowance. They will perma-

nently compress. Expect some visual cracks in the cold shutdown condition of

the lining.

5. For detailed investigations of refractory linings, computer analysis is

required using the finite element method.

6. The cylindrical lining is one of the more frequently used lining geome-

tries in most industrial operations. It is one of the more stabile lining systems due

to the nature of the lining restraint.

7. There are several do’s and don’ts of lining design. The items listed

should be carefully reviewed.
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14
Refractory Applications in Refineries
and Circulating Fluid Bed
Combustors

M. S. Crowley
M. S. Crowley Ltd., Crete, Illinois, U.S.A.

A number of process units in modern refineries depend on refractory linings to

protect the shell from corrosion or erosion and to maintain an acceptable shell

temperature. These units convert a feed stock of crude oil fractions into assorted

components that are blended together to make gasoline, heater oil, jet fuel, etc.

Temperatures may vary from near ambient to 14008C (25508F) or higher, with
pressures ranging from vacuum conditions to around 2 MPa (300 psi). The atmos-

phere may contain corrosive agents such as hydrogen, sulfur compounds, salts,

organic and inorganic acids, etc., which the refractory lining must resist. In

addition, solid particles moving at high velocities may erode localized areas,

especially when the particles must travel around a bend or corner, thus impacting

the lining at a near-perpendicular angle. There are a number of papers listed in (1)

and (2) that discuss various refractory requirements in refineries. Table 1 lists the

properties of refractories commonly used in refining and petrochemical

operations (1). Many of the propeties vary, depending on the method of place-

ment. Most process vessels are cylinders or spheres, and monolithic refractories

(i.e., castables and plastics) typically are used due to their ease and speed of pla-

cement. The transfer lines that connect the vessels often must be lined with similar

refractory materials to resist the process stream. This chapter deals with the units

where refractories are essential components, that is, furnaces, boilers, catalytic

cracking units, naphtha reformers, ammonia reformers, sulfur plants, incinerators,

and circulating fluid bed combustors. In most cases, several different types of
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lining can be used successfully, and the final choice may depend on factors such as

availability, speed of placement, and cost.

I. FURNACES

Generally, rectangular “boxlike” furnaces are used to preheat the oil before it is

sent to the various process units. These furnaces usually only need to contain the

hot flue gas and typically are not subject to corrosive or erosive conditions.

Historically, the walls and ceilings of furnaces were often lined with high-

temperature insulating block next to the shell covered with insulating firebrick,

usually referred to as “IFB,” for the hot face. Figure 1 illustrates the need for

adequate thermal expansion allowance with this type of lining. Failure to clean

out and repack the expansion joints to keep them functioning resulted in buckling

Figure 1 Lining failure in furnace due to thermal expansion of insulating firebrick and

inadequate allowance for expansion.
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of the hot face. Floors use dense firebrick as the top layer to resist foot traffic and

to support scaffolding. Thicknesses of each layer were usually determined by heat

transfer calculations and desired shell temperatures and rounded up to the next-

available standard thickness.

Combinations of dense and insulating castables have been used in some

furnaces in place of insulating block and IFB. Unfortunately, poor anchorage

of the dense castable occasionally has resulted in loss of the hot face layer, as

seen in Figure 2. The design in Figure 3 is appropriate for units where severe

mechanical impact, abrasion, or erosion is expected. A more detailed discussion

of anchorage can be found in the literature (3,5). If no unusually severe mechan-

ical damage is anticipated, a single layer of an intermediate-strength, medium-

density castable is often the best compromise for maximum service life with

good insulating value. Stainless steel fiber should be added to the castable in

most cases for improved toughness and coherence (4). The fiber will improve

the resistance to crack propagation even though the hot face is above 10008C

Figure 2 Loss of furnace hot face lining due to poor anchorage.
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(18328F) because the decreasing thermal gradient through the wall will ensure

that the fiber in the cooler zone will remain effective.

Bridge walls of brick running down the center of the furnace may be used to

achieve better control of the heat distribution inside the unit as seen in Figure 4.

Care must be taken during shutdowns to clean out and repack the expansion joints

to accommodate the thermal expansion that will occur when the furnace is

brought on-line. Figure 5 shows the effect of inadequate expansion allowance

in a division wall. It is imperative that all the expansion joints be fully functional

to avoid buckling of the wall.

Many companies now prefer to use ceramic fiber modules or board and

blanket systems due to their superior insulating value, ease of repair, and freedom

from stringent curing requirements. Unlike castable linings, which must be

heated slowly (e.g.,,508C per hour) to avoid explosive spalling during the initial

dry-out, ceramic fiber linings can be safely heated at rates of several hundred

degrees Celsius per hour (6). In addition, their flexibility allows them to bend

Figure 3 Lining design for areas of severe mechanical impact and erosion.
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Figure 4 Stable lining and division wall in heater furnace.

Figure 5 Unstable division wall due to lack of adequate thermal expansion allowance.
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or compress when differential thermal expansion due to uneven heating causes

the walls to move or flex. The poor erosion resistance of ceramic fiber, even to

clean gas or air streams at high velocities, sometimes requires a zone of castable

to withstand the localized service conditions as shown in Figure 6.

Modern boilers now have relatively few refractory lined areas due to the

use of water-filled tubes (water walls) to convert the thermal energy to steam,

which is used to drive a power turbine. Thin refractory linings on the tubes

must be highly conductive to improve the thermal efficiency of the unit. These

linings usually are based on silicon carbide due to its high thermal conductivity

and may be fired tile or monolithic materials.

II. FLUID CATALYTIC CRACKING UNIT

One of the most essential units for the production of gasoline is the fluid catalytic

cracking unit (FCCU), commonly called a “cat-cracker.” This unit, shown

Figure 6 Lower castable zone to protect the refractory ceramic fiber from flame erosion.
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schematically in Figure 7, consists of a regenerator and a reactor or disengaging

chamber connected by refractory lined process lines (5). Both vessels have internal

or external cyclones to separate the ultrafine catalyst from the gas stream. Each

vessel requires a number of different refractory materials for various areas depend-

ing on the nature of the process atmosphere and the presence or absence of high-

velocity particles. Typically, the areas of greatest concern are the regenerator

cyclones and the spent catalyst return lines, where erosion is very severe and no

coke deposition occurs to improve erosion resistance. Internal cyclone linings con-

sist of 25 mm (1 in.) of extremely erosion-resistant refractory held in anchorage of

stainless steel grid or gridlike independent anchors. Thermal conductivity is usually

not a concern since the temperature is virtually the same on both the inside and out-

side of the cyclone and erosion resistance is the only consideration. The external

cyclones and the spent catalyst transfer lines must have exceptional erosion resist-

ance and lower the outside shell temperature to an acceptable level. A 100-mm

(4-in.) lining of erosion-resistant castable is usually used for these locations.

Both the feed riser and the reactor linings will become coke-filled during

operation and, their erosion resistance can increase up to 10-fold. While the

feed riser is usually lined effectively with extremely erosion-resistant castable,

attempts to use the same material in the reactor have not always been successful

(7). The coke deposition results in very hard and brittle linings, which can spall

during high stress periods caused by thermal fluctuations. Figure 8 shows two

sections of a coked refractory fragment, before and after being fired to burn

Figure 7 Typical fluid catalytic cracking unit.
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out the coke. Table 2 lists the changes that occur when a series of typical

castables becomes coke-filled (7). A laboratory erosion test (ASTM C704) is

used to differentiate between refractories with good to excellent erosion resist-

ance. Test values of 5-cc volume loss or less usually are required before a

material will be considered for trials in the field.

The walls of the vessels and the flue gas lines are often lined with medium-

strength, medium-density refractories since there are few erosion problems and

an acceptable shell temperature is the primary concern. Stainless steel fiber

additions to the castable are strongly recommended since they have been

shown to reduce maintenance costs. The elbows of the overhead flue gas lines

may require better erosion-resistant materials because the flue gas can contain

some catalyst dust that escapes from the cyclones. The cyclones are connected

to a plenum chamber that is welded to the vessel head. The chamber collects

the flue gases from the cyclones and transfers them to the overhead line. The

plenum skirt has the same temperature on both sides and expands and contracts

as the vessel temperature rises and falls. Castable refractory has been used to

Figure 8 Coke-filled refractory castable before and after being fired to burn out the coke.
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insulate the skirt and provide a cooling path for the critical weld of the plenum

skirt to the vessel head. The outside lining usually requires extensive repairs at

each turnaround due to the refractory cracking as the skirt expands and fracturing

as the skirt shrinks upon cooling, as shown in Figure 9.

Refractory ceramic fiber is finding some use in insulating plenum skirts

because of its ability to flex and accommodate movement in the plenum skirt.

Care must be taken in designing some erosion protection for the lining due to

the inability of ceramic fiber to withstand any erosive environment containing

particulate material.

Slide valves are used to control flow in flue gas lines. The working faces are

usually lined with an erosion-resistant plastic or castable refractory held in stain-

less steel grid or on independent anchors.

Seal pots are nonmechanical valves that use controlled water levels to regulate

the flow of gas to the CO boiler. The refractory lining can change from a water-satu-

rated condition at near-ambient temperatures to 7008C (13008F) in less than 90 sec

when the water level drops and hot flue gas starts into the CO boiler. The condition

will reverse when water is put back into the pot. In this environment, materials with

extremely good thermal shock resistance must be used to ensure maximum service

life. Often, fused silica-based castables provide the best overall service.

III. NAPHTHA REFORMERS

Naphtha reformers operate in a hydrogen-rich atmosphere at temperatures around

5358C (10008F) and at pressures up to 2 MPa (300 psi). Figure 10 is a cross

Table 2 Physical Properties of Coked and Uncoked Refractory Concretes

Properties

High

Strength Dense

Semi-

insulated Insulated

Density, Gm/cc Coked 2.89 2.40 1.97 1.56

Uncoked 2.70 2.27 1.60 1.20

Cold crush

Strength, MPa

Coked 170 145 72–123 29.60

Uncoked 101 93.2 7.5–8.7 9.3

Porosity, % Coked 7.6 7.0 0.8–1.7 nd

Uncoked 27.0 22.0 41.5 43.0

Erosion loss, cc

(C704)

Coked 2.9 3.16 6.5–7.9 nd

Uncoked 5.5–6.5 6.4 42.6 nd

Notes: Coked samples were fired to 5408C in air to obtain the uncoked samples. A brief study of the

thermal conductivity of an insulating refractory castable showed the coked sample was twice as

conductive as the uncoked sample.
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section of a typical reformer lining and shows two layers of refractory castable, a

dense, high-strength layer for mechanical integrity and an insulating layer for

shell temperature control (8). Typical designs may call for low iron castables

(i.e., ,1% Fe) for the hot face to reduce the possibility of sulfur release during

regeneration, which could poison the catalyst. A skirt to contain the catalyst bed

may be welded to the shell. Thermal expansion of the bed during heating pro-

duces stresses at the weld, which can crack and allow hot, hydrogen-rich gas

to flow next to the shell. Hydrogen gas at elevated pressures and temperatures

above 4308C (8008F) can produce blisters and embrittlement in carbon and

low-alloy steels. Special weld designs may be required to reduce the possibility

of cracking at the skirt to vessel weld.

The thermal conductivity of refractories in hydrogen atmospheres increases

significantly as hydrogen replaces air in the pores (9). Very light insulating

castables (�30 lbs/ft3) may increase 3 to 4 times in thermal conductivity in a

hydrogen-rich atmosphere at elevated pressures. Dense castables (�125 lbs/
ft3) will increase around 50% due to the lower volume of pores as compared to

insulating materials. No significant attack has been reported for hydrogen

reactions with silica in naphtha reformers. This lack of reaction is probably

due to the relatively low operating temperatures of naphtha reformers as com-

pared to ammonia reformers.

Figure 9 Fractured plenum skirt lining after repeated thermal cycling in regenerator.
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IV. AMMONIA REFORMERS

The secondary reformer in ammonia plants is shown schematically in Figure 11

and illustrates two lining designs (8). In the “fire-ball” area above the catalyst

bed, the temperatures reach 13508C (24608F). The incoming hydrogen-rich

gases are reacted with air to consume any residual methane and some of the

hydrogen, leaving hydrogen, water vapor, carbon monoxide, and nitrogen.

Early designs were plagued with silica carryover that fouled the heat exchangers.

The deposits were found to be silica and silicon metal. It was determined that the

hydrogen-rich process gas was attacking the mixture of silicates in the catalyst

support media and the refractory walls. The reaction can be shown as

H2 þ SiO2 ¼ SiOþ H2O

(g) (s) (g) (g)

Thus, a solid and a gas react to form two gases (10). When the temperatures drop

in the heat exchanger, the silicon monoxide undergoes disproportionation to

Figure 10 Cross section of refractory lining for naphtha reformer.
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silica and silicon metal. The temperature required for silica loss in high-alumina

refractories generally starts around 8708C (16008F), as shown in Figure 12, and

the weight loss increases exponentially as the temperature increases (11). Higher

pressures and water contents decrease the silica loss. Current secondary reformer

designs call for a dense, high-alumina castable for the hot face over an insulating

castable layer.

The primary reformer is a conventional box furnace using insulating block

and IFB or a refractory ceramic fiber system for the walls and ceiling. Dense,

superduty brick over insulating block or over insulating castable usually forms

the floor.

Figure 12 Silica loss as a function of temperature for several refractory specimens.
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V. SULFUR PLANTS

Modern sulfur plants combust hydrogen sulfide and other sulfur containing gases

to reclaim the sulfur and get rid of unwanted gases. The primary combustion unit

is a horizontal cylinder with a large burner in one end and a heat exchanger on the

other. Operating temperatures are around 14008C (25508F). The chamber is lined

with high-alumina brick—frequently mullite-based—and may have a lining con-

striction, called a choke ring, toward the burner end that transforms the cylinder

into two chambers. Near the burner is the intensive mixing chamber to ensure

maximum combustion of the incoming gases. This zone is followed by a longer

residence-time chamber to ensure complete combustion of all the gases. With

proper refractory selection, the lining should last many years, since it only has

to withstand the temperature and thermal cycling.

Figure 13 shows a sulfur combustor in which the choke ring of tabular

alumina castable softened and fell onto the floor. The pile of refractory rubble

deflected the burner flame toward the roof of the chamber and resulted in the

roof bricks collapsing and exposing the shell to the operating temperatures.

An analysis of the choke ring material revealed that the ring was not made of tab-

ular alumina aggregate and pure calcium aluminate cement, a standard material

with an effective use temperature of 18008C (32758F). Instead, the ring was made

Figure 13 Deformation and loss of refractory choke ring and lining in a sulfur

combustor.
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with an addition of silica fume to the conventional mix, an additive that provides

excellent low- to intermediate-temperature strength and good working properties.

Unfortunately, the addition of the silica fume radically changed the chemistry

of the refractory mix. This change allowed the formation of anorthite, a low-

melting-point phase that reduced the maximum use temperature to around 12508C
(22808F) and resulted in extreme softening of the material at the designated oper-

ating temperature.

VI. INCINERATORS

Refineries generate significant quantities of waste materials that are most easily

disposed of by incineration. Figure 14 shows a typical fluidized bed incinerator using

sand as the bed material. The interior is lined with superduty fire brick and

operates around 10008C (18328F). Thermal cycling and mild abrasion are the

Figure 14 Fluidized sand bed incinerator for refinery waste products.
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primary service conditions for the refractory. Frequently, large clinkers of ash,

primarily composed of sodium sulfate, are formed that can interfere with the

operation of the unit. Periodic shutdowns are usually required to clean out the unit

and replace any broken or missing brick. Excessive thermal cycling can result in

sand wedging into the brick joints and causing “pinch spalling” and brick loss.

The cyclones and flue gas lines will see some erosion from fine sand and some crack-

ing from thermal cycling. Dense, high-strength castables over an insulating layer are

usually used for these areas.

VII. CIRCULATING FLUID BED COMBUSTORS

Circulating fluid bed combustors (CFBCs) are commonly used for waste to

energy power units, and as power generating systems using previously unusable

fuels. Figure 15 illustrates a typical circulating fluid bed combustor with the criti-

cal areas identified (12). CFBCs are similar to fluid catalytic cracking units in

refineries in that they contain circulating solids moving at high velocities in a

hydrocarbon atmosphere at elevated temperatures. The primary differences

involve temperature swings of 5408C (10008F) or higher within a few minutes

and high-velocity solids ranging in size from fine sand to marble-sized rocks.

Figure 15 Typical circulating fluidized bed combustor.
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Very large quantities of fossil fuels in America were mined decades ago

and never used. These mountains of discarded coal were abandoned because

they were not usable due to their high sulfur levels and ash contents above 50%.

Modern combustion methods now utilize ground limestone as a sulfur col-

lector, forming calcium sulfate in the reactor bed. Figure 15 shows crushed fuel

and limestone being added to the combustion bed above the fluidizing air grid

where the fuel is consumed and the limestone reacts with the sulfur in the fuel

(12). The flue gas containing some particulate material is transported up the com-

bustor and into the crossover duct to the primary cyclone where the bulk of the

solids are spun out and returned to the combustion bed through the dip leg and

loop seal at the bottom of the cyclone. Portions of the fluidized bed must be con-

tinually drawn off in order to allow more fuel and limestone to be added without

filling up the combustor. These reductions from the fluidized bed are either dis-

carded or sent to an external heat exchanger before being discarded. The refrac-

tory lined areas include the combustion zone, the water walls, the combustor roof

and cyclone inlet duct, the cyclone walls and cone, the dip leg and loop seal, the

spent ash return line, the external heat exchanger, and the wind box below the

combustion zone grid.

The combustion zone operates around 8708C to 10008C (16008F–18008F)
and is generally reducing (i.e., oxygen-deficient) in nature with a slight positive

pressure. The main destructive agents are severe thermal shock and spalling

resulting from periodic disruption of the fuel feed and the quench action of the

water walls, which run continually. Abrasion and erosion from the input of

fresh feed and recycled ash into the fluidized bed contributes to the attack. Lining

materials low in iron or iron oxide are suggested to reduce the possibility of CO

disintegration, a process that causes an internal disruption of refractories as

carbon deposits on iron sites. Phosphate-bonded plastics using mullite-based

aggregate have been used successfully to resist the erosion, thermal shock, and

frequent temperature cycling found in the combustion zone.

The water wall area is not usually lined, since the majority of the heat

transfer is expected to occur in this zone. The base of the tubes at the top of

the combustor lining may have a silicon carbide tile or a thin layer of high-

conductivity plastic refractory to reduce the erosion of the tubes as the ash slides

down the tubes and hits the combustor lining. The water walls consist of a series

of water-filled tubes connected by fins to form a solid wall that functions as a super

heat sink. Any disruption in the feed flow results in a very sudden and severe tem-

perature drop as the water wall drains the heat from the flue gas stream.

The combustor roof and cyclone inlet duct can see severe to moderate ero-

sion and thermal cycling as the dust-laden gases turn to enter the cyclone. Two-

component linings of an insulating layer protected by dense, erosion-resistant

castable with stainless steel fiber and organic “burnout” fibers are often used in

this area.
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The cyclone lining is exposed to temperatures of 10008C (18328F) or

higher, severe and rapid thermal cycling, and moderate to very severe erosion.

Attempts to use a thick lining of dense castable over an insulating layer were

not successful due to the repeated thermal cycling, thermal shock, erosion, and

pinch spalling, which caused large sections to fall out. Attempts to replace

these failed sections usually were not successful.

A current trend in cyclone linings is to use multilayer brick linings with an

insulating layer next to the shell, insulating fire brick next, and an abrasion-

resistant hot face layer of dense mullite-based brick. Units have also been made

with the entire cyclone made of water wall sections with thin, silicon carbide-

filled plastic refractory on studded tubes. Since the cone area lining actually

rests on the metal shell, vibratory cast linings of low or ultralow cement-based

castables have been used due to their excellent erosion resistance, low shrinkage,

and good thermal shock resistance.

The cyclone dip leg and loop seal have often experienced severe problems

due in part to poor installation workmanship. The service conditions, such as

thermal shock, cycling, and severe erosion, are similar to those in the cyclone;

however, the restricted access and tight working environment make proper instal-

lation very difficult. New units have the advantage of doing the installation in sec-

tions. Thus, the refractory lining can be vibration cast using dense erosion and

shock-resistant castables over insulating castables. Dense brick linings also can

be more easily installed before the sections are assembled. The spent ash return

line from the loop seal to the combustion chamber is lined in the same fashion as

the loop seal. Repairs are usually done using phosphate-bonded plastic refractory

with additional anchorage if required.

The external heat exchanger and ash cooler areas require linings with

excellent thermal shock and erosion resistance. Fused silica-based castables

have been used in the division walls.

The wind box is below the combustion chamber grid and supplies the flui-

dizing air for the combustion zone bed. Erosion usually is not a concern, and a

relatively thin insulating lining might be considered adequate for the service.

However, new units may experience 20 to 30 cold starts in a year as run par-

ameters are being developed. Lining/shell distortions and thermal shock frac-

tures due to the repeated cold starts may call for a dense, low-expansion,

thermal shock-resistant castable to provide an adequate service life.

In addition to utilizing discarded piles of high ash fuel, CFBCs are also

used to obtain power from waste products such as scrap from lumber operations,

animal and plant byproducts, and industrial waste. A major concern in selecting

the refractories for a waste to power unit is the chemistry of the feedstock, which

may contain high levels of alkalis, alkaline earths, and metallic compounds,

which can react with the refractory lining to cause excessive expansion or shrink-

age, low melting phases, and other disruptive actions. Extensive testing of the
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proposed refractories in an atmosphere that truly reflects the actual combustion

atmosphere is necessary to ensure that the unit will not immediately develop

refractory problems.

A very high level of potassium vapor in a waste to energy plant caused the

brick lining to expand and fracture due to the formation of kaliophilite from the

reaction of the glassy matrix with the vapor. The kaliophilite/matrix reaction

resulted in a large volumetric expansion and distortion of the brick. The problem

was solved when the mullite-bonded brick was replaced with a phosphate-bonded

brick.
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15
Byproduct Coke Oven Battery
Heating Wall Refractories—Damage
and Causes of Failure

Roger L. Rueckl
Independent Refractory Consultant, Apollo, Pennsylvania, U.S.A.

I. INTRODUCTION

The ovens in a slot-type byproduct coke oven battery are separated by the heating

walls. The heating walls consist of a series of vertical and separate chambers

called flues. A single heating wall can have from 24 to 34 flues. A mixture of pre-

heated air and a fuel gas is introduced into the bottom of these flues. The combus-

tion of this mixture inside the flue heats the wall from the inside, thereby heating

the ovens separated by the walls. Each flue on each wall is equipped with an

observation port or inspection hole on the battery top. Through these inspection

holes, the conditions inside the flue can be observed and/or measured, for

example, flue temperature. A battery can have nearly any number of ovens,

from as few as 30 or 40, to as many as 70 or 80. There is always one more heating

wall in a battery than there are ovens in a battery.

The coke oven battery is a refractory structure, contained within a steel

and/or concrete exoskeleton. This exoskeleton is held together in the lateral

direction by a series of tie rods between steel buckstays. The buckstays are ver-

tical steel beams located on the ends of the heating walls between the ovens. In a

longitudinal direction, the tie rods extend between the pinion walls on either end

of the battery.

The coal to be coked is usually introduced into the ovens through openings

in the roof of the battery called charging holes. The coal is charged as either

“wet” coal, or “preheated” coal. When a battery is operated on “wet” coal, the
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coal contains some moisture, as the name would indicate. In addition, wet coal is

usually treated with some fuel oil, which aids in controlling the bulk density of

the coal blend. All wet coal batteries are charged with a larry car, which is a

vehicle with multiple bins or hoppers (the number of bins coinciding with the

number of charging holes). These hoppers on the larry car are filled with coal.

The larry car then travels along the length of the battery on rails, stopping over

a specific oven, where the coal is fed into the charging holes of the oven. The

emptying of the larry car hoppers may be by gravity alone or may be metered

into the oven, for example, with a screw conveyor. Typically, on a wet coal

battery at full production, an oven is pushed and charged about every 18 hours.

A battery operating on “preheated” coal has the coal cycled through a pre-

heating system, where it is brought up to a temperature in the range of 1808C to

2208C prior to charging into the ovens. In the 1960s and 1970s, a number of bat-

teries were constructed to use preheated coal. For a preheated coal battery, the

coal can be charged pneumatically through a pipeline, on a conveyor system

that spans the length of the battery, or from a hot larry car. Unfortunately,

most of the preheated coal batteries have been abandoned, due to severe damage.

A battery is designed to use either wet or preheated coal and, in most cases, can-

not be readily switched over to operate on the other coal. On a typical preheat

coal battery at full production, an oven will be pushed and charged about

every 13 hours. Therefore, for the same oven volumes, a preheated coal battery

will produce significantly more coke.

There are also other significant differences between wet and preheated coal.

A preheated coal, ground to about the same fineness as a wet coal, has much

lower intergranular friction; therefore, if poured into a pile, preheated coal will

have a much lower angle of repose. In fact, preheated coal dropped on a flat sur-

face will spread nearly like a liquid.

The battery has a pusher side and a coke side. On the pusher side of the bat-

tery there is a large machine, with an extendable ram used to push the coal con-

verted to coke at the end of the coking cycle, from the slot-type ovens. The coke

exits the ovens on the coke side of the battery, through a coke guide and into a

quench car. The hot coke in the quench car is then water-cooled in a quench

tower. Coke is a necessary component for the production of iron in a blast furnace.

The heating walls have traditionally been constructed of silica brick refrac-

tories (see Chapter 6). Silica is the refractory of choice primarily because, at nor-

mal coke battery operating temperatures, silica refractories are subject to minimal

creep. Also, since nearly all of the expansion of silica brick takes place below

about 6508C, during normal operation of a battery, the moderate temperature

fluctuations of the walls have no effect on the volume stability of the refractory

comprising the wall.

The silica refractories are manufactured as multiple asymmetric shapes,

which are normally keyed or interlocked with each other by means of tongues
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and grooves. A coke oven battery design can have well over 400 different shapes

used in its construction. These shapes are installed with a silica mortar, which is

primarily composed of the silica mineral quartz. In general, there are two types of

mortar used, an air setting, which contains a small amount of sodium silicate, and

a heat setting, which is basically the same mortar, but without the sodium silicate.

Silica mortar of either type typically does not bond to the silica brick at normal

battery operating temperatures. Therefore, it does not impart any strength to

the wall.

Further, because the primary mineral constituent in the mortar is quartz, the

mortar is not volume-stable. The quartz in silica mortar installed in an operating

battery will slowly convert to the high-temperature forms of silica—tridymite

and cristobalite—during normal battery operation. This conversion is accom-

panied by a significant increase in volume. This conversion happens first on

the hotter flue side of the wall. This means that the mortar in the horizontal joints

assumes a wedge shape; thicker on the flue side and thinner on the oven side of

the wall.

A heating wall in a byproduct coke oven battery can be likened to a slab

that is fixed all around its perimeter. The dimensions of a heating wall will

vary, depending on the specific battery. Coke batteries are described as being a

“3-meter battery” or a “6-meter battery.” This dimension refers to the height

of the oven chamber and therefore the height of the surface of the wall. The

length of the wall will also vary from something under 12 m to well over

15 m. The average thickness of the wall will fall within a relatively narrow

range, from about 0.75 m to slightly more than 1 m.

The oven chambers are tapered along their length, and the walls are also

tapered along their length. The ovens are wider on the coke side and narrower

on the pusher side of the battery. The walls are wider on the pusher side and nar-

rower on the coke side of the battery. The taper on an oven or a wall can vary

from about 60 mm to nearly 90 mm.

Due to the unusual dilation curve for silica brick, the heating walls in a coke

oven battery must be very slowly heated to prevent damage to the refractories.

Once heated, the silica refractories can be expected to undergo 1.2% to 1.3% lin-

ear expansion. Almost all of this expansion will take place at temperatures below

about 6508C. Therefore, the length of a wall can increase 15 cm to 20 cm during

heatup, and the height can increase 6 cm to 8 cm.

Under normal operating conditions, the average typical internal flue tem-

peratures will be in the range of 13258C to 13758C. Under the same typical con-

ditions, oven temperatures will be in the range of 10658C to 11208C. However,
there are temperature gradients in the battery. There is a vertical temperature gra-

dient within each flue since the gas–air mixture is introduced and burned near the

bottom of each flue. This vertical gradient is in the range of 408C to 508C. There
is also a gradient in the average flue temperature from the pusher side to the coke
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side. Since the oven is wider on the coke side, the heating wall must be hotter on

the coke side. This “cross-wall” temperature gradient is in the range of 458C to

508C.

II. HISTORY OF BYPRODUCT COKE BATTERIES

Early byproduct batteries were small, having oven or wall heights of 3 m or less.

These short batteries could have useful lives of 40 or more years. However, as

oven height increased to 5 m, 6 m, and even greater than 7 m during the mid-

to late 20th century, battery life became a cause of serious concern. Many of

the taller batteries experienced premature failure, leading to their early abandon-

ment, especially in North America.

Many tall batteries were abandoned after less than 10 years of service;

some in as few as 3 or 4 years. Since the capital investment required for the con-

struction of a large coke oven battery is substantial, these premature failures

adversely affected the overall economics of iron and steel production. It is not

unreasonable to say that the shortened life of coke making facilities in the latter

part of the 20th century was one of the primary stimuli for the interest in direct

steel-making research. If successful, direct steel-making would eliminate not

only the coke ovens, but the blast furnaces as well, however, to date, direct

steel-making has not proven to be a viable technology.

While the potential improved economics of the high-production, tall coke

oven batteries were attractive to the industry, the track record of many of the tall

ovens resulted in a hiatus in the construction of batteries during the late 20th cen-

tury, particularly in North America.

III. HEATING WALL DAMAGE

A detailed study of the severely damaged and abandoned, 6-m, No. 2 Coke Bat-

tery at United States Steel’s Fairfield Alabama Works was done (1). This battery

was designed by the then Firma Carl Still. It was a single divided battery with a

large horizontal flue. This battery had been in operation for less than 4 years. This

battery was operated on preheated coal, which was charged into the ovens by a

hot larry car.

For this study, three of the heating walls were taken down, one tier or

course of brick at a time, and all of the damage charted. All three of the walls

displayed similar damage. The primary cause of damage was concluded to be

flexure or movement of the heating walls in response to unbalanced differential

pressure across the heating wall.
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Earlier, a heating wall was compared to a slab that is restrained on all four

sides. When a pressure is applied to one side of this slab or wall, areas of stress

will be induced in the areas of the slab adjacent to the restrained sides. During

wall flexure, these stressed areas will curve slightly as pressure is applied to thewall.

During flexure of a heating wall, the distribution and concentration of stres-

ses in the walls refractories will be somewhat influenced by the basic design of

the heating wall, and to specific details related to the keying or interlocking of

the shapes and/or the courses of brick. There will be subtle differences in stress

distribution among battery designs such as twin-flue, four-divided, double-

divided, and single-divided.

The forensic study of the Fairfield battery showed that damaged bricks

were present in the heating wall in the first five to seven flues from ends of

each wall, in the first three courses of brick immediately in the bottom of the wall,

and in the upper wall, in the area immediately below the horizontal flue—

basically, around the periphery of the wall. In addition, the binder columns,

which connect the two faces of the wall together and essentially form the individ-

ual flues, were found to be severely damaged near the ends of the walls. Damage,

in the form of cracked brick, was usually associated with the areas of the individ-

ual brick that were interlocked, primarily at the tongues and grooves. Stress

appears to concentrate in the interlocked or keyed areas and is not distributed uni-

formly through the whole brick shape.

The observations made during the forensic study of the three walls in the

Fairfield coke battery indicated that heating wall damage was caused by wall flex-

ure in response to unbalanced pressures on the heating wall. During flexure, a heat-

ing wall is distorted both horizontally and vertically. The wall damage is related to

the bending stresses that are associated with areas of high wall curvature. In the

horizontal cross section, the curvature occurs in the end flues, and also in an

area four to six flues from the wall end. In the vertical section, curvature tends

to take place near the bottom of the heating wall, and in the upper part of the wall.

Wall flexure behavior in the vertical section is, to some degree, dependent

on the specific battery design. Stress distribution in the upper wall area will be

different in a heating wall with a large horizontal flue opening, compared to a

wall with a twin-flue design and its accompanying smaller horizontal opening

and greater lateral continuity.

While other batteries were not studied with the same detail as the Fairfield

battery, very similar damage patterns been observed in other coke batteries that

were being partially dismantled prior to making repairs. Similar patterns of indi-

vidual brick shape failure have been observed in at least six other coke batteries.

In other words, wall flexure in response to unbalanced pressures on heating walls

apparently accounts for much of the damage observed in coke battery heating

walls, especially in regard to damage observed in end flues, and in the brick

along the floor of the oven.
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This premise would apply to all byproduct coke oven batteries, regardless of

size or height. The greater the height of a heating wall, the less resistance to flex-

ure. The ability of a heating wall to resist lateral pressure decreases as the inverse

of the square of the wall height. In other words, a 6-m wall’s ability to resist lateral

force, and therefore flexure, is only about one quarter that of a 3-m wall.

IV. DEFINING THE CAUSES OF HEATING WALL
FLEXURE

The existence of differential pressure across a heating wall, and the subsequent

flexure of the wall, would mean that some part of the wall undergoes some move-

ment. This movement would mean that stresses are being induced in the wall

refractories. These stresses would be the greatest in the areas of the wall that rea-

lize the minimum radius of curvature during wall displacement. The level of

stress and the ability of the refractory shapes to transfer the stress away from

the high stress areas (i.e., areas of minimum radius of curvature) would determine

whether failure of the refractory would occur. The failure either could be cata-

strophic or could occur slowly over time. Since the ovens in a normally operating

coke battery are continuously charged and pushed, the stresses induced in a wall

are cyclic, and possibly cumulative.

The movement of a heating wall is therefore indicative of the existence of a

differential pressure between two ovens on opposite sides of the wall (2,3). Further,

since the silica refractories are considered neither elastic nor plastic, the movement

would indicate some level of stress in the wall’s refractories. It is reasonable to

suggest that increased displacement of a wall would indicate the potential for

increased stresses. If this movement could be measured, the coincidence of the

movement with other coke battery operating variables might be defined, and poss-

ibly control of the variables associated with movement might lead to means to

minimize flexure, minimize wall damage, and maximize battery life.

Following the American Iron and Steel Institute’s (AISI) sponsored

Symposium No. 11 on “Tall Coke Ovens—Past, Present and Future” in 1983,

the multicompany Task Force on Tall Coke Oven Collaborative Technology

was formed. In 1985 this task force elected to sponsor a project on the measure-

ment of movement of heating walls in normally operating coke batteries as a

means of ascertaining when wall movement occurs. The project included the

design and development of appropriate hardware to accurately monitor wall

movement. The project was conducted in four phases, at four coke plants on

five different operating batteries, over a period of about 6 years. In all, 13 field

trips were made to gather data. Each of the four phases was carried out as a num-

ber of test series, with each test series having a specific objective.
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The development of an on-line, nonintrusive sensor to monitor heating wall

movement on an operating coke battery was a major part of the first phase of the

project. The plan was to develop a sensor based on computer analysis of a video

image of a target attached to the inside of a flue of a heating wall. This image was

to be acquired by a precisely located and referenced television camera system

aimed down a flue inspection hole on the top of the battery. The camera was

mounted on a lockable gimbal equipped with highly accurate angular acceler-

ometers. The camera system was enclosed in a very heavy, insulated and

water-cooled container, which was bolted to the top brick paving of the battery

over an inspection hole equipped with a quartz window. The camera system,

in its container, was connected to a remotely located computer analysis system.

Ideally, the target to be monitored would be located at about two third’s

wall height, near where maximum movement would be expected. This target

would be from about 11 to 13 ft (3.35 m to 3.96 m) below the top paving of a

6-m battery, where the television camera was positioned.

The sensor system was calibrated with a specially designed calibration

frame. With this 18-ft tall frame with a precisely located simulated target, system

accuracy as a function of distance to the target and magnification could be deter-

mined. At projected target distances of 11 to 13 ft between the camera system

elevation and the target, the accuracy of the measurement system was better

than plus or minus 0.003 in. (about 0.076 mm). The calibration was consistently

repeatable and reproducible. The entire system was recalibrated prior to each

field trip for data acquisition. In its final configuration, the sensor system was

capable of taking measurements of a target’s position automatically.

The measurement of heating wall movement on the different operating bat-

teries produced consistent results. In all cases, when an oven was charged with

coal, the walls adjacent to that oven moved away from the charged oven nearly

instantaneously. It was found that from 40% to nearly 100% of the movement

could take place within the first 30 minutes following the coal charge. A second-

ary movement might or might not follow the primary movement. Wall movement

is reversed when the oven on the opposite side of the wall in charged, typically

about one half the length of the coking cycle later. Therefore, heating wall move-

ment is cyclic, is initiated by oven filling, and is correlated to oven charging and

coal properties. The study was done in four parts, Phase I, Phase II, Phase III, and

Phase IV.

A. Phase I

During Phase I, the sensor discussed above was not yet operable, and the deflection

measurements were made using precision optical methods wherein the longitudinal

position of a target inside the heating wall was referenced to a fixed benchmark on

top of the battery. This method, while accurate, was labor-intensive and did not
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readily allow for long-duration test series. The primary objective of this phase was

to demonstrate that deflection or movement of a heating wall was related to events

taking place in the ovens that were adjacent to that wall. This phase was conducted

on a 6-m coke oven battery operating on preheated coal, which was conveyor-

charged. Phase I was conducted in three test series.

The objective of the first series of Phase I was to measure the movement of

an original wall in a 9-year-old battery, under normal operating conditions. That

is, the No. 8 and 9 ovens on both side of the number 9 heating wall would be

charged and pushed in a normal way. At the time this series was conducted, it

was considered a series on a “damaged wall” at “low differential pressure.”

The result of this series showed that the wall moved in response to the charging

of the coal, Figure 1. On oven charging, the wall immediately moved away from

the oven charged with coal and would continue to do so until the oven on the

opposite side of the wall was charged. At that time the movement of the wall

would be immediately reversed.

In Figure 1, as in other forthcoming graphs of wall deflection, the deflection

of the heating wall and the percentage of time through the coking cycle of the two

ovens that are adjacent to that wall are plotted. The ovens are charged when the

cycle percentage is zero.

For the second series of Phase I, the objective was to monitor movement of

the same No. 9 wall when one of the ovens was not always charged on schedule,

Figure 1 Phase I. Damaged wall, low, differential pressure.
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and in fact would be at times held empty. At the time this series was conducted, it

was considered to be a test of a “damaged wall” at “high differential pressure.”

Further, the second oven was also left empty after its scheduled push, and for a

period of about 7 hours, both ovens were empty. The deflection of the wall

under these conditions is dramatically different when both ovens are normally

charged (Figure 2). When the No. 8 oven was pushed and left empty about

8:45 into the series, the No. 9 oven was about 59% through its coking cycle.

The wall continued to move away from the charged No. 9 oven until it was

about 70% through its coking cycle, at which time the movement of the wall

reversed, and the wall started to move toward the empty No. 8 oven and away

from the charged No. 9 oven. When the No. 9 oven was pushed and left empty

at the end of its cycle, the wall moved to essentially a neutral position. Both

ovens were empty for about 7 hours, after which the No. 8 oven was again charged

on schedule, at which time the wall moved rapidly away from the No. 8 oven.

This second series of Phase I would indicate that the carbonization gas

pressures during the latter part of the coking cycle are less than the pressures

derived during coal charging, or perhaps that the pressures derived from carbon-

ization do not reach the wall’s surface! This series also showed that the inherent

wall stiffness exceeds any carbonization gas pressure from the oven that was 70%

through its cycle. This is indicated by the fact that the wall moved away from the

empty oven, toward the charged oven at that time.

Figure 2 Phase I. Damaged wall, high, differential pressure.
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For the third series of Phase I, the behavior of an undamaged wall between

normally operating ovens was to be determined. The No. 3 wall of this battery

had been completely rebuilt; however, on completion of the rebuilding, both

the No. 2 and No. 3 ovens adjacent to the rebuilt wall could not be charged. How-

ever, the No. 2 oven was charged for nearly a month on a long coking time, while

the No. 3 oven was empty. The No. 2 oven was charged 25 times against an

empty No. 3 oven. The deflection test results showed that this “undamaged”

wall had been damaged during its relatively short operating life. The flexure of

the wall was asymmetrical—that is, the wall was more flexible toward the No.

3 oven, whereas movement toward the No. 2 oven was minimal (Figure 3). In

spite of the damage to the No. 3 wall, its movement was still only about 40%

of that of the No. 9 wall discussed above. Oven charging was again found to

be the most important event initiating wall movement.

The three series of the first phase also showed that the absolute movement

of a heating wall is also aeffected by the structural condition of the wall. The

absolute movement of the No. 9 wall was greater than that of the No. 3 wall, indi-

cating that the No. 9 wall was more flexible, apparently due to having sustained

more damage through its longer service life.

B. Phase II

The on-line sensor, developed during Phase I was used throughout Phase II and

all succeeding phases.

Figure 3 Phase I. Undamaged wall, low, differential pressure.
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The original scope and objective of Phase II were to determine whether the

location of a wall within the length of a battery affected wall movement and to

determine whether charging variables and operating delays had any effect on

wall movement. A 6-m battery of the same design as that in Phase I was to be

used for Phase II. However, this battery was in a different plant and was operated

on wet coal. The scope was redefined following the test series on the wall

location. Because it was found that the full range of movement of the walls in

this wet coal battery took place within the first two hours following oven char-

ging, the emphasis was redirected toward coal variables, namely moisture and/
or bulk density of the coal blend. It was theorized that gas pressure resulting

from moisture/oil evaporation, in addition to the surcharge of the coal weight,

would be related to wall movement within this relatively brief two-hour period.

The first series of Phase II showed that wall flexure is not related to the

location of a wall within the length of a coke battery. While the absolute amount

of wall movement varied, this was considered to reflect differences in the physi-

cal condition of the different walls. The deflection response was, however, differ-

ent from that observed on a preheated coal battery. It was found that movement

was again cyclic and directly related to oven charging. Also, nearly all of the

movement, from one extreme position to the next extreme position, took place

within two hours after an oven was charged. The movement on this wet coal bat-

tery took place in two stages, an immediate or primary movement, followed by a

slower or a secondary movement to the extreme position. This observation raised

questions regarding this behavior. It was at this time that the effects of vaporiza-

tion of water and oil on the coal, as well as bulk density and weight of the coal

charge, were considered as possible significant variables contributing to differen-

tial pressures on heating walls on normally operating coke batteries.

In the next three test series conducted as part of Phase II, an attempt was

made to vary wall loading during charging and the period immediately following

charging. These three series were to be (1) a low-bulk density series (Lo BD) in

which the coal bulk density was lower than normal, (2) a high-bulk density series

(Hi BD) in which the coal bulk density was higher than normal, and (3) a short-

charge series (Sh Ch) in which the weight of the charge was less than that in nor-

mal operations.

Figure 4 shows the typical cyclic movement of the B18 heating wall during

the high-bulk density series and its relationship to the coking cycle in the adjacent

ovens. As stated earlier, ovens that are “0” percent through their cycle (left ver-

tical axis) have just been charged. Time is plotted on the horizontal axis, this

specific test series in Phase II was over 85 hours in length and consisted of five

coal charges in the B18 oven and four coal charges in the B17 oven. The amount

of wall deflection or movement is shown on the right vertical axis. The deflection

of the heating wall as shown in Figure 4, as well as its relationship to charging of

ovens adjacent to that wall, was typical for all phases and test series of this study.
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The three series mentioned above showed that the amount of wall move-

ment increases with increasing weight of the coal charge, and the duration of sec-

ondary movement increases with increasing bulk density of the coal. The

following data from these three test series of Phase II were done on the same

wall in the same 6-m coke battery over about a three-month period to minimize

any effects of cumulative damage, and increasing wall flexibility.

Test seriesa
Bulk density,

pcf

Oven charge

weight, tons

Deflection, Mils

Time for

secondary

movement,

HoursPrimary Total

Lo BD 42.6 27.2 42 78 1:46

Hi BD 46.6 31.0 53 97 6:10

Sh Ch 44.3 26.1 33 60 2:5

aLo BD ¼ low bulk density; Hi BD ¼ high-bulk density; Sh Ch ¼ short charge. During the short-

charge test, less coal than normally used was charged into the oven.

Note: Each of the above values is the average value for each of three test series

for a specific wall in a specific coke battery at a specific coke plant.

Figure 4 Phase II. Deflection versus time versus percent thru cycle.
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Figures 5, 6 and 7 present the above data in graphic form. The relationships

in these three figures can be defined by the following:

Figure 5: primary deflection, mils ¼ (charge wt., tons � 3.77)2 63.4

R ¼ 0.9693

Figure 6: total deflection, mils ¼ (charge wt., tons � 6.89)2 115.3

R ¼ 0.9575

Figure 7: wet bulk density, pcf ¼ (log time, hours � 7.312)þ 40.869

R ¼ 0.9986

The relationship shown in Figure 7 might indicate the source of the pressure

being applied to the wall, following the primary movement. The sustained press-

ure necessary to cause the sustained movement may be derived from the vapor-

ization of the water and oil on the coal. The varying period and magnitude of the

pressure may be a function of not only the volume of gas generated (higher bulk

density is associated with greater amounts of liquids mechanically attached to the

coal), but also its ability to escape through the coal bed (higher bulk density is

also associated with lower bed permeability). The thermal conductivity of the

coal bed, and therefore the rate at which it heats, may also further influence

this reaction.

A fifth test series, in which the effect of operating delays was simulated,

was conducted, again on the B18 wall. This was done because there were ques-

Figure 5 Phase II. Charge weight versus primary deflection.
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tions whether wall movement would be different if the oven opposite the one

being charged was either not as far into its cycle, or further into its cycle than

normal, or was even empty. Normally on this battery, the ovens opposite that

being charged are about 48% and about 51% through their cycle. The operating

delays simulated represent a variation of about plus or minus 3 hours from normal

oven schedule.

Figure 6 Phase II. Charge weight versus total deflection.

Figure 7 Phase II. Coal bulk density versus log time for secondary movement.
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The fifth series of Phase II showed that there was virtually no difference in

wall deflection attributable to operating delays. Even charges against an empty

oven did not result in abnormal wall movement.

Therefore, the variables associated with the process of oven charging, the

weight of the coal charge, the bulk density of the coal, and possibly with some

physical/mechanical properties of the coal affects differential wall pressures,

heating wall movement, and structural damage of the wall. Charging out of series

by as much as plus or minus 3 hours from normal did not adversely affect wall

flexure.

It must be noted that prior to the measurement of the movement of heating

walls on operating coke oven batteries, prevalent theory was that the carboniz-

ation gas pressure, which develops when coal is heated through coking tempera-

tures, was the primary cause of wall pressure. As a coking coal blend is heated,

hydrocarbon gases evolve, and the coal fluidizes. The theory was that the fluid-

ized coal contains the evolving gases in a sort of fluid envelope and that the

increasing pressure inside of this envelope is transmitted to the heating walls,

potentially resulting in movement of the heating wall. Carbonization gas

pressures were not found to correlate with the movement of the heating walls

in any of these three test series of Phase II. It would appear that any good

blend of coking coals, with sufficient shrinkage, should not be considered a

danger to the heating wall structure; however, bulk density and overall weight

of the charge should be carefully watched.

For Phase II, which consisted of the five test series, a detailed study of the

coal blends and their properties was made (4). In addition, internal gas pressures

inside the charged coal were monitored with pipe probes located about 1 ft, 5 ft,

9 ft and 13 ft above the oven floor in some of the test series. The conclusions

reached showed the following:

1. Peak internal gas pressures appeared to have no substantial effect on

wall movement.

2. The duration and magnitude of the steam pressure peak appears to be

related to wall movement.

3. The metallurgical properties of the coals and blends used during the

Phase II test series were not a significant factor with respect to wall

movement.

4. Movable wall pilot coke oven tests were inconclusive in predicting

wall movement.

C. Phase III

The test series conducted for Phase III were basically designed to check the

reproducibility of the series conducted in Phase II. This plan was adopted
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primarily because the conclusions reached as a result of the Phase II tests differed

significantly from previous theories and beliefs in regard to the sources of differ-

ential pressures that caused heating wall movement and damage.

The Phase III wall deflection measurements were made on another 6-m,

wet coal, coke battery, at a different location from that in Phase II. Phase III

consisted of four test series. The first series of Phase III was also a multiple-

wall test. The deflections of five different walls across the length of the battery

were measured. Oven charging again proved to be the primary event as related

to wall movement; however, there were not two stages of movement on the

Phase III battery. On this wet coal battery, the wall moved away from the

oven just charged to near its extreme position in less than 30 minutes and

then stayed at or near this extreme position until the other oven was charged,

when the cycle was repeated (Figure 8). Again, slightly different levels in the

magnitude of the deflection responses were measured among the five walls, and

again these differences were attributed to different physical conditions of the

various walls.

The data obtained during the second, third, and fourth test series of Phase

III of the study essentially mirrored similar data obtained during Phase II. The

data indicated as “normal” below are those from one of the walls in the five

wall first series of Phase III. This same wall was then used for the next three series

Figure 8 Phase III. High bulk density series.
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as shown below. The following average data are from four of the test series of

Phase III:

Test series

Average bulk density,

pcf

Average charge weight,

tons

Average

deflection, mils

Normal 45.4 25.7 85

Lo BD 41.9 23.2 62

Hi BD 47.7 26.7 78

Sh Ch 45.4 22.6 47

These data are presented graphically in Figure 9. As can be readily seen,

these data from Phase III are similar to the Phase II data shown in Figure 6.

D. Phase IV

In light of the apparent effect of liquids (water and oil) mechanically attached to

the coal, their evaporation, and the restrictions on these vapors release from the

coal bed in the oven, a company that specializes in characterizing properties and

behavior of granular materials was consulted. A coal blend similar to that used

throughout Phase II was evaluated. This study indicated that the rate at which

the coal is charged into the oven could affect this component of the forces acting

on the walls surface and cause wall movement and refractory stress.

Therefore, two test series on the same coke battery and on the same wall

as used in Phase II were planned. For these series one of the larry cars was

Figure 9 Phase III. Charge weight versus total deflection.
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modified. More powerful motors were installed on the screw conveyors on

the four hoppers of one of the larry cars, so that the conveyors could be

slowed, thereby reducing the rate at which coal would be charged into the

ovens. The two series were to be completed over eight consecutive days:

four days at the normal charging rate, followed by four days at the lower

rate of charging.

The normal charging rate on this battery is about 12 net tons per minute

(tpm). With the normal charge weighing about 27 net tons, this equates to a

charge time of about 2:15. By reducing the speed of the screw conveyors, it

was possible to increase the charge time to an average of about 6 minutes and

reduce the charging rate to about 4.5 tpm.

This reduction in the oven charging rate resulted in a reduction in the pri-

mary wall movement of about 10% and a reduction in total wall movement of

about 12%.

Unfortunately, it was not possible to verify these results on another coke

battery before the program was discontinued due to business conditions.

V. SUMMARY AND CONCLUSIONS

The heating walls in byproduct coke oven batteries exhibit a pattern of

damage that is consistent with damage induced by flexure of the walls

because of unbalanced pressures from the ovens on opposite sides of

the wall.

The damage results because flexure induced stresses are concentrated

in the areas of the wall that are adjacent to the fixed boundaries of

the wall.

Within these areas of high stress in the wall, the distribution of stress

between and among the wall component shapes is through the interlock-

ing parts of each shape, thus the keys, tongues, and grooves tend to con-

centrate stress within each shape.

Wall flexure must be accompanied by some finite amount of wall move-

ment; therefore, the measurement of wall movement during normal bat-

tery operations should define events or practices that cause wall

movement, therefore damaging refractory stress.

The measurement of wall movement on different normally operating coke

batteries gave consistent results. The charging of the coal into the oven

was the single event that initiated wall movement, with 40% to 100% of

the movement taking place within 30 minutes of charging.

The weight of the coal charge, thus bulk density, affected the magnitude of

movement; increased weight of the coal charge increased wall move-

ment and refractory stress.
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Limited tests also indicated that with some coking coal blends, the rate at

which the coal is charged can affect the amount of wall movement;

movement decreased as charging rate decreased.

Internal gas pressures in the charged coal/coke have no substantial effect

on wall movement. Further, movable wall pilot coke oven tests were

inconclusive in predicting wall movement.
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16
Testing of Refractory Materials

Sarah Baxendale
CERAM Research, Stoke-on-Trent, Staffordshire, England

Selecting the most suitable refractory materials to prolong service life and make a

process more cost-effective is now more critical than ever in today’s competitive

climate. It is important to carefully assess materials to ensure that they are suit-

able for the environment and conditions in which they will operate.

Testing refractory materials is therefore an essential step in this selection

and improvement process.

So why specifically test refractory materials?

To characterize new materials

For quality control of processes and products (1)

To help rank and select materials for a particular application and predict in

service behavior (1)

To examine the effects of service conditions

For fault diagnosis

To establish properties required for mathematical modeling to compare

current and new designs

A wide range of test methods is available to measure all aspects of refractory beha-

vior, and worldwide an even greater range of methods exists within each test type.

For example, in some cases different standards are followed depending on whether

a material is a dense (having a true porosity of less than 45%) or insulating refrac-

tory (having a true porosity of greater than 45%). The majority of tests are charac-

terized as national or international standards examples of which are shown in the

table at the end of the chapter, while other tests are not yet featured.

Note: Special thanks go to Graham Oliver for his work on XRF, to Richard White for XRD and

microscopy, and to Kevin Thomas for Poisson’s ratio.
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Figure 1 shows some examples of available tests for refractories. These

tests generally fall into three functional areas, although, as we can see, some

tests will fall into more than one category.

First come characterization/data sheet properties, of which we can see

some examples. Most of these describe the fundamental properties of a material,

for example, its structure, its chemistry, or its compressive strength at ambient

temperature.

The information provided on material data sheets can, however, vary

widely. Some refractory companies may provide detailed information covering

a wide variety of tests, with references made to the particular test method by

which the data were obtained. Only if this is the case is it possible to compare

data for the same material types produced by different manufacturers. It should

be remembered that data sheets report typical values and they should not be

used to constitute a specification for a particular application. More emphasis

should be placed on product definition sheets in which property limits are given.

These property types generally give very little insight into service

performance.

Moving toward service-related properties such as pyrometric cone equival-

ent (P.C.E.), hot modulus of rupture (HMOR), and permanent linear change

(P.L.C.) gives us a little more information on a product’s maximum service

temperature and stability on heating.

However, it is the combination of design data such as compressive and flex-

ural stress–strain with thermal measurements that allows us to take that extra step

from a material test piece to a working refractory lining or component. It allows

us to study the thermomechanical behavior of materials.

Figure 1 Testing of refractory materials.
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In this chapter we review the refractory tests together with their purpose

and limitations.

I. CHARACTERIZATION/DATA SHEET PROPERTIES

A. Chemical Analysis

Chemical analysis tells us which elements are present in a refractory. Generally,

the quickest and most commonly used method is by X-ray fluorescence. The tech-

nique is based on the phenomenon that each element fluoresces characteristically

when exposed to X-rays. The results for each element present are usually reported

as oxides.

The definitive document for this technique is ISO12677: 2003, which

appeared in 2003. The essence of the technique is the conversion of the

ignited sample into a glass bead or button by fusing in a suitable lithium

borate-based flux. Once treated in this way, all particle size and mineralogical

effects that will lead to inaccuracies are destroyed. Hence, synthetic calibrations

can be set up in a similar manner using synthetic mixtures of pure oxides or

carbonates.

The technique is not viable for elements low in the periodic table (from flu-

orine downward) although there is research into the use of X-ray fluorescence for

fluorine and boric oxide. To this end, a method has been developed for the deter-

mination of B2O3, which allows either a wet chemical or inductively coupled

plasma (ICP) finish, the latter being based on methods for the pottery industry.

Another wet (colorimetric) method for the determination of Hexavalent chro-

mium has also been produced. Finally, in the area of black and nitride ceramics,

a series of standards is appearing that allow their characterization using a mixture

of X-ray fluorescence, X-ray diffraction, and special chemical speciation

methods.

B. Mineralogical Analysis by X-Ray Diffraction

X-ray diffraction (XRD) analysis provides a means by which different crystalline

phases can be characterized and identified. X-ray diffraction works by diffracting

incident X-rays along crystallographic planes. The angle by which X-rays are dif-

fracted is in accordance with Bragg’s law, in which

nl ¼ 2d sin u

where

n is an integer value

l is the wavelength of the diffracting X-ray
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d is the spacing between successive diffracting planes in the crystal

u is the angle between the crystallographic plane and the diffracted beam.

It is therefore possible using a monochromatic X-ray beam to measure the spa-

cing of the crystallographic planes within a crystal from the diffraction peaks.

Mineral characterization to such an extent is rarely used in a refractory context.

More regularly, the unique diffraction pattern each mineral makes is used simply

as a means of identification of presence in the sample.

In order to collect diffraction data from a sample, representative material is

prepared as finely ground material and then presented to the X-ray beam in such a

way that individual crystallites are randomly orientated. The resultant diffraction

trace, as a plot of intensity against “d ” spacing or against 2u value, can be com-

pared to traces of known material or published standard reference profiles

enabling identification to be made. The International Centre for Diffraction

Data (www.icdd.com) publishes reference patterns on an annual basis. Sophisti-

cated search–match software to combine diffraction peak positions with chemi-

cal constraints for the system under examination can be employed.

Phase identification can be useful in cases of identification of unknown

materials or products. Other examples of use may be confirmation that certain

phases have formed during a firing process such as cristobalite in silica or that

components have not broken down or removed during service.

Often phase identification is not enough and it is desirable to quantitatively

determine the amounts of the different components within a sample. Examples of

applications where this may be useful might include monitoring of product qual-

ity, modeling of mineralogy with process conditions, or determination of crystal-

line components that have significant effects on the property of the materials such

as cordierite in kiln furniture. X-ray diffraction is inherently less quantitative than

other analytical techniques such as X-ray fluorescence, but with careful use of

standards, calibration, or processes such as standard addition, reasonably good

results can be obtained.

Other applications of X-ray diffraction to refractories include accurate cell

determination in cases where solid solution systems occur such as b-sialons (Si6-Z-

Al
Z
OZN8-Z). Occasionally, it may be useful to determine the crystallite size of a

material. This can be done by calculations based on the width of the peaks of dif-

fraction peaks.

C. Microscopic Examination

Microscopic examination of refractories can range from simple hand lens exam-

ination to the use of sophisticated scanning or transmission electron microscopes

with magnification in the order of many thousands of times. The purpose of

examination is to increase the knowledge of microstructural properties of the
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material. Examinations may be conducted on the surface of the refractory, intern-

ally to evaluate the normal structure, or across interfaces between materials or

material and service environments to evaluate changes that occur. Naturally, it

is essential to define the nature of the information that is being sought in order

that the most effective approach can be taken. Generally, polished metallographic

sections are made from refractory samples although geological thin sections may

be appropriate. Polished sections provide greatly improved spatial resolution but

reduced mineralogical information over thin sections. Selective etching tech-

niques are employed to enhance features such as grain boundaries and increase

contrast between phases and sometimes in phase identification.

Typical information that can be obtained from microscopic examination of

refractories are parameters such as grain size, grain distribution, and mineralogy.

However, many parameters are subjective in nature and therefore need to be

examined in comparison with similar materials. Considerable experience is

required if microstructures are to be correctly and objectively interpreted.

Some of the more subjective features are pore distribution, bond structure,

degree of reaction, or dissolution and microcracking. In order to evaluate these

parameters, it may be necessary to etch a sample to enhance grain boundaries

or increase the contrast between components such as mullite and glass in refrac-

tory grog grain or corundum in calcined bauxite.

Some materials have characteristic microstructures that can be used for

confirmation of their presence. For instance, fused magnesia, sintered magnesia,

and seawater magnesia are structurally different. Similarly, calcined alumina,

tabular alumina, and white fused and brown fused alumina all have very different

characteristics.

In evaluating the microstructure of a refractory body it is necessary to

examine grain structures, grain distribution, bond mechanisms, and degree and

distribution of porosity. All the microstructural properties of the refractory will

control the in-service behavior.

One vital method that can be applied to refractory sections is that of micro-

analysis in which small areas can be analyzed chemically after excitations with the

incident electron beam. Microanalysis is normally used on polished sections while

being examined by scanning electron microscopy. Analysis can be used to deter-

mine or confirm the composition of specific grains, particles, crystals, or bonds. By

integrating the composition of grains or areas with spatial locations, reactions, dif-

fusion profiles, and attack mechanisms can be evaluated particularly at interfaces.

D. Bulk Density and Apparent Porosity

The bulk density of a porous material is defined as the ratio of mass of the

material to its bulk volume, whereas the apparent porosity is the ratio of open

pores to the bulk volume of the material (2). The latter value is expressed as a
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percentage. The Archimedian, evacuation method generally measures both bulk

density and apparent porosity.

To measure these properties, the test piece is dried to constant mass, weighed

in air, and then transferred to an airtight dessicator, which is then evacuated until a

minimum pressure is reached. After the vacuum is maintained for a set time period,

the liquid is introduced until the specimens are completely covered and to ensure

open pores are filled. In most cases distilled water is used. However, for materials

that may hydrate or if assessing ex-service materials, which may contain water-

soluble corrosion products, then paraffin is preferable.

At atmospheric pressure, the specimens are reweighed while suspended in the

liquid to determine the apparent mass, and then finally the soaked test piece is

reweighed in air. Bulk density and apparent porosity are calculated as follows:

Bulk density ¼
mass in air

soaked mass � suspended mass
� liquid density

Apparent porosity ¼
soaked mass � mass in air

soaked mass � suspended mass
� 100

Bulk density and apparent porosity are generally used for quality-control checks.

They have an effect on other properties such as thermal conductivity and thermal

shock resistance of a material. Lower-porosity materials can often have greater

resistance to chemical attack than their higher-porosity counterparts.

E. True Density and True Porosity

True density is the ratio of the mass of a material to its true volume, and the true

porosity is the ratio of the total volume of open and sealed pores to the bulk

volume expressed as a percentage (2).

The true density is often determined by a pycnometer method. A quantity

of refractory material is ground finely to remove closed pores, and the dry mass of

material in the pycnometer determined by comparative weighing. Following this,

the pycnometer is partially filled with the test liquid followed by evacuation in a

dessicator. The pycnometer is then completely filled with the test liquid and the

temperature stabilized in a temperature bath prior to reweighing. Finally, the

pycnometer is filled with the liquid alone and reweighed.

From these weight measurements, the true density is determined:

True density ¼
mass of ground material � liquid density

mass of pycnometer and test liquid

þmass of material � mass of pycnometer,

material, and liquid at controlled temperature

Density values are expressed in kg/m3 or pounds lbs/in.3
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True porosity is then calculated from the results of the evacuation and

pycnometer methods:

True porosity ¼
true density � bulk density

true density
� 100

F. Cold Crushing Strength

The cold crushing strength of a material is the maximum load at failure per unit of

cross-sectional area when compressed at ambient temperature.

Failure stress ¼
load (in Newtons or lbs)

area (in square mm2 or in.2)

Results are expressed in Newtons/mm2 (megapascals) or lbs/in.2.

Although variations existed previously, the preferred standard test piece

size for determining cold crushing strength of dense refractories is a 50-mm

cube or cylinder. To ensure good contact between the loading surfaces, the test

piece should be carefully ground to specified tolerances and parallelisms to

give consistent results. Test specimens are then loaded to failure at a specified

rate.

Cold crushing strength is generally used for quality-control checks and

does not give any specific indication of a material’s in-service behavior. Results

on materials from within the same batch can differ with brick size and firing pos-

ition in the kiln. A greater emphasis, however, would be placed on values falling

below a minimum specified value since these may reflect a lesser degree of bond-

ing. The results obtained can also differ depending on the method adopted. For

example, dense products can be loaded directly between steel platens or between

fiberboard placed between the platens and the specimen. The latter is the case in

the ASTM (3) standard, whereas the opposite is true for the BS EN standard (4).

This is often a source of variation between results obtained by different standard

methods and can sometimes make comparisons difficult. An ISO standard

using packing between samples and loading plates is now available. Packing is

not generally used when testing insulation bricks and larger test specimens are

used.

Table 1 shows some typical values of chemical analyses, bulk density, appar-

ent porosity, and cold crushing strength for some common refractory materials.

G. Modulus of Rupture

The modulus of rupture is the maximum transverse breaking stress applied that a

material can withstand before fracture (2). The property gives an indication of the

bond strength of the refractory that results from its chemistry and mineralogy

after production. Nominal test piece sizes include whole standard bricks
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(230 mm � 114 mm � 76 mm or 64 mm) or bars of dimensions 150 mm �

25 mm � 25 mm. The test piece is placed between supports a set distance apart

and loaded to failure at the center of the bar by a third loading arm. Loading

rates differ for dense and insulating products. This three-point arrangement

(Figure 2) is most commonly applied to refractory materials, although in some

critical applications, although not standard practice, a four-point arrangement,

where a greater volume of the test bar is placed under applied stress by two

upper loading arms, is preferred. A four-point arrangement leads to lower overall

failure stresses and gives an indication of the minimum failure stress of a

material.

The calculations for modulus of rupture in three-point and four-point

arrangements are shown below:

Failure stress (3-point) ¼
3pl

2bd2

Failure stress (4-point) ¼
3pa

bd2

where

p ¼ load in Newtons or lbs

l ¼ test span in mm or in.

b ¼ specimen breadth in mm or in.

d ¼ specimen depth in mm or in.

a ¼ distance between lower and upper loading points in mm or in.

Units of failure stress are Newtons/mm2 (megapascals) or lbs/in2.

Figure 2 Three point bend arrangement for ambient and elevated temperature modulus

of rupture testing.
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It is much easier to measure bond strength in a flexural rather than tensile

mode for refractories. Tensile tests are notoriously difficult to set up as any slight

misalignment may give rise to erroneous results. Of course, flexural strength is

not synonymous with tensile strength, but a reasonable, approximate relationship

exists.

At ambient temperature, the modulus of rupture test is more generally used

for quality-control purposes to ensure consistency between batches. The prop-

erty, when measured at ambient temperature, again does not give any direct indi-

cation of in-service performance.

H. Permeability

The environments in which many refractory materials operate contain corrosive

gases, which can penetrate a material and begin the process of corrosion. Assess-

ment of the permeability of a material to gases is important in determining the

potential susceptibility of a material to corrosion.

The degree of permeability is also a significant factor governing the ease with

which water vapor can escape from monolithic blocks and structures when heated.

Sometimes if a monolithic refractory is heated too quickly over critical temperature

ranges during the initial dry-out and is low in permeability, the resulting pressure

buildup can cause explosive spalling, leading to costly repairs and downtime.

Fiber additions to monolithics, which are low in permeability, aid the escape of

water vapor on heating.

Permeability therefore describes the rate of flow of a gas through a porous

material per unit area (2).

Movement of gases through a material takes place under a pressure gradi-

ent, and this is reflected in the test method. Gas is passed through a test piece

(nominally 50-mm diameter, 50-mm-high cylinder, or similar) that is placed in

a gas-tight sample holder. Several measurements of the fall in pressure across

the test piece are made at different gas flow rates. The pressure difference is

measured using a manometer (3, 4).

The permeability is calculated using the following equation:

m ¼
V

t
� h

d

A
�

1

r1 � r2

�
2r

r1 þ r2

where

m ¼ material permeability in m2

V ¼ volume of gas passing through the refractory, m3

t ¼ time taken for gas to pass through the refractory, sec

h ¼ dynamic viscosity of the gas at the test temperature in Pa

d ¼ material thickness in m

A ¼ cross-sectional area of the material in m2

r ¼ absolute gas pressure in Pa
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r1 ¼ absolute gas pressure upon entering the material in Pa

r2 ¼ absolute gas pressure upon leaving the material in Pa

Permeability generally decreases as the temperature of a material is raised.

This is probably a result of increased gas viscosity. For certain self-flowing

castables it has been shown that permeability increases with heat treatment tem-

perature due to structural changes.

Permeability of castable materials is also highly dependent on particle size

distribution and water addition (6).

I. Pore Size Distribution

The apparent porosity of a material, as mentioned previously, can have a signifi-

cant effect on the corrosion resistance of a material. It can also influence thermal

shock resistance and thermal insulation capabilities. In addition to the amount of

porosity in a material, it is also important to consider the nature of these individ-

ual pores, such as whether the pore volume or pore area comprises greater

amounts of fine or coarse porosity and their relative proportions. Finer pores gen-

erally have a positive effect on the properties mentioned (7).

Measurement of this property is usually made by intrusion of small cubes

of refractory by mercury under an increasing pressure. Initially under lower

pressures the larger pores are filled, and subsequently the smaller pores as the

pressure increases. Only open pores are considered.

Graphs such as cumulative pore volume or area versus pore diameter are

plotted.

For two materials of equal apparent porosity, the refractory whose porosity

comprises pores with an overall larger diameter may expect to be more easily

penetrated by attacking corrosive media (as pressure is proportional to diameter)

but may provide a lower surface area to volume ratio upon which corroding

action could take place. The opposite situation would generally be true for fine

pores. A greater pressure would be required to penetrate a smaller pore, but a lar-

ger surface area to volume ratio may lead to increased corrosion. Finer pores may

also become blocked by invading media more quickly and further penetration

into the refractory body may be prevented.

Convection currents are less readily set up in finer pores, which lead to

greater insulation capabilities of a material, and thermal shock can also be

reduced as a larger number of fine pores act as more effective crack stoppers

than a smaller number of large pores.

J. Pyrometric Cone Equivalent (P.C.E.)

The pyrometric cone equivalent gives an indication of the refractoriness of a material,

that is, its ability to withstand high temperatures in an unstressed situation. The

method applies particularly to aluminosilicate materials. A standard refractory
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cone shape is prepared from the test material and heated together with a number of

standard cones in an oxidizing atmosphere at a specified rate. The purpose of the

test is to identify the point at which the tip of test cone bends over. Its behavior is

then compared to that of the standard cones. The most similar standard cone to

the test cone gives a corresponding temperature rating. Sometimes the rating may

be reported between two standard cone values if the softening point occurs between

the two.

The endpoint obtained relates only indirectly to temperature. The value

obtained corresponds to the heat input and is time-, temperature-, and atmos-

phere-dependent. Standard cone reference tables are available that correspond

to a temperature equivalent specific to the test conditions. Orton, Seger, and

ISO are examples of the cone rated systems used.

The pyrometric cone equivalent of a material is affected by the presence

of impurities in the material such as iron and alkalis, which reduce the P.C.E.

value, by acting as fluxes. Determination of the P.C.E. can ensure that a refractory

selected for a particular application is operating well below the onset of melting.

K. Permanent Linear/Volumetric Change

This is a measure of the permanent changes in dimension of a refractory, whether it

may be in terms of expansion or contraction, after heating ideally to an anticipated

hot face service temperature or material classification temperature. This should

indicate the maximum expected dimensional change in a stress-free condition.

Within the scope of the various test methods available, the change in dimen-

sions is reported with corresponding test duration. Firing temperature and soak

times at temperature may vary depending on the material and its operating con-

ditions. Across the various methods available, the test piece size can be of a stan-

dard brick or rectangular prisms or cylinders.

Dimensions are measured at identified points on the test piece. The speci-

mens are then fired in accordance with a specific heating schedule in an oxidizing

atmosphere for the set duration. Minimum firing temperatures start around

8008C, and for dense refractories test duration is nominally 5 hours (4). The

dimensions are remeasured following firing at the same identified points follow-

ing firing, and the percentage change is calculated.

For linear changes, the result is expressed as follows:

dL ¼
Li � Lf

LI
� 100

where

LI ¼ initial length

Lf ¼ final length
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The classification of insulating firebricks is dependent upon change in dimen-

sions on reheating and material bulk density. An insulating material’s linear

change in dimensions should not exceed 2% at its particular classification tem-

perature when fired for 24 hours (3). However, many user companies specify per-

manent linear change limits well below this value.

Low permanent linear and volumetric changes are generally desirable, as

they indicate good material stability and minimize shrinkage to prevent loosening

of a refractory lining in service. Also, ingress of corrosive material behind the hot

face is prevented.

II. SERVICE-RELATED PROPERTIES

In addition to material characterization and physical tests used to describe

refractory materials, there are several properties that are more relevant to the

“in-service” performance of a refractory. Measurement of these properties

gives a closer indication of how a material may act in a particular application.

A. Abrasion Resistance

In refractory applications such as the front end of a rotary cement kiln or the shaft

of a vertical lime kiln, for example, the lining is subjected to high abrasive action

from the charge material. In these regions it is important to install a material that

can withstand the constant wearing action for long periods of time without a

severe reduction in lining thickness.

It is therefore important to assess the abrasion resistance of candidate

materials for such areas, that is, how well they can withstand mechanical rubbing

or impact.

Assessments are often carried out by falling grit-type methods; an abrading

medium is directed at a refractory test block for a set duration. Test specimens are

weighed before and after testing, and results are expressed as the loss in material

volume or by the calculation of an abradability index based on loss in mass,

material bulk density, and apparatus correction factor.

The abrasion loss from a material is highly dependent upon its density and

porosity, the angle of impact, and the grain size and nature of the abrading media.

Variation also exists between the outer skin of a refractory material and its

interior, and tests take this into account. The abrasion loss generally decreases

for fired refractories with increasing temperature as the material softens. How-

ever, for castable refractories, abrasion loss increases at elevated temperatures

as the hydraulic bond is lost, but reduces again as a ceramic bond is formed (8).

Table 2 shows the variation of the abradability index of some refractory

materials at ambient temperature and 10008C.
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With this in mind, tests for abrasion resistance are generally conducted

at ambient temperature with standards for high-temperature tests now being

withdrawn. Elevated temperature methods are often only used for research

purposes (8).

B. Modulus of Rupture at Elevated Temperature

Modulus of rupture at ambient temperature was introduced earlier and, as indi-

cated, is useful for quality assurance but gives little indication of in-service per-

formance, unlike the same test carried out at elevated temperature. The nominal

specimen size used in national and international standards for dense and insulat-

ing refractories is again 150 mm � 25 mm � 25 mm or similar, and support test

span is approximately 125 mm. Specimen temperature is measured by a thermo-

couple placed centrally underneath the test bar. The specimens are heated to the

test temperature at specified rates. Following a dwell for a set period at the test

temperature, the samples are loaded to failure at a designated stress rate. The

stress rate differs for dense and insulating refractories.

Figure 2 shows the test arrangement. Modulus of rupture varies with tem-

perature. The greatest reduction in strength for most oxide refractories starts to

occur beyond 10008C as liquid formation increases.

Calculations for modulus of rupture are given in an earlier section.

C. Refractoriness Under Load

Refractoriness under load is the ability of a material to withstand specific con-

ditions of load, temperature, and time (1). This is dependent on the softening

point and the amount of glass or melt phase within the refractory system.

Table 2 Comparison of Ambient and Elevated

Temperature Resistance to Abrasion by Falling Grit Method

for a Range of Refractory Materials–Abradability Index

Refractory Ambient 10008C

85% alumina bauxite brick 62 20

59% alumina silliminite brick 230 75

44% alumina medium-duty

firebrick

294 70

43% superduty blast furnace

brick

45 20

39% alumina firebrick 394 100

Fusion cast alumina brick 72 38

Castable refractory 75 200

Source: Ref. 8.
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The specimen [50-mm diameter and 50-mm-high (4) or a prism 38 mm �

38 mm � 114 mm (3)] is placed in a furnace between refractory plates and in

contact with a dilatometer system, which is in turn attached to an extensometer

to measure deformation. A specified load is applied to the specimen, and the

material is then heated to the maximum test temperature or until a particular per-

centage deformation is reached. Methods of measurement include EN 993-

8:1997 and ASTM 832-00.

D. Thermal Shock Resistance

Thermal shock resistance is the ability to withstand rapid changes in temperature

with minimal cracking (1). This situation may occur under conditions when the

material is heated or cooled suddenly such as with submerged entry nozzles,

under thermal cycling such as in the regenerators of a glass furnace, or when sub-

jected to a severe thermal gradient such as with sliding gate plates. Incompatible

changes in dimensions at these times may lead to failure in regions where local

strain exceeds the tensile failure strain.

Table 3 lists the properties required for good thermal shock resistance (9),

and Table 4 gives examples of three refractory material types that exhibit good

thermal shock resistance and the features that lead to this (10).

Certain materials—for example, silica refractories—are more vulnerable to

thermal shock if heated rapidly over temperatures where thermal expansion is

high as a result of test changes. Test temperatures for silica can often differ

from other refractory materials. Tests tend to take place at temperatures where

expansion is high.

It is difficult to represent service conditions accurately in a laboratory test,

because resistance is highly dependent on geometry, uniformity of heating, and

Table 3 Properties Leading to Good Thermal Shock Resistance

Property Implication

Low thermal expansion

co-efficient

Reduces stress associated with temperature

gradient

High thermal conductivity Conducts heat away and minimizes

temperature gradients

High toughness/work of

fracture

Reduces crack propagation

High strain to failure Accommodates thermal stress

Low modulus of elasticity

(i.e., stiffness)

Minimizes the stress associated with

thermal expansion

Source: Ref. 9.
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the stresses imposed by the service conditions. However, several methods are

used to measure thermal shock practically. These include assessment of

Degree of cracking observed

Number of cycles to failure

Reduction in strength or modulus of elasticity (stiffness by resonant

frequency technique)

Calculation from several property measurements, e.g., Hasselman

parameters (11).

The British Standard prism spalling test (14) subjects sections of refractory

to successive heating and cooling cycles followed each time by loading of the

sample to test resilience. Surviving samples progress to further cycles.

The ASTM thermal cycling method (ASTM C1171-96) (3) combines ultra-

sonic measurements and modulus of rupture at ambient temperature on 150-

mm � 25-mm � 25-mm bars to assess performance. In this case, comparisons

are between two separate sets of test pieces.

The ASTM ribbon burner (ASTM C1100-88) (3) thermal shock assessment is

based solely on a nondestructive test measurement of the modulus of elasticity of

the test samples before and after being subjected to the heating and cooling cycles.

Test samples are randomly supported 100 mm above a segmented line gas

burner to form a closed panel, which is then subjected to cyclic rapid heating and

forced air cooling for five cycles, each cycle consisting of 15 minutes’ heating

and 15 minutes’ cooling. The hot face temperature reached can be between

815 and 10938C. The modulus of elasticity of each sample is determined before

and after testing, and the reduction in modulus calculated.

Sample sizes used can vary as long as all samples tested are the same size

for different brands or product types. All samples should be 9 in. long but can be

Table 4 Examples of Refractory Materials Showing Good

Thermal Shock Resistance

Material

Properties giving good thermal

shock resistance

Carbon High strain to failure

Low thermal expansion

High thermal conductivity

High work of fracture

Silicon carbide High thermal conductivity

Low thermal expansion

Castable (unfired) High strain to failure

Low thermal expansion

Source: Ref. 10.
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sections of whole, standard bricks. Materials vulnerable to thermal shock damage

are more significantly affected by changes in sample thickness (12).

The expected relative thermal shock resistance of materials, as mentioned

above, can be calculated from measurement of a range of material properties.

Hasselman (11) derived a series of parameters in an attempt to rank materials

in order quantitatively. High calculated values of R are indicative of good thermal

shock resistance.

Rst and R0000 relate more closely to actual material behavior and take a frac-

ture mechanical approach corresponding to situations of quasi-stable and

unstable crack growth equations, respectively.

Rst ¼
gf

a 2E

� �1=2

R0000 ¼
Egf

s2
f (1 � n)

 !

where

gf ¼ work of fracture (toughness)

s ¼ modulus of rupture

a ¼ thermal expansion coefficient

E ¼ Young’s modulus

n ¼ Poisson’s ratio

Work of fracture for refractories can be measured by methods such as chev-

ron notch three-point bend test, whereby the energy required to produce and pro-

pagate a crack through a material is measured.

E. Corrosion Resistance

Refractory materials are used in a wide variety of applications and as a conse-

quence encounter an equally wide range of molten, potentially corrosive media.

As a result, numerous methods have been developed to assess corrosion resistance.

Test methods available are useful for comparing materials. However, many

methods have limitations in that they do not reflect precise in-service conditions

and generally are carried out at a single temperature, that is, no account is taken

of the effect of thermal gradients on corrosion rates.

Tests for attack of refractories by molten agents are often described as

either static or dynamic methods.

Static tests include the “crucible” or “cup” method whereby a corrosive

agent is placed in a hollow within the refractory test piece or whereby a test finger

is placed in a crucible of the corroding agent. The test pieces are then heated at a

set rate to the test temperature and held there for a set duration. On cooling, the
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degree of attack is then assessed visually or by examination of bond attack.

Microscope sections can be prepared and the degree of attack examined.

ASTM C621-84 (2001) (3) describes a static test to assess the corrosion resist-

ance of glass contact refractories.

Dynamic test types include the rotating finger dip test, rotating panel tests

such as BS 1902.5.13:1984 (4) and ASTM C874-99 (3) whereby test materials

are cut to shape and are assembled in a rotating test furnace to form the hot

face lining and slag drip test, ASTM C768-99 (3). Assessment of corrosion

can be assessed by changes in material volume or thickness.

Tests that allow movement and flow of the corroding medium over the sur-

face of the material prevent the formation of a protective boundary layer that

would otherwise protect the material from further corrosion (13,14).

The corrosion resistance of a refractory to a particular medium at a speci-

fied temperature is influenced by a number of factors. These include their relative

chemistries (corrosion series), microstructure, bulk density, apparent porosity,

pore size distribution, permeability, and wetting angle.

F. Alkali Attack

There are many applications in which refractory materials are exposed to alkali

vapors or melts. The crown of a glass melting furnace is just one example. Again,

it is difficult in these tests to simulate precise service conditions. Sodium and pot-

assium vapors are the most commonly encountered in refractory systems.

Assessments tend to involve suspension of the refractory over a crucible

containing the alkali salts, e.g., ASTM C987-00 (3). Visual inspections, changes

in weight, and microscopic assessment help in comparing materials.

G. Acid Resistance

Assessment of acid resistance is important for chimney linings, incinerators, and

heavy clay and ceramic kiln linings. Methods such as BS EN 993-16:1995 (2001)

and ISO 8890:1988 (1998) assess a material’s resistance to attack by a boiling/
condensing method.

H. Carbon Monoxide Resistance

Depending on their composition, many refractories may begin to deposit carbon

when exposed to a carbon monoxide-rich atmosphere over a certain temperature

range. The dissociation reaction is as follows (2):

2CO ¼ CO2 þ C

Any free iron present acts as a nucleation site for deposition of carbon. The

mechanism of the reaction typically involves the production of iron carbides.
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It is therefore important to assess all refractories, which may operate under

reducing conditions to ensure that they are resistant to attack by carbon monox-

ide. The optimum temperature for carbon deposition leading to bulk carbon

growth, cracking, and finally disintegration of the refractory is generally between

4008C and 6008C. Figure 3 shows an example of a material that failed the test.

Assessment of refractories for resistance to carbon monoxide attack there-

fore takes place at 4508C (BS 1902-3.10) (4) and approximately 5008C for

ASTM C288-87 (3) and ISO 12676:2000. Refractory prisms are placed in a

sealed furnace into which a stream of carbon monoxide is introduced. The test

pieces are visually inspected at regular intervals throughout the test duration,

nominally 200 hours or until disintegration takes place, and their appearance

noted.

Ideally, materials for use in reducing atmospheres should have a minimal

content of iron that is free or potentially reducible.

I. Hydration Resistance

Magnesia and dolomite, in both granular form and as shaped products, are suscep-

tible to hydration. Even so-called dead burning of the material (firing to high tem-

peratures to increase grain growth and hence reduce grain surface area) does not

completely eradicate the problem. Hydration of these materials takes place via

Figure 3 Ramming material, which failed a CO test.
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the following reactions leading to breakdown of the refractory structure.

MgO þ H2O �! Mg(OH)2

MgO : CaO þ 2H2O �! Mg(OH)2 : Ca(OH)2

The extent of the hydration reactions is dependent on temperature, exposure

time, and degree of product susceptibility.

Assessment of the hydration resistance of basic bricks and shapes can take

place in pressurized systems in an autoclave or pressure cooker or without press-

ure by storage in a humidity chamber. Generally, bricks with a minimum of three

original surfaces are required. Specimens are examined after a set time period and

results calculated or repeat tests take place until a specific total test time is

reached or until the refractory disintegrates (3,4).

Hydration resistance of magnesia refractory grain sample is also measured

via an autoclave method whereby the dried sample, of specified grain size frac-

tions and known weight, is placed in the apparatus for a set duration or by sus-

pension of the material in a flask containing boiling water with a condenser

attached. Specimens are removed and dried to constant weight. Hydration ten-

dency in some cases is recorded as the percentage of softened material passing

through the sieve after the test (3,4).

Hydration resistance of dolomite grain is measured in a similar manner to

magnesia except that the graded and dried sample is placed in a petri dish in a

steam-humidity cabinet for a longer duration (24 hours). Following the test,

the weight of the redried sample passing through a specified sieve size is given

as a percentage of the total weight recorded after hydration (3,4).

J. Exudation Testing of Glass Contact Refractories

As we have seen, certain tests are only specific to particular refractory types

but including these in a test regime to characterize a material can prevent

catastrophic in-service problems. An example is the exudation testing of

alumina–zirconia–silica (AZS) refractories, which form the side walls and

superstructure of the melting tank of glass furnace. These materials, depending

on how well oxidized they are during their production, can produce a glassy exu-

date when refired to a high temperature, which, if excessive, can contaminate the

glass melt, producing vitreous and crystalline faults (13,14).

Comparison of chemical and physical properties of well- and poorly oxidized

materials may reveal no apparent differences. However, firing discs or bars of

material and then measuring the resulting change in volume may reveal a high exu-

dation potential. An increase in volume results from exudation of the glass phase

onto the disc surface. ASTM C1223-98 (6) gives details of this test type.

The maximum acceptance limit is around 2%, with higher values giving

rise to increased risk of glass faults (13).
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III. DESIGN PROPERTIES

Various chemical, structural, physical, in-service, and temperature-related tests for

refractory materials have now been described. There is now a need to consider the

combination of tests that provide us with properties, which additionally allow us to

take that additional step from material test piece to a working refractory lining or

component. This suite of tests allows us to study the thermomechanical behavior of

materials and can be used in finite element modeling of refractory systems.

Test data required for modeling can be divided into two categories:

1. Data required to produce a thermal profile

2. Data required to produce a stress profile.

This is shown in Table 5.

As temperature increases there are changes in material thermal

conductivity, strength, and stiffness. Materials expand or contract, and at high

temperature material creep becomes significant.

We will now take a look at how some of these properties are measured and

their importance in order to gain data to produce a mathematical model. Some

examples of behavior of different types of refractory materials are given.

A. Thermal Conductivity

The thermal conductivity refers to the amount of heat flow through a material in

unit time, per unit temperature gradient along the direction of flow and per unit

cross-sectional area (2). The selection of a material with the most appropriate

thermal conductivity for an application is essential. Sometimes a material of

low conductivity is required to conserve heat and, in other cases, such as in

areas of furnaces where the shell is cooled or contains internal water-cooled

blocks, highly conducting materials are required for transfer of heat.

Thermal conductivity is also the most important parameter for producing

a thermal profile through a refractory lining or component in mathematical

Table 5 Test Data Required for Thermomechanical

Modeling of Refractory Structures and Components

Thermal profile Stress profile

Thermal conductivity Thermal expansion

Specific heat capacity Bulk density

Emissivity Stress–strain behavior in

compression or flexure

Poisson’s ratio

Creep
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modeling. It is important to remember that thermal conductivity of a material is

temperature-, density-, porosity-, and atmosphere-dependent.

Table 6 shows the range of thermal conductivities at a single temperature

for a selection of refractory materials.

Thermal conductivity can be measured by several different methods, and

some are reviewed here.

In steady-state methods, heat flow is measured through a thermal gradient

between the hot and cold faces of the refractory. Heat flow and corresponding

temperature rises are measured and conductivity calculated. The conductivity

is quoted at the mean temperature between hot and cold face. Examples of this

method are shown below.

1. Calorimeter method— This method can be used for measurements on low-

conductivity insulating materials, but measurements of conductivities up to around

20 W/mK are also possible with this equipment. The results from the British Stan-

dard (BS 1902.5.5:1991) and ASTM method (C201) are often compared. The pos-

ition of the calorimeter has the greatest influence on the conductivity values

measured. Apparatus in which the calorimeter is positioned underneath the test

sample, as in the ASTM method, yields lower conductivity values than when posi-

tioned above the test sample such as in the British Standard Method.

The British and ASTM panel methods were directly compared a number of

years ago. The calorimeter positions lead to slight differences in the measurement

of the heat flow. However, this work found that maximum discrepancies between

these two tests did not exceed 5% (15,16).

2. Split column method (BS1902-5.8:1992) (4)—This method is used to

measure values for the high thermal conductivity materials up to 80 W/mk

such as those containing carbon, and the test can therefore be performed under

Table 6 Examples of the Range of Thermal

Conductivity Values of Refractory Materials

Material

Thermal conductivity value

(W/mK)

Low-temperature

insulation panel

0.02

Insulation brick 0.15

Firebrick 0.80

High-alumina brick 1.50

Magnesia brick 5.00

Blast furnace carbon brick 13.50

Semigraphite carbon brick 30.00

High-conductivity graphite

brick

107.0
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argon or nitrogen atmosphere to prevent oxidation of carbon. The test specimen is

sandwiched between two standard materials, and several thermocouples are posi-

tioned to measure the heat flow. The sides of the specimen are insulated to ensure

that heat is not lost in that direction. Figure 4 shows a typical test setup.

In transient methods, measurements are taken after an input of heat, and

the test materials are at a single temperature. Measurements can also be taken at

ambient temperature, as small temperature rises are considered, which is not

possible with steady-state gradient methods. Some examples of transient methods

are discussed below:

1. Cross array hot wire method (BS EN 993-14:1998 and ISO 8894-

1:1987) — In this method, two wires are welded together and sandwiched

between the blocks of the test material. One is a heater, and the other is a ther-

mocouple, and they lie in as cross arrangement. Hence the name. Power is fed

to the hot wire for a short time, and the temperature rise measured. The tempera-

ture rise is related to the thermal conductivity of the material. This arrangement is

more suited to measurement of materials with conductivities up to 2 W/mK.

2. Parallel hot wire method (BS EN 993-15:1998 and ISO 8894-2)—To

extend the range of conductivites measured, the parallel hot wire method was

devised. In this method, as its name suggests, the heater and thermocouple

wires are arranged in parallel. This modified arrangement allows thermal conduc-

tivities up to 25 W/mk to be measured.

Eschner et al. (17) suggest differences in hot wire (transient) and calori-

meter (steady-state) methods were about 10–15%, with hot wire values being

higher. Further investigations by Davis and Downs on this subject suggested

Figure 4 Split column thermal conductivity test arrangement.
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that if sufficient care was taken with methods and specimen preparation, then a

scatter of +2% could be obtained for insulation materials rising to �5% for

higher conductivity materials (18).

Possible reasons for differing results in the techniques have been

suggested, and these are as follows:

1. In the panel steady-state method, the conductivity is reported at a mean

value between the hot and cold face. Wide temperature differences therefore exist

compared to a narrow temperature difference in the hot wire, transient method.

The effect is most marked with insulating materials (18).

2. In the panel steady-state method, heat flow is linear from hot to cold face

of a refractory, whereas in the hot wire method, heat flow is in a radial direction

from the heater wire. Therefore, if any material anisotropy exists, the latter

method measures a mean conductivity of two directions (18).

Figure 5 compares steady-state and transient method thermal conductivity

measurements.

While thermal conductivity results obtained may depend on the standard

used, if care is taken with specimen preparation and test setup, it is possible to

reduce variations within a particular material considerably.

As mentioned, the thermal conductivity of refractories often changes with

temperature, and dense and insulating material types tend to behave differently

with changes in temperature.

Figure 6 shows the variation of thermal conductivity with temperature for

selection of dense refractories. For many dense refractories the conductivity

decreases with increasing temperature for these materials. Heat flow through

the solid by conduction predominates. As temperature increases, the thermal

Figure 5 Comparison of panel calorimeter and parallel hot wire thermal conductivity

techniques. (From CERAM data.)
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energy of the solid also increases and vibration of phonons becomes greater.

These increased vibrations cause more random than directional heat transfer

and, as a result, heat flow rate and hence thermal conductivity reduce.

Figure 7 shows the variation with temperature for some lightweight refrac-

tory materials. In these materials the opposite is generally true in that thermal

conductivity increases with increasing temperature.

In lightweight materials the gas within the pores has a greater influence on

the thermal conductivity than in a dense refractory. At lower temperatures pro-

portionally more heat transfer occurs through the solid phase as gas molecules

are low in energy. As the temperature increases, heat flow through the gas

phase increases as the number of collisions between gas molecules increases.

As the temperature is raised further, first convection currents then radiation

across the pores increase the effective heat flow and hence reduce the insulating

capabilities of the material.

B. Specific Heat Capacity

The specific heat capacity is the ratio of heat capacity of a substance to the heat

capacity of water. More specifically, it is the quantity of heat required to raise the

temperature of 1 g of a substance by 18C or 18K.

Measurement is by observing the increase in temperature of water in a

calorimeter when a specimen heated to a specific temperature is plunged into

the water. Tests are nominally performed on a cylindrical test specimen. In-

house procedures exist, but at present there are no standard refractory methods

for measurement of this property.

Figure 6 Thermal conductivites of dense refractories. (From CERAM data.)
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C. Emissivity

The emissivity of a material relates to how intensely radiative heat is reflected

from its surface. Values range between 0 and 1 from a light, reflective to an

increasingly dark, dull surface. Measurement is by a duel wavelength, calibrated

optical pyrometer when an object is heated to a known temperature. No standard

methods for refractories currently exist despite the influence of this property in

many applications.

D. Thermal Expansion

Thermal expansion is the increase in dimensions of a material when heated.

When no permanent change in dimensions is apparent after cooling, the expan-

sion is said to be reversible. In a refractory lined vessel, stress builds up from

the thermally generated strain. Measurement of thermal expansion is of key

importance when designing refractory linings. Consideration must be given to

the size and number of expansion joints required in a system. Linings need to

close sufficiently on heating to prevent ingress of corrosive media, but a joint

may be required to prevent high stressing between sections of the lining,

which may lead to material failure.

Measurement methods vary. Both horizontal and vertical measuring tech-

niques exist, and test piece sizes vary between 114 mm long � 38 mm � 38 mm

in the ASTM standard test (3), which combines thermal expansion with a refrac-

toriness under load test, down to small rectangular prisms of 55 mm � 10 mm �

Figure 7 Thermal conductivities of insulating refractories. (From CERAM data.)
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10 mm in British standard tests (4). In the ASTM standard, the expansion is

measured under a specified compressive stress.

Tests recording thermal expansion alone apply a temperature increase at a

rate of between 1 k–5 k/min. From the expansion curve, the thermal expansion

coefficient can be calculated as the amount of length increase per 8C or 8F
over the specific temperature range or expressed as a percentage increase from

the original length at ambient temperature. Figure 8 shows thermal expansion

curves for a selection of refractories.

Not all materials expand linearly with temperature. The high, nonlinear

expansion curve for silica stands out. The shape of this curve relates to the

large volume expansions associated with quartz, cristobalite, and tridymite. Silica

refractories must be heated carefully over the temperature range of 200–4008C
due to greater rate of expansion.

E. Creep in Compression

Creep in compression is described as the plastic deformation of a refractory under

a specific compressive stress over time. Again, as with refractoriness under load,

the ability of a brick to withstand a load is dependent on the softening point and

the amount of glass phase within the refractory system.

Measurement of creep is particularly important for materials selected for

areas under contained load at high temperature, such as melting tank crowns of

glass-making furnaces.

Figure 8 Thermal expansion of selected refractory materials. (From CERAM data.)
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In the laboratory test a refractory specimen of nominal size 50 mm in diam-

eter and 50 mm high is placed in furnace, in contact with a dilatometer system

connected to an extensometer, and heated to the test temperature with a specific

stress applied, nominally around 0.2 MPa for dense refractories. Once at tem-

perature, the deformation of the sample over time is monitored. Results are rep-

resented graphically as a curve of creep percent versus time.

The total recorded creep over 25 hours should not exceed 0.2% at the pro-

posed service temperature and loading conditions (19).

Application of creep data to finite element models will give a more accurate

picture of stress levels over time at steady state.

F. Poisson’s Ratio

Poisson’s ratio is defined as the ratio of axial strain to diametral strain of a

material. This parameter therefore defines the relationship between the effects

of deformation in a direction perpendicular to the acting stress.

Measurement of dynamic modulus of elasticity (Young’s modulus, E) and

modulus of rigidity (G) can be determined by measurement of the fundamental

longitudinal and fundamental torsional resonant frequencies of regular shaped

test specimens. Resonant frequencies are detected by means of either a mechan-

ical or electrostatic drive or detection technique by means of a commercially

available apparatus.

The dynamic modulus of elasticity, E, is given by the formula

E ¼ 4f 2l2r� 10�15 GPa

where

f ¼ the fundamental longitudinal resonant frequency (Hz)

l ¼ the length of the specimen (mm)

r ¼ the bulk density (Kg m23)

The modulus of rigidity, G, is given by the formula

G ¼ 4f 2l2rF � 10�15 GPa

where

f ¼ the fundamental torsional resonant frequency (Hz)

l ¼ the length of the test specimen (mm)

r ¼ the bulk density (Kg m23)

F ¼ the form factor (1 for a circular cylinder and 1.183 for a square cross

section prism)
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Poisson’s ratio can then be calculated from the equation

Poisson’s ratio n ¼
E

2G
� 1

where

E ¼ the modulus of elasticity

G ¼ the modulus of rigidity

Ambient temperature values for refractories are around 0.15. In compari-

son, values for metals are approximately 0.2–0.3, and rubber materials around

0.5. The property also varies with temperature.

G. Stress–Strain Testing in Compression and Flexure at
Ambient and Elevated Temperature

Strength tests alone do not tell us everything about overall performance. Additional

measurement of material deformation, however, provides more useful data, and

curves of stress versus strain can be plotted. From the slope of these curves the

static modulus of elasticity can be calculated. Modulus of elasticity by static load-

ing, which takes into account the full strain range of material, is generally used

for mathematical modeling. Dynamic modulus of elasticity, determined by res-

onant frequency methods, considers only the small strains around the origin of

the stress–strain curves. This value is not generally appropriate for finite element

calculations.

Compressive stress–strain data are required mainly for the modeling of

refractory linings, whereas flexural stress–strain measurements are more often

applied to individual refractory components such as sliding gate plates or kiln

furniture.

From these tests, the failure stress and the static modulus of elasticity can

be determined at various temperatures over the material’s operating range. These

data can then be applied to the mathematical model.

Figures 9 and 10 show examples of test arrangements used for measurement

of these properties. With some modifications it is also possible to measure the prop-

erties of carbon-containing refractories (20). Tests are often performed on testing

machines equipped with load cells and high-temperature furnaces.

For compressive stress–strain, the test specimen is placed between load col-

umns in the furnace. A dilatometer system, to which the extensometer is attached,

is located in the test specimen as shown. Other arrangements may use optical or

averaging extensometers. This means the specimen deformation and hence strain

can be measured. It is important to load the specimen slowly during the test to

simulate the slow stress build due to thermal expansion in a refractory lining.
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Figure 10 Flexural stress–strain 4-point arrangement.

Figure 9 Compressive stress–strain test arrangement.
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The calculation of compressive failure load is shown in a previous section.

Compressive strain is calculated as follows:

%Strain 1 ¼
d

h
� 100

where

d ¼ deformation (mm or in.)

h ¼ specimen height (mm or in.)

Flexural stress–strain tests, as with modulus of rupture, can be carried out

in either three- or four-point flexure. An alumina dilatometer attached to an

extensometer, located under the test arrangement, measures specimen defor-

mation and hence strains directly.

The calculations for failure stress in three- and four-point flexure were

shown earlier. Material strain is calculated using the following formulas.

Strain(3-point load) ¼
6dy

L2

Strain(4-point load) ¼
12dy

(3L2 � 4a2)

where

W ¼ applied load (in Newtons or lbs)

y ¼ specimen deformation (mm or in.)

L ¼ test span (mm or in.)

b ¼ specimen width (mm or in.)

d ¼ specimen depth (mm or in.)

a ¼ distance between the upper and lower loading points (mm or in.)

Examples of compressive and flexural stress–strain curves for a 60%

alumina refractory measured at various temperatures are shown in Figures 11

and 12.

These graphs show how much stronger materials are in compression than

flexure (or tension). The graphs also demonstrate the nonlinear relationship of

refractory materials over the temperature range.

Stiffness, i.e., MOE, reduces in the majority of cases for refractories with

increasing temperature.

There is currently no national or international standard for measurement of

compressive and flexural stress–strain properties although the need has been

recognized by the various standards bodies.
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IV. SUMMARY

A review of the wide variety of the tests used to describe aspects of behavior for

refractory materials has been undertaken.

In many cases for a specific property the method chosen can lead to some

bias in the results obtained. However, if care is taken with sample preparation and

test setup, then such effects can be reduced to a minimum, which would then

make valid comparisons easier.

Figure 11 Compressive stress–strain of 60% alumina brick.

Figure 12 Flexural stress–strain of 60% alumina brick.
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It is also difficult to accurately reproduce service conditions in test

methods, and care should be taken with subsequent interpretation.

Various bodies and committees produce test standards for refractory

materials. Table 7 summarizes the featured test methods available from British,

CEN, ISO, and ASTM bodies.
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17
Refractory Lining Design and
Installation

Charles A. Schacht
Schacht Consulting Services, Pittsburgh, Pennsylvania, U.S.A.

Michael Maupin
Maupin Enterprises, LLC, Northville, Michigan, U.S.A.

I. INTRODUCTION

Refractory lining design and installation are addressed here with respect to the

thermal and mechanical behavior of the lining system. The chemical aspects of

selecting refractory materials with respect to lining design and installation are

not addressed here. Fundamentally, acid and basic processes dictate the type of

refractory material (silica/acid and magnesia/basic) to be used. The primary pur-

poses of refractory linings are to insulate the process temperature from the sur-

rounding ambient temperature, to contain the product material, and to restrict

the support structure (typically a steel structure) temperature to reasonable tem-

peratures such that the steel maintains reasonable strength. Typically, carbon

steel begins to lose strength and stiffness (yield stress and elastic modulus,

respectively) at temperatures that exceed about 8008F (1). Based on the process

temperature, the basic geometry of the refractory lining system, and the type of

support structure, the second concern is the expansion forces developed in the lin-

ing and reacted by the steel support structure. This chapter describes the classical

brick shapes, the primary classes of refractory lining geometries, the fundamental

expansion behavior of each of the refractory lining geometries, the fundamentals

of the need for lining containment, and the fundamentals in the use of expansion

allowance material in the refractory lining system. Without appropriate lining

containment, no expansion forces are developed and expansion allowance

materials are of no use. Understanding the basic expansion behavior of each of
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the classical refractory linings configurations also greatly assists in knowing

where to place expansion allowance material and the amount of expansion allow-

ance material. Compressible blanket and board materials and plastics sheets are

often used as expansion allowance in refractory linings. Guidance is provided in

the amount of compressive displacement that can be anticipated in these

materials. Most refractories tend to soften, or go plastic, at elevated temperatures,

as shown in Figure 1. Figure 1 is the static compressive stress–strain data (SCSS)

for a 70% fired alumina brick. This behavior must be accounted for in the instal-

lation of expansion allowance. It should also be kept in mind that when the brick

lining is installed, special care is given to making sure that the brick mortar joints

are completely aligned. However, upon heatup of the brick, as expected, expan-

sion occurs more on the hot face than on the cold face. As a result, misalignment

occurs in the lining in the heated operating condition. The resulting compressive

bearing loads do not occur over the complete brick bearing surfaces in the heated

condition. Because of this behavior, “hinges” are developed in the lining in which

a small portion of the brick bears the compressive load. These hinges occur at

usually predicted locations based on the lining geometry. The locations of

these hinges will be discussed, which will assist in the location of expansion

allowance and also assist in zoning methods in the lining installation. That is,

more crack-resistant brick should be placed in the hinge regions where higher

operating stresses exist.

Castable lining systems are also addressed here in limited detail.

Basically, monolithic castable linings will behave in the same fundamental

Figure 1 Compressive stress–strain data on a 70% alumina brick.
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thermomechanical manner that brick linings behave. Brick linings have predeter-

mined cracks (brick joints), where as castable linings do not.

II. REFRACTORY BRICK SHAPES

Refractory brick shapes are provided in several geometric shape definitions

(2–4). Figure 2 describes these basic shapes. The shape name is defined below

each shape. There are the straight, split, soap, wedge, arch, key, skew, circle,

jamb, and semi-universal. Brick size is specified by the three orthogonal dimen-

sions starting with the largest dimension proceeding to the smallest dimension.

For example a 9-in. straight would be specified as 9 � 41
2
� 21

2
, 9 � 41

2
� 2,

etc. The straight is a rectangular shape. Splits and soap use the same procedure

for specifying the shape size. The split is basically a horizontal slice of the

straight, parallel to the largest face. The soap is essentially a slice of the straight,

perpendicular to the largest face. The wedge and arch shapes are specified,

for example, as 9 � 41
2
� (21

2
2 11

2
), with the taper on the smaller dimension.

A key size would be specified as 9 � (41
2
2 31

2
) � 21

2
, with the taper on the

intermediate dimension. Note the A � B � C procedure in each case in which

A is the largest dimension and proceeding to the smallest dimension C. There

Figure 2 Primary shapes of refractory brick.
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are several different skew shapes defined as end skew, edge skew, and side skew.

Predetermined schemes using combinations of the arch or key brick are usually

worked out by the supplier of the refractory shapes or the designer of the refrac-

tory lining to accommodate the desired radius of the cylindrical shaped lining or

the arch roof or of any lining in question.

Special shapes are also produced for various industries. For example, in the

steel industry, electric arc furnace (EAF) and blast furnace door jamb brick

shapes are produced by some refractory manufacturers. Other special shapes

include key shapes for blast furnace wall linings and arch-key and wedge-key

shapes for EAF domes. These latter two shapes have a double taper (taper on

both sides) that allows the brick to be laid to the desired contour of a dome.

These two shapes are laid in various combinations to make up the desired

dome radius. These shapes can be provided in various thicknesses such as 9 or

131
2
in. These shapes are also specified by a shape designation number that departs

from the scheme defined above. As in cylindrical linings, combinations of the

arch-key and wedge-key bricks are predetermined to make a desired dome radius.

EAF refractory dome designs are being replaced by more efficient water-cooled

steel domes (5). Fluid bed reactors also have interior process domes made of

special refractory shapes. In these shapes, through-thickness holes are incorpor-

ated into the shape that allow hot gas flow in which the hot gas flows upward

through the process dome and fluidizes the material resting on top of the

dome. Fluid bed reactors and blast furnace stoves are examples of roof domes.

Steel-making ladles frequently use a two-layer brick lining (work lining

and safety or permanent lining) in the ladle side wall. The brick lining against

the steel shell side wall (safety) is typically a 3- to 6-in. refractory brick, and

an insulation layer is sometimes used to help maintain the ladle’s shell below

critical temperatures. Sometimes a heat setting granular refractory material is

used to create a monolithic layer in the ladle wall as well. The semi-universal

shape (see Figure 1) has become a popular brick shape used for the work lining

(lining wetted by the molten steel). This shape has rounded ends that allow an

easier and faster installation to the cylindrical contour of the cylindrical steel

shell. The semi-universal can typically vary from 3 to 9 in. in thickness. The

semi-universal bricks are installed in a continuous spiral starting at the base of

the wall and ending at the top of the wall. The installation is started at the base

of the wall using special combinations of specially shaped bricks to the slope

of the spiral. The semi-universal bricks are selected by a designation system

defined by the manufacturer that defines the range of diameters that can be

accommodated according to the diameter of the ladle wall. Semi-universal bricks

are a variation in the shape of brick that can be installed in a range of shell dia-

meters and still maintain tight joint integrity and tight contact with the backup

lining or vessel shell. Ladle side walls are usually tapered in which the side

wall radius increases from the base of the wall 1
8
to 1

2
in. per vertical ft of height,
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causing the brick lining to be installed on a radius that increases with each course.

The ladle steel shell wall radius can vary from about 45 in. (small ladles) to over

140 in. (large ladles) and in height from 8 to 15 ft. Some ladles are not round but

are either elliptical or obround in shape, still tapering from top to bottom. Semi-

universal shaped brick can be installed in the straight sections of the wall by as

well as the curved sections by inverting the brick.

Steel-making ladle bottom linings are made in a variety of brick and types

of refractory materials. Ladle steel shell bottom designs range from flat plate to

elliptical dished plate. The flat bottoms are typically sloped to allow drainage of

the molten steel to the discharge nozzle. Dished bottoms are also sloped. The

molten metal discharges through a special slide gate design at the low side of

the sloped bottom that is activated by an external mechanism located at the

ladle bottom near the slide gate for discharging molten metal into the continuous

caster. In dish bottoms a castable, plastic refractory, or heat setting fill refractory

is used to establish a sloping flat surface for the brick shapes. The bottom brick

can be straights of various dimensions, but other shapes are sometimes used. Full

precast or cast-in-place castable bottoms are also used. The impact region of the

molten metal on the bottom is often made up of either thicker refractory or of a

more impact-resistant quality of refractory. The region between the bottom brick

and the sidewall brick is filled with a plastic refractory or castable refractory.

Special nozzle blocks are used at the discharge nozzle and around special porous

plugs used for gas stirring. A plastic or castable refractory is used between the

bottom straights and nozzle block or porous plug blocks.

Rotary kiln bricks or block shapes are typically arch, wedge, or circle

shapes. The kiln lining includes a proper combination of one-half, two-thirds,

and three-quarter splits. Manufactures have predetermined the combination of

kiln shapes for a desired kiln shell inside diameter.

It should be kept in mind that the vessel shell dimensions, such as the shell

radius of a cylindrical vessel, may vary from those specified on the design draw-

ings. Therefore, it may be prudent to provide actual vessel dimensions to the

organization responsible for determining the combination of shapes in the lining.

Arch refractory linings are used in a variety of furnaces and tunnel kilns.

Figure 3 describes the classical arch that is supported by skewbacks or skew

shapes. A variety of skew shapes can be used to make a skewback.

Coke ovens are probably one of the most complicated refractory structures.

For those not familiar with the steel-making industry, coke ovens are used to

make coke (from coal) for processing raw iron from iron ore in a blast furnace.

The coke ovens are made up of primarily silica block shapes (6). The shape

design of the various silica block shapes make up the walls in the coke ovens.

Hot gases flow internally through chambers in the walls. The walls are heated,

which in turn heat the pulverized coal, converting the coal to coke. Silica bricks

are used because of the very low expansion of the brick at higher temperatures,
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giving a very stable structure in the operating temperature range of a coke oven.

Special retaining mechanisms restrain the structure during initial heating when

the refractory undergoes a large expansion.

III. TYPICAL LINING GEOMETRIES

Lining designs can be classified into five major geometries. They are arches,

spherical domes, cylinders, cones, and flat walls. Each of these lining designs

behaves in a unique way when heated to operating temperatures. That is, when

the lining is heated and thermal expansion takes place, the lining will displace

Figure 3 The refractory brick sprung arch. (From Refs. 2 and 3.)
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and brick joints at certain locations will open. When the refractory bricks or

blocks are heated, the bricks or blocks are distorted by the thermal expansion

behavior and no longer fit the geometry of the lining. Therefore, brick or block

joints will open. The portions of the lining brick joints that are in compression

require quality mortar. The arch lining design can be used as an example to

demonstrate this point. Figure 4a illustrates the unheated arch as installed with

no loading and no hinges are formed. Figure 4b describes the spread arch (out-

ward displacement of skews). This would be equivalent to a heated arch having

too much expansion allowance. Figure 4c describes the arch with insufficient

expansion allowance. Note the hinges in Figure 4b and 4c form at the skews

and at the crown. In Figure 4b, the skew hinges are at the arch hot face and at

the crown cold face. In Figure 4c, they are on the opposite sides of the arch.

Because of the hinge formations at these regions, higher-quality brick should be

used in these regions of the arch. In addition, the brick mortar joints are not in full

use at these three regions. Even with a well-insulated arch with an insignificant

through-thickness temperature gradient, these hinges will still occur based on

the amount or lack of expansion allowance.

Refractory spherical domes form hinges at the base region of the dome (7),

one at the skewback and one a short distance up from the skew as illustrated in

Figure 5. This dome is restrained radially at the skew. The skew is in turn sup-

ported radially by a cylindrical steel shell and vertically by the cylindrical wall

lining not shown. Other refractory dome investigations (8) have shown that the

Figure 4 Hinge locations in a refractory arch.
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upper hot face hinge will migrate up and down in the brick joints above the skew

due to cyclic heatup and cooldowns. The result is cyclic stresses in this lower por-

tion of the dome. This helps to explain why the lower portion of the dome block

tends to deteriorate faster than the rest of the dome. This lower region of the dome

demands a higher-quality brick than the rest of the dome because of the cyclic

stressing in this region. The mortar joints in the upper portion of the dome lining

are in full bearing.

Cylindrical refractory lining systems are typical throughout industry. These

types of linings consist of either a single or multiple lining systems inside a steel

cylindrical shell. The steel shell provides the restraint as the lining inside expands

due to the thermal heatup. Figure 6 illustrates the behavior of the radial brick

joints. Typically, the joints compress on the hot face end region of the joint.

At the cold face end the joints open. Therefore, the critical portion of the lining

with regard to quality mortar joints is in the hot face region of the radial brick

joints. The cold face ends of the mortar joints are considerably less important

than the hot face end. The circumferential compressive stress results in a radial

compressive load of the lining against the steel shell.

In some instances such as in steel-making ladles, the steel cylindrical side-

wall shell has a taper in which the shell radius increases from the bottom to the

top of the wall. The shell wall can be classified as a truncated cone section. The

refractory lining, when exposed to a cyclic heating and cooling of the lining hot

face, will cause the lining to progressively ratchet upward in the tapered shell.

Figure 5 Hinge locations in a spherical refractory dome.
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Other examples of cylindrical lined vessels include blast furnaces, blast furnace

stoves, basic oxygen furnaces, torpedo ladles, shaft kilns, multiple hearth fur-

naces, and rotary kilns. Some refractory lined vessels have refractory lined con-

ical bottoms. When heated, the conical lining will want to displace upward.

Therefore, the top mortar joint of the conical lining is critical. The cylindrical lin-

ing will be critical in restraining the upward expansion of the conical lining. At

the ends of rotary kilns, restraint must be provided to contain and keep the kiln

lining within the kiln shell.

Flatwall linings are not themost desirable type of lining but are necessary for

rectangular shaped vessels. The hot face side of the lining brick joints (joints per-

pendicular to the hot face) will compress while the cold face end will open. Basi-

cally, the flat liningwill tend to curl inward, away from the flat shell. Typically, the

vessel steel walls consist of flat plate and are laced with stiffener members (Chan-

nel, I Beam, andWFBeam) on the exterior of the flat plate. Generally, anchoring of

the refractory in a flat wall is required to keep resisting the inward force developed

in the wall from heating. Specially designed anchors are used to anchor the refrac-

tory to thewall andmay bemade frommetallic or ceramicmaterials, depending on

the temperature and environmental conditions of the furnace. Examples of flat

Figure 6 Stress behavior in cylindrical lining brick component with a linear temperature

gradient.
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walls are glass melting tanks, steel reheating furnaces, annealing furnaces, tunnel

kiln walls, copper reverberating furnace, and steam boilers.

IV. EXPANSION ALLOWANCE

Expansion allowance is often used to reduce the expansion stress in the refractory

lining. Expansion allowance is often used in lining systems made of magnesia

and silica brick because of their high coefficient of thermal expansion. Approxi-

mate methods are used in which a percent of the full expansion displacement is

taken for the amount of expansion allowance. Materials such as cardboard and

plastic inserts are placed in brick joints that burn out at low temperatures. Com-

pressible blanket of board materials are also used. Typically, low-density (10 to

25 pcf) blankets will compress to about 10 to 20% of their original unloaded

thickness. Higher-density (50 to 60 pcf) board materials will only compress to

about 80 to 90% of their original unloaded thickness.

Mortar joints can be taken into account as contributing to expansion allow-

ance (8). The thickness of the mortar joints considered here are in the range of

1/32 to 5/32 in. (1 to 4 mm). Mortar joints approaching 1
4
in. (6 mm) are used

in some refractory lining systems such as coke oven walls.

In cylindrical refractory linings, expansion allowance can be used in the

radial brick joints or in the circumferential joints. The relationship between the

expansion allowance used in the radial joints for circumferential expansion

allowance (DC) and expansion allowance used in the circumferential joints for

radial expansion allowance (DR) is defined by the equation

DC ¼ 2pDR ¼ 6:28DR

That is, the expansion allowance used in the radial joints is an expansion allow-

ance that affects the circumferential growth of the lining, whereas the expansion

allowance used in the circumferential joint affects the radial growth of the lining.

In this example, assume a cylindrical lining that has an inside radius of

60 in. The lining is made of 57 magnesite bricks, each brick 6.61 in. in circum-

ferential length. The operating temperature is 20008F. In this example, 50% of

the total hot face thermal expansion will be eliminated by expansion allowance

material. The total circumferential thermal growth at the lining hot face (CE) is

CE ¼ (DT)(CTE)(C)

where DT is the increase in temperature from ambient, CTE is the coefficient

of thermal expansion of the magnesite brick, and C is the circumference of the

lining hot face. Therefore,

CE ¼ (2000� 70)(6:5E � 6)(2p� 60) ¼ 4:73 in.
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Using 50% expansion allowance, the total thickness of expansion allowance

material used in the radial brick joints would be 4.73 � 0.50, or 2.36 in. Using

a 1/16-in.-thick plastic material that burns out at about 3008F, in 38 (two thirds)

of the radial brick joints would amount to circumferential expansion allowance of

DC ¼ 57 radial joints� 2=3� 1=16 ¼ 2:37 in.

If a layer of expansion allowance material were used instead, at the lining cold

face, this radial expansion allowance material would have a thickness of

DR ¼ DC=6:28 ¼ 0:377 in. (about 3=8 in.)

Therefore, the use of 3/8-in.-thick radial expansion allowance material on the

lining cold face is equivalent to using 1/16-in.-thick expansion allowance

material in 38 radial brick joints. The use of expansion allowance at the cold

face of the lining would allow the radial joints to remain in a more stable closed

condition and minimize flow of process fluids or gases through the radial joints.

The use of plastic materials that burn out at a low temperature is perhaps

better than a refractory blanket expansion allowance material. The blanket

material may be easily compressed to a lesser thickness during installation,

resulting in a loss of expansion allowance.

Expansion allowance in silica brick dome-type refractory linings is typi-

cally used only in the lower portion of the dome. The estimated portion of the

dome above the skewback is in the lower quarter of the dome. Expansion plastic

allowance material is placed in the vertical meridional joints. Domes made of

alumina brick typically do not require expansion allowance.

V. LINING CONTAINMENT

It is important to remember that the refractory lining must be maintained in com-

pression during service. This is especially important when liquid metal is to be

contained. Consideration of the expected thermal gradient in the refractory

wall and expansion behavior of those materials and the steel shell at the tempera-

tures must be considered. If the steel shell expands too much at service tempera-

tures, compression of the lining is lost, allowing failure of the lining. If

allowances for expansion are not sufficient, the shell can be overstressed, causing

shell damage and failure. Insufficient expansion allowance can also cause crack-

ing and spalling of the lining refractory, leading to reduced lining life and failure

of the lining.

Linings that are fully contained (or restrained) in all directions will result in

a more successful lining. It has been shown that a fully contained lining is a

stronger lining (7). An example of a well-contained lining is a cylindrical refrac-

tory lining on the interior of a steel shell with end restraints at both ends of the
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cylindrical lining or a spherical refractory lining on the interior of a steel shell and

end restraint from the skew. It is important that the installed lining have full con-

tainment since a well-contained lining is not only a stronger lining but also a

more stable lining. Abrupt changes in lining thickness should be avoided since

the hot face end of the thicker lining will not be contained. A transition in lining

thickness can be accomplished by using corbelling, which allows a transition in

the lining thickness and a transition of the expansion stresses from two extreme

lining thicknesses. Any type of abrupt change in lining thickness in any type of

lining geometry is not desired.

Changes in the lining refractory quality can also affect the structure much

as dimensional changes. The differences in the properties of various refractories

can change the heat flux and stress patterns in a lining. This is a normal practice

where linings are zoned with different qualities of refractory, such as the slagline

of a steel-making ladle. For example, a slagline using a 7-in. carbon bonded

graphite bearing brick in the working lining, and a 3-in.-high alumina brick in

the safety lining, has a calculated shell temperature of 8458F. With a 7-in.-high

alumina lining as the working lining, it is calculated to have a 6028F shell tem-

perature. This difference in shell temperatures can pose a problem because of

stress imposed at the change boundaries because of differing expansion and

strengths of areas of the steel shell. High-strength insulation materials allow

reduction of shell temperatures without compression in service, enabling the lin-

ing to maintain compression and the shell to be kept at lower temperatures.

Hydraulic jacking is sometimes used in cylindrical linings as each layer of

lining is installed. The jacking assures a tight lining and provides containment of

each row. It is necessary to properly design for expansion in a lining installed in

this way to ensure a proper stress distribution in the lining. Improper allowances

will lead to spalling of the lining, damage to the shell, and loss of containment. If com-

pressible blanketmaterial is used as expansion allowance, then a portion of the expan-

sion allowance is depleted because jacking compresses these blanket materials.

VI. STAGGERED JOINTS

Most refractory brick linings are installed with staggered joints. From the thermo-

mechanical viewpoint, this is good practice since a torturous path is created for

process gases and fluids. The compressive loading on the hot face of a properly

restrained refractory lining also creates a mechanical seal to assist in preventing

flow of the process gases and fluids to the back side of the lining. Typically, the

backsides of the lining radial brick joints tend to open during the fully expanded

condition of the lining. Therefore, the staggered joints are a valuable addition

of mechanical seals. That is, the staggered joints allow the circumferential joints

to act as mechanical seals. For example, staggered joints in a double-layered
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cylindrical lining can apply to the radial joints or the circumferential joints. That

is, a staggered thickness of the double-layer lining can be employed. However,

with the staggered thickness of the double-layer lining, the radial joints cannot

be staggered. The staggered radial joint of a double-lining system is the more

popular lining system. Figure 3 shows that the bonded roof design of a sprung

arch can be classified as an arch roof with staggered joints. Note also that the

flat tunnel kiln walls have staggered joints along the length, height, and thickness

of the wall.

VII. SELECTING THE BEST REFRACTORY

In selecting the best refractory for the applications, it is important to know the

environment the refractory will be exposed to. The refractory engineer dealing

with the chemistry aspects must make the appropriate decisions with regard to

chemical compatibility with the process. Mechanical aspects should also be

examined such as those listed in the ASTM Standards, Volume 15.01, Refrac-

tories; Carbon and Graphite Products; Activated Carbon. All of the refractory

testing standards are too numerous to list here. The major groups for testing

standards for refractories include General; Basic Refractories; Carbon–Carbon

Ceramic Brick; Fireclay Refractories; Insulating Firebrick; Mortars, Plastics

and Castables; and Silicon Carbide Refractories. The next major category is

Manufactured Carbon and Graphite Products. The third category is Activated

Carbon, and lastly Advanced ceramics. The refractory standard tests are estab-

lished for bulk density and porosity, cold crushing and modulus of rupture at

room and elevated temperature, thermal conductivity, thermal expansion, creep

and modulus of elasticity (MOE), or Young’s modulus by sonic method.

The sonic method used to determine the refractory MOE usually results in a

conservative estimate (too high) of the refractory MOE when compared to the static

compressive stress–strain (SCSS) data. The sonic tests also do not provide a com-

plete stress–strain relationship over the full stress and strain range. That is, the sonic

test provides the slope (MOE) of the stress–strain curve at a very low stress due to

the nature of the sonic test. Often the three-point bending test is used to establish a

stress–strain data curve. However, due to the very limited tensile strength, the data

curve is very limited. According to available information, the tensileMOE and com-

pressive MOE are not similar. Therefore, the stress–strain data curve from the

three-point bending test leads a mix of tensile and compressive stress–strain beha-

vior. The SCSS test provides the best stress–strain data curves for room and elev-

ated temperature. The outstanding problem is that there is no ASTM standard for the

SCSS test. A limited number of labs can conduct SCSS tests. The SCSS data curves

provide the most accurate data to predict the compressive stress–strain behavior

of a lining system (10). SCSS data on candidate bricks also provide valuable
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information. These data can be used to choose the brick that has the greatest

combined ultimate compressive stress and ultimate compressive strain.

Refractory materials generally have values reported for expansion as reheat

expansion on supplier literature. It is important to understand that reheat expansion

(contraction) is a simple test that gives values for the first heating of a refractory

but does not report thermal expansion. Reheat expansion is sometimes called per-

manent expansion and occurs on first use of the refractory. The refractory can

undergo changes to chemical, crystal, and mechanical properties during the initial

heating. Thermal expansion, sometimes called reversible thermal expansion, is the

change of size as the material is heated and the contraction when cooled. Both

values are important to the performance of the refractory. Changes in material

properties at temperature are especially important with castables, carbon–carbon

refractories, and composite materials. Changes in these properties are usually not

linear along the thermal gradient through the lining. Other properties important to

the structure and performance of the lining are not linear as well, including

strength and thermal conductivity.

VIII. CASTABLES

With respect to the thermal expansion behavior of castable linings, they can be

defined as a brick lining without joint. Tensile fracture will be initiated in the

same regions of hinge formation in a brick lining. The manner in which a castable

is installed has a significant influence on the stiffness and strength of a castable

(9). Vibrated castable is significantly stiffer than gunned castable. Both vibrated

and gunned castable with steel fibers are less stiff than that without steel fibers.

Since steel fibers have a greater coefficient of thermal expansion than most refrac-

tory types of castables, the thermal growth of the fibers is greater than that of the

castable. As a result, tensile fracture cracks are developed in the castable in the

vicinity of the fiber. Large vibrated monolithic sections of castable are not always

better than the simply poured castable monolithic sections without vibration. The

through-thickness temperature gradient can cause the large monolithic sections to

thermally curl. With the higher stiffness and strength of vibrated sections, signifi-

cant distortions and displacements will occur. Installing castable with steel fibers

will not necessarily provide a stronger castable, but it will keep fractured pieces

attached to the remainder of the lining. This is desirable to prevent clogging of

various discharge openings in the vessel.

When using castables, it is important to consider the initial heating of the

material. Castable undergoes considerable chemical changes during the initial heat-

ing, causing liberation of water from the refractory structure. Mechanical water that

forms steam at 1008C (2128F) can place minor stress on the structure but is usually

generated slowly and able to migrate through the porosity of the refractory body
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without damage. Chemical water liberated from changes to the chemistry of the

castable as the structure is subjected to heat is generally liberated at elevated tem-

peratures. This causes rapid formation of high-energy steam at 4008C to 6008C.
This steam can be explosive to the structure and cause considerable damage. In

some cases, explosions, destructive to the structure and dangerous to surrounding

personnel and equipment, are possible. The initial heating schedule should allow

for very slow heating through the critical temperature range. The use of organic

fiber in the castable has enabled castable refractory to be heated at faster rates

by improving the ability of steam to migrate out of the structure without damage.
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80% and 85% alumina brick, 99–101

50% and 60% alumina class brick,

97–98

health and safety with, 106–107

insulating firebrick, 96–97

manufacturing of, 88–89

90% and 99% alumina class brick,

101–103

properties and microstructure of,

89–94

[Alumina-silica brick]

refractory raw materials, 84–85

changes on heating, 85–88

dehydroxylation of clay, 85–88

sillimanite and bauxite, 88

selected case studies, fireclay and high

alumina, 103–106

semicordierite brick and kiln furniture,

94–95

70% alumina brick, 98–99

technology of, 81–84

Alumina, 17, 24, 34

Alumino silicate, 17, 20

Alumino silicates, 467

Ammonia reformers, 406–407

Anti-clogging characteristics, 195

AOD process, 191

Apparent porosity, 436, 439, 440

Basic refractory, 17

Biaxial stress state, 374

Blanket and board expansion allowance,

388–390

Blast furnace walls, 211–214

Brazil test, 13

Brick arch and dome hinges, 481–482

Brick/mortar joint behavior, 378–379
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Bridge walls, 399

Brittle, 16, 24, 26, 32

Bulk density, 436, 439–440, 441, 442,

446, 447, 450, 452, 462, 463, 467,

468

Byproducts coke oven battery, 415

AISI tall coke oven battery project

effect of charging rate, 432

effect of operating delays, 428, 429,

430

effects of wall stiffness, 423

two stage movement, 426, 430

wall location, 425, 430

wall motion sensor, 421

wall movement vs. charging, 421,

422, 425, 426, 427, 428, 429, 430,

431

wall movement vs. bulk density,

425, 426, 427, 428, 429, 430, 431

buckstays, 415

charging holes, 415

coke side, 416

coking coal

bulk density control, 416, 425

coal charging, 415, 416

coking pressure, 423, 429

preheated coal, 415, 416

wetcoal, 415

flues, 415,419

heating walls, 415

dimensions, 417

number of, 415

thermal gradients, 417

wall taper, 417

refractories, 416

interlocking shapes, 417

quartz versions, 417

silica brick, 416

silica mortar, 417

thermal expansion, 417

heating wall damage

forensic study, 418

refractory stress, 418, 419

stress distribution, 419

unbalanced pressure, 418

wall flexure and movement, 418

[Byproducts coke oven battery]

heating wall damage, cause of

cause of movement, 421

cyclic stresses, 420

induced stress, 418, 419

measure movement, 420

wall movement, 418, 419

history of, 418

machinery

door machine and coke guide,

416

larry car, 416

pusher machine, 416

quench car and tower, 416

operating temperatures

ovens

dimensions, 417

number of, 415

oven taper, 417

pinion walls, 415

pusher side, 416

tie rods, 415

CaO-MgO phase diagram, 186

Carbon, 201, 450, 453, 456, 457, 461,

464, 469, 470, 473

Carbon bonding

chemical, 193

physical properties, 193

resin bond, 193

tar bond, 184

Carbon monoxide attack, 453, 470 (see

also CO attack)

Carbon monoxide resistance, 453 454

Carbonaceous refractory materials

blast furnace walls, 211–214

ceramic refractory comparison,

210–211

classification

carbon, 201

graphite, 203

hot pressed carbon, 202

hot pressed semigraphite, 204

semigraphite, 204

semigraphitized carbon, 204

comparison of heat flow, 209
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[Carbonaceous refractory materials]

composition and baking temperature,

205

grain size effect, 209

properties and characteristics

carbon, 205, 206

graphite, 208

hot pressed carbon, 206

hot pressed semigraphite, 207

semigraphite, 207

semigraphitized carbon, 207

Case studies of corrosion, 53–75

Castables, 17, 30, 35, 335, 336, 348, 442,

445, 447–448, 450, 459, 460,

472–473, 488–489

Castable surface chemistry

agglomeration (see also Flocculation),

336–339, 341, 343, 345, 362,

363

alumina, 337, 345, 351–355, 362

castables, 335, 336, 348

installation of, 336

low-cement, 336

pumpable, 336, 362

rheology (see Rheology)

self-flowing, 336, 363

shotcrete, 336, 344, 362

ultralow-cement, 336

zero-cement, 354–356, 358, 363

cement, 344, 348, 359–363

calcium aluminate, 336, 358, 359,

361

dissolution, 360

hydration, 359, 361

chemical admixtures (see Dispersants)

coagulation (see Agglomeration)

counter-ions, 341, 343, 348

Debye parameter, 343–345

deflocculant (see Dispersant)

dispersant, 336, 344, 348–363

adsorption, 339, 344, 348, 351,

352–355, 360

anionic/cationic, 349–351, 353

architecture, 361, 362

charge density, 354, 355, 360, 361

conformation, 348, 358

[Castable surface chemistry]

functional groups, 349, 353, 355,

360, 361

intercalation, 360

length, 348, 360–362

polyelectrolyte, 349

polymeric, 355

dispersion

mechanisms, 336, 339, 343, 348,

349, 362

of particles, 335–337, 343, 345, 348,

355, 361–363

DLVO theory, 341–345, 357

electric potential, double layer (see

Layer)

surface, 341, 343, 345, 348, 351

Stern, 341, 343–347

flocculation

bridging, 356–358

depletion, 356–358

Hamaker constant, 337

ionic strength, 345, 348, 354, 358, 362,

363

isoelectric point (IEP), 351, 355

layer

diffuse, 341, 346–348

electric double, 339–341, 345,

346

steric, 358

Stern, 341, 344, 346, 348

measuring techniques, 346, 347

potential energy

attractive, 337, 341

repulsive, 341, 343

total, 341, 345, 348, 362

rheology

of castables, 336, 339, 348,

354–356, 358, 359, 361,

362

of suspensions, 335, 339, 345,

354–356, 358, 362

silica (see Silicon oxide)

silicon

carbide, 340, 341

nitride, 340, 341

oxide, 341, 351, 362
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[Castable surface chemistry]

surface

charges, 336, 339–341, 344, 346,

348, 352

chemistry, 335, 336, 348, 359

electric potential (see Electric

potential)

forces, 335–337, 339, 345, 355, 361,

362

modification, 349–352

oxidation, 341

point of zero charge (PZC), 340,

341, 344

van der Waals (see Potential energy

and Surface forces)

zeta potential, 345–348, 351, 354–356,

358

Cement production applications, 192, 191

Ceramic fibers, 327

Ceramic properties, 9

Chemical analysis of dolomite raw

materials, 186

Chemical analysis, 437, 467

Chevron notch specimen, 21

Choosing best refractory, 374, 487–488

Circulating Fluid Bed Combustors,

(CFBCs), 411

alkali attack, 414

high ash content fuels, 412

expansion joints, 399

erosion, 401,402,403,413

fluid catalytic cracking units, (FCCUs),

401

coke filled refractories, 402, 403

properties of, 404

CO attack, 470

Cold crushing strength (CCS), 436, 441,

442, 468, 473 (see also

Compressive strength;

Compressive stress)

Compressive strength, 436 (see also Cold

crushing strength; Compressive

stress)

Compressive stress, 462, 464, 466 (see

also Cold crushing strength;

Compressive strength)

Compressive stress-strain, 436, 463–464,

466

Corrosion of refractories, 39–77

case studies of corrosion, 53–75

corrosion (phenomenological

description), 42–47

reaction and temperature gradients,

43–44

thick wall, 45–47

thin wall, 44–45

corrosive environment, 39–41

equilibrium and phase diagrams, 47–49

laboratory slag tests, 75–76

porosity and corrosion, 41–42

refractory and slag compatibility, 40

acidity and basicity, 40–41

selected models for slag attack, 49–53

Corrosion resistance, 436, 445, 451–452,

470

Creep, 436, 450, 455, 462, 471, 474

Cylindrical lining behavior, 482–483

Coefficient of thermal expansion, 371

Compressive strength, 5

Compliance, 14

Composites, 12

Conductivity, 3, 7, 8

Corrosion, 8, 9, 12

Crack, 11–38

bridging, 28, 29, 30, 34, 35

friction, 30

growth resistance, 32

mouth opening displacement, 29, 30

opening displacement, 29, 30

process zones, 11, 19, 28, 29

stoppers, 19

wedging, 30

Cylindrical lining behavior, 380–384,

387–388

Data sheets, 436

Density, 5, 439–441, 442, 446, 447, 450,

452, 456, 462, 463, 467, 468

Design properties, 455–466

Direct-bonded doloma, 184

Direct-bonded dolomite

chemical analysis, 193
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[Direct-bonded dolomite]

microstructure, 190

properties, 193

Doloma

chemical analysis, 187

definition, 185

high purity, 186

physical properties, 187

synthetic, 185

Doloma brick

hydration susceptibility, 189

slag resistance, 189

steelmaking, 188

Doloma in steelmaking, 183

Doloma-graphite SEN, 197

Dolomite, 442, 454, 459, 467, 470

Dolomite monolithics

repair materials, 195

safety linings, 195

working linings, 195

Dugdale, 28

Dynamic modulus of elasticity, 462, 463

EAF dome, 478

EAF door jamb, 478

80% and 85% alumina brick, 99–101

Emissivity, 450, 460

Equilibrium and phase diagrams, 47–49

Erosion, 8, 9

Exudation, 454–455, 470

Expansion allowance examples,

390–393, 484–485

Fibers, 30

Fiber blanket, 460

50% and 60% alumina class brick, 97–98

Finite element analysis, 378

Finite element modeling, 455, 462, 463

Firebrick, 446, 448, 456, 459, 461

Fireclays, 17, 24

Fired doloma, 184, 196, 192

Flat wall lining, 387, 483

Flaw size, 17

Flexural strength, 5, 6, 443

Flexural stress–strain, 436, 464, 465, 466

Flowability, 3

Fluid bed reactor domes, 478

Four point bend, 443, 464, 465

Fracture, 11, 12

criterion, 32

nonlinear, 19, 26, 31, 34

toughness, 14, 16, 17, 20, 27, 35

Frontal process zone, 20, 28

Furnaces, 397

anchorage, 398

ceramic fiber use, 399

expansion allowance, 397

lining design, 399

Glass contact refractories, 452, 454

Grain bulk density, 468

Graphite, 203

Gravity load, 370

Griffith equation, 14

Gunning mixes, 10

Hasselman Parameters, 451, 472, 473

Heatflow, 455, 456, 457, 458 459

High purity doloma microstructure, 185

Hot modulus of rupture (Hot MOR), 436

(see also Modulus of Rupture)

Hot pressed carbon, 202

Hot pressed semigraphite, 204

Hydration resistance, 454, 470

Hydration resistance

natural doloma, 190

synthetic doloma, 190

Hydrocarbon, 3

Hydrogen-silica reactions, 405, 406, 408

Incinerators, 410

Inductively Coupled Plasma, LC.P, 437

I-integral, 11, 13, 14, 19, 20, 24, 25, 26

Insulation, 441, 442, 445, 456, 458, 460,

468, 469

Kinetic crack growth, 18

Laboratory slag tests, 75-76

Ladle refining applications, 194

Lining containment, 485–486

Lining design, 385
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Lining geometries, 480

Lining restraint, 387

Lining system, 369

Load types, 370

Loading rate, 15

Magnesia, 439, 454, 456

Magnesia carbon, 459

Magnesia chrome, 442

Magnesia graphite, 461

Magnesia refractories, 109–149

applications for, 138–144

industrial industries, 142–144

cement, 142

copper, 143–144

glass, 142

classification of, 136–138

by American Society for Testing and

Materials, 138

by International Org. for

standardization,136–138

by other organizations, 138

refractory forms, 136

by U.S. Government, 136

definitions of, 109–110

examples of, 144

magnesia–carbon paradox, 126–128

manufacture of, 131–136

burning, 135

drying, curing, tempering, 135

final inspection, 135–136

post-treatments, 135

pressing or forming, 134

raw materials handling for, 131–134

batching of, 133

crushing, grinding, and screening

of, 132–133

mixing of, 133–134

receiving, 132

specifying, 131–13 2

raw materials used in manufacturing

of, 110–131

binders, 129–131

inorganic, 130

organic, 130–131

carbon black, 124–125

[Magnesia refractories]

chrome ore, 118–121

characteristics of, 120–121

production of, 119–120:

Philippine chrome ore, 120;

Transvaal chrome ore, 119, 120

properties (chemical and

physical) of, 118–119, 121

sources of, 119–120: Philippine

chrome ore, 120; Transvaal

chrome ore, 119–120

dead-burned dolomite, 129

dead-burned magnesium oxide,

111–118

characteristics of, 114–118: bulk

density, 117–118; crystallite size,

117; impurities, 114–117; MgO

content, 114; thermal expansion,

118

production of, 112–113: natural,

112–113; synthetic, 113

properties (chemical and

physical) of, 118

sources of, 111–112: natural,

111–112; synthetic, 112

doloma (see Dead-burned dolomite)

forsterite, 129

graphite, 125–126

magnesia (see Dead-burned

magnesium oxide)

magnesia-chrome grain, 121–122

magnesite (see Dead-burned

magnesium oxide)

magnesium aluminate spinel,

122–124

metals, 128-129

reasons for using, 128–129

types of, 128

MgO (see Dead-burned magnesium

oxide)

nonoxides, 128–129

reasons for using, 128–129

types of, 128

periclase (see Dead-burned

magnesium oxide)

pitches, 130–131
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[Magnesia refractories]

from coal, 130–131

from petroleum, 131

resins, 131

novolacs, 131

resoles, 131

steelmaking, 138–141

primary steelmaking, 138-141

basic oxygen furnaces, 139,

140–141

electric arc furnaces, 140, 141:

argon oxygen decarburization

reactors, 140; open hearth

furnaces, 139

secondary steelmaking, 141

degassers, 141

ladle metallurgical furnaces,

141

slide gate plates, 141

tundishes, 141

terminology related to, 110–111

Magnesite, 442, 459, 467, 470

Mathematical modeling, 435, 456, 463

Mechanical material property, 372

MgO enrichment, 191

Microcracks, 28

Microcracking in fired doloma, 191

Microscopic examination, 438–439

Microscopy, 435, 439

Microstructure, 35, 436, 439, 452

fired doloma brick, 190

high purity dolomite, 185

microcracking, 191

zirconia additions, 191

Mineralogical analysis, 437–438

Modulus of elasticity (MOE), 152, 372,

449–451, 462–463

Modulus of rigidity, 462, 463

Modulus of rupture, 5, 13, 436, 441, 443,

444, 448, 450, 451, 464, 469 (see

also Hot Modulus of Rupture)

Mortar joint behavior, 376–378

Mullite, 10

Multiple cracking, 28

Naphtha reformers, 404, 405

[Naphtha reformers]

thermal conductivity in hydrogen

atmospheres, 405

90% and 99% alumina class brick,

101–103

Nonporous, 3

Non-wetting, 2

Notched beam test specimen, 16, 22

Penetration, 2

Permanent linear change (P.L.C), 436,

446–447, 469

Permanent volumetric change, 446–447,

469

Permeability, 444–445, 452, 468, 472,

473

Petrochemical, 6

Phosbonded plastic, 10

Plasticity, 16

Poisson’s ratio, 436, 451, 462, 463

Pore size distribution, 445, 452, 468

Porosity, 5

Porosity and corrosion, 41–42

Powder density, 468

Properties of refractories, 396

Pumpable, 3

Pyrometric cone equivalent (P.C.E.), 436,

445–446, 469

Quasi-static crack growth, 18

Rammability, 4

R-Curve, 11, 12, 19, 22, 29, 31–33, 35

Refractoriness under load (RUL), 436,

448, 462, 469

Refractory aggregates, 11

Refractory and slag compatibility, 40

Refractory brick shapes, 477

Refractory castables

bonding, 265–269

composition, 260–270

physical properties, 270–283

types, 260

Refractory properties, 442

Resonant frequency, 450, 462, 463

Roof hanger support, 388

Rotary kiln lining, 479
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RST values, 197

RWTUV, 151

Scanning electron microscopy, 439

Seal pots, 404

Selected models for slag attack, 49–53

Semicordierite brick and kiln furniture,

94–95

Semigraphite, 207

Semigraphitized carbon, 207

Seventy percent alumina brick, 98–99

Shaped, 3

Silica brick, 442, 449, 461, 467

CIC tests, 152

modulus of rupture, 153

silica KD, 151, 153

creep response, 174–175

hot crushing strength, 172–173

MOE, 169

MOR, 170

SCSS data, 152, 153, 155–160

thermal expansion, 167–168, 176

silica KN, 151

creep response, 176, 180–181

hot crushing strength, 176, 179

MOE, 176–177

MOR, 176–178

SCSS data, 152, 153, 155, 162–167

thermal expansion, 172

specimen size, 152

test temperature, 152

Silicate bridging, 28

Silicates, 12, 15, 16, 29

Silicon carbide, 450

Slag, 12

line, 12

test, 9

Slide valves, 404

Sol-gel bonding, 7

Spalling, 450, 469

Specific heat capacity, 436, 450, 460

Spinel containing refractories

corrosion, 238–240, 243–249

grain, 226–229

microstructure, 229, 230, 232, 238,

242

MgO-Al2O3 reaction, 222

[Spinel containing refractories]

MgO-MA refractories, 230–240

castables, 237

in cement kilns, 235–236

corrosion, 238–240

in glass tanks, 234–235

in steelmaking, 231–233

MgO-Al2O3-TiO2 refractories,

249–252

MgO-Al2O3-ZrO2 refractories, 249

phase Diagram

electrofusion, 223–224

hydrothermal, 225

mechanochemical alloying, 225

mixed oxides, 221–223

MgO-Al2O3, 219

molten salts, 225

powder synthesis, 221–225

sol gel, 224–225

wet synthesis, 224–225

properties 216, 217, 219, 228, 229,

233, 234, 236, 241, 242, 250,

251

spinel

crystallography, 217–218

MA properties, 217, 219

stoichiometry, 218, 220, 221, 227

types, 215, 216, 230

spinel-bonded spinel, 248–249

spinel-C, 252

Sprung arch design, 480

Staggered joints, 486–488

Stainless steel fiber, 403

Static compressive stress/strain (SCSS)

data, 372, 476

for alumina brick, 373

for silica brick, 155–167

Static modulus of elasticity, 463

Strain, 450, 461, 462, 463, 464, 465, 466

Strain-controlled load, 370, 371

Strain energy release rate, 20, 24, 26, 27,

31, 33

Steels, 17

Stress, 436, 441, 443, 446, 448, 449, 450,

455,460, 461,462, 463, 464, 465,

466, 472

Strengths, 15, 18, 35
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Stress-controlled load, 370, 371

Stress state dimensionality, 373

Sulfur plants, 409

silica fume additions, 410

Surface energy, 23

Tancrede de Dolomieu, 183

Tensile tests, 443

Thermal conductivity, 436, 440, 449,

450, 455–460, 471, 473

Thermal expansion, 436, 449, 450, 451,

460–462, 464, 471, 473, 474

Thermal material properties, 372

Thermomechanical, modeling, 450

Thermal shock, 6, 11, 13, 33, 35, 436,

445, 449–451, 469, 472, 473, 474

Thermal stress, 13, 17

Thermo elastic, 18

Thermomechanical behavior, 436, 455,

474

Three point bend, 443, 451

Tough, 24, 26, 35

Triaxial stress state, 375

True density, 440–441, 468

True porosity, 435, 440–441, 467, 468

Tundish nozzles, 196

Ultimate crushing strength, 152

Unshaped, 3

Unshaped Refractories

ceramic fibers, 327

chemical composition, 296

chemically bonded castables, 294

classification, testing, 297

coatings, 296

definitions, 292

deflocculated castables, 293

low cement castable LCC, 292

medium cement castable MCC,

293

no cement castable NCC, 294

ultra low cement castable ULCC,

294

dehydration of castables, 329

dehydration of clay bonded products,

330

[Ultimate crushing strength]

dry mixes, 295

drying, 328

European Standard EN 1402, 291

heating up, 328

injection mixes, 296

maximum grain size, 293

metallic fibers, 326

methods of placement, 300

concrete work, 301

gunning, 305

ramming, 304

shotcreting, 305

organic fibers, 326

plastic refractory material, 295

PRE, 289

preformed shapes, 328

properties of unshaped refractory

products, 306

castables, 306

plastic refractories, 315

refractory ramming material, 315

refractory gunning materials, 317

special products, 323

refractory gunning materials, 294

refractory jointing materials, 295

refractory moldable material, 294

refractory ramming material, 295

regular castables, 293

setting of castables, 303

shotcreting, 319

SIPRE, 290

standardization, 288

tap hole mixes, 296

test pieces, 298

VDEh code, 299

vibrating, 3, 301

yie1d by vo1ume, 293

Wake region, 19, 20, 28

Wedge splitting test, 11, 24, 25

Window glass, 17

Work of fracture, 16, 18, 20–26, 29, 32

Workability, 4

Zirconia additions, 191, 192
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