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A. INTRODUCTION

The successful use of ceramics to solve materials problems involving severely corrosive conditions
at high temperatures covers a wide range of applications and industries.

This chapter is focused on the corrosion of: (i) industrial refractories for heat and mass con-
finements in combustion, chemical, metallurgical, materials manufacturing, and related processes,
and (ii) structural ceramics that substitute for high-temperature metallic alloys in, for example, gas
turbine components in the automotive and aerospace industries and in heat exchangers in various
segments of the chemical and power generation industries.

Refractories and structural ceramics are generally thought to be inert and corrosion resistant, as
compared to metallic alloys, and they are, relatively so, at room temperature, under dry atmosphere,
over long time intervals. With increasing temperatures and specific chemical, mechanical and
physical gradients, the propensity to degradation increases rapidly.

Degradation, deterioration, decomposition, and wear are all words used to describe corrosion of
these materials. Corrosion of refractories and ceramics is indeed a complex phenomenon to describe
and no single word properly fits. Corrosion involves a combination of different mechanisms, such as
dissolution and invasive penetration, where diffusion, grain boundary and stress corrosion may all be
present, and oxidation-reduction reactions where absorption, desorption, and mass transport
phenomena all come into play.

Exhaustive definition of the material, including its microstructure and surface characteristics, are
always needed, as in any corrosion study. Here one has to realize that refractories and structural
ceramics texture are widely different. Texture means the spatial arrangement of the different
phases (minerals and chemicals) from the micron level (1 um) up to 10 mm. In fact, refractories
are multiconstituent solids, with varying degrees of crystallinity (in many cases with some
glassy phase), with varying degrees of purity (natural and/or synthetic raw materials) with a
wide grain size distribution (from 1 to 10,000 um) with different grain morphology (spherical, flat,
or elongated), some with highly anisotropic behavior (many noncubic crystal structures), with
inherently high open porosity, as opposed to structural ceramics that are finer grains, purer,
and denser.
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The exponential increase with temperature in the reactivity of solids and the use of refractories and
structural ceramics under pronounced thermal gradients make the study of corrosion of these
materials very complex.

A simple, all-encompassing, general theory of corrosion of refractories and structural ceramics
does not exist. The interplay between dissolution, penetration, and texture is not sufficient to take
into account all the interactions possible with so many parameters involved. This complexity may
provide the reason for the shortage of reliable comparative information on the resistance of ceramics
to chemical corrosion. Carniglia and Barna [1], on refractories, and McCauley [2], and Lay [3], on
technical ceramics, have provided useful compilations.

The last aspect worth mentioning in this introduction is that corrosion of refractories and
ceramics at high temperatures is essentially a chemical rather than an electrochemical phenomenon.
Electrochemical dissolution has been considered for the corrosion of refractories in glasses and for
the corrosion of oxides (as pure compounds or as minerals) and ceramics in aqueous media at lower
temperatures.

B. CORROSION OF INDUSTRIAL REFRACTORIES

Having postulated that corrosion of refractories is essentially the result of a chemical reaction,
where the rate-determining step does not involve electronic charge transfer at the reaction
interface, this section is divided into two parts: the basic principles and a review of corrosion
resistance by broad classes of materials. Corrosion testing of refractories and ceramics is considered
in Chapter 66.

1. Basic Principles

To predict the corrosion of refractories in a given environment, it is worthwhile, first, to consider
the concept of acidity-basicity, and second, to estimate the driving force for corrosion using
themodynamic laws. This should also be done in two steps: (1) verify the available thermodynamic
data for the thermal stability of each constituent, and (2) then make the appropriate thermodynamic
calculations to estimate the free enthalpy variations, (AG )r, for all possible reduction or oxidation
(redox) reactions that may occur between constituents themselves and between constituents and the
environment (gases and/or liquids). To understand the corrosion processes and to select the best
refractory for a specific application, kinetic data are required. The principles of penetration,
dissolution, and spalling will be presented in the following sections in order to appreciate the
particularities of liquids, hot gases, and dusts on corrosion of industrial refractories.

1.1. Acid-Base Effects One must consider the chemical nature of the reactants (S and L or S
and G), since materials of dissimilar chemical nature, when in contact, will react, especially at
high temperatures. The chemical nature of the reactants is best described using the concept of
acidity and basicity, a familiar idea but of limited value since a single precise understanding of
high-temperature acidity and basicity of all compounds (pure and in solution) has not been
developed.

Silica (SiO2) is the best example of a solid acidic oxide that should be used in applications where
the destructive materials (liquid or gaseous) are chemically acidic, for example, coal gasifier ash or
ironmaking slags or in N2O5 or SO3-SO2 atmospheres, the most acidic gases. Magnesia and doloma
are basic in nature and should be used in applications where slags or gases are generally basic, for
example, steelmaking slags and liquid clinker melt in the rotary cement kiln. These generalizations
are first approximations that are insufficient in many cases because, in many industrial processes, the
corrosive environment changes from acidic to basic during the operation. Nevertheless, the first rule
is to make the acid-basic character of the refractory constituents similar to that of the corrosive fluid
(liquids and/or gases) to increase the corrosion resistance.



The following table lists the acid-base nature of various compounds.

From most acidic
Gases N205(g)

S03(g)
S02(g)
C02(g)
B203(g)
V205(g)

Solids SiO2

TiO2

ZrO2

Fe2O3

Cr2O3

Al2O3

FeO
NiO
MnO
Mgo
CaO
Na2O (s or g)
K2O (s or g) to most basic

Silica, zirconia, alumina, magnesia, and lime are the most important binary oxides in refractories.

1.2. Thermodynamic Calculations The second approach to predict the corrosion resistance of
industrial refractories is to make the appropriate thermodynamic calculations, to evaluate the
thermal stability of each constituent, to consider the melting and dissolution behavior, and finally to
assess redox potentials.

1.2.1. Thermal Stability Prior to Melting. Several polymorphic transitions may occur that change
the microstructural integrity of the solids, as they are being heated, some reversible and some
irreversible, with some well-known disruptive transformations, as for silica or zirconia. Other
transitions are the decomposition of mixed oxides (e.g., ZrSiO4 — > ZrO2 H- SiO2), the devitrification
of glassy phases, the crystallization of high-temperature phases for amorphous or poorly
crystallized ones (e.g., the graphitization of carbon). For such modifications, large volume
variations may occur, creating sufficiently large compressive, tensile, or shear forces to cause
microcracks, hence porosity, an important aspect of the corrosion of refractories.

Other volume changes or debonding may occur due to thermal mismatch when solids are heated.
All noncubic-lattice refractory compounds, for example, Cr2O3 (hexagonal), Fe2O3 (trigonal), and
ZrO2 (monoclinic), are susceptible to disruptive intercrystalline debonding since they exhibit
thermal expansion anisotropy. Another cause of debonding is the juxtaposition of two constituents of
different properties, such as different thermal expansion coefficients (e.g., alumina-mullite, mullite-
silica, and magnesia-chromite). In fact, in most refractories, phase boundary microcracking can be
expected.

1.2.2. Melting Behavior and the Use of Phase Diagrams. It is still often the case that constituents
of refractories are subjected to higher temperatures in service than those attained during their
previous history. Frequently, refractories cannot be regarded as being at equilibrium, and it is useful
to calculate the amount of liquid that they may contain at a given temperature. For this purpose, one
uses thermodynamic principles (e.g., minimization of energy techniques for multicomponent
systems) like the SOL/ GAS mix protocol and the phase rule, and all data available on the
thermodynamics of solutions as well as on the thermodynamic properties of the pure compounds
under stable and metastable conditions.

For many years, compositions of refractories were limited to individual minerals as mined. With
time, it was recognized that nature did not proportion the oxide contents of the minerals in the most
suitable ratio for optimum refractory performance. As pure oxide became available and affordable in
terms of cost (first alumina, then magnesia), improvements in performance and, in particular,
corrosion resistance became possible. The use of phase diagrams was then recognized as a very good
research tool to accelerate such improvements.

Phase diagrams are used to design refractories and to understand the role of slags (of the same
nature as the liquid phase formed in the refractories). The early book by Muan and Osborn [4] is a
requirement for new researchers in this field and the reviews by Kraner [5], on phase diagrams for
fired refractories, and by Alper et al. [6], on fusion-cast refractories, are also important. Phase
equilibria in systems containing a gaseous component, in particular the effects of oxygen partial
pressure on phase relations in oxide systems, have also been examined. The relative importance of



these issues has greatly increased with the advent of the so-called carbon bonded refractories,
magnesia-dolomite and alumina-based systems with carbon and graphite. Also, the roles of
oxycarbides, oxynitrides, and sialons, as well as metals and alloys in refractories have been
documented. These aspects will be treated in the following paragraphs and sections.

In general, the corrosion resistance of a refractory is high if formation of low-melting eutectics
and of a large amount of liquid can be avoided. Phase diagrams can be used to predict the formation
of these phases. Of course, the better the system is defined, the easier it is to make an accurate
prediction. There are, nevertheless, many limitations; for example, phase diagrams are readily
available for no more than three constituents while in practical cases for magnesia or dolomite basic
refractories one needs to characterize the CaO-MgO-FeO-Fe2O3-Al2O3-Cr2O3-SiO2 system.
Rait [7] and White [8] offered a comprehensive treatment of the phase assemblages in such a system.
A particularly important feature is the CaO/SiO2 ratio, and its effect on the quantities of low
temperature phases to be expected. This ratio is related to the acid-base effect described earlier.

To quote Carniglia and Barna [1], "the importance in understanding the progressive thermal
softening, weakening, and ultimate destruction of refractories cannot be overstressed. It should be
clear that the maximum feasible service temperature of a refractory has to be confirmed by (i) its
lowest germane eutectic and the melting temperature thereof; (ii) how much liquid is produced at
that temperature; (iii) and how rapidly the amount of liquid increases with increasing temperature
above this." All these characteristics are linked to the appropriate phase diagrams and the application
of the lever rule.

1.2.3. Oxidation and Reduction Behavior. As for melting, or solid-liquid reactions, the
thermodynamic calculations of gas-solid reactions are a powerful tool for describing the stability
of refractory materials, in particular the carbon-containing refractories that are very widely used.
Gas-solid reactions are important not only for dealing with the direct oxidation of carbon in air, but
also for evaluating the reduction of aggregates (MgO, Al2O3, SiO2, etc.) by carbon (indirect
oxidation of carbon) and the role of the antioxidants, being more reducing than carbon in most
systems. A powerful use of thermodynamics is to assess oxidation-reduction behavior of
refractories and ceramics by carrying out equilibrium calculations. It is possible to study
multicomponent systems using elaborate computer codes, such as Chem Sage or Solgasmix [9, 1O].
Graphical displays, such as Ellingham diagrams and volatility and predominance diagrams, are
often used to describe the simplest systems of the type Si + Gi —»S2 + G2 [11, 12]. For the
Ellingham diagrams, all the condensed phases of the reactions are assumed to be pure phases, and
therefore, at unit activity, but deviations from unit activity are very common, and corrections must
be applied. Predominance diagrams and volatility diagrams are graphical representations in which
the gaseous products are considered at various nonstandard conditions, and these diagrams are used
for complex systems involving several gases (e.g., metal-oxygen-carbon-nitrogen, under a wide
range of partial pressures). These diagrams, the equivalent to Pourbaix diagrams for studying
corrosion of a solid in aqueous media, are used to predict the direction of reactions and the phases
present.

From thermodynamic calculations, it is possible to explain why and how redox cycling is harmful
to any refractory containing iron oxides as impurities; how the reduction of magnesia to magnesium
gas and the reoxidation to MgO can be used with great advantage for MgO-carbon bricks (a
destruction-reconstruction mechanism that leads to the dense zone magnesia formation theory);
how nonoxide refractories (and nonoxide structural ceramics) without exception are subject to high-
temperature oxidation, and finally how, in the presence of alkalies, refractory chromites (Cr3+) can
be oxidized in part to toxic chromates (Cr6+). The alkali chromites (Na2Cr2O7 or Na2CrO4) are water
leachable and present, therefore, an environmental contamination risk in disposal sites.

1.3. Kinetic Considerations Penetration, dissolution, and spalling are the most important
phenomena that control the kinetics of the corrosion of industrial refractories. They apply as
well to the solid(S) + liquid(L) reactions as to the solid(S) + gas(G) reactions.



Liquids can be either slags or fluxes, molten salts or molten metals, each presenting their
own peculiarities. Slags are characterized by their basicity/acidity ratio (CaO/SiO2 ratio either
bigger or lower than 2:1) and fluidity or viscosity (very much a function of temperature and
overheat, measured by AT= !service-Thielting of the lowest melting eutectic compound in
the system). Molten salts are known for their low-melting temperatures, high fluidity, and
high fugacity (high volatility of alkalies). Molten metals are less reactive toward refractories, but
are not inert.

The solid refractory material, S, has already been defined as a multiphase material having a
texture with intricate surface properties, most often used under a thermal gradient and usually
containing some inherent amount of liquid (i) at the hot face, where I may be equivalent to L, in
terms of affinity.

Various hot gases, reactive or nonreactive, with or without dusts, are represented by G. The
reactivity of G can be determined starting with the acid-base series, noting that the strongest
acids and bases are volatile, and by using thermodynamic data in predominance and volatility
diagrams.

1.3. L Penetration. It is useful to distinguish between physical penetration and chemical invasion.
Physical penetration, without dissolution at all, occurs when a strictly nonwetting liquid is forced
into the pores of a solid by gravity or external forces. Chemical invasion occurs when dissolution
and penetration are tied together. Both physical and chemical penetration are favored by effective
liquid-solid wetting and by low-viscosity liquid. Silicates, particularly silicate glasses, are usually
viscous; simple oxidic compounds and basic slags are less viscous; and halides and elemental
molten metals are, in general, the most fluid liquids.

Penetration is the result of an interplay between capillary forces (surface tension), hydrostatic
pressure, viscosity, and gravity. Mercury penetration in a capillary glass tube is the best example of
physical penetration. The rate of penetration in a horizontal pore di/dt, with a pore radius r, is given
by the following expression:

dt _ rjigcosQ
~dt~ 4r[l

where y^ is the surface tension of mercury in air, 0 the wetting angle of mercury on the glass wall, TJ
the viscosity of the penetrating liquid, Hg, over a length, I9 at time, t. This expression is valid only at
constant temperature, whereas y^ and TJ are liquid properties greatly influenced by temperature.
Such an equation has often been used to describe the penetration of liquids in refractories without
distinction between physical and chemical invasion. However, in the case of chemical invasion, the
penetration-dissolution causes changes in composition (which, in turn, affect the values of ylg and
Tj), and changes in porosity geometry.

When the pore size distribution is narrow (i.e., pores of the same size), penetration and filling of
the porosity by capillarity produce a relatively uniform front moving gradually from the hot face and
remaining parallel to it. When pore size distribution is wide (i.e., very large and very small pores) or
when open joints, cracks or gaps between bricks in a refractory wall are accessible at the hot face,
rapid, and irregular liquid intrusion do occur. There are many penetration paths in a refractory, and
the texture of the material is of primary importance; it is important to distinguish between
interconnected versus isolated porosity, between open and total porosity, pore sizes and unbounded
boundaries between grains (aggregates and/or matrix) due to thermal mismatches during heating.

For a given temperature gradient, the pertinent eutectic temperature of the penetrating liquid
determines its maximum liquid penetration depth.

1.3.2. Dissolution. The simplest case of pure dissolution is to consider the following reaction:
Si + L1 —»L2, where L2 is a solution LI 4- Si, Si having a continuous surface with no infractruosity.



A general equation useful to describe such a dissolution process is

y=|*(l+*|) 1J(C831-C00) (1)

where j is the rate of dissolution per unit area at a given temperature T\ K is the surface reaction rate
constant, 8 is the thickness of the boundary layer in the liquid phase; Csat is the concentration of the
dissolving solid, in the liquid, at the interface; C00 is the concentration of the dissolving phase in the
bulk of the liquid; and D is the effective diffusion coefficient in the solution for the exchange of
solute and solvent.

The parameter 6 is further defined by the expression

r — ro ^sat Vx00 /0\
5 = 1̂ 7̂ T (2)

where (dc/dy) is the concentration at the interface.
The dissolution rate, J9 may be visualized, as the ratio of a potential difference (Csat — C00)

divided by a resistance term:

-K)
Three different cases will be briefly treated.

1. When K^>D/§; that is, when the chemical reaction takes place so rapidly at the solid-
solvent interface that the solution is quickly saturated and remains so during the dissolution
process; in this case, the dissolution rate, j, is controlled by mass transport. Equation (1)
reduces to Eq. (3)

J=I(CSa1-C00) (3)

The transport process is enhanced by convection due to density differences between bulk and
saturated solution (natural convection) and/or by the hydrodynamics of the system, under
forced convection. Expressions for the boundary layer, 6, have been derived from first
principles, for both natural (or free) and for forced convection, for a variety of simple
geometries, and Eq. (3) has been validated many times. This process is often called direct
dissolution.

2. When K<^D/&; that is, when the dissolution rate is phase-boundary controlled as opposed
to mass-transport controlled. Equation (1) reduces to Eq. (4)

7 = * (C88I-C00) (4)

The phase-boundary reaction rate is then fixed by the movement of ions across the interface,
and hence, is governed by molecular diffusion. The effective diffusion length over which
mass is transported is proportional to (Dt)112, and therefore, the change in thickness of the
specimen, proportional to the mass dissolved, varies with t1/2. This process is often called
indirect dissolution.

3. When K ~ Z)/8, both phase boundary and mass-transport are controlling; in this case of
mixed control, the potential difference (Csat — C00) can be seen as divided into two parts.
(Csat — C*) is the part that drives the phase boundary condition, and (C* — CQ) the part that
drives the transport process, so as to keep the dissolution rates for each process equal.



The dissolution rate is extremely temperature sensitive, largely determined by the exponential
temperature dependence of diffusion, and can be expressed by the following equation:

,V=Aexp[-B(I = l)]

where A is the dissolution rate at temperature J1, and B is a model constant.
In most practical dissolution problems, the reaction of a solid in a solvent leads to a multi-

component system; no longer is the chemical composition defined by a single concentration nor is
there a single saturation composition at a given temperature; instead of pure dissolution the reaction
is of the type: Si H- LI —» L2 H- S2, the formation of S2 causing the interface composition to change.

For porous solids such as refractories, with open porosity and with matrix materials being fine
and highly reactive, both dissolution and penetration occur; hence, most slagging situations involve
chemical attack of the matrix or low-melting constituent phases, which disrupts the structure and
allows the coarse-grained aggregates to be carried away by the slag movement. When penetration is
more important than dissolution, another mechanism of degradation needs to be considered:
structural spalling.

1.3.3. Structural or Chemical Spalling. While spalling is a general term for the cracking or
fracture caused by stresses produced inside a refractory, chemical or structural spalling is a direct
consequence of corrosion penetration. It should not be confused with pure thermal or pure
mechanical spalling. Structural spalling is a net result of a change in the texture of the refractory,
leading to cracking at a plane of mismatch, at the interface of an altered structure and the unaffected
material.

When slag penetration does not cause direct loss of material, the slag does partially or completely
incase a volume of refractory, reducing its apparent porosity (by sometimes more than one half),
causing differential expansion with the associated development of stresses. As a result, there is a
degradation in material strength and stiffness, the appearance of microcracks and, eventually, totally
disruptive cracks parallel to the hot face of the lining; this is structural spalling.

Quantification of the mass of spalled materials from the hot face has been attempted by Chen and
Buyakozturk [13], who combined slag dissolution and spalling effects into one expression in terms
of the residual thickness, X9 and the rate of thickness decrease. They proposed expressions as a
function of the hot face temperature, 7"H, and the maximum depth of slag penetration DP, referred to
the location of the hot face at time f/, during the (i — l)th and ith spalling.

The same authors have developed a very interesting notion to approximate the value of Dp, using
a critical temperature criterion; they postulated that, for a given system, slag penetration occurs only
when temperature reaches a critical value, Tc, which could be related to the temperature above which
a certain percentage of liquid phase may still exist in the refractory (always under a thermal
gradient).

1.3.4. Corrosion by Gases and Dusts versus Liquids. For corrosion by gases and dusts, the same
qualitative relationships are applicable as for gas and liquid penetration into a refractory, except that
wetting is not a factor. In gas corrosion, the driving force is the pressure gradient. Gas penetration is
less rapid, in terms of mass, than that of wetting liquids; reactions do not necessarily commence at
the hot face; and the depth of penetration of gases can be much greater than that of liquids.

Moving down a thermal gradient, gases may condense locally to form a liquid, which then may
initiate a dissolution-corrosion process and migrate still further into the solid; alternatively, gases
may react chemically to form new compounds (liquid or solid). Once condensation has occurred, the
basic criteria for liquid corrosion apply. The condensed liquid fills the pores and debonds the
refractory material, creating thermal-expansion mismatches, weakening, softening, swelling, and
slabbing.



Sulfur dioxide, usually from combustion or smelting operations, provides good examples of the
condensation-corrosion patterns experienced in practice. Condensation leads to the formation of
sulfate in magnesia at UOO0C, in lime at 140O0C, and in alumina at 60O0C. When alkali vapors
(Na2O) are present with SO2, condensation of Na2SO4 overlaps with SO2 attack. Volatile chlorides
also play a role.

When dusts are carried out in hot gases, they may lead to deposition or abrasion. Deposition leads
to scaling or caking with either beneficial or life-shortening consequences. Dusts entrained in gases
that condense within refractories may facilitate the gradual adhesion of solid particles to the working
surface. The resulting buildup can be either a hard scale or lightly sintered cake acting as a protective
barrier. In less obvious cases, dust and condensing gases fuse together to create an invasive liquid. In
other instances, scaling and caking of refractory walls may not be acceptable to a particular process,
and periodic descaling operations can lead to degradation of refractories.

Although no deposition may occur, abrasion can take place when refractory linings are
bombarded by dusts. The extent of abrasive wear depends on the impinging particle size, shape,
hardness, mass and velocity, angle of impact, the fluid dynamics of the system, the viscosity of the
eluant gas, among other parameters. Abrasion exacerbates corrosion.

Exposure of a refractory either to a liquid or to its saturated vapor is thermodynamically the same.
The differences lie in the transport mechanism. In approximate order of decreasing thermodynamic
power, the oxidizing gases are NOx, Cl2, O2, HCl, CO2, H2O, and SO2, and the reducing gases are
active metal vapors, NH3, H2, CxHy, CO, common metal vapors, and H2S.

2. Corrosion of Specific Classes of Refractories

Detailed compilations of data on corrosion resistance of industrial refractories are not available
because there are too many different products and too many variables to consider. Corrosion is also
very seldom the only criterion to consider when selecting a material for a given application; other
properties, such as thermal shock resistance and mechanical strength, must also be optimized, and
there may be a need to compromise on corrosion resistance.

To assess the corrosion resistance of different types of refractories, a rule of thumb is to consider
the temperature limits, above which corrosion is considered to be excessive, established considering
the expected durability. From one application to another, this durability does vary greatly, as does
the mode of degradation: corrosion-dissolution or penetration and structural spalling, or both. In
Table 1, two cases are distinguished, slagging resistance and hot gas corrosion resistance. The first
case is represented by a reaction of the type S H- L, where L can be either a slag (from ironmaking,
steelmaking, or copper smelting) or a flux (from other non-ferrous metallurgy), either basic (CaO/
SiO2 > 2) or acidic (Ca/SiO2 < 2, on a molar ratio), where S is a given refractory with a given texture.
The second case is represented by a reaction of the type S 4- G, where G can be various hot gases,
with or without dusts, either oxidizing (oxygen, air, or CO2) or reducing (CO, H2) (see 2.1.3.4). In
Table 1, six types of refractories, from basic magnesia to acid silica and neutral zircon-zirconia are
considered.

2.1. Basic Refractories Basic bricks are commonly used in the metallurgical industry:
steelmaking, copper-nickel, and the cement industry. Magnesia is the most commonly used basic
refractory, followed by dolomite. Magnesia bricks are made of various magnesia raw materials
(sinters from natural magnesite, sinters from seawater magnesia, or grains of fused magnesia).
Many other types of magnesia bricks are used, in combination with chrome (MK), alumina (NA),
and doloma (MD). The most corrosion resistant magnesia bricks are made of fused magnesia
grains. Magnesia-chrome bricks were the best bricks available before magnesia-carbon bonded
bricks, containing flake graphite additions, were developed for their slagging resistance. Dolomitic
refractories are made of burnt natural dolomite, usually low in iron oxide (0.3%) and alumina
(0.2%). As for magnesia, very efficient dolomite-carbon bricks have been developed. As shown in
Table 1, dolomite performance may match that of magnesia for specific applications.



TABLE 1. A Guideline for Corrosion Resistance Based on the Criterion: Maximum Temperature

Limit Not Reached for "Normal" Durability

Temp. Limits (0C)
Type of Refractories

1 Magnesia (M)
Doloma (D)
(M), (D) or (M + D) + Graphite
Magnesia-chrome (MK)

2 High alumina (A)
(A) + Graphite

3 Clays + (A) (65% Al2O3)
Clays + (A) + C

4 Super duty fireclays (F)
Medium-low duty (F)

5 High silica
6 Zircon-zirconia

Silicon Carbide

Slags and Fluxes*

Basic

1700
1700
1800
1700
1600
1700
1300
1550
1200
NR
NR

1450-1600
<1400

Acid

NR
NR
1700
1600
1600
1700
1300
1550
1250
1100
1400

1500-1700
1500

Hot Gases0

Oxidized

>2000
>1800

800
1800
1900
600

1450
600

1400
1200
1750

>2000
1200

Reduced

1700
1700
1700
NR
1900
1700
NR
1700
NR
NR
1600
1800
1600

a NR = not recommended

2.2. High Alumina Refractories High alumina refractories are those that contain more than 65%
Al2O3, composed of a-alumina (pure Al2O3 99.3 + %) and mullite (A12O3)3 (SiO2)2. For high
corrosion resistance, electrofused alumina and mullite products should be considered. As for any
type of refractory, there are many different classes of products: fired and unfired, with many
different bond systems, a commonly used one being a phosphate chemical bond system. Corrosion
dissolution resistance is improved with increasing alumina content, but slag penetration resistance
of such bricks then decreases, and hence, the structural spalling resistance also decreases.
Improvements have been achieved with addition of chrome or silicon carbide, and, more
importantly, of carbon.

2.3. High Alumina Refractories with Clay High alumina bricks with clay refractories have
alumina content between 45 and 65%; they may contain andalusite or mullite mixed with fire clays
and binders. Corrosion resistance varies greatly with mineral composition and relatively low
refractoriness (measured by the lowest temperature at which a liquid phase is present in the
material). The maximum temperature limit, as indicated in Table 1, may not apply for specific
applications.

2.4. Fireclay Refractories Super-duty, medium-duty and low-duty fireclays are products contain-
ing alumina and silica, with alumina content varying between 40 and 45%, 30 and 40%, and 25 and
30%, respectively. They are used in a wide variety of kilns and furnaces because of their low price,
but are limited to low temperature applications (1200-125O0C).

2.5. Silica Refractories Silica bricks contain typically >93% SiO2 with minor amounts of lime
(CaO < 3.5%) alumina (Al2O3 < 2%) and iron oxide (Fe2O3 < 1.5%). They have high corrosion
resistance to acid slags but are sensitive to high temperatures and to thermal shock even at medium
temperature levels. Bricks with reduced porosity and lower alumina content may be used to prevent
rapid degradation in the presence of alkalies, when hot gas corrosion prevails.

2.6. Zircon-Zirconia and Silicon Carbide Refractories Among the many available zircon-
zirconia refractories, zircon bricks, containing mainly zircon sand (ZrSiO4), have good wear
resistance and poor wettability by molten metals at processing temperatures of up to 145O0C.



Zircon is decomposed to zirconia and silica at 154O0C. The most common zircon-zirconia bricks
are the very special electrofused, A-Z-S bricks, containing alumina-zirconia-silica made
especially for glass-melting furnaces. Refractory materials with high zirconia content require the
use of stabilized zirconia (CaO or MgO in solid solution) to avoid cracking on heating, due to
monoclinic to tetragonal transformation in the temperature range of 1000 to 120O0C, with a large
volumetric change. Properly prepared zirconia shapes have very high corrosion resistance and are
not wetted by metals, even by steels, with different oxygen content.

Silicon carbide refractories are the non-oxide refractories most often used with carbon blocks,
usually under reducing conditions. Many different types of silicon carbide refractories are available.
They have the following advantages over oxide refractories: high thermal conductivity, superior
spalling resistance, superior abrasion resistance, and hence, high corrosion resistance against
nonoxidizing slag (as in non-ferrous metallurgical applications). Properties and costs of SiC
refractories vary greatly, depending on the sintering aid used; but they do tolerate much more
"impurities" than do structural SiC ceramics, which are discussed in the following sections.

C. CORROSION OF STRUCTURAL CERAMICS

The main differences between industrial refractories and structural ceramics are their purity and
texture. Structural ceramics are manufactured from purified synthetic aggregates rather than from as-
mined natural minerals. Since the 1960s, the refractory industry has used the available synthetic raw
materials, so that the differences between the two groups, although still very significant, are much
less than they used to be.

Porosity is a very important factor that influences texture; porosity is < 2% for most structural
ceramics, whereas it is 12% or more for most refractories (up to 20% for conventional refractories
and 50-70% for insulating refractories). Porosity is a consequence of the manufacturing process
route followed, in particular the grain size distribution selected and the sintering conditions. For
structural ceramics, mainly very fine grain sizes (in the 0.1-10-um range) are used to obtain very
dense materials. For structural ceramics, the objective is to maximize mechanical properties,
whereas for refractories it is to maximize thermal shock resistance and volumetric change, with, of
course, good corrosion resistance for both classes of materials.

The fundamental principles of corrosion of industrial refractories also apply to corrosion of
structural ceramics, in both the S + L and S + G cases. Nevertheless, as porosity of structural
ceramics is much lower, dissolution is more important than penetration. For the S + L case, the
corrosion resistance of structural ceramics to molten salts determines their usefulness as components
in the chemical industry, such as pumps and heat exchangers. The S + G type of reaction is important
for structural ceramics used as kiln furniture in industrial furnaces and as components in gas turbine
and diesel engines.

1. Corrosion by Molten Salts

Comparative information is presented in Table 2 on the corrosion resistance to fused salts, alkalis,
and low temperature oxides for two different classes of structural ceramics: oxides and non-oxides.

Values have been compiled from the combination of two main sources [14] and [15] and refer
to the chemical inertness of pure crystalline materials, with purity >99.5%. For this reason, the
data in Table 2 are of limited generality. For example, it is to be expected that ceramics with
less purity will be attacked more rapidly. The code, A, B, C, should be used only for comparing the
materials considered. It is to be assumed that the information is based on short-term observations at
ambient pressure. McCauley [2] and Lay [3] provide a more complete coverage of the subject,
including attack by glasses, aqueous solutions and molten metals, but no further generalizations
can be made from the specific studies that they reviewed because of limitations in the scope of
the studies.



TABLE 2. Corrosion Resistance of Structural Ceramics to Fused Salts, Alkalis and Low-melting Oxides

Ceramics at Purity

(>99.5%)

Alumina
Zirconia (stabilized)
SiC (React. Bond.)

Si3N4 (RBSN)

Si3N4 (HPSN)

BN (HP)

Fused Salts — Alkalis — Low-Temperature Oxides"

NaCl

AlOOO

B900

A800

NaCl + KCl

A800
C800
C800

B900

KNO3

A400

A400

A400

A400

Na2CO3

A900
C900
C900

C750
(air)
C900
(air)
C900
(air)

Na2SO4

AlOOO
AlOOO
ClOOO
(air)

ClOOO
(air)

BlOOO
(air)

ClOOO
(air)

KOH

B500
B500
C500
(air)

C500

C500

C500

Na2O

B500
C500
C600

C500

B500

C500

V2O5

C800
C800
C800

C800

C800

0A — Resistant to attack up to temperature indicated (0C). B — Some reaction at temperature indicated. C — Appreciable attack
at temperature indicated.

The data in Table 2 show that both dense oxides and non-oxides are susceptible to attack at low
and intermediate temperatures. The normally protective SiO2 layer that forms on SiC and Si3N4 may
explain why such ceramics have a poor corrosion resistance in basic salts.

2. Corrosion by Hot Gases

The S + G reactions discussed below refer to oxidation at high temperatures in air and oxygen,
gaseous corrosion in the presence of condensed deposits and reduction or oxidation by hot gases,
CO(g), H2(g), H2S(g), and H2O(g). High-temperature oxidation in air or oxygen is the most
important type of corrosion for carbide- and nitride-based ceramics. Although the corrosion of
structural ceramics in hot gases is similar in some aspects to the oxidation of metals and the same
theories are used to describe the processes, there are some important differences:

1. Ceramics have a much higher oxidation resistance than do metals.
2. Because oxidation occurs at much higher temperatures, the corrosion products formed are

liquids and gases, as well as solids, which can lead to either weight gains or losses, causing
practical experimental difficulties of interpretation.

3. The textures of ceramics are not as homogeneous as those of metals, and so it is very difficult
to determine the controlling mechanism of the oxidation process without considering both
the processing characteristics and the intrinsic nature of the raw materials used.

Gaseous corrosion in the presence of condensed phase deposits, in combustion applications, is the
second most important type of corrosion, with sodium sulfate and vanadate being the most corrosive
deposits. Non-oxide ceramics are particularly sensitive to this type of environment.

In Table 3, the corrosion resistance of dense structural ceramics to hot gases are presented using
the same code as in Table 2. The oxidation resistance of non-oxide ceramics is clearly less than that
of alumina and zirconia.

3. Corrosion of Specific Classes of Structural Ceramics

3.1. Alumina Alumina is considered to be one of the most versatile materials that resist corrosive
attack by acids, alkalis, molten metals, molten salts, as well as oxidizing and reducing gases, even
at high temperatures. It is widely used in many high-temperature laboratory and pilot plant scale
applications, such as crucibles, tubes and special shapes.



TABLE 3. Corrosion Resistance of Structural Ceramics to Hot Gases a

Ceramics at Purity
(> 99.5%)

Alumina
Zirconia (stabilized)
SiC (RB)
Si3N4 (RBSN)
Si3N4 (HPSN)
BN (HP)

Air

A1700
A2400
A1200
B 1200
B 1250
C1200

Steam

A1700
C1800
B300
A220
A250
C250

CO

A1700

A > 1000
A>800
A>900
A2000

H2

A1700

A > 1000

A>800
A>800

H2S

AlOOO
AlOOO
AlOOO

F(g)

A>800

A > 1000

0A, B, C, as in Table 2.

3.2. Zirconia and Thoria Thoria is the most thermodynamically stable oxide and the one with
the highest refractoriness, with a melting point of about 330O0C Unfortunately, it is not a readily
available material, being used essentially in the atomic energy industrial sector. Zirconia is also a
very stable pure oxide, but it has to be used only when stabilized, fully, or partially with CaO, MgO,
or Y2O3 additions. Such additions make the solid solutions (ZrO2-X) more vulnerable to acid
attacks and to alkalis.

3.3. Silicon Carbide Silicon carbide has very good resistance to acidic solutions (even HF) and
molten metals, but is prone to attack under severe alkaline (basic) conditions, in particular in air.
The SiC ceramics, produced by reaction sintering and containing free silicon, are more susceptible
to oxidation and chemical corrosion than is single-phase SiC obtained by hot pressing. The SiC is
very susceptible to attack by liquid sodium and potassium sulfate. On oxidation, SiC forms a layer
of SiO2, but the possibility of forming SiO(g) increases with temperature and when the partial
pressure of oxygen is decreased. The transition between "passive" oxidation (SiO2 protective
layer) and "active" oxidation [SiO(g) without protection] occurs at low pressures and high
temperatures. SiC ceramics are more sensitive to hot corrosion than is Si3N4.

3.4. Silicon Nitride Thermodynamic calculations of equilibria in the system Si3N4-O2 revealed
that several reactions resulting in the formation of solids SiO2, Si2N2O, SiO, and gaseous N2, N2O,
NO, SiO, and SiN are possible. Reactions leading to the formation of SiO2(s) are characterized by
the most negative change in free enthalpy, but at high-temperatures and low-oxygen partial
pressure, the possibility of reactions leading to the formation of SiC increases (significant at 130O0C
and higher). The notion of passive and active Si3N4 oxidation has been well documented, but the
controlling factor can be either diffusion of oxygen to the Si3N4/SiO2 interface, diffusion of
nitrogen to the SiO2/ air interface, or diffusion of impurity ions and sintering aids from the inner
layers to the surface of the ceramic. A detailed survey of the subject is presented in [15].

For hot corrosion to complement the data listed in Table 2, only one significant result obtained on
reaction-bonding silicon nitride (RBSN) will be recalled. Although Si3N4 exhibits high corrosion
resistance in the stream of combustion products of pure fuel (10~5% Na and V, 0.5% S) below
140O0C, it corrodes rapidly at 90O0C when fuel contains 0.005% Na, 0.005% V, and 3% S. In
liquid media, Si3N4 resists attack by acids up to ~ 100 to 20O0C. The Si3N4 exhibits higher
resistance in alkaline solutions than in alkali melts and is rapidly attacked by (Na2SO4, Na2SO4-
NaCl, Na2SO4 + V2O5) melts, but have good resistance to chloride melts NaCl + KCl up to 60O0C,
and up to UOO0CmNaF.

3.5. Boron Nitride Boron nitride ceramics are usually prepared by hot pressing and normally
contain a small proportion of boric oxide, a useful impurity that helps pressing but not its oxidation
behavior at high temperatures. The BN ceramics are reported to be attacked by strong acids, but are
relatively inert towards alkalies. The nonwetting behavior of BN, similar in some ways to pure
graphite, may account for this behavior.



Boron nitride starts to oxidize at about 70O0C. Oxidation mechanisms differ from Si3N4 and
SiC because in this case the oxide layer firstly formed, B2O3, is liquid and tends to evaporate to
BO(g), BO2(g), and B2O3(g), as temperature increases. Under reducing conditions, pure BN may
be usable up to 1800°C.The most valuable characteristic of BN is its resistance to wetting by
metals and alloys.

D. PREVENTING CORROSION

Minimizing corrosion of refractories and ceramics, under severe conditions at high temperature, is a
very important task that requires the following three sets of problems to be addressed simultaneously.

1. Material selection, considering both intrinsic and extrinsic characteristics, such as the design
and configuration of the component.

2. Installation methods and maintenance procedures, considering that each material is a part of
a bigger identity.

3. Process control to minimize variability and extreme values.

In this section, only the first set of problems will be considered although, for practical solutions,
the other two sets of problems should not be overlooked.To select the most appropriate material, the
first rule is to make the acid-basic character of the refractory or ceramic constituents similar to that
of the corrosive fluids (liquids and/or hot gases), and then to control the penetration-dissolution
mechanisms to improve the corrosion resistance. The single, most important factor, in terms of
material properties, is the porosity, and, in a broader sense, the texture of the material.

1. Porosity and Texture

Improvements in the corrosion resistance of refractories have been obtained through texture control
resulting from the evolution in manufacturing processes toward much larger size distribution, better
mixing, better pressing, and purer raw materials. Total open porosity has decreased to ~ 12%, a level
of porosity that is required to maintain good thermal shock characteristics and acceptable insulating
properties. While maintaining the porosity at this value, further improvements are possible through
reducing the pore size distribution, so that the larger pores are of a smaller size, and through reducing
the permeability of the refractory by using fused grains instead of sintered grains to reduce the
openness of the porosity. Other possible ways to minimize penetration in refractories will be
discussed in subsequent sections.

For structural ceramics where high strength is more important than thermal shock resistance,
porosity can be controlled to very low values (<0.5% in many cases). For these materials, various
sintering and densification techniques have been developed, such as reaction-bonded sintering and
hot pressing, using very pure, fully densified powder of very small grain size. Porosity control in
structural ceramics is, nevertheless, important. For example, to achieve full density, Si3N4 and SiC
can be impregnated, either with an organosilicon compound that is subsequently decomposed to
produce a pore-filling oxide, or with a material that is subsequently exposed to a nitriding or a
carbiding treatment.

2. Factors Governing Penetration

Once porosity has been adjusted to its optimal value (fixed for a refractory, nil for a structural
ceramic), penetration can be minimized by: (1) adjusting the composition of the penetrant fluid; (2)
adjusting the wetting-nonwetting characteristics of the same fluid; (3) adjusting the thermal gradient
in the material, if at all feasible; and (4) glazing or coating the working face, or in some specific cases
the back or cold face when oxidation of non-oxide constituents is important.



2.7. Composition Adjustment of the Penetrant Fluid The composition of the penetrant fluid
changes during penetration because dissolution and penetration occur simultaneously; if either the
melting temperature or the viscosity of the liquid penetrant increases, the depth of penetration can
be minimized. This desirable result can be achieved by carefully selecting the matrix additives; for
example, a small amount of microsilica can be added to a cement-free alumina-spinel used in some
steelmaking applications.

2.2. Changing the Wetting Characteristics In steelmaking applications, wetting characteristics
can be changed by adding non-oxides to traditional oxide compositions and using nonfired instead
of fired products; for example, by using carbon-bonded refractories and graphite. Insertion of
graphite in magnesia-based materials limits penetration and improves corrosion resistance by a
factor of 10. Graphite is not wetted by CaO-SiO2 slags and is, therefore, a barrier to penetration. Of
course, graphite can be oxidized and should not be used in every situation. Impregnation of pitches
and tars modifies the bonding phases in refractories and influences penetration phenomena very
significantly. Numerous other examples are available in the technical literature, for example, the use
of specific additives, such as BaSO4 and CaF2 in alumina-silica based castings containing liquid
aluminum metal and alloys.

2.5. Adjusting the Thermal Gradient To minimize corrosion, it is important that the penetrating
liquid solidify as closely as possible to the hot face, so that the rate of penetration is minimized. For
a given hot face temperature, the thermal gradient should be as steep as possible, which can be
achieved by vigorously cooling the cold face, by using highly conductive material, and by
increasing the thermal conductivity of the lining by conductive back up material.

2.4. Use of Glazing or Coating Sacrificial coatings can be used in some specific situations in
which penetration is an important factor. For black (carbon containing) refractories and for
structural ceramics sensitive to oxidation (non-oxide ceramics), the protection of the back face to
avoid oxidation has been identified as an important factor. Glazing the hot face using compounds of
low melting temperature has to be analyzed very carefully because glazing can lead to less
penetration but more dissolution. Preoxidation treatment to form a protective oxide layer on 81^4
or SiC materials can be beneficial. Uses of multiple layers of new materials, such as "Sialons"
(silicon-aluminum oxynitride) and "Simons" (silicon-magnesium oxynitride), have also been
studied.

3. Factors Governing Dissolution

Penetration and dissolution act together and interact, so that the factors controlling them are, to a
certain extent, inseparable. Dissolution is controlled by both the chemical reactivity and the specific
area of the constituents: the smaller the grains, the faster they dissolve; but in refractories, the
smallest grains, by design, bond with the coarser grains (the aggregate), and since this bonding
occurs by liquid-solid sintering, the matrix materials (the bonding phases) have the lowest melting
temperatures and the highest reactivity. In general, the dissolution of the bonding phases (or the
matrix) leads to debonding between the coarser grains, the dissolution of which is inherently slower
and usually apparent only at the refractory hot face.

To minimize dissolution of the matrix, the composition can be altered to raise its melting
temperature by increasing the chemical purity of the matrix, so as to decrease the importance of
segregated impurities. Practical examples include the use of tabular alumina, instead of bauxite
grains, and very high purity magnesia grains. Alternatively, to raise the melting temperature of the
matrix, finely powdered matrix additives can be included in the refractory mix. Because the matrix is
a flux in sintering, these additions require higher sintering temperatures, to optimize the bonding and
the mechanical properties of the resulting products. The logic of reducing or eliminating additives of
low melting temperature for improved corrosion resistance is compelling, but the consequence is that
the sintering temperature must be raised.



A thorough knowledge of the different binder systems (for nonfired refractory products) and
the different bonding systems (after firing) goes a long way to explain the different dissolution
characteristics of the many refractory materials and ceramics of a given type. The texture and,
in particular, the porosity are key parameters to be considered. Dissolution of the coarse
grains becomes a life-limiting factor only when penetration and matrix invasion are sufficiently
minimized.

4. Factors Governing Oxidation

Oxidation of carbon-bonded refractories will be considered first. Carbon and graphite oxidation is
very detrimental because these material losses lead to porosity; the low specific gravity of carbon
causes a 5% material loss to lead to 7 to 10% porosity. To minimize the rate of carbon and graphite
oxidation, new additives, called antioxidants or oxygen inhibitors, have been successfully used.
Some general reviews on the role of antioxidants, in such cases, are available, but this topic is outside
the scope of this chapter. Among the many additives [16-17] now available, the metallic aluminum-
based alloys are the most commonly used, sometimes in conjunction with various nonmetals, such as
silicon carbide and boron compounds. These additives are used to delay carbon debonding and
graphite oxidation. In addition, they often act as pore-blockers and many of them have a net positive
effect on the mechanical strength of the refractories.

Oxidation of non-oxide structural ceramics can be improved by using protective coatings. The
use of a chemically vapor deposited (CVD) layer of the same composition as the substrate is a very
promising application of coatings to retard the hot corrosion of structural ceramics [18]. Other
methods investigated are cathode sputtering and thin multilayer coating.

As an example, a potential high-temperature oxidation protection scheme could involve a coating
system consisting of a refractory oxide outer layer for erosion protection, a silica glass inner layer for
an oxygen diffusion barrier and crack sealant, another refractory oxide layer for isolation from the
carbon surface, and a refractory carbide inner layer for a carbon diffusion barrier [19]. This system,
as with other current or potential protection technologies, involves interfaces between metal oxides
and carbides or oxynitrides. The oxidation resistance of non-oxide ceramics is a dominant problem
that restricts the wider usage of these materials.
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