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Abstract

This paper discusses physical and empirical models for the description of corrosion processes. Physical strict models are advantageous
for simple ceramics and simple composites. In additive-containing ceramics and composites with such matrices, the transport properties
will vary with time; in these cases simple physical models alone are not adequate. The use of an empirical equation ofithe form
kit + k;,«ﬁ+ kiog 109(r), fitted by simple multiple linear regression, is capable to describe many versions of corrosion procdssss, if
allowed to become negative or positive ¢cale thickness or specific mass charigane). The equation is recommended for complex cases,
but the variability of the corrosion function makes it often necessary to have more than one parameter of evaluation of the material to deduce
the most important engineering parameter, penetration depths.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction partial pressures of oxygen calculated for the coexistence of
substrate and scale material at high temperatures. An exam-
Ceramic matrix composites are by definition multiphase ple is thePg, of approximately 1028 bar at 1000C for an
materials. Every material has a specific reaction to the envi- equilibrium between Si and SiQcalculated by a thermo-
ronment it is exposed to and therefore the behavior is boundchemical programor straight from the tabulated valdesf
to be more complex, unless a component may be treated ashe reaction:
inert.
In this paper, we review a number of models for the de- 5! + 02 & SIOz (1)

scription of corrosion processes in view of their usefulness This situation is a classic diffusion problem for oxygen

for composite evaluation. through a growing layer of silica. Relating the flux of the oxi-

dantthrough the scaldo reflect the growth in scale thickness

X with time t, we derive the basic parabolic relation already
from Fick’s first law O: effective diffusion coefficientcy:

] ) ) ] ) oxygen concentration at the scale top = solubility):
We begin the discussion with models for simple one-phase

. . . . . dx -0
materials. For oxidation as a special case of the corrosion of ; _ %X _ €0 N /xdx _ /(Dco) dr

2. Models for simple mass gain or loss

non-oxides, the modeling is often done by assuming a simple dr X
parabolic law. A simple parabolic law is the result of assum-
ing steady-state conditions with a constant oxygen partial
pressure in the atmosphere and at the gas—scale interface ap-
proaching zero at the scale-substrate interface. The last as- Incorporating the factor 2 inté, we havex? =kqt, the
sumption seems justified in view of the very low equilibrium  simplest form of the parabolic law, which is often used in the
analysis of oxidation and corrosion data.
* Tel.: +49 7071 2976802. Deal and Grove showed that this analysis does not take
E-mail addressklaus.nickel@uni-tuebingen.de. into account the effects of gas phase transport and chemical

= x% = 2kpt 2)
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reaction rate, which must be acting and which have to be con-  Particulate composites, in which the reinforcing parti-
trolling parameters at least in the beginning of an oxidation cles are oxidized within an oxide matrix, were addressed by

process. Their detailed analysis yielded the equation Mogilevsky and Zangvil-” Their analysis introduced an ef-
) fective grain size of the particlé® and the value is now
x“ 4 Ax = B(t + 1) 3) the propagation of the oxidation fromtdivided by R. The

) . i ) parameter#\ andB in their equation contain permeabilities,
inwhich the factoréandB incorporate the physical transport oy qen partial pressures and particle fraction and are thus not

parameter and represents the shift in the time coordinate, jentical toA andB of Deal and Grové,but the form is very
which allows for the presence of a pre-existing oxide scale gjmilar to Eq.(3):

of thicknessx. Numerically it was found that at long times
the behavior approached simple parabolic relations, while at (+by) _ BI
. . L x+ ANV = — (5)
short times we have almost linear kinetics. R2
For practical use we can transform EE8) by the definition

of parabolic and linear rate constagt=B andk = B/A to Eqg. (5) contains the parametd,, which adjusts for non-

molecular diffusion through the oxide matrix.

derive For the purpose of this paper, it is only necessary to ob-
2 x serve the change of the function of corrosion front with time
et T 4) in differing situations. This is done ifig. 2 where the likely

p

values forb, act on a set of fixed arbitrarily chosé= 0.1
This is a useful analytical form of the Deal and Grove re- andB=0.5 parameters witR=1. A value ofb, =1 yields a
lationship, because now, 1k, and 1k may be obtained quadratic relation similar to Deal and Grove’s E8); chang-
from a simple multiple linear regression. The action of the ing b to lower plausible values steepens the function.

parameters is illustrated Fig. 1, where an arbitrarily chosen It should be noted that the deviation from parabolic
value of 0.5.m?/cm is linked to widely varying values d. kinetics with decreasing, is towards linear behavior and
It is obvious fromFig. 1thatk; values smaller thak, do increasing absolute and z values, i.e. acceleration of the

cause growth retardation and significant linearization of the corrosion process. This is very different from the processes
curve, while h|g[‘k| values induce an almost perfect parabo"c described irFig. 1, where alinearization meant process retar-
behavior. The highek is the more it is insignificant. Physi- ~ dation.
cally this makes sense because the chemical reaction rate has The corrosion of ceramics and glasses by liquids is often
to be high to allow the scale-substrate interface to get towardsmodeled empirically. The problem encountered is that two
equilibrium with very little oxygen. processes, the leaching of components of a glass phase and
The negative counterpart of this relation, the loss of mate- the complete dissolution of a glass phase, occur simultane-
rial to the atmosphere in a composite, has been investigatedPusly at a given time. Dissolution in a steady-state situation
with the aid of Eq.(4) by Eckel et af The modeled com-  is usually limited by the dissolution (=reaction) rate, which
posite was a reactive carbon fiber within an inert matrix of should induce a linear process with time. Leaching produces
alumina. In this case becomes 0 and the parabolic rate con- @ residue and diffusion through this growing residue can be-
stant is predictable from known gas kinetics. The diameter of come rate controlling. When both rates operate at comparable
the oxidized carbon fiber is decisive for this situation: small Velocities, the dissolution is reducing the residue thickness.
fibers at relatively low temperatures hal amall enoughto ~ Hence, a deviation from parabolic kinetics occurs. The equa-
have a significant effect with process retardation and kinetics

becoming linear. 70
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Fig. 2. Influence of varyindp, in Eq. (5) for fixed values ofA andB from
Fig. 1. Influence of varying; for a fixed value ok, =0.5um?/cm. the model of Ref. 1.
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Fig. 3. Effect of increasing;" values on an arbitrary chosen valuekfjfin . . . . .

Eq. (6). retardation, but at long times or highlgrit turns into near
linear mass loss. This behavior was termed “para-lif€ar”

tion, which is often successful in describing this behavior, and is physically well constrained.

is As examples for fiber-reinforced ceramics we have in
Kt I 6 SiC/C and SiC/BN systems the recession of fibers in com-
X =Kt kpvi ®6) bination with SiC oxidation. The formation of annular holes

Eq. (6) looks very similar to Eq(4), but this is deceptive. In around fibers from the active oxidation of their interface ma-
Eq. (6) the dependent variable of fittingxswhile in Eq.(4) terials is retarded and eventually stopped by silica growth,
itist. In Eq.(6) any increase ik will automatically increase ~ Which seals the pathway for oxygen. Models for these cases
the total of, i.e. it accelerates the procesiq. 3, while the ~ have been presented B> The latter calculates the sealing
opposite is observed in E@) (Fig. 1). The deviation from  time by an application of Eq3), the former via numerical
simple parabolic kinetics is here more akin to the case of Eq. integration of differential equations.

(5). We have presented a modeling scheme, which is an exten-
sion of the empirical model of E§6):1*
x = k[t + kpv/1 + kiog 10g(1) 9)

3. Models for combined mass gain and loss
Inthis equation, there is a third teridg). The physical basis

In composites we often have the problem of simultaneous behind this term is the behavior of materials with asymptotic
processes acting in differing directions. An example is the passivation. If a corrosion product is completely blocking its
evaporation of a scale material, which is formed on oxidation substrate from further attack, we have a simple reduction in
of a substrate. Thus, growth and recession are the opposingffective exposed area approaching 100%. Mathematically
factors in terms of a scale thickness and mass gain and losshis is a retardation function with a constant scaled by the
in terms of the total mass function. logarithm of time.

It has been shown that the so called Tedmon equation is  One or two constants in E(Q) can become zero for a given
capable of modeling this behavidr! The two forms of the  data set. In these cases E8) reduces to simpler forms of
Tedmon equation for scale thickness and mass change are corrosion equations.

Y , , Inview of the reality of corrosion processes with combined
f= P _2k|x —Inf1= 2kyx 7) mass gain and loss, ER) may be used including negative
2(k))? ky kp values fork;. With this change to the original propo¥hthe

function is very variable in fitting corrosion processes. Typi-

and cal variations are shown ifig. 5.
azkp 2k Awq n (1 2k Aw1 Aws g By v_arying the parameters it is possible to_descr_ibe ac-
1= 2k|2 - akp —in\ = akp "Bk (8) celeration or retardation of the process by &, including

paralinear characteristics.
In those equations and g are stoichiometric factors, which
accountfor the mass balance of the appropriate reactions. The
form of the functions with varying is illustrated inFig. 4. 4. Discussion
In Fig. 4it can be seen that now an increas&implies a
different behavior: for scale thickness it means a retardation = The physical models reviewed above work well for the
of process velocity, but this time approaching an asymptotic simple systems for which they have been developed and are
behavior. Mass change with smiliis also seen as a process certainly of great value to find the physical border param-
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Fig. 5. Effect of increasing| values on an arbitrary chosen set of values of ~ Fig. 6. Long-time experimental data of a8, ceramic | of Ref. 2 and
ky andkiog in Eq. (9). fits by Egs.(4) and (9).

AIN-SiC-ZrB, composites at high temperature (this volume)
eter for the best use of these materials under those condiynd shows the strong deviation from parabolic behavior.
tions. However, if we deal with ceramic matrix compositeS  There have been other attempts to model non-parabolic
of higher complexity they are not likely to give reliable an- penavior. In particular, Nygren and cowork&ré2 have de-
Swers. veloped models which include an arctan-function of time.

Most ceramics based on3Bly and an increasing num-  This was successful for a number of SIAION ceramics and
ber of liquid phase sintered SiC ceramics contain additives, gjjowed them to model retardation problems. However, with
which change the oxidation behavior drastically. There is @ more data available, more parameters were added to their

great wealth of literature data, which is collected in text- equation, because in those ceramics linearization can also
books on the simple base ceramics and illustrates the decisivgyccyr. A later version was th&h

influence!®>18

However, from those textbook data it is also clear that x = aarctar{/b(t +q) + c\/t +q+ kit (10)
for many cases the behavior is distinctly non-parabolic. The
physical reason behind this is not just found in the deduction
of Eq. (3) by Ref. 5. The main reason is the change of prop-
erties of scales with time. In additive-containing systems we
have a continuous change of chemistry and crystallization

state with time and we may additionally find self-destruction found thatani . ber of fit ters did not hel
of the protective character of a scale with time. None of the oundthatan increasing number ot fit parameters did not help
to get a better agreement with the data and that{®qvas

physical models described above is capable of handling theseth " istentl ful h
processes. e most consistently useful approach.

In earlier paper@'zo we have attempted to model some In partlculate composites with a matrix containing sinter-

features on a physical basis. These studies showed how théc\?g add|tt|v§s, such as §|N4_-8N tcom%oslllt?ﬁ, the S'tﬁat'?n
changes introduced by crystallization and scale chemistry o€es not become simpler. Un top o all the complications
change influence the function of mass change or scale growth

Eqg. (10) has similarities to Eq(9) by consisting of terms
for linear and parabolic terms plus a retardation term. Eq.
(10) has more constants,(b, ¢, g andk)) to be fitted, which
makes the fitting procedure more cumbersome. Oébinji
vestigated the problem of non-parabolic oxidation of SiC and

with time. The complex mathematical solution gave curves, 1 (e) 1100°C
which showed both the possibility of deviation from parabol-
icity towards a linear acceleration as well as towards asymp- 7 e
totic retardation, because the effective diffusion coefficientis < JESUUUURR AR
changing with time. 51-2 ] l Eoerimontal dat
Eq. (9) is capable of reproducing these features. 6 g e iburion
shows thatlong-time experiments on silicon nitride cerafnics 3 08 - . Parabolic contribution
do deviate from a simple parabolic behavior and that it is < —e— Logaritmic contribution
much better described by E€@) than by Eq.(4). This not 0.4 —— Mulliple regression
surprising, because the model according to &g.allows ST S S et
only for a time shift to reflect an initial first scale. E(Q) R .
correctly describes the early relative fast period and the de- 0 400 800 (min)1 200 1600 2000
celeration process.
Arecent example for the application of §§) to compos- Fig. 7. Application of Eq(9) to AIN-SiC~ZrB, composites (Brach et al.,

ites is shown irFig. 7. The example comes from a paper on this volume).
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discussed above for the matrix ceramic there is an additional ~ Allowing the linear term in Eq(9) to become negative it
oxidation of the reinforcing phase, in this case to yieldJiO  handles a great variety of differing mechanisms and processes
and an initial amount of this oxide present in the starting ma- and is the preferred tool also for composite corrosion.

terial. It is highly unlikely that TiQ is not interacting with
the oxides of the matrix system and the newly formed ox-
ides from the matrix oxidation, because there is a solubility
for it. TiO3 is also a known opacifier, i.e. an agent to induce
crystallization of silicate glasses. Therefore, it cannot be ex-
pected that the assumption of constant diffusion coefficients
which is the base for all the physical models, holds for such
composites.

Even stronger effects are expected for composites with
second phases, which become volatile upon oxidation. Ex-
amples are the boride reinforcement systems. Certainly the
paralinear behavior of oxide formation and evaporation can References
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