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Preface

This volume contains the papers offered at the symposium on Fundamental Aspects
of High Temperature Corrosion at the 190th meeting of the Electrochemical Society in San
Antonio, Texas on October 8-9, 1996. It also contains two papers that were scheduled, but
could not be presented.

It is sometimes said that “fundamentals” do not change. This symposium has been
presented six times over approximately the past fourteen years. From the volume
published in 1986 the major topics were: oxidation and sulfidation, mixed oxidant attack,
hot corrosion, scale adherence, and experimental techniques. Perhaps not too surprisingly,
these same topics could also have been used as sub-headings in the present volume.
However, one should not infer from this a lack of progress in the field. The contents of
several of the present papers demonstrate evidence of considerable progress in advancing
techniques (one example is several new X-ray based techniques involving fluorescence,
reflection and diffraction were described). Reflected in the current volume is evidence of
an expanding interest in stresses and cracking of oxide scales that involves both theoretical
and experimental approaches. New developments in coatings and coating techniques to
protect novel metallic and intermetallic alloys are also described. Progress continues.

The editors wish to thank all the authors for preparing excellent contributions and
for submitting them in a timely fashion.

David A. Shores

Peggy Y. Hou
December, 18, 1996
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serving the interests of the Society and allowing better communication between
Divisions, Groups, and Local Sections.
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THE CRITICAL STRAIN ENERGY CRITERION
FOR OXIDE SPALLATION - REVISITED

H E Evans and A Strawbridge

School of Metallurgy and Materials
The University of Birmingham
Birmingham B15 2TT
UK

The critical strain-energy criterion (CSEC) requires that the strain
energy stored in the oxide layer during cooling is released by
interfacial crack growth only at the critical temperature drop at which
spallation occurs. Finite element methods are used to show that this
seemingly unlikely behaviour is approximated when creep relaxation
in the alloy substrate inhibits the growth of the interfacial wedge crack.
Under these conditions, an extensive period of zero crack growth can
result during cooling, particularly for alloys of low creep strength
and/or low cooling rates. At lower temperatures, when creep
processes are limited, crack growth continues. Such cracking kinetics
are shown to apply to both chromia- and alumina-forming alloys.

INTRODUCTION

High-temperature alloys are designed for oxidation protection through the early
formation of a dense, surface layer which is usually chromia or alumina. The
growth rates of such protective oxides are low and acceptable periods of high
temperature exposure can be achieved provided that spallation of the oxide layer
does not occur. Such spallation to the oxide/metal interface will expose regions of
the underlying alloy which have been depleted of beneficial elements, e.g.
chromium or aluminium, and which experience difficulty in re-forming the
protective oxide. In such locations, metal wastage rates can be orders of magnitude
larger than those under the protective oxide. Clearly, it is important to be able to
predict the spallation characteristics of a given oxide/substrate system but, as will
be shown in this paper, this cannot be done reliably without knowledge of the
deformation and cracking processes involved.

Particular attention will be paid in the paper to the concept of the critical strain-
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energy criterion (1) (subsequently termed CSEC) that envisages oxide spallation to
occur when the strain energy within the oxide layer exceeds the energy required to
produce fracture at the oxide/metal interface. This strain energy can derive from
both growth and differential thermal strains but spallation is usually observed when
the oxide layer experiences in-plane compressive (rather than tensile) stresses (2).
For most oxide/metal systems, compressive thermal stresses are produced during
cooling from the oxidation temperature. The CSEC has proved to be an influential
concept and has been applied (3-9) to many oxide/metal systems in attempts to
predict both the initiation of spallation and the quantity of oxide subsequently
released.

It will be demonstrated that the underlying arguments behind the CSEC are not
intuitively reasonable but the potential usefulness of the approach as a predictive
tool merits a re-examination of the concept. Essential to this process will be the
use of finite element methods to model interfacial crack growth between oxide and
alloy substrate (10). Before proceeding to this, it will first be useful to review
current understanding of spallation mechanisms from flat surfaces. To accord with
usual experience, spallation will be considered only during cooling when typical
protective oxide layers experience in-plane compressive stresses.

SPALLATION OF OXIDE LAYERS UNDER COMPRESSION

To effect spallation at the oxide/metal interface it is necessary to develop
cracks through the thickness of the oxide layer and to develop a zone of decohesion
at the interface (4). In oxide/metal systems having intrinsically poor scale adhesion,
a zone of decohesion may well develop during isothermal oxidation as a result of
void formation at the oxide/metal interface (11). Additionally, the segregation of
sulphur and other elements to the interfacial region can occur (12,13) and this is
also likely to impair adhesion. Over such an area of decohesion oxide buckling is
possible in principle, as shown in Figure 1(a). Through-thickness cracking of the
oxide is then initiated in regions of high convex curvature and localised spallation
results. For many years, this was the traditional model (14,15) for oxide spallation
but it is now recognised to be inconsistent with the behaviour of alloys designed for
high temperature service. In such alloys, additions of rare-earth elements e.g
yttrium, will greatly reduce the extent of interfacial voidage and of sulphur
segregation, and long-term exposure conditions will lead to protective oxide layers
of many microns in thickness. The combined effect of reducing the radius, c, of the
zone of initial decohesion and increasing oxide thickness, &, is to increase the
temperature drop, AT,, to initiate spallation to unrealistically high values according
to:
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AT, - 122 (e)’ ]

Aa(l-v)\€

where Aa is the difference between metal and oxide thérmal expansion coefficients
and »,, is the Poisson's ratio of the oxide. This equation assumes (4) that the oxide

layer deforms elastically and behaves as a clamped plate under negligible stress
prior to cooling. Using typical values of c=1 um (i.e. 1x10° m), £ =5 um, v, =0.3
and Aa=8x10" K" gives excessively high values (4x10° K) for AT,. Indeed, to
obtain a reasonable value for this critical temperature drop of say 1000 K would
require an equally unrealistically (for high-temperature alloys) large radius of the
zone of decohesion of some 2000 um.

An alternative route to oxide decohesion is by wedging (4) as shown in Figure
1(b). This mechanism is appropriate to thick oxides with an intrinsically strong
interface with the alloy, i.e.an interface relatively free of voids. Initial oxide failure
by this route is then envisaged to occur by through-thickness shear failure of the
compressively-stressed oxide. It is expected that such failure is initiated from pre-
existing defects within the oxide layer, either embedded or originating from the
oxide surface. The critical, in-plane compressive stress, o,, to produce shear
cracking from the defect can be expressed generally as:

Kllc . [2]

0 = —_
¢ flra)*

where Ky, is the critical stress intensity factor for Mode-II shear cracking, a is the
half-length of an embedded defect or the length of a surface defect and f is a
geometric factor which allows for the orientation of the defect and its length
relative to the oxide thickness.

The evaluation of the factor f is far from trivial for the application being
considered here but, to first order, a value of unity is reasonable. Similarly, there
appears to be no published values of Ky, for naturally-grown oxide layers, although
taking (Kp/f) ~ 1x10°N.m™? is probably consistent with published values (16-20)
for the tensile stress intensity factor K, of various oxide layers. This level of
uncertainty in these parameters is unwelcome but it is emphasised that only order
of magnitude estimates are being sought. If, as earlier, the only significant source
of compressive stress is taken to be that due to differential thermal strains (i.e.
oxide growth stresses are negligible), then Equation [2]can be modified to give the
critical temperature drop, AT,, to induce shear failure of the oxide layer as:
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The values of critical temperature drop predicted by this equation for both
chromia and alumina are shown in Figure 2 for a range of (surface) defect lengths.
In each case, Ky/f was taken as 1x10°N.m>?and other material parameters are as
given in Table I. It can be seen that, for both oxides, surface defects longer than

about 2 um are predicted to propagate l:i shear for temperature drops of 100 K or
less. These values of AT, are similar to those deduced (4) from thermogravimetric

experiments on an austenitic steel. Defect lengths of some microns certainly do
exist in thin nominally protective oxide layers (e.g. 16,20) and, as a consequence,
can penetrate through a large fraction of the oxide thickness. Such observations
will be used in the finite element models described later. It needs also to be
recognised that the defect length used in Equation [3] may be a composite value
(16-18) which represents the effective length of closely-spaced individual defects.
This approach of using a composite defect size seems appropriate when the volume
fraction of defects within the oxide layer is relatively small (say <10%) but fails at
much larger values (21).

Table I: Material Parameters used in the Computations

Material E, v a x10° | Fracture Expression for Creep Rate, ¢, s
GPa K Stress, (o=stress, Pa; T=temperature, K)
MPa
Silica 65.7 | 0.2 0.5 300 creep rigid
Chromia 260.0 | 0.3 8.5 n.a. creep rigid
Alumina 387.01 03 7.9 1700 creep rigid
20Cr/25Ni steel | 156.8 | 0.3 | 17.8 n.a. &=2.10x10¢"exp(-42100/T)
Ni16Cr6AlY 167.0 | 0.3 15.2 n.a. £=8.96x10"%¢>exp(-35840/T)
coating alloy .
Haynes 214 1770 | 0.3 20.0 n.a. ¢=9.08x10"'¢**exp(-48450/T) +
1.65x10%¢"**exp(-106030/T)

The formation of the through-thickness shear cracks creates the necessary
geometry for the subsequent growth of a wedge crack along the oxide/metal
interface. The wedging process is facilitated, during further cooling, by the sliding
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of blocks of oxide along the plane of the shear cracks in the sense shown in Figure
1(b). The proximity of the wedge crack to the alloy substrate suggests that creep
relaxation in the alloy of crack-tip stresses will occur and this has been confirmed
by recent finite-element analyses (10,22). Such creep interactions preclude the use
of linear elastic fracture mechanics although, as implied above, their use within the
creep-rigid oxide layer is justifiable. The wedge cracking process in this context is
not amenable to analytical treatment although it has been suggested (4) that the
critical strain-energy criterion (CSEC) may offer an adequate approximation.

THE CRITICAL STRAIN-ENERGY CRITERION (CSEC)

In the original formulation of the CSEC (1), it was assumed that during cooling,
the elastic strain energy stored within the oxide layer was totally available at some
critical temperature drop, AT,, to produce decohesion at the oxide/metal interface
and cause spallation. The concept has proved popular because it offers some
physical basis to the spallation problem but, since no cracking mechanism is
identified, the approach is entirely phenomenological. Understanding can then be
illusory. An important objective of this present paper is to examine an earlier
suggestion (4) that wedge cracking is an appropriate mechanism to be described by
the CSEC. Buckling failure, as discussed earlier, will not be a candidate since much
of the strain energy produced during cooling is contained within the buckle
configuration and does not contribute to the cracking process. Mathematical
development of the CSEC in the absence of a cracking ‘model can be undertaken
readily.

For an oxide layer of thickness £, a spacing between shear cracks of A and a
strain energy within unit volume of oxide of W*, the maximum energy available

within the oxide layer bounded by the shear cracks is A2(W*. The CSEC requires
that this energy produces failure at the oxide/metal interface over an area A\’ i.e.

MEW =22y, (41

so that the critical condition becomes:

=JXr [5]

4

where 1 ¢ is the effective interfacial fracture energy. It is important to recognise
that this is an effective value since, even in the absence of a crack, a fraction of the
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energy stored in the oxide will be dissipated by creep of the alloy substrate (23).
In the presence of an interfacial crack this energy dissipation will be more evident
as will be discussed in the section on finite-element modelling.

The strain energy within the oxide layer is taken to derive solely from the in-
plane differential cooling strains, e, given as:

e, =-AcAT (6]

where AT (=T - T) is the temperature drop expressed as a positive number.
Assuming that the oxide layer experiences equal biaxial stresses, o, the strain
energy per unit volume is given as (4):

E
W* = Yea e, + %0, e, = = “__Aa?AT? n

_v”)

Substitution of Equation [7] into [S] then gives the critical temperature drop, AT,,
for spallation as (4):

%
AT, = [__1."__) 8]
EE, (Aa?)(1-v,,)

This derivation assumes negligible oxidation growth stresses, i.e. the oxide is free
of stress prior to cooling. This will be a good approximation where unconstrained
metal section thicknesses are small and/or when the alloy creep strength is low,
since creep relaxation- will be possible at the oxidation temperature. High creep
strength alloys of thick section are likely to develop growth stresses during oxidation
and the above derivation would then need to be used with caution.

The striking feature between Equation [8]and that for buckling (Equation [1])
is in the dependence of AT on oxide thickness. A consequence is that, unlike
buckling, the CSEC predicts that spallation will become easier as oxide thickness
increases. This is a commonsense expectation but, of more significance, it has also
been shown (24) that Equation [8] describes measured AT, values for a chromia
layer on a 20Cr25Ni austenitic steel, as shown in Figure 3. This is currently the
most extensive data set available. In this figure, the line drawn through the data
represents the best fit of Equation [8] and corresponds to a value of «y; of 6 J.m?2,
Although there is much data scatter, the trend of decreasing AT, with increasing
oxide thickness is evident and contrasts with the rising trend expected of buckling
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(Equation [1]). The spall morphology was also as expected from a wedging
mechanism (25), i.e. isolated regions of spalled oxide (typically 10-20 um in
diameter) with inclined fracture surfaces with the residual adherent oxide as
depicted in Figure 1(b). Similar spall morphologies have been reported for the
same alloy oxidised at higher temperature (26) and for an alumina layer on a

nickel-based alloy (20).

It is evident that the CSEC is capable of describing spallation but, intuitively,
it is not reasonable that it should do so. The difficulty is that the CSEC requires
no cracking until the temperature has reached AT, to give the kinetics of interfacial
crack growth shown in Figure 4. However, it has already been shown that
nucleation of the wedge crack by propagation of through-thickness shear cracks is
likely to occur early during cooling (Figure 2) and must be associated with the
release of some of the stored strain energy. A crude but adequate estimate of this
can be obtained from the fracture mechanics approach used earlier. Thus, within
the spirit of this approximation, let the geometric factor fequal unity so that the
value of Ky, =10° N.m®2. The energy, U, dissipated in producing two new crack
faces of length w along the perimeter 4\ is approximated by:

2
U=4rw K 9]

For notional values of w=1 um (i.e. the residual thickness of oxide underneath a
defect in the oxide layer), A=15 um (typical length of a spalled area) and E_ =387
GPa (the value for alumina from Table 1) gives U=1.6x10"J. The total strain
energy developed in the same volume of oxide during cooling is given from

Equation [7] as:

W* = A2 (::‘m) Ax2AT? [10]

Again using representative values of £=5 um, Aa=8x10° K" and AT=400 K gives
U=6.4x10"J. This comparison serves to show that the shear cracking process is
likely to release only a small percentage (in the above example, some 2.5%) of the
total strain energy developed within the oxide layer on cooling to the spallation
temperature.  This loss is a second order effect and, as such, will not affect the
general usefulness of the CSEC.

A more significant concern is the requirement, shown in Figure 4, that the
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interfacial crack should grow instantaneously at the spallation temperature. Such
growth kinetics can be found in the catastrophic failure of brittle materials but
ought not to be expected for oxide spallation at high or intermediate temperatures
where slow crack growth and creep relaxation processes are likely to occur. This
apparent inconsistency between the required cracking kinetics and the ability of the
CSEC to describe spallation by wedging can be resolved through finite element
modelling of the wedging process.

FINITE ELEMENT MODELLING

Initial finite element modelling of spallation by wedge cracking was reported
in 1993 (10) and applied to a chromia layer on an austenitic steel. In a later paper
(22), the same mesh geometry was used to extend the analysis to alumina-forming
ferritic steels. These and new results on alumina-forming nickel-based alloys will
be considered in this section.

The numerical model considers spallation to occur over a circular zone of
radius r contained within a spall cell of radius R (Figure 5). Axisymmetric,
cylindrical geometry is used throughout. The thickness of the substrate alloy is 190

um. The finite element mesh in the vicinity of the spall zone is shown in Figure 6.
An important feature of the model is the use of interfacial elements (27) of high

aspect ratio for the shear crack and the interfacial zone. These can be given
different physical and mechanical properties from the oxide and alloy substrate. In
particular, they can be allowed to fail at defined values of the tensile stress acting
normal to the plane of the element. In some cases, e.g. chromia on a silicon-
bearing steel (10), the oxide/metal interface, along which cracking takes place, is
amorphous silica and is given appropriate properties (Table 1). In the absence of
a distinct phase, the interface can be given the properties of the surface oxide (22).
Another feature of the interfacial elements is that they can represent a shear crack
by having zero shear modulus but non-zero Young's modulus. Normal forces can
then be transmitted across the crack surfaces. In the present model, these
interfacial elements are 0.1 um thick. The 45° shear crack (see Figure 6) is
assumed to penetrate to the oxide/metal interfacial zone, i.e. for the 5 um thick
surface oxide layer being considered, the shear crack has a length of 7.07 um. The
oxide/metal interfacial elements are each 1 um long and so the wedge crack
increases in length by 1 um as each crack-tip element fails. All the oxide layers
considered here are taken to be creep rigid during cooling but the alloy substrates
are generally allowed to creep according to the algorithms given in Table 1. These
show the creep rate to be highly temperature dependent, as shown in Figure 7, so
that at some stage during cooling, the substrate will also become creep rigid. In
this analysis it is then assumed to deform elastically. The double term used to
describe creep in the Haynes 214 alloy represents the decrease in creep strength
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that occurs at high temperatures when the y' strengthening phase is in solution.

Predictions of the critical temperature drop, AT,, to initiate spallation for the
20Cr25Ni steel cooling from 900°C (1173K) at 100 K/h are shown as a function of
chromia thickness in Figure 8 (10). Also shown are the 95% confidence limits to
the thermobalance data given in Figure 3. Although these computations were
performed for an initial temperature of 900°C and the data refer to 850°C (1123K),
it is known (28) that similar spallation results are obtained from each temperature.
These bounds to the data reflect an inverse square root dependence of AT, on
oxide thickness as given by the CSEC (Equation [8]). It can be seen that the
predictions assuming elastic behaviour of the steel substrate provide poor
agreement with the experimental data both in absolute values and in the parametric
dependence of AT, on oxide thickness. The CSEC evidently does not apply in this
case. On the other hand, when alloy creep deformation is considered, both the
numerical and parametric agreement is satisfactory. More detailed computations
of the strain energy released during spallation have been performed (10) and
confirm that the CSEC holds to a good approximation in this system if the alloy
substrate is permitted to creep. Why should this be so?

The reason can be understood from a comparison of the growth kinetics of the
interfacial wedge crack as shown for this 20Cr25Ni steel in Figure 9. Under elastic
conditions, the growth of the wedge crack occurs continuously with increasing
displacement along the inclined shear crack bounding the spall zone. This
displacement derives, of course, from the differential thermal contraction strains
during cooling. When the substrate is permitted to creep, however, the wedge crack
blunts shortly after its nucleation and a delay in subsequent growth develops as
shown in Figure 9. Growth of the crack continues when creep relaxation rates in
the alloy become low as cooling continues. As a consequence of creep relaxation,
the kinetics of growth of the wedge crack resemble those expected (Figure 4) if the
CSEC were to hold. Thus, since the loss of strain energy in developing the shear
cracks is small, then to first order, the accumulated oxide strain energy is released
in crack propagation over a relatively small temperature drop. It must be
remembered, of course, that much can also be lost in creep relaxation prior to crack
growth but this fraction is accommodated in the effective fracture energy, vp.

This influence of creep is duplicated in the other examples considered in this
paper as shown in Figure 10 for the alumina-forming Haynes 214 and the
Nil6Cr6AlY coating alloy. For each alloy, the initial oxidation temperature was
taken as 1100°C (1373K) and different pairs of cooling rates are considered. Even
for the highest rate (10° K/h in Figure 10(b)), a measurable delay in wedge crack
growth is still predicted. The cracking kinetics of the Haynes alloy (Figure 10(a))
closely follows that expected from the CSEC, such that the crack growth stage
extends over only some 10% of the total temperature drop. This rapid rate of
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growth reflects the high creep strength developed at temperatures less than about
840°C (1113K), Figure 7, and also the large difference (12.1x10°K™) in thermal
expansion coefficients for this system (Table 1). A final point to note from Figure
10 is that propagation of the shear crack and nucleation of the wedge crack occur
at temperature drops in the range 50-100K and, thus, accord with expectations
(Figure 2).

Therefore, for all cases which have been studied to date, the influence of
substrate creep is to delay the growth of the interfacial wedge crack. The extent

of this delay, in terms of AT, depends on the intrinsic creep strength of the alloy
and also on the cooling rate. The influence of the latter for the Nil6Cr6AlY with

a 5 um alumina surface layer cooling from 1100°C is shown in Figure 11 (29). The
solid curve (creeping alloy) shows how AT, decreases from about 750°C (1023K) to
about 315°C (588K) with increasing cooling rate. At the highest rate (10° K/h), the
value is close to that expected for elastic behaviour (broken line in Figure 11) but
some creep relaxation still occurs (Figure 10(b)).

CONCLUSIONS

It is shown that the critical strain-energy criterion is valid only when interfacial
crack growth occurs quickly at temperatures close to the final spallation
temperature.  Finite element methods have been used to demonstrate that this
condition can be achieved if the growth stage of a wedge crack at the oxide/metal
interface is retarded by creep relaxation within the alloy substrate. These cracking
kinetics are most readily achieved at low cooling rates and in alloys whose creep
strength is strongly dependent on temperature.
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