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Abstract

Residually compressed thin films are susceptible to spalling from substrates. A prerequisite for this to occur is that a separation
develop at the interface large enough to allow buckling. Thereafter, the mechanisms of spalling are well-established. In this article,
the mechanics of formation of the initial separation are addressed. Perturbations on the interface are deemed responsible for this
process. Calculations of energy release rates for various interface morphologies have revealed that aperiodic perturbations can
initiate and extend the separations to a length sufficient for buckling. Conversely, periodic perturbations trap separations at
dimensions too small to buckle. [llustrations are given for an alumina film (scale) on Ni-based superalloys. Implications for life
prediction models are explored. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Residually compressed thin films are susceptible to
spalling from substrates [1-3]. When the film/substrate
interface is well-bonded, failure occurs by thermome-
chanical fatigue, upon thermal cycling, caused by cyclic
plasticity in the substrate near the interface [4]. How-
ever, a more debilitating problem arises when the inter-
face adhesion is relatively low. Then, films typically
decohere in accordance with the sequence indicated on
Fig. 1 [1]. (i) A separation forms at the interface. (ii)
Buckling occurs above the separation. (iii) The conse-
quent energy release rate at the buckle perimeter causes
it to propagate, often with a ‘telephone cord” morphol-
ogy. (iv) The interface crack kinks into the film and
extends to the surface, resulting in dynamic spalling. In
some cases (ili) and (iv) can be simultaneous. The
mechanics of steps (ii) to (iv) are well-established [1-4].
The initial formation of the separation (step 1) is not
understood. The purpose of this article to explore phe-
nomena that might induce initial separation.

Crack-like voids can form at interfaces upon oxida-
tion. For this to occur remote from free edges, tensile
or shear stresses must exist at the interface. For a
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planar interface these stresses are zero and there is no
motivation for crack formation [5]. Consequently, non-
planarity has been proposed as a prerequisite for the
growth of a separation large enough to case buckling
[4]. One type of periodic interface undulation has been
analyzed previously (Fig. 2, type I) [4]. Two others are
examined in this study (Fig. 2, type Il and III). The
interface stresses induced by small periodic undulations
can be expressed in the form:

04/, =(A/L)Q,(op,h/L) (la)
where ¢, is the compressive misfit stress in the film,
g, =E " /(1 -0) (1b)

with €7 the misfit strain, E, the Young’s modulus of the
film and v, its Poisson ratio. L is the wavelength of the
undulations and A4 their amplitude, with 4 the film
thickness. The function Q; depends on the first Dun-
durs’ parameter, ap = (E, — E,)/(E, + E,), where E is
the plane strain modulus, with the subscripts 1 and 2
referring the film and substrate, respectively. It is insen-
sitive to the second Dundurs’ parameter [6]. Results for
the shear stresses that arise with type I morphology [4]
indicate magnitudes of Q from 1 to 4, depending on the
elastic mismatch. Aperiodic features commonly present
in films and scales, such as that indicated on Fig. 2d,
create a stress environment that enhances the interface
separation. Analysis of these perturbations constitutes a
major objective of this article.
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Fig. 1. The sequence of events that cause a thin compressed film to decohere from a substrate.

To address spalling, it is not sufficient to know the
stresses. It is required that the behavior of interface
separations be determined [1]. This is manifest as the
energy release rate G relative to the adhesion. The
principal objective of this study is to calculate G for
interface separations that arise in conjunction with the
morphologies indicated on Fig. 2 and, thereby, simulate
crack growth along the interface.

To realize this objective, the article is organized in
the following manner. (i) The mechanics of spalling
(Section 2), establish the requirements. (i) The stresses
at the interface (Section 3) and the energy release rates
for interface cracks (Section 4) determine the mor-
phologies having the greatest potential for crack forma-
tion. (iii) Implications for the separation dynamics are
explored in Section 5.

When illustrations of the mechanics are needed to
assess their applicability, emphasis is given to the be-
havior of compressed AlL,O, thin films on Ni-based

superalloys [7,8]. In particular, the oxide is considered
to form by oxidation of Al in the alloy. It is subject to
a moderate stress at high temperature, upon oxidation.
However, on cooling, a large residual compression de-
velops because of thermal expansion misfit. For these
interfaces, segregation (particularly of S) is believed to
adversely affect the adhesion [9-11].

2. Spall mechanics

Each of the events depicted in Fig. 1 involves a
critical stress and a characteristic size [1-5]. Definition
of these critical quantities provides a basis for experi-
mental benchmarking and validation of the
mechanisms.

(i) Buckling is explicitly defined. For films subject to
biaxial compression, the critical separation radius, b,
for axisymmetric buckling at stress,o,, is [1]:




170 M.Y. He et al. / Materials Science and Engineering A245 (1998) 168—181

boh=1.1./E]o, (2a)

where E is the Young’s modulus of the oxide and # its
thickness. Thus, for a specified stress and film thickness,
b, represents the smallest separation radius that buck-
les. The analogous result in plane strain for a buckle of
half width b, is:

by/h =0.9 JE]a, (2b)

(ii) Buckle propagation inherently involves mode
mixity effects (Fig. 3) and associated changes in the
interface toughness. Here, i is used to represent the
mixity angle with O referring to mode [ and + /2 to
mode II. For a typical case, wherein the interfaces
exhibit higher mode II than mode I toughness, there is
a ‘critical’ stress, o, above which buckles always propa-
gate. This stress is given for axisymmetric buckles by

[1]:
o,=¢ JEI?/(1—0v)h 3)

where v is Poisson’s ratio, I'? the mode I interface
toughness and ¢ about 2.5. There is a corresponding
‘critical’ size, b, below which buckles should not prop-
agate. This size is:

bpylh=w JE/a, @
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Fig. 2. The four film morphologies addressed in the present analysis.

where @ = 2. Note that b, is about twice that for
buckling, b, (Eq. (2a)), at comparable stress levels and
film thicknesses.

(iii) The deflection of the interface crack into the film
occurs in accordance with a kinking criterion [1,12].
This criterion is dictated by the mode mixity and the
ratio of the interface toughness, I'?, to that for the film,
I',. Graphical representation (Fig. 3a,b) reveals that
spalling, rather than continued propagation along the
interface, happens when the interface is relatively
tough: I'?/T", 2 0.56. Then, the spall size is the same as
the buckle size: b, = b, (Eq. (2a)). The stress at which
the spall occurs, o, has the form;

a,=¢* JEIL /(1 ~v)h ®

with ¢* ~ 1.7. However, at smaller interface tough-
nesses, the buckle propagates along the interface (at
stress o,) before it spalls. The actual spalling event is
then critically dependent upon mode mixity details [1].
Specifically, since the magnitude of the mixity angle
increases as the buckle extends (Fig. 3c), there is a
greater tendency for kinking at larger buckles (Fig. 3d).
The spall size, b, (Fig. 3a—d) is:

bjh =y JEa, ©

where y is estimated from []] as:
z &~ 1.1 exp[0.7(,/I'?) —1.25] )

This result applies for rough interfaces wherein the
mode Il interface toughness exceeds that for mode I by
about an order of magnitude [5,13,14]. Note that the
spall radius can be extremely large when the interface
toughness is small.

Application of these mechanics is illustrated for oxide
scales, thickness # =1 ugm, on Ni alloys (E, = 400 GPa,
E, =200 GPa). Two estimates for the interface fracture
energy have been used. One is the value (10 J m~2)
measured for diffusion bonded Ni/alumina interfaces at
room temperature [15,16]. The other (1 J m~2) is an
estimate for an interface with diminished toughness
caused by segregation [17,18]. The corresponding film
toughness is: ', 2 20 J m 2. The critical stresses found
from Eqgs. (3) and (5) are, g,=2-6 GPa, for both
buckle propagation and spalling: the smaller stress re-
ferring to the lower interface toughness. These bound
the thermal expansion misfit stress for this material
system: ~ 3.5 GPa [7,8,19]. Consistency thus exists, but
is contingent on segregation to diminish the interface
toughness to about 1 J m~2 The critical radii for
buckle propagation (Eq. (4)) range from 16 to 27 pm.
The corresponding spall sizes (Eq. (6)) vary from 16 pm
to 3 mm. These are in the range reported in the
literature [9,20], but the comparison is not
discriminating.

Most importantly, for buckling to occur, separations
of order 20 pm must exist at the interface. An under-




M.Y. He et al. / Materials Science and Engineering A245 (1998) 168-181

s e R

171

e

BUCKLE PROPAGATION AND SPALLING

Trajectory Map 0 Interface Toughness
1T .0 T1 ﬂ
T, I°
© Interface !
| Decohesion |
oL2] 1
0 —(y)— w2 O —(Y)— T2
ﬂ(am) A
Modified Trajectory Map Phase Angle
1.0 |i /2 ﬂ
| } - yg(Spall)
Spall
re 00w
iy Propagate
° | "—\Vp
| f
b
0 ol°*
0 —(y)— T2 — b/h —

Fig. 3. Mode mixity effects and their role in determining the incidence of spalling.

standing of the initial formation of such separa-
tions is essential to a self-consistent mechanistic
model. The separations may either form at high tem-
perature, facilitated by diffusive crack growth mecha-
nisms [21], or may develop as the stress builds up on
cooling. These are discussed in some detail in Section 5.
Here, it is noted that interface separation is char-
acterized by a threshold condition, dictated by the
work of adhesion, W, ,;, below which they are unable
to propagate. That is, the effective interface toughness
at high temperature is I';~ W,,. Consequently, by
calculating G, and equating to W,,, the likelihood of
growing separations up to the magnitude needed for
buckling, upon subsequent cooling, will be deter-
mined.

3. Stresses

3.1. Periodic morphology

The stresses associated with the periodic morpholo-
gies in Fig. 2 can be calculated analytically for the case
of small undulation amplitudes (4/L <0.2 and
A /h < 0.2). The coordinates (x,, x,) are defined on Fig.
4a. The analysis is performed using the perturbation
approach described elsewhere [4]. The stresses at any
point in the substrate or along the interface can be
expressed in accordance with (Eq. (1a)). Emphasis in [4]
was placed on the effective von Mises stress in the
substrate, which was found to be nearly independent of
x, just below the interface. Normal stresses occur at the
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Fig. 4. Normal stresses at the concave sites along the interface calculated for the three periodic morphologies.

peaks and valleys along the interface, while shear stress
occurs halfway between the peaks and valleys. In this
paper, emphasis centers on normal stresses acting at the
interface and their tendency to foster interface fracture.
When the film is in compression, a tension acts across

the interface at the undulation peaks, except for long
wavelength undulations of type III. Plots of the ampli-
tude-modified stress parameter (Q,,) acting across the
interface at the peaks are presented in Fig. 4, as a
function of the first Dundurs’ parameter, for each of
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Fig. 4. (Continued)

the three types of undulation. (In [4], ¢, was defined to
be positive in tension. Here it is taken to be positive in
compression such that, on Fig. 4, the positive o,,
stresses are tensile). Even relatively small undulations
produce significant interface stresses when o, is large.
For elastic properties relevant to the Al,O, interface
(ap ~0.3), the stress parameter (J,,, is in the range
0.5--2.0 for most wavelengths of practical interest (1/
5<h/L.<1/2. The shear stress on the interface at
points halfway between the peaks and valleys are of
comparable magnitude to the normal stress and display
less dependence on #/L (see [4] for type I). For type 111
undulations, at long wavelengths (/L < 1/5), the loca-
tion of the maximum tensile interface stress shifts to the
valleys.

3.2. Aperiodic morphology

The elastic stresses that develop around aperiodic
penetrations are calculated numerically, with emphasis
on the equivalent values, o,. The stress contours are
shown on Fig. 5, normalized by o, defined above. Note
that the maximum equivalent stresses near the inter-
faces are ¢,/0,~ 0.35. In practice, these stresses cause
yielding when &, reaches the tensile yield strength of the
substrate, ¢,. Consequently, the stress in the penetra-
tion is limited to ~ 2.8¢,. (A full elastic/plastic calcula-
tion would be needed to establish the exact magnitude
of this stress ratio). There is no corresponding effect in

the remainder of the film, because it does not generate
a large stress in the substrate, except locally near the
periodic oscillations.

This stress relaxation is important when assessing the
potential for penetrations to induce interface separa-
tions. Substrate (bond coat) yielding must be included
as a factor that limits the stress in the penetration. That
is, all other factors being equal, lower yield strength
bond coats diminish the importance of penetrations for
separation and spalling.

4. Energy release rates
4.1. Periodic morphologies

By introducing small cracks at the interface, energy
release rates, G, are calculated. For periodic morpholo-
gies (Fig. 2a—c¢), plane strain cracks are considered that
originate in a region of interface tension and spread
symmetrically along the interface (Fig. 6). Dimensional
analysis indicates that

E Gjoid = w(ap, a/L, AJh, hjL) (8a)

where 2a is the crack length and w is the function to be
calculated. There is also a weak dependence on the
second Dundurs’ mismatch parameter, which has not
been recorded. Illustrative results are presented on Fig.
6 (for ap=0.3, relevant to the AlLO,/Ni interface).
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These results and others for the aperiodic morphologies
(Figs. 8—12), were calculated by the virtual crack exten-
sion method using the ABAQUS code. It has been
found that G oscillates with a period governed by L
(exemplified in Fig. 6a for a type III morphology),
reaching nearly zero when the tip is about halfway
between the valley and the next peak. Fig. 6b empha-
sizes growth out into the first valley. Such growth is
relatively insensitive to the morphology for typical
wavelengths and amplitudes: A/L=0.3, A4/L=0.2.
More generally, because of the differences in stress
among the three morphologies (Fig. 4), energy release
rate distinctions are expected to arise. These are not
addressed in the present study.

The quasi-steady-state behavior seen in Fig. 6a for
cracks longer than about 2L arises because the interface
stresses within each undulation are released upon sepa-
rating the film. The associated energy released is nomi-
nally available for crack extension. The perturbation
method of [4] can be applied to determine the energy
release rate for long cracks averaged over a wavelength
L, denoted by (G,,),... The method evaluates the differ-
ence in elastic energy between the bonded and
debonded geometries. (It is important to note that the
coating remains attached to the substrate on each end
of the crack. The average strain in the film parallel to
the interface is not altered by debonding). The result of
the analysis for the type I morphology is shown in Fig.
7. These results are accurate for small undulations (i.e.
AJL <02 and A/h<0.2). The limit for long wave-
lengths (h/L « 1) is independent of the elastic mismatch
between the film and substrate and is the same for
morphologies I and III:

a2h (A2
(Gl =35 ( - ) (8b)
The factor (1/2)a3h/E, is the well-known plane strain
expression for the energy release of a delamination
crack on a planar interface, wherein one end of the film
has detached from the substrate and all the elastic
energy in the film is released [1]. Note that, since 4 « A,
(Gyave—0 as h—0 and as 4—0. This gives some
perspective on the average energy release rate for rela-
tively small interface undulations. However, it is essen-
tial to realise that the energy release rate oscillates
about this average, with crucial consequences for the
stability of small separations, elaborated next.

4.2. Aperiodic penetrations

The results for the periodic morphologies in Fig. 6a
(which are inclusive of crack interactions), imply that
separations are trapped in the vicinity where G becomes
very small. They cannot extend by more than one
wavelength before they arrest. Such separations are too
small to enable buckling. Solutions for aperiodic (local)
penetrations indicate greater potential for the growth of
separations. They reveal that finite energy release rates
persist to appreciable crack extensions relative to the
film thickness (Fig. 8). This morphology induces energy
release rates in accordance with other, comparable di-
latational phenomena. These other phenomena include:
lateral cracking from hardness indentations [22], micro-
cracking from transforming particles [23] and cracking
from inclusions caused by thermal expansion mismatch
[24]. From these previous analyses, the non-dimensional
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energy release rate is known to be strongly dependent
on the assumption made about the location of the inner
crack front [23,24]. Typically, this front extends toward
the center of symmetry, either along the interface or
partially through the penetration. To bound the behav-
ior, solutions are obtained by: (a) allowing the inner
front to be trapped at the interface and (b) letting the
energy release rate at this crack front be zero. In many
cases, the separation dynamics are dominated by the

opening (mode 1) energy release rate, G, because the
shear (mode II) does not contribute to the separation
mechanism [21]. Mode mixity angles i are thus ex-
plored. Among a range of results presented on Figs.
812, the predominant features are as follows.

(i) There is a substantial effect of the condition
imposed at the inner crack front (Fig. 9a), especially
when the interface crack is small. Cracks that extend
inward have considerably larger energy release rates at
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the outer edge. The rate at which G builds up as
the inner crack front penetrates the particle is indi-
cated on Fig. 9b for axisymmetric penetrations. Evi-
dently, penetrations about half way into the particle
are sufficient to develop the full energy release. The
trend is the same in plane strain. For further analysis,
the solutions with zero G at the inner crack front are
used.

(i1) The energy release rates attained with planar
penetrations (Fig. 8) are substantially larger than those
for hemispherical penetrations (Fig. 10).

(i) Non-dimensional energy release rates, E,G/a2h,
decrease as the crack extends. Moreover, plane strain
penetrations (Fig. 8), when the normalization is
changed such that R is replaced by 4, the following
approximation characterizes the energy release rate:
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(iv) An overlay coating changes the behavior. The
effect is illustrated (Fig. 11) for a thick coating having
properties characteristics of a porous ZrO, thermal
barrier (modulus, £ =100 GPa, and thermal expan-
sion coefficient, « = 10 =% C ). For small separations,
the energy release rate is lower than that for the film
only, presumably governed by the extra stiffness pro-
vided by the coating. But, at longer separations some of
the residual energy density in the coating becomes

available for crack growth and G becomes relatively
larger.

(v) The mode mixity angle in the absence of an
overlay coating is essentially constant, with i = 80°
(Fig. 12). That is, the debond is predominantly mode
II. However, when an overlay is superposed, ¢ de-
creases as the debond extends, rendering it more sus-
ceptible to propagation. These mixity characteristics are
not explicitly used in the subsequent analysis. But they
will need to be included in a full treatment of interface
cracking and spalling, because of the strong effect of ¥
on the interface fracture toughness.




178 M.Y. He et al. / Materials Science and Engineering A245 (1998) 168-181

03T T T T T 7

0.25

o
(S

(E,GIOR)(@/R)
o
o

N I O O

Lry vt lar v v b g p v brestlgunig

0.1
0.05
" Axisymmetric |
ol v v 111 I O ST L N
1 1.5 2 25 3
a/R
Fig. 10. Energy rclease rates for axisymmetric penetrations.
0.5 ™1 T T 1 T 1 T T T 1 T T T 1
[ Plane Strain ]
- Oxide Film 1
" Plus Coatin 1
0.4k g .
- , <
[52] = 7 s
— td
o : . .
3 osf :
P - -
(a ey L J
Nbo L -
=~ 02}
o] L TBC
w - re— a8 —m=
~ B h ‘g, [Oxide e
3 -
01r : 1Y Penetrati
- ration
r Interface le- 2R -}
N Separation
0 [ T T T NSV NN T N e e
1 15 2 2.5 3

— a/R—»

Fig. 11. Effect of a thick overlay coating having properties typical of porous ZrO, on the plane strain energy release rates for an interface

separation.

5. Implications for life prediction
5.1. Buckling

It is instructive to assess the effectiveness of penetra-
tions as a source of separations large enough to cause
buckling. This is achieved by combining Eq. (9) with
Eq. (2a) and equating G to [; to give a critical penetra-
tion radius, R.. If the misfit stress in the film and the
penetration are both ¢, the result is:

Ro/h=0.9(E,[a,)"%(T; /o h)'? (10)

A plot of R /h against ¢,/E, for a range of ¢ ,i/l'; (Fig.
13) provides a map of the penetration size domain that
enables buckling. (Recall I'; that refers to a mode mixity
angle, ¥ =80°). To be explicit, choosing parameters
relevant to thermally grown Al,O, on Ni(Al) alloy
(0,3 GPa, hx1 pum, Ex~400 GPa) and if [',x~ 1 J
m 2, then the critical size is: R, =~ 3 um. However, if the
stress is only ¢, =~ 1 GPa, then R, increases to ~ 10 pm.
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5.2. Separation dynamics

The energy release rates and the stresses can be used
to predict some effects that occur in compressed thin
films. One response is addressed: the steady growth of
cracks at oxide scale/superalloy interfaces occurring at
high temperature. Effects of thermal cycling with an
adherent film have been addressed elsewhere [4].

For this illustration, two phenomena are involved. (i)

9 f—
.k

? Buckling

R./h Domain

c

-
3 —
1 | I |
s} 100 200 300

— E/G,—

Fig. 13. A buckling map determined for separations growing from
aperiodic linear penetrations. Buckling is possible in the top left
domain.

A dwell at high temperature that enables interface
separations to form as a consequence of growth
stresses. That is, compressive growth stresses in the
oxide, a,, that couple into the interface through the
undulations, provide an energy release rate in accor-
dance with Eq. (9), upon replacing &, with o,. (ii) This
dwell process results in a separation having length, 25.
The dwell is followed by a cooling period wherein the
stresses elevate because of the thermal expansion misfit.
For spalling to occur, the separation that forms in the
dwell must be large enough to satisfy the buckling
condition upon subsequent cooling to room tempera-
ture, in accordance with Eq. (2a).

It is assumed that crack-like void growth at the
interface is the mechanism of separation. This happens
whenever the energy release rate exceeds the work of
adhesion W4, [21]. The underlying phenomena are
vividly illustrated in recent experimental observations
made for NiO films grown on a Ni-based alloy (unpub-
lished research). The mathematical statements that rep-
resent this behavior are as follows.

(i) The separation that forms in the dwell period
must satisfy the propagation and spall conditions Eq.

(6):

ax>b,

(11a)

(ii) The stress at room temperature must exceed that
needed to propagate the interface crack up to the spall
size:

E(AaAT +€,)/(1 —v)+ 0,2 o (11b)

where o, is the stress operating at high temperature and
€, the applied strain (which introduces a thermome-
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chanical fatigue element). Assessment of the inequal-
ity (Eq. (11b)), using Eq. (3), establishes a minimum
film thickness that has to be generated in the dwell
period. This thickness is:

(T JE)$*(1 ~ v)
SRTYIN (122)

where e, =€, + ¢, [with €, =o,(1 —v)/E|]. Simulta-
neous satisfaction of the inequality (Eq. (11a)) along
with Eq. (6) requires that:

a> 2h
!

—_— 1
AaAT 4 €,]'? (125)

Combining these requirements with the separation
size gives an expression that depends on the dwell
time ¢,.

If plane strain penetrations dominate the energy re-
lease rate, then upon equating G to W,, Eq. (9)
together with Eq. (12a) gives:

P21 — )L \P  (W./E)'
o [AxAT + €)'/

g

(13)

Rzz(

where R is dependent on the dwell #,. The diffusion-
controlled growth of penetrations has the general
form [25],

R=/2¢.D.1 (14)

where D, is a diffusivity (D, = D, exp[ — Op/kT], with
Op being the activation energy and k the Boltzmann
constant) and ¢, the supersaturation of the species x
that forms the penetration. This species would typi-
cally be either an alloying element or an impurity
(such as S). Combining Eq. (14) with Eq. (13), the
dwell time needed to form a separation large enough
to buckle and spall becomes:

o _ o 871 = D)L\ [explQp/kTY(Woo/E,)"
ld_z( ¢ ) [ D,c [AaAT + €,]'"? ] (13

g

This is the expression for the life when high tempera-
ture interface separation kinetics control spalling. All
of the parameters in Eq. (15) can be independently
measured in order to test the hypothesis. 1t is already
apparent that Eq. (15) embraces the principal vari-
ables used in the engineering models [26,27]: namely
Ao, AT, T and Qp.

More generally, interface growth instabilities occur-
ring upon oxidation involve factors other than diffu-
sion in the substrate [28]. A comprehensive model
would require that all of these factors be addressed.

6. Concluding remarks

Interface morphology has been identified as a key
feature in the formation of the initial separations that

lead to buckling and spalling of compressed films.
Most noteworthy is the distinction between isolated,
aperiodic penetrations and periodic undulations. The
former can motivate interface separations that extend
over lengths many times the film thickness. Con-
versely, the latter provide oscillatory energy release
rates that cause separations to be locally trapped. A
direct implication is that small artificially created peri-
odic perturbations along the surface would prevent
interface debonds from coalescing and enhance film
durability. However, such trapped separations would
‘weaken’ the interface and make it susceptible to re-
moval upon mechanical loading.

When aperiodic penetrations are present, their abil-
ity to grow interface separations large enough to per-
mit buckling, is strongly affected by their size, the
stress and the interface toughness, in accordance with
Eq. (11a). For misfit stresses in the 3 GPa range,
typical of the thermal expansion misfit between oxides
and metals (Ax~5x 1076 C~!), and with high yield
strength substrates, (¢, > 1 GPa) critically-sized pene-
trations are about 3 pm, for a 1-pm thick film. These
are in the size range recorded for typical oxide scales
[6,7,9,19,29]. However, quite low interface toughnesses
are still needed to enable spalling, about I';~1 J m~
2 at mixity angles of order 80°. Such toughnesses are
considerably lower than those found for diffusion
bonded Ni/Al,O, interfaces. But, segregation (e.g. of
S) could reduce I'; to these levels [9,10]. Further un-
derstanding of such interface phenomena is needed
before the role of penetrations can be validated.

In practice, aperiodic penetrations arise at grain
boundaries in the substrate [6,7,19] and at chemical
heterogeneities [9,29] that lead to locally enhanced ox-
ide formation. The former are linear and provide the
larger energy release rates for high temperature sepa-
ration, accounting for their evident role in spall for-
mation. The latter appear to be important in some
cases, presumably dependent on segregation levels and
the spatial extent of the heterogeneity. Additional
studies of these perturbations would be needed to
clarify their origin and magnitude.

Some preliminary analysis has been performed for
an overlay, such as a thermal barrier coating (TBC).
These provide background but further analysis is nec-
essary. The TBC has been found to enhance the
growth of separations (except when they are very
small), because some of the energy density in the
TBC is available for interface cracking. Moreover, the
TBC increases the relative mode I contribution to the
energy release rate primarily responsible for the high
temperature growth of separations. Conversely, the
TBC suppresses buckling and requires that larger sep-
arations form before spalling can occur.
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