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Abstract

The durability of thermal barrier systems is governed by a sequence of crack nucleation,
propagation and coalescence events that accumulate prior to final failure by large scale
buckling and spalling. This sequence is governed by the o,, stresses that develop normal to the
substrate, around imperfections, as the thermally grown oxide (TGO) thickens. Their effect is
manifest in the stress intensity factor, K, caused by the o, stresses acting on cracks emanating
from them. In turn, these events are governed by scaling laws, ascribed to non-dimensional
groups governing o, and K. In this article the basic scaling relations are identified and used to
gain some understanding of the relative importance of the various mechanisms that arise for
application scenarios with minimal thermal cycling. These mechanisms are based on stresses
that develop because of TGO growth strains in combination with thermal expansion misfit.
The results are used to identify a critical TGO thickness at failure and express it in terms of
the governing material variables. The changes in behavior that arise upon extensive thermal
cycling, in the presence of TGO ratcheting, are elaborated elsewhere. © 2001 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are widely used in turbines for propulsion and
power generation [1-6]. They comprise thermally insulating materials having sufficient
thickness and durability that they can sustain an appreciable temperature difference
between the load bearing alloy and the surface. The benefit of these coatings results
from their ability to sustain high thermal gradients in the presence of adequate back-
side cooling. Lowering the temperature of the metal substrate prolongs the life of the
component. Successful implementation has required comprehensive testing protocols,
facilitated by engineering models [7-9]. Expanded application to more demanding
scenarios requires that their basic thermo-mechanical characteristics be understood
and quantified. This need motivates the analysis presented in this article. There are
four primary constituents in a thermal protection system (Fig. 1). They comprise (i)
the TBC itself, (ii)) an aluminum containing bond coat (BC) between the substrate
and the TBC, (iii) a thermally grown oxide (TGO), predominantly alumina, that
forms between the TBC and the BC, and (iv) the superalloy substrate. The TBC is
the insulator, the BC provides the oxidation protection and the alloy sustains the
structural loads. The TGO is a reaction product. Each of these elements is dynamic
and all interact to control the performance and durability. The thermal barrier
coating is an insulating, “‘strain tolerant” oxide. Zirconia has emerged as the pre-
ferred material, stabilized into its cubic/tetragonal forms by the addition of yttria in
solid solution. This material has low thermal conductivity with minimal temperature
sensitivity [10]. Strain tolerance is designed into the material to avoid instantancous
delamination from the thermal expansion misfit with the substrate [1,4,6,7]. The
deposition conditions are designed to create multi-scale porosity that provides the
requisite strain tolerance and also reduces the thermal conductivity. The bond coat
alloy is designed as a local Al reservoir, enabling a-alumina to form in preference to
other oxides [11-13]. Alumina is the preferred thermally grown oxide because of its
low oxygen diffusivity and superior adherence. Bond coats are in two categories.
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Fig. 1. An exploded view of the four major constituents of a thermal barrier system.

One is based on the NiCoCrAlY system. Such coatings are generally two phase
(y/-NizAl with B-NiAl). The Y is added at low concentrations to improve the
adhesion of the TGO, by acting as a solid state gettering site for S [14-16]. The
second category consists of a Pt-aluminide. These coatings are typically single-
phase-fB, with Pt in solid solution [12]. The TGO layer, which forms predominantly
at the highest temperature in the thermal cycle, develops extremely large residual
compressions at ambient (3—6GPa) [17-19]. These arise primarily on cooling,
because of its thermal expansion misfit with the substrate (Table 1). Smaller, yet
significant, stresses also arise during TGO growth [12,18]. Though thin (about 10
pum), the strain misfit in the TGO motivates the failure mechanisms to be addressed
in this article. In such cases, eventual failure is associated with the appearance of
large-scale buckles (LSB), several mm in diameter [20,21]. Spalled areas may also
appear at free edges [21].

The approach taken is to use basic failure-related observations to guide the
development of mechanics-based scaling laws. Two general observations provide
benchmarks. One finding is that failure of any specific TBC system is correlated with
the thickness, /&, of the thermally grown oxide [1,6,8,22]. There is also compelling
evidence that failure is connected with the presence of imperfections between the
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Table 1
Summary of material properties

1. TBC (Zr0,/Y,03)

Thermal expansion coefficient, oy, (C~! ppm) 11-13
Young’s modulus, E. (GPa) 0-100
Delamination toughness, 'y (J m™2) 1-100
2. TGO (a-Al,03)

Young’s modulus, E, (GPa) 350-400
Growth stress, 0%, (GPa) 0-1
Misfit compression, o, (GPa) 34
Mode I fracture toughness, I', (J m—2) 20
Thermal expansion coefficient, o, (C~! ppm) 89

3. Interface (a-Al,03/bond coat)
Mode 1 adhesion energy, I' (J m~2)

Segregated 5-20
Clean >100
4. Bond coat

Young’s modulus, E; (GPa) 200
Yield strength (ambient temperature), oy (MPa) 300-900
Thermal expansion coefficient, o (C~! ppm) 13-16
S. Substrate ( Ni-alloy)

Thermal expansion coefficient, o (C~!' ppm) 13-16

TBC and the bond coat [23-26]. The most ubiquitous comprise undulations in the
bond coat surface (Fig. 2). Stress development around such imperfections, as the
TGO thickens, becomes a basic input to failure laws. Analysis of energy release rates
for cracks emanating from these imperfections, followed by an assessment of their
coalescence, completes this description.

With minimal thermal cycling, the sources of stress are those formed upon TGO
growth, followed by the changes that happen because of thermal expansion misfit on
cooling to ambient. Extensive thermal cycling introduces a different set of stresses,
caused by phenomena such as ratcheting, which will be analyzed separately [27]. To
address failure, the zones that experience tensile stress normal to the interface are
most important, since these stresses are responsible for nucleating and propagating
delaminations. Before attempting analyses that include the full geometric complexity
of actual imperfections (Fig. 2), insights about the signs and relative magnitudes of
the stresses and the energy release rates are obtained by analyzing spherical config-
urations subject to misfit strains. Subsequently, numerical results are obtained for
configurations more similar to those found in actual TBCs.

2. Analytical assessments

The stresses induced by TGO growth differ from those caused by expansion misfit
because of the differing nature of the associated “transformation” strains. Thermal
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Fig. 2. Undulation imperfections found in typical thermal barrier systems. (a) A TBC made by electron
beam physical vapor deposition (EB-PVD) on a Pt-aluminide bond coat. This sequence shows both the
growth of the TGO as the system cycles and the growth of imperfections by ratcheting (courtesy D.
Mumm). (b) A plasma sprayed TBC on a CoNiCrAlY bond coat. This sequence shows the growth of the
TGO with exposure time and the evolution of cracks at imperfections. In the final image, the cracks have
coalesced through the TGO (courtesy A. Rabiei).
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Fig. 2 (continued)

contraction is essentially isotropic with misfit strains of order 10~ (Table 1). Con-
versely, the growth strains are anisotropic, partitioning differently normal and par-
allel to the interface [25,28,29]. The misfit is predominantly along the normal,
because most of the new oxide forms at the TGO/bond coat interface (Fig. 3) [25].
While the strains are much larger than those caused by thermal expansion, the
stresses need not be larger since they are partially redistributed by creep in the bond
coat as well as the TGO itself.

Preliminary results for the stresses in the TBC, TGO and bond coat are estimated
by considering imperfections having spherical symmetry (Fig. 4). There are two
obvious limitations of this geometry. (i) The stress in the bond coat is hydrostatic
and consequently, suppresses the yield and creep expected in more realistic config-
urations. (i) The amelioration of the stresses enabled by the rigid body displacement
of the TBC above an undulation is not allowed in the spherical model. The import
of these deficiencies will be addressed in the second, numerical stage of the analysis,
conducted for realistic imperfection morphologies. It will be demonstrated by such
calculations that the stresses in the TGO and TBC near the apex of the imperfec-
tions are reasonably well-ordered in sign and magnitude by the analytical model.
Solutions are first presented for a case wherein the three materials have the same
elastic properties (Young’s modulus, E, and Poisson’s ratio, v). Elastic mismatch can
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Fig. 3. Schematics of the configurations and the TGO growth mechanisms. The lower illustrations indi-
cate phenomena that govern the growth stresses when anion-controlled.

also be taken into account, but the formulas become too lengthy to reveal trends.
The effects of elastic mismatch are assessed later.

2.1. Thermal expansion misfit stresses

The elastic solutions for thermal expansion misfit in a tri-material system with
spherical symmetry (Fig. 3) can be readily derived. The most straight forward
approach employs the “Eshelby” protocol [30] of allowing the strains to occur
unconstrained and imposing the tractions needed to assure displacement and trac-
tion continuity (Fig. 4A). The case of interest is one wherein the TGO (2) has the
lowest thermal expansion coefficient, «,, the substrate (3) the largest, «s, and the
TBC (1) the intermediate, a.. The outer region (1) representing the TBC extends to
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Fig. 4. The stresses that develop around spherical imperfections illustrated by using the “Eshelby” pro-

cedure [30]. (A) Thermal expansion misfit, (B) anion-controlled TGO growth. The three regions are as
follows: (1) is the TBC, (2) is the TGO and (3) is a bond coat/substrate combination.
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infinity. Throughout this section, the meridional stress, o, and the hoop stress, o,
are equal by spherical symmetry. The stresses in the substrate/bond coat are:

O = 009 = A(Qpe — as) (la)

where

A= 4p AT e +4u/3],  w=E/RA+v)], «=E/B1 —2v)]

and AT is the cooling range (negative in sign). Accordingly, the bond coat is in a
state of hydrostatic tension, independent of «,. The stresses in the TGO are:

or = Afowe — a6 — (s — ao)[(R — h)/rT}

o = A~ -+ @ al(R = '} (1b)

where 2R is the diameter of the imperfection and / is the TGO thickness. Note that
since, o5 > e > oy, the TGO is always in hoop compression and the interface
between the substrate and the TGO is in radial tension. The stresses in the TBC are:

O = —2049 = _A{ao — Ope + (05 — @o)(1 — h/R)g}(R/r)3 (Ic)

In this case, the sign of the stresses depends on the relative TGO thickness, /1/R.
When the TGO is thin, the second term in the parenthesis dominates and the TBC is
in radial compression. However, above a critical TGO thickness, radial tension
develops. This thickness, #,, is given by:

he/R=1—[(ape — ao)/(as — O[o)]l/B (2

The hoop tension in the TBC and the radial tension at the interface have par-
ticular relevance, as discussed later.

Results for undulations in the TGO, absent the TBC, provide some ancillary
insights. The stresses along the interface can be non-dimensionalized using [31]:

0i/(00A/L) = Hy(h/L. A/h, x/L) (3a)

where A and L are defined in Fig. 5 and o, is the misfit stress for a planar surface
given by:

0o = Eao — as)AT/(1 — v) (3b)

The functions H;; have been computed with a finite element representation and are
plotted in Fig. 5. Consistent with the results for the spherical imperfection, tensile
stresses arise normal to the interface at the peaks in the undulations. These can be
large enough to cause interface separation [32,33]. However, contrary to the solutions
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Fig. 5. Redistribution of thermal expansion misfit stress attributed to the presence of undulations. The
stress op, is that normal to the interface while oy, is the shear stress.

for the spherical geometry, shear stresses are induced in the bond coat at the sides of
the imperfection that promote yielding and creep [31].

2.2. Oxide growth: intrinsic stresses

The stresses induced by TGO growth and thermal mismatch differ because the
former occurs predominately at one of the interfaces (Figs. 3 and 4B) rather than
uniformly throughout the TGO layer (Fig. 4A) [28,32]. For anion-control, growth is
governed by inward diffusion of oxygen. It occurs at the interface where the bond
coat is consumed (Fig. 3). For cation-control, the new oxide forms at the TGO/TBC
interface, through the outward diffusion of Al (as well as Ni, Cr, etc.) [29]. The bond
coat consumption still occurs at the inner interface. The former has been considered
most relevant to a-alumina formation [11-16, 28]. The stresses within the TGO
depend on the initial hoop stress component, o}, generated at the instant of growth:
an unknown quantity for most systems. The hoop stress distribution within the
TGO will generally be different for the two growth processes.

The stresses due to growth of the TGO are determined upon neglecting creep and
plasticity (see Section 2.3 for a discussion of the effect of creep in the spherical
model). The calculation invokes small elastic strains and deformations. The stresses
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for anion-control are obtained by an incremental process, wherein new TGO,
thickness d/, is added at the TGO/bond coat interface. The ratio of new TGO
volume to consumed bond coat volume is taken to be m. Thus, the net thickness of
new material inserted is: [(m2 — 1)/m]dh. Each increment of new TGO is added at the
current outer radius of the bond coat. Starting at # = 0, the incremental expressions
for the stresses are integrated to TGO thickness 4. To be consistent with the small
strain assumption, the analysis is limited to small values of /R (e.g. no more than
about 1/10), and the following results for the stresses have been expressed to lowest
order in //R. Within the bond coat,

2Em—1) (h
= N 4
Orr = 000 3(1 —v)ym (R) (4a)
In the TBC, r=R,
B _ 2Em~—1) (h\(RY
on =200 =55 () (7) w
and within the TGO, R — h<r<R,
o — _2Em-1Dh
T 31 —-vmR
. Em-—1)]r h
=op+——|=—(1-= 4
700 = %0 T30 ), |:R < R)] (4c)

For integration of the stress increments in the TGO, the only indeterminacy is the
initial hoop stress at the growth interface, o}y, which can be prescribed arbitrarily.
This initial value is included in the second of (4c), where its effect on the evolving
hoop stress in the TGO becomes apparent. Otherwise, U(iae has no influence on the
stresses in either the TBC or the bond coat. These results have the following fea-
tures. The TBC is in radial compression and hoop tension, with radial compression
in the TGO. These stresses increase as the TGO thickens. The hoop stress in the
TGO is U(iae at the growth interface and o(iae + E(m — Dh/[3(1 — v)mR] at the TGO/
TBC interface. Thus, for example, if U(iae =~ (), the hoop stress throughout the TGO
will be tensile. If 039 is compressive, a tensile stress will develop at some stage in the
outer portion of the TGO as it thickens.

The same steps can be carried out for cation-controlled growth wherein TGO
growth occurs at the TGO/TBC interface and the bond coat is consumed at the
inner TGO interface. Under the same small strain assumptions made above, the
stresses in the bond coat and in the TBC remain the same, i.e. (4a) and (4b),
respectively, and the radial stress in the TGO is still given by (4c). The only differ-
ence is in the distribution of the hoop stress within the TGO (R—/h < r < R):

; 9E g
[of21}) ZO%)Q —m<l _’ﬁ)’ (5)
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Should ai), 2 0, this stress will be compressive. Note that cation-controlled growth
produces stress within the TGO even if there is no net volume change in the creation
of the TGO (m = 1). This is a consequence of the transfer of material volume from
the inner interface to the outer interface.

Subject to the simplifications used in the model, the stress magnitudes can now be
compared. The growth stresses scale with [Em/(m — 1)](h/R), while the thermal
stresses scale as EAaAT. Evaluation for material properties representative of thermal
barrier systems (Table 1), with AT = 1000°C and //R = 0.1, indicates that TGO
growth produces stresses on the order of several GPa in the TBC and tens of GPa in
the TGO and bond coat. In practice, the low modulus of the TBC would partially
alleviate these stresses. Thermal mismatch stresses are considerably less, on the order
of several hundred MPa in the TBC and several GPa in the TGO and bond coat.
The large stresses in the bond coat/substrate (region 3 in Fig. 4) are hydrostatic (a
consequence of the spherical geometry), and will almost certainly relaxed by creep in
the more realistic imperfection geometries discussed in Section 3. Moreover, the
stresses in the TGO will be redistributed by internal creep. Nevertheless, the infer-
ence to be drawn from the above scaling is that the stresses induced by TGO growth
predominate over those caused by expansion misfit. The tensile hoop stresses in the
TBC are particularly relevant since they can lead to cracks spreading from the
imperfection, as will be demonstrated in Section 2.4.

2.3. Role of TGO creep in redistributing stress in bond coat and TBC

A simple result based on the spherical model sheds considerable light on the extent
which creep in the TGO (the most creep prone of the three materials [34-37]) is
likely to produce stress redistribution in the TBC in the vicinity of the imperfection.
Continue to ignore moduli differences among the three materials. Suppose the bond
coat occupies the region, r < Ry; the TGO occupies Ry <r< R; and the TBC occupies
r= R. Further, suppose creep occurs within the TGO such that the creep strain dis-
tribution is:

1
en = €0, £hg = £y = — 550, (R, <r<R) (8)

The stress changes in the three regions, Acj;, due to this creep can be obtained in
closed form. In particular, the radial stress change acting on the TGO/TBC interface
at r = R is given by:

R r
Ao (R) = 6M{JR |:r18°(r) — R <8°(r) + JR nlsc(n)dn)}dr} 9)

For the case in which &°(r) = &° is independent of r, (9) becomes:

3
sty =2ue |20 =3 (1- (F) ) 10
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Now let Ry = R — h and expand (10) in small 4/ R to obtain:

2
Ao (R) = 2us’ <ﬁ) + .. (11)

By (11), creep affects the stresses in the TBC only to order (i/R)*. While there is
no reason to expect that the creep strain distribution through the TGO should be uni-
form: nevertheless, the above result strongly suggests that creep in the TGO will
have minimal influence in relaxing the stresses in the TBC. (This conclusion must
again be tempered by the limitations of the spherical imperfection model). Con-
versely, the deviatoric component of the stress in the TGO itself could relax, result-
ing in a reduction in the hoop stress (for compatibility reasons, the radial stress
would be unaffected).

2.4. Cracking scenario

24.1. Crack patterns

The preceding distributions of tensile stress may be used to infer cracking patterns.
These motivate the explicit fracture mechanics problems to be solved. They are
validated by the solutions. The hoop tensions induced in the TBC as the TGO
thickens would allow radial cracks to form (Fig. 6a). These are analyzed in Section
2.4.2. Such cracks would not be expected to penetrate back through the TGO, even
though it is subject to hoop tension, because creep redistributes the concentrated
stresses at the inner crack front (A in Fig. 6a). Subsequent cooling to ambient
enhances the hoop tensions in the TBC (Fig. 4B), but diminishes the radial com-
pressions normal to the interface between the TGO and the bond coat. Moreover,
should the growth stresses be sufficiently relaxed by bond coat creep, then, at ambi-
ent, these stresses may be tensile. In either case, upon cooling, the radial crack in the
TBC could extend from its inner front, through the TGO, and along the interface, to
create a fully-connected radial crack (Fig. 6¢). Solutions for such crack configura-
tions are presented in Section 2.4.3. Since the formation of such a configuration
requires that the crack penetrate the TGO, which is in hoop compression at ambient,
it is surmised that this happens upon thermal cycling at temperatures wherein the
TGO is brittle (below about 900C) yet the hoop stresses are still tensile (Fig. 6b).

2.4.2. Cracking in the TBC
Prior to cracking, the largest tensile hoop stresses in the TBC occur at temperature
due to growth. From (4b), this stress is

3
(i) :O'*<f) (lla)

where

. Em-1) ﬁ
7 T30 = vm <R> (11b)
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Fig. 6. Cracking patterns expected around imperfections as a result of the stress distribution (see Fig. 2b).
The actual incidence of cracks depends on variables such as the TGO thickness, the imperfection diameter
and the TBC toughness.
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is the hoop stress in the TBC at the interface with the TGO. Shum and Huang [38]
have presented results relevant to such a stress state for a configuration comprising
an equatorial ring crack with inner radius R and outer radius a. The following are
analytical expressions for the stress intensity factors at the inner and outer crack
edges (which have been fitted to their numerical results) [38]:

K T /a R\**
TR =13 (E — 1) o (outer crack edge) (12a)
O—*

K Tsa R\"” .
TR =13 (E_ 1) - (inner crack edge) (12b)
0—*

These results are plotted in Fig. 7a. Note the very large stress intensity at the inner
front. It is this intensity that motivates the crack to penetrate the TGO and coalesce
along the interface (Fig. 6¢) as the system thermally cycles. Eqgs. (12a) and (12b)
apply to the case of no elastic mismatch, but Shum and Huang [38] also present
results for a full range of elastic mismatch between the inner spherical region, r < R,
and the outer region, r=R. When applied to the present problem (Table 1), (12a)
underestimates K by about 30%, with E in (11b) identified with the modulus of the
TBC. As a representative example, consider a TBC with £ =30 GPa and K =
0.5 MPa +/m [39-41] and an imperfection with R =20 um, /R = 1/10 [41] and
m = 1.3. If an equatorial crack were initiated at the imperfection, (12) predicts it
would expand outward to a radius about three times R. Evidently, further increases
in h/R (with greater exposure time) would cause the crack to continue expanding.
Note from the plot in Fig. 7a that the same value of K is attained for a very small
initiating crack, and thus there would appear to be only a very small barrier to the
initiation of an equatorial crack in the TBC.

2.4.3. Cracking in the TBC and the TGO with debonding of the TGO /bond coat
interface

It has just been demonstrated that the imperfection induces significant hoop ten-
sion in the TBC due to TGO growth, which can give rise to a substantial TBC crack
at the growth temperature. Cyclic temperature variations may cause it to become
fully connected and enlarge it further. A model for estimating the stress intensity
factor at the outer edge of the fully cracked configuration is constructed as follows
(neglecting elastic mismatch effects). The complete solution for a full circular crack,
radius a, with faces subject to a uniform normal opening pressure p extending from
the center out to radius R is given by Tada, Paris and Irwin [42]. The pressure p is
identified by equating the opening displacement at the center of the crack with the
wedge opening, 2(m — 1)h/m. The resulting stress intensity factor is [42]:

—1
K 3 TR, (R/a)cos™(R/a)

VR _20+mV24 +l_m

(13)
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This result is plotted in Fig. 7b for v = 1/3. Note that, for larger values of a/R,
(13) asymptotes to:

32
K _ 3 <R> (14a)
o*v/R 2(1+v)/m\a
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Fig. 7. Stress intensity factors calculated for the crack configurations depicted on the insets.
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while (12a) asymptotes to

1.9
o

Over the range of a/R from 2 to 10 plotted, there is little difference between these
results. Accordingly, the principal role of thermal cycling is to cause the inner front
of the crack in the TBC (induced by the growth misfit) to penetrate back through the
TGO, and along the interface, to form a fully-connected crack. In this configuration,
the crack can coalesce with others to form a separation zone large enough to satisfy
large scale buckling requirements, discussed next.

2.5.2. Coalescence

The mechanics of crack coalescence in residually stressed films are subject to
nuances associated with remnant ligaments that arise because the energy release
rates approach zero at convergence [43]: whereupon the ligaments can only be
detached by applying a (small) transverse force [43]. With the simplifying assump-
tion that such forces are always present (because of inertial effects or vibration),
crack coalescence can be ascribed to a requirement that the crack diameter equal the
spacing 2d between neighboring imperfections. With this simplification, (14a) can be
re-expressed as a failure criterion. That is, fracture occurs at a critical TGO thick-
ness, i, given by:

_2/m(1 — v)md 2K
~ (m—DREn

he (15)

Note the key role of imperfections, through their diameter 2R, and the spacing,
2d. Moreover, since s, depends on time-at-temperature ¢ (2 = v/ Doxt), then (15) can
be re-expressed as a failure time. It is to be appreciated that D, is a strong function
of temperature and that K is sensitive to the TBC microstructure. Accordingly,
this formula (15) can be used as the basis for durability models.

3. Numerical results

With the above assessment providing guidelines for the scaling as well as approx-
imate magnitudes for the stresses and the TBC crack sizes, some selected numerical
results have been obtained for imperfections having more realistic morphologies
and for the explicit constituent properties indicated on Table 1. The imperfections
are taken to have a cosine shape (Fig. 8) and the stresses are calculated with the
finite element method using the ABAQUS code. It will be shown that the stresses
induced by both thermal expansion misfit and growth have the same form as those
anticipated by the analytical model, especially in the region around the apex of the
imperfection.
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3.1. Thermal expansion misfit
The stresses absent a TGO, upon cooling to ambient, are summarized on Fig. 8b and ¢

(results for 7/ L = 0). Note that there are oy, tensile stresses at the interface around the
undulation peaks, with a maximum at the apex. There are also o, tensile stresses in the
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Fig. 8. The effect of TGO thickness, #1/L, on the thermal expansion misfit stresses in the vicinity of a
sinusoidal imperfection. (a) The normal stresses at the TGO/bond coat interface, normalized by o,. (b) The
normal stresses at the TGO/TBC interface normalized by o,. (c) The o, stress in the TBC normalized by o.
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TBC around the apex. The magnitudes are relatively small because of the compliance of
the TBC.

The influence of the TGO on these stresses is crucial, since failure is known to be
dependent on the TGO thickness. In order to separate the response on cooling from
that during growth, the TGO has been introduced at the growth temperature and
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Fig. 9. A schematic of the Eshelby protocol used to calculate the growth stresses around an imperfection
by using the finite element method.
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assumed to be stress-free. That is, growth stresses and strains are added-in later by
superposition. The effect of the TGO on the o.. tensile stress distribution around the
imperfections is shown on Figs. 9a—c (results for #/L > 0). The three main features
of the stress near the apex are consistent with the analytical model.

(i) There is a tensile stress normal to the TGO/bond coat interface (Fig. 8a), but
it decreases somewhat as the TGO thickens.

(i) The stress at the TGO/TBC interface is initially tensile, but becomes com-
pressive when the TGO thickness exceeds about #/L=0.03 (Fig. 8b).

(iii) A zone of o,, tension develops in the TBC at the sides of the imperfection as
the TGO thickens (Fig. &c).

3.2. Growth stresses

The relative magnitudes of the stresses that develop during TGO growth are again
determined by the Eshelby protocol (Fig. 9). For this purpose the following two
problems are solved using the finite element method.

(i) Problem I. The interface between the TBC and bond coat is opened so that
the new TGO can form in an unconstrained manner. Tractions, p, are cal-
culated sufficient to push the TGO into the volume originally occupied by the
bond coat before it was oxidized.

(i) Problem II. The TGO is inserted back into the overall system to create the
two new interfaces (TBC/TGO and TGO/bond coat), whereupon equal and
opposite tractions, —p, are applied to regain equilibrium.

The final stress field is the sum of those induced in both steps. This process com-
mences with a small initial thickness of TGO, the stresses are calculated and the
process repeated multiple times to simulate the growth.

The results of one such calculation for anion-controlled TGO growth are summar-
ized in Fig. 10a and b. Note that the o, stresses have the same form as those assessed
using the analytical model. Namely, the TBC just outside the TGO experiences ten-
sile o, stress over the full imperfection domain (Fig. 10a). The extent of the tensile
zone is depicted on figure 10b. There is also o,, tension over a substantial portion of
the TGO, along the sides of the imperfection (Fig. 10b). These o,, stresses allow
radial cracks to form in the TBC as the TGO thickens (Fig. 6a).

4. Concluding remarks

Straightforward methods of analysis have been used to derive relationships that
characterize the failure of TBCs. It is proposed that these relationships be used as
scaling laws that predict trends with key variables and also rationalize experimental
measurements. One of the basic findings is that (in accordance with practical
experience) a critical TGO thickness, 4, is needed to cause failure. Through the
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present scaling laws, /. can be related to underlying microstructural and morpho-
logical features present in the TBC system (15). This critical thickness can be related
to the durability through the growth kinetics of the TGO. It remains to validate
these predictions through a critical set of experimental measurements. Subject to
validation, a future goal would be to use the scaling results to suggest directions for
increasing the critical thickness and, thereby, enhancing durability.

It is reiterated that the scenario considered here is one involving minimal thermal
cycling, whereupon ratcheting of the TGO is excluded as a major source of the o,,
stress. When ratcheting conditions are created, the scaling laws change dramatically,
as discussed elsewhere [27].
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