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Abstract

When a turbine airfoil attains temperatures that allow calcium-magnesium-alumino-silicate (CMAS) infiltration into the thermal
barrier coating (TBC), a new mechanism of in-service spalling may be activated. The mechanism is associated with cold shock of the
infiltrated layer during shut down. It has been identified by inspecting an airfoil removed from service. The identification has been
based on observations of sub-surface delaminations within infiltrated regions of the TBC. Three important aspects of the mechanism
are as follows. (a) The sub-surface delaminations always initiate at surface-connected vertical separations. (b) They are fully-
infiltrated with CMAS. (c) They are strictly mode I. A thermal shock analysis has been invoked to identify a critical infiltration
thickness, above which delaminations are possible. The analysis also defines a characteristic depth beneath the surface at which
the delaminations are most likely. The observations made on the airfoils are consistent with these two dimensions. A second mech-
anism has been explored as the potential cause of large spalled regions also observed on the airfoils. But it has not been possible to
verify the mechanism using the current observations.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction The associated mechanisms have been widely doc-
umented [6,9-16].

(IT) Another is governed by the presence of particulates
in the gas turbine environment, which lead to
removal of the TBC by erosion and foreign object
damage. Some of the associated mechanisms have
been discussed in the literature [17,18], but the
understanding is still evolving.

(IIT) At the highest surface temperatures, calcium-—
magnesium-alumino-silicate (CMAS) that depos-
its onto the surface can penetrate the TBC, chang-
ing the near-surface mechanical properties and
enhancing the spalling tendency [19-22].

Yttria-stabilized zirconia (YSZ) is commonly used as
a thermal barrier coating (TBC) for components located
in the hot sections of gas-turbine engines [1-9]. The
integrity of the coating is of paramount importance be-
cause, if spalling occurs, local hotspots are induced that
accelerate degradation of the underlying bond coat and
superalloy [6,9-22]. Several categories of degradation
mechanisms exist.

(I) One relates to the stresses and displacements
induced upon formation of the thermally grown
oxide (TGO), consisting primarily of alumina.

The intent of the present study is to characterize the
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TBC on a turbine airfoil, after removal from an engine,
to ascertain the role of category III under actual service
conditions. The study emphasizes TBCs produced using
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Fig. 1. A schematic of a CMAS layer that forms on the TBC and penetrates once it melts. This layer develops a large compressive stress upon cooling
to ambient because of the expansion misfit with the substrate. A delamination may be induced near the base of the TBC if the energy release rate

associated with the stress in the CMAS layer is high enough.

electron beam physical vapor deposition (EB-PVD),
which have a strain tolerant columnar microstructure.
Category III is considered to arise because debris in-
gested into the engine has a chemical composition repre-
sentative of CMAS [19-22]. This composition melts at
TS 1240 °C. When the TBC surface exceeds this
temperature, the excellent wetting characteristics of
CMAS cause it to penetrate to a depth where
Tie = TMAS. Thereafter, upon cooling, it solidifies as
a fully-dense domain (Fig. 1). The modified thermo-
mechanical properties of this region increase its suscep-
tibility to spalling. However, the mechanism responsible
for cracking and material removal is not understood.
This study will identify the mechanism and provide a
model characterizing the depth of the associated spalls.

2. Approach

Preliminary inspections of airfoils removed from en-
gines are used to reveal regions where TBC spalls most
commonly occur. Among the regions susceptible to
TBC loss, thermal analysis is used to identify those ex-
pected to experience surface temperatures exceeding
T{MAS | These locations are candidates for locating spall
mechanisms attributable to CMAS. In the vicinity of the
spalls located in these regions, the material removal

modes on the airfoil are characterized. This is achieved
by first assessing the general features on the exposed sur-
faces using the scanning electron microscope (SEM), as
well as energy-dispersive spectroscopy (EDS). Thereaf-
ter, sub-surface details are explored by using a focused
ion beam (FIB) instrument with imaging capabilities. Fi-
nally, polished cross-sections are prepared in specific re-
gions, and also examined using the SEM. The
characterizations are combined to establish the most
likely material removal mechanisms. Following identifi-
cation, models are used to determine the delamination
energy release rates, for comparison with the toughness
of the TBC. In this manner, the most likely mechanism
is identified and strategies for suppressing spalling by
this mechanism are discussed.

3. Characterization methods

Initial examination was performed using a JEOL
6300F field-emission scanning electron microscope
(FE-SEM) to assess the general features. EDS was also
employed to provide compositional information in re-
gions of interest. Thereafter, in order to observe specific
subsurface features an FEI Strata DB 235 focused ion
beam instrument was used to section through selected
regions. The FEI 235 is a dual-beam instrument that
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combines a FIB with a FE-SEM into a single worksta-
tion. Sectioning is performed using a beam of Ga" ions
from a liquid metal source, operated at 30 kV, with a
beam diameter of 5 nm. In this study, a 5 nA beam cur-
rent, normal to the blade surface, was employed to mill
stair-step trenches, typically 20 pm long, 10 pm wide and
10 um deep. In some cases, a layer of Pt (~1 pm thick)
was deposited over the region to be sectioned, in order
to protect the surface from milling damage. Following
milling, the sectioned face of the trench was polished
using a beam current of 300 pA. Imaging was performed
using the electron beam operated at 5 kV. The orienta-
tion of the electron beam (relative to the ion beam) al-
lows simultaneous observation of the surface of the
material and the sectioned face.

Cross-sections through regions of interest were pre-
pared by grinding and polishing, utilizing a precision pol-

(b)

ishing system to maintain flatness. Micro-cloth with
multi-crystalline diamond spray (3, 1 and 0.25 um) was
used for final polishing to preserve the fine structure near
the TGO. After sectioning, the specimens were charac-
terized using a combination of FE-SEM and EDS.

In selected regions of the cross-section, thin foils suit-
able for transmission electron microscopy (TEM) have
been extracted using the FIB. These thin foils have been
examined using conventional and analytic methods.

4. Observations

Initial overviews of a typical spalled region (Fig. 2)
indicate an “amorphous” appearance in all locations
(Fig. 2(b)). This appearance differs markedly from that
found in unaffected regions of the TBC (Fig. 2(c)).

Fig. 2. (a) An optical image of the airfoil showing the spalled region to be investigated. (b) Typical spalled region exhibiting an “amorphous”

appearance. (¢) An unaffected region of the TBC.
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Energy-dispersive spectroscopy (Fig. 3) reveals a pre-
dominance of Ca, Mg, Al, Si and O indicative of
CMAS. Greater insight is provided by FIB cross-sec-
tions. In regions where the TBC has been removed, these
sections (Fig. 4(a)) affirm that the CMAS is in direct
contact with the TGO. In some locations (Fig. 4(b)),
the remnant TGO is extremely thin, <0.5 um thick
(compared with 1-2 pm elsewhere in the airfoil), indicat-

ing that it has been dissolved by the CMAS. This obser-
vation implies that he CMAS was molten and
accordingly, that this region experienced temperatures
T > T3S, Moreover, we note that the TBC columns
in direct contact with the CMAS are also dissolved with-
in a several micrometer thick layer [23]. There is no evi-
dence that this thin layer influences delamination.
Comparable sections in regions where the TBC is still in-
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Fig. 3. EDS spectrum taken from a region where the TBC has been fully removed showing presence of CMAS elements.

Fig. 4. (a and b) FIB cross-sections taken through CMAS in severely eroded region of blade showing (a) CMAS in direct contact with TGO and
(b) CMAS beginning to dissolve TGO (arrows show edge of sectioned face). (c) FIB cross-section through undamaged TBC columns.
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Fig. 5. Low-magnification backscattered electron image of damaged/unspalled region, (a) intact TBC, (b) region with tapered TBC.

tact (Fig. 4(c)) reveal the well-established feathery
microstructure.

Polished cross-sections provide a superior perspec-
tive. A general overview at low resolution (Fig. 5) af-
firms that a layer of CMAS exists at all locations.
Where the TBC is fully-intact, it has thickness, 20
um < Hcepas < 160 um, and where completely removed,
5 wm < Heyas <20 pm. Corresponding images ac-
quired in secondary electron mode (Fig. 5) reveal a cor-
relation between CMAS layer thickness and the depth of
penetration, Hpeneirate- Namely, where the CMAS is rel-
atively thick (Hcmas =~ 120 um) the penetration is quite
shallow (Hpenetrate =40 pm). Conversely, where the
CMAS is thinner (Hcmas = 30 pm), the penetration is
much deeper (Hpenetrate ~ 120 pm). Higher resolution
images affirm that, in the penetrated region, CMAS is
present between all of the TBC columns (Fig. 6(b)):
while below that region, the inter-columnar gaps and
feathery structure (typical of the as-deposited TBC) re-
main in evidence (Fig. 6(c)), with no CMAS.

The most informative observations have been made
in select regions where the TBC is either intact or par-
tially removed (Fig. 7). The images reveal a multiplicity
of delamination cracks parallel to the surface that orig-
inate from surface-connected vertical separations. The
delaminations are all confined within the zone pene-
trated by the CMAS and all are completely filled with
CMAS. The depths range from, 20 pm < Hgeam < 60
um. They are typically long, 50 pm < agejam < 200 pm.
The TBC beneath the penetrated region appears to be
intact, with no discernable delaminations nor trans-
columnar cracks.

Higher resolution images of the delaminations and
of the interface between the TBC and CMAS (Figs. 7
and 8) indicate domains with differing grey scale, sug-
gestive of multiple phases. The composition range for
these phases has been obtained by using X-ray mapping
(Fig. 8). The regions with dark grey contrast are defi-
cient in Zr but contain relatively larger amounts of
Mg, Si, Ca and Al. Additional information about the
phases present has been obtained using transmission
electron microscopy [23]. The principal finding is that

the CMAS above the TBC is crystalline (probably
anorthite) and contains Fe as well as Ca, Mg, Al and
Si.

The images of the delaminations (Fig. 7(d)) provide
additional information. They indicate that the TBC on
the two sides of the crack experiences only opening
(mode I) displacements. That is, the (CMAS filled) in-
ter-columnar gaps on the two sides of the delamination
remain aligned, with no shear (mode II) displacement.
This observation is crucial to the following assessment
of the delamination mechanism.

5. Delamination mechanisms

The presence of mode I delaminations parallel to the
surface, entirely within the CMAS penetrated layer
(originating at surface-connected vertical separations),
suggests the cold shock mechanism depicted on Fig. 9
[24]. The basic context is as follows.

(i) Upon cooling below 1240 °C, when the CMAS
solidifies, the penetrated layer develops composite
thermo-mechanical properties comparable to that
for dense YSZ (because the inter-columnar CMAS
represents a small fraction of the volume): that is,
modulus, Egomp~ 200 MPa, thermal expansion
coefficient, ocomp ~ 11 ppm/°C, and mode I tough-
ness, I'. =45 J m~2 [25].

(i1)) Upon rapid cooling, during abrupt shut down,
once the CMAS solidifies the high in-plane stiffness
causes large, near-surface, tensile stresses, o, [24].

(iii) The ensuing stress state is comparable to that asso-
ciated with a thin film in residual tension on a thick
substrate [26,27], with a corresponding propensity
for delamination. Note that this only happens pro-
vided that a surface connected separation (or free
edge) is present [24].

(iv) The tensile stresses induce a delamination that
extends parallel to the surface at a characteristic
depth, subject to a steady-state energy release rate
[24,26].
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Fig. 6. (a) and (b) Low-magnification secondary electron images: (a) region with “thick” CMAS layer and shallow infiltration depth deposit,
(b) region with “thin” CMAS layer and deeper penetration. (c) and (d) Backscattered electron images: (c) overview of CMAS infiltrated zone and of a
delamination within this layer, (d) detail near the base of the CMAS infiltrated layer and of the unaffected TBC (the lighter grey contrast in the inter-

columar gaps identifies the CMAS).

(v) Upon reheating above T4, the fluid would be

drawn in by capillarity, filling the delamination.

A cold shock model describing this mechanism [24]
will be invoked and evaluated below. This mechanism
can generate delaminations. Spalls could be the conse-
quence of cumulative delamination and material loss
caused by sequential cold shocks.

Upon reaching ambient, an additional mechanism
may arise. Now, the superposed CMAS layer develops
a large in-plane compression, ocpmas, because of its high
modulus, Ecpyas, as well as its low thermal expansion

coefficient (relative to the substrate, Accyas=
Osubstrate — %cMmas =~ 8 ppm/°C). In the presence of an
“internal” edge (such as a vertical separation caused
by sintering), the stress in this layer can be partially re-
laxed by elongating parallel to the substrate [18]. The
associated displacement causes the underlying TBC col-
umns to experience bending and the ensuing stresses
could cause column cracking. Moreover, a putative
delamination emanating from the “‘edge’ would acquire
an energy release rate. If large enough, the entire TBC
could be detached (over a defined region). While sub-
critical delaminations of this type have not been de-
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Fig. 7. (a) Low-magnification backscattered electron image of region with delamination cracks. (b) Backscattered electron image showing phase
contrast at interface TBC/CMAS. (c) Backscattered electron image showing phase contrast in CMAS infiltrated crack. (d) Backscattered electron
image showing CMAS infiltrated crack. Note that the inter-columnar gaps on both sides of the crack remain aligned, indicating that the delamination

is strictly mode I.

tected, such a mechanism could account for large area
spalls (which completely remove the TBC).

5.1. Cold shock

In cold shock situations, the material at original tem-
perature, T;, is instantaneously exposed to an environ-
ment at temperature, 7., causing a temperature
gradient normal to the surface, along z. In turn, this
causes in-plane tension near the surface and compres-
sion below. In such cases (for a homogeneous plate,
thickness H, thermal expansion coefficient, o, modulus,
E) cracking may occur either normal or parallel to the
surface (or both), governed by the following suite of
non-dimensional parameters [24]:

(a) Biot number, Bi = hH/k,

(b) reference energy release rate, Gy = Eo’H (T; — T.,)
(c) time after the onset of cooling, 7 = xt/H,

(d) temperature, T = T(Z{)—;T‘”,

() delamination depth, b = b/H,

2
5

where @ =a(l +v),E=E/(1 —V?), with h the heat
transfer coefficient at the TBC surface: & is the thermal
conductivity of the penetrated layer and x its thermal
diffusivity.

The shock requirements for forming surface con-
nected vertical cracks are less stringent than those for
forming delaminations [24]. The expectation, therefore,
is that vertical cracks develop first. The critical step is
the extension of the delamination. This expectation is
consistent with the present observation that all delamin-
ations emanate from vertical separations (albeit filled
with CMAS at the time of observation). The parameters
affecting delamination are: the steady-state energy re-
lease rate, Gy, and the phase angle, ¥ = tan_l(KH/KI),
as well as the thermal boundary conditions at the base
of the TBC. To obtain estimates of the critical penetra-
tion depth that causes cold shock delamination, an anal-
ysis for a homogeneous plate subject to instantaneous
temperature change is used [24]. A numerical analysis
that accounts for the differing characteristics of the pen-
etrated and unpenetrated TBC layers, as well as the sub-
strate, will be presented elsewhere [25].
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For a turbine airfoil under shut down conditions, it is
assumed that rapid cooling occurs simultaneously at the
external surface and the internal cooling holes. Devia-
tions from this boundary condition will be explored else-
where [15]. For simultaneous cooling, the trends in G
and ¥ for the homogeneous plate are depicted on Fig.
9. The most important feature is the existence of a sub-
surface delamination plane that experiences pure mode
1, regardless of the time after imposing the shock (Fig.
9(b)). The existence of such a plane is consistent with
the present observation that the delaminations are strictly
mode I (Fig. 7(d)) and that cracks in brittle solids extend
along planes with zero mode II [25]. This result also pro-
vides a natural delamination depth, b = 1/2 (Fig. 9(b)).

Al Ka

Fig. 8. X-ray map showing distribution of elements within the CMAS infiltrated regions between the TBC columns.

For this case, the steady-state delamination energy re-
lease rate along the mode I plane is given by the follow-
ing formula [24]:

G,

Gy = 0.08 ——> .
[1+2/Bi]

(1)
By using the above definition for G,, upon equating G
to the mode I toughness of the penetrated layer, I, a
critical Biot number, Bi*, may be ascertained by solving
the cubic formula

\/% (1 +82i*> =034 ()

with non-dimensional property parameter
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Fig. 9. (a) Trends in steady-state energy release rate with delamination
depth, b, plotted at several values of the non-dimensional time after
initial the initial shock: for a Biot number, Bi = 10. Note the existence
of a maximum at, 7 ~ 0.1 and depth, 5 = 0.5. (b) The corresponding
trends in the phase angle showing that the delamination is mode I

(P =0) at b=0.5, regardless of the time 7. The inset shows the
configuration with a surface-connected vertical crack and a constant
heat flux boundary.

Ecomp(1 +v

A = toomp(Temas — Too) %~

That is, when Bi > Bi*, the CMAS penetrated layer be-
comes susceptible to cold shock delamination. The trend
in Bi* with A is plotted on Fig. 10. This plot allows esti-
mation of the critical penetration thickness, H e > fOT
cold shock cracking for any heat transfer condition (at
least for the homogeneous plate). Upon using the fol-
lowing values for the properties of the TBC layer pene-
trated with CMAS

Ecomp = 200 GPa, 0omp = 11 ppm/°C,
[e=45Tm™2, v=02 M. = 1240 °C,

it is apparent that A ~ 800. Superposing this value onto
Fig. 10 indicates that Bi* <« 1: whereupon (2) reduces to

100

<

x

< 1o

i

pag

o

[

[

£

5 T

= "

B Typlca_il

o Material Index

El

= 01

=

(&) Bi*| <%
0.01 L

1
100 1000

10
Material Index, A = o AT VE (1+v)/(1-v)["

Fig. 10. Trends in the critical value of the Biot number as a function of
the non-dimensional property parameter of the infiltrated layer.

.36
or

3.6k
H* = (3b)

penetrate hA2/3

Note that the critical thickness is sensitive to the heat
transfer coefficient. The implication is that there is a crit-
ical heat transfer coefficient below which cold shock
cracking can be prevented. This condition is obtained
by equating Hpenetrate tO H;;enetrm. Typical values of the
heat transfer coefficient for a rapid shut down, 4 = 10°
W/m? K [28] and the thermal conductivity (k=1 W/m
K) indicate a critical penetration, H, . .. = 30 pm.
That is, when H penetrate > Hl’;enetrate, the layer becomes
susceptible to cold shock delamination (occurring at
depth, b = Hpenetrate/2). Recall that such delaminations
only occur if a surface connected vertical crack exists
at the site of the shock. All of the present observations
are consistent with this lower bound. Namely, where
Hpenetrate = 50 pm, delaminations indeed occur (at
depth, b = 30 pm). Cold shock thus appears to be a via-
ble mechanism of material removal once CMAS pene-
tration has occurred. An ensuing numerical study
conducted for the actual turbine airfoil will provide
more specific values of H [25].

penetrate

5.2. Column bending and delamination

A model of column bending and delamination in the
presence of “internal edges” (see Fig. 1) [18], has pro-
vided the following perspective.

(a) The TBC columns below the CMAS layer experi-
ence bending, both where they connect to the
TGO and just beneath the CMAS. The bending
stress, if large enough, could cause cracking on a
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column-by-column basis. The damaged columns
could be the source of material removal in the pres-
ence of other loads, such as particle impact.

(b) A delamination could form at the edge and extend
into the TBC, causing a large-scale spall. Note that
neither of these phenomena has been observed in
the regions of the airfoil where the TBC is either
fully or partially intact. For this case, delamination
occurs preferentially at the bottom of the TBC:
Hgejam = Hpe. Placing the delamination on this
plane, and fixing Hy,., the effect of Hcpas on the
steady-state energy release rate can be closely
approximated by [18]

G ~ 0.5(TMas — Too)’

X { ((xsub - fxtbc)2 [thcEtbc + Hpenetrate (Ecomp - Etbc)}

+ Hemas (Osub — OCCMAS)ZECMAS } 4)

Assuming that Ecyas ~ 100 GPa (representative of
oxide glasses) and that og,, — dcmas =~ 8 ppm/°C, and
inserting the measured values for Hcepas (100 um) and
Hpenetrate (100 pm), the steady state energy release rate,
G, is found to be in the range 100-120 J m~2. This
compares with a mode II toughness in the range,
e ~ 80-100 J m~2 [29]. However, the available energy
release rate, Gycua depends on the initial length, ageam
of a delamination previously formed at the base of a ver-
tical separation: for example, Gucrual/ Gss = 1/2 for agejam/
Hyp.~1 and only, Guual/Gs=~1/4 when dagejam/
Hy,o = 1/2. When Gquq reaches the mode II toughness
of the TBC, I' ., the TBC delaminates. There is no obvi-
ous rationale for forming delaminations of this size, so it
remains unclear whether this represents a viable
mechanism.

6. Concluding remarks

A combination of experimental observations and
analysis has been used to show that when a turbine air-
foil experiences temperatures that allow CMAS infiltra-
tion, a cold shock delamination mechanism is
activated. Mode I sub-surface delaminations have been
observed to emanate from surface-connected vertical
separations having characteristics consistent with a
cold shock mechanism. A shock analysis has identified
a critical infiltration thickness, H .. above which
the penetrated layer is susceptible to delamination
and spalling. For a rapid shock, the model predicts a
critical thickness, H .y = 30 pm, with delaminations
expected at characteristic depth, b = Hpepetrate/2. For
less severe shocks, the critical thickness is appreciably

larger. Repeated shock of infiltrated regions could

cause large area spalls by sequential material removal.
The model suggests two approaches for preventing this
mechanism.

(a) Maintain the temperature within a range that
assures a CMAS penetration depth below the criti-
cal thickness.

(b) Control the cooling rate during shut down to assure
a Biot number (heat transfer coefficient) below the
critical level.

Neither approach has much practical utility, suggest-
ing that a materials solution be sought.

A second delamination mechanism potentially
responsible for large spalls has also been investigated.
It arises because the misfit between the superposed
CMAS and the substrate causes bending of the underly-
ing TBC columns and provides an energy release rate for
mode II delamination from through-thickness vertical
separations. However, the present observations do not
provide evidence in support of this mechanism.
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