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Summary
The spallation resistance of an air plasma sprayed (APS) thermal barrier coating (TBC) to cooldown/reheat is evaluated for a pre-existing delamination crack. The delamination emanates
from a vertical crack through the coating and resides at the interface between coating and
underlying thermally grown oxide layer (TGO). The coating progressively sinters during engine
operation, and this leads to a depth-dependent increase in modulus.

Following high

temperature exposure, the coating is subjected to a cooling/reheating cycle representative of
engine shut-down and start-up. The interfacial stress intensity factors are calculated for the
delamination crack over this thermal cycle and are compared with the mode-dependent fracture
toughness of the interface between sintered APS and TGO. The study reveals the role played
by microstructural evolution during sintering in dictating the spallation life of the thermal
barrier coating, and also describes a test method for the measurement of delamination
toughness of a thin coating.
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1. Backgound
Air plasma sprayed coatings are ubiquitous in gas turbines and are used extensively to provide
thermal and environmental protection to creep resistant components. They form an important
part of a multi-layered system comprising a bond coat (BC), thermally grown oxide (TGO) and
the APS TBC top coat. The as-deposited APS coating comprises yttria stabilised zirconia
(YSZ) splats, with intervening cracks and equiaxed pores, as shown in Fig 1. A typical TBC
layer is 300-500µm thick, while the splats have a radius of 10-50µm and a height of about 15µm. Each splat comprises columnar grains of diameter 0.1 to 0.2µm, and these extend over
the height of the splat. The splats are separated by cracks, which are bridged by asperities,
comparable in size to the columnar grains, Eriksson et al [1]. The asperities undergo sintering
when the TBC is held at elevated temperature, and this leads to a progressive increase in
stiffness (both in-plane and out-of-plane) with time. Such an evolution in microstructure is
evident from the two micrographs as shown in Fig. 1. Pores of diameter 1-20µm also exist,
which occupy about 15% of the coating volume.

In the recent studies of Fleck and Cocks [2] and Cocks et al [3] it is shown that the compliance
of the coating is largely dictated by the compliance of the bridged inter-splat cracks, with the
porosity making a more minor contribution.

Cocks et al [3] derived a full constitutive

description of the sintering of the APS coating and highlighted the role of asperity sintering in
dictating the in-plane and out-of-plane moduli. The level of in-plane stress in an APS coating
at steady state engine temperature is determined by asperity sintering and Coble creep of the
fine-scaled columnar-grained splats. They show that the sintering-driven rate of increase of inplane modulus in a constrained coating is typically half that experienced by a freestanding
coating. In the present study we report experimental data for the evolution of in-plane modulus
with time at temperature for a freely sintered coating and invoke the time shift as predicted by
Cocks et al [3] to determine the evolution of modulus in a constrained coating. The increase in
modulus leads to an increase in thermal stress during cool-down and reheat, and thereby to an
increase in energy release rate associated with a delamination crack.

Zhao et al [4] and Thery et al [5] have also assumed that the Young's modulus of the coating
increases with time at temperature due to sintering in their assessments of delamination failure.
They obtained the lifetime of the coating by equating the energy release rate after cool-down to
room temperature to the interfacial toughness. Zhao et al [4] assumed that the interfacial
toughness remains constant, while Thery et al [5] employed the observation that the interfacial
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toughness of Electron Beam Physical Vapour Deposition (EBPVD) coatings degrades with
time at temperature due to the accumulation of voids and rumples at the bond coat interface. A
more complete analysis of the mechanics of delamination has been conducted by Evans and
Hutchinson [6].

They focused on the role played by infiltration of calcium-magnesium-

alumino-silicate (CMAS) in increasing the modulus of the TBC. In particular, they analysed the
energy release rate during a full thermal cycle, for the case of a stiff top layer (due to CMAS
infiltration) upon an underlying EBPVD coating, including the role of thermal inertia and finite
heat exchange at the top surface of the coating. They concluded that thermal inertia plays a
negligible role for thin coatings (thicknesses less than 1mm).

Here, we adopt a similar

approach for an APS coating, but for the first time, take into account the full profile of Young's
modulus with depth due to the sintering gradient through the coating.

Scope of paper
The possibility of delamination during a cool-down/heat-up thermal cycle (associated with
engine shut-down/start-up) is assessed for a pre-existing delamination along the interface
between thermal barrier coating (TBC) and underlying thermally grown oxide (TGO). The
analysis proceeds as follows:
1. The thermal inertia is taken as negligible. Consequently, the temperature profile within the
coating varies linearly with depth for both the long-term hold periods at high temperature and
for the shorter intermittent cycles of cool-down/reheat. Measurements of the evolution of inplane Young’s modulus E with time at temperature are reported: it is shown that E scales
linearly with the Larsson Miller Parameter (LMP).
2. Coble creep and sintering relax the in-plane stress during the high temperature hold period,
as demonstrated by Cocks et al [3], resulting in negligible stress within the coating. In contrast,
a transient cool down/heat up cycle induces thermal stress within the coating, with the attendant
possibility of growth of the delamination.
3. The mode I and mode II interfacial stress intensity factors (and thereby energy release rate G
and the associated phase angle of loading  ) are calculated over the transient temperature
cycle, and the most severely loaded point in the cycle is identified. Progressive sintering within
the coating during engine operation leads to an increase in Young's modulus throughout the
coating and thereby to a progressive increase in G with time at temperature. Upon equating G
with the measured interfacial toughness, the lifetime of the coating is determined.
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2. The thermal history
Consider the temperature distribution within an APS layer of height h, as shown in Fig. 2. We
assume that the temperature changes slowly compared with the thermal diffusion time and, at
any instant, we take the temperature distribution to be linear through the coating from a surface
value of TS to an interface value of TI at the TGO: the temperature at a height y above the
interface is given by



T  y   TI  TS  TI

 hy

(1)

It is envisaged that the TBC is maintained at a steady hot temperature distribution T H  y  for
extended periods and this gives rise to progressive sintering.

Consequently, the in-plane

modulus E(y) increases with time. The temperature profile T H  y  varies linearly from the
interface value TIH to the surface value TSH in accordance with (1), such that



T H  y   TIH  TSH  TIH

 hy

(2)

The steady state condition is interrupted periodically by a cool-down/reheat event, such that the
surface temperature drops from TSH to TSC . Simultaneously, the interface temperature drops
from TIH to TIC , and at this instant the temperature profile through the coating reads



T C  y   TIC  TSC  TIC

 hy

(3)

Following cool-down, a reheat event occurs and the surface and interface temperatures return to
their previous steady state values, TSH and TIH , respectively. At any instant within the cooldown and re-heat cycle, the temperature within the coating is given by (1). Note that the
temperature changes at the surface and at the interface may not scale proportionally during the
cool-down or the heat-up periods. This complex temperature history, characteristic of engine
shut-down and restarts (and simulated in burner-rig tests) is idealised in Fig. 3. A pronounced
hysteresis is present in the thermal cycle, and this is modelled in the present study by



introducing an intermediate state TSD , TID





on cool-down and TSU , TIU



on heat-up. For

simplicity, we assume piece-wise linear variations of temperature between these reference
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states, see Fig. 3. The present study seeks to explore how the hysteresis in temperature cycle
influences the energy release rate for a delamination crack.

3. The stress state within the APS coating
Assume that the TBC is in a stress-free state at the elevated temperature (denoted by the
superscript H): Coble creep within the columnar splats of the coating, and sintering of the
asperities, are sufficiently rapid for the in-plane stress level within the coating to be negligible.
The in-plane stress (y) during the cool-down/reheat cycle to any temperature T  y  is

  y 

E  y 
 TBC T H  y   T  y   SUB TI  TIH 



1

 









(4)

where  TBC and SUB are the thermal expansion coefficients of the TBC and substrate,
respectively. We shall take the Poisson ratio  to be constant and equal to 0.2.

Evolution of in-plane modulus with time at temperature
The evolution of in-plane modulus with hold-time at temperature T H has been measured for an
unsupported YSZ coating. The procedure is as follows.
(i) A 8YSZ APS coating of thickness 0.5mm is deposited onto a graphite block of thickness
7mm, and the coating is machined into rectangular strips of dimension 10mm by 50mm, but
still adhered to the graphite block.
(ii) The YSZ strips are debonded from the graphite by placing in an air furnace at 700oC for 15
minutes.
(iii) The YSZ strips are sintered freely at selected times at temperature.
(iv) The as-sintered Young’s modulus of the YSZ is measured at room temperature by bonding
one face of the YSZ strip to an aluminium alloy strip of identical in-plane rectangular
dimension but of thickness 3mm. The bending stiffness of the composite beam is measured in
3 point bending (using a screw-driven test machine and a rig with rollers of diameter 3mm) and
the axial modulus of the YSZ is deduced.

The results are plotted in Fig. 4. It is found that the in-plane modulus E increases with sintering
time t at temperature T according to the law:
E  LT  M

(5)

in terms of a constant M and a function L(t) that scales with time in accordance with the
Larsson Miller Parameter,
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   ln t  30  T

(6)

where t is in seconds and T is in K. Specifically, LT scales linearly with  as
LT  k 

(7)

where k is a constant.

A best fit to the data for E in Fig. 4 implies that the constant k equals 5.5 MPa and M equals 275 GPa. Now recall from the study of Cocks et al [3] that the rate of constrained sintering is
about half that of free sintering. We introduce this time shift by redefining the Larsson Miller
Parameter  for constrained sintering as

   ln t  ln 2  30  T H

(8)

We proceed to make use of expressions (1) and (2) for temperature, and (5) for Young’s
modulus, and re-write (4) in the form:

 y
h

 y
h

2

  y   C1   C2    C3

(9)

where
C1 









2
M  LTIH  TBC  SUB  TIH  TI 


1 




















2
L TSH  TIH  TBC  SUB  TIH  TI 


1 
2

M  LTIH  TBC TSH  TIH  TS  TI
1 

C2 



(10a)

(10b)

and
C3 



2
L TSH  TIH  TBC TSH  TIH  TS  TI
1 

(10c)

Note that the above 3 coefficients C1 , C2 and C3 depend only upon time via L(t) as specified
by (7) and (8).

3. The cracked geometry
The stress distribution (y) within the APS layer gives rise to an interfacial stress intensity
factor for a delamination crack along the TBC/TGO interface, see Fig. 5. Although an elastic
mismatch exists at the interface, for simplicity (and for little loss in accuracy) we shall assume
that the Dundur’s parameters and  vanish. The stress distribution (y) gives rise to an
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equivalent end load P on the beam, acting through the neutral axis of the equivalent section,
and to a bending moment M acting about the neutral axis of the equivalent section.

The mode I and mode II interfacial stress intensity factors have been given by Suo and
Hutchinson [7] as

K I  0.434

P
M
 0.558
ˆ
ˆ3
Ah
Ih

(11a)

K II  0.558

P
M
 0.434
ˆ
ˆ3
Ah
Ih

(11b)

and

where the non-dimensional quantities Â and Iˆ characterise the equivalent section and arise
because E varies with y. For example, for a rectangular section of homogeneous material (E
constant), we have Â =1 and Iˆ =1/12. Write E0 as the Young’s modulus at the interface, y=0.
Then, we have
h E  y  dy
Aˆ  
0 E0 h

(12)

and the height of the neutral section y follows as
y

h h E  y  y dy
Aˆ 0 E0 h h

(13)

The normalised second moment of area reads
1 h E
 y  y 2 dy
Iˆ  3 
0
E0
h

(14)

and the end load P and moment M are given by
P     y dy
h

and

0

M     y  y  y dy
h

0

(15)

respectively. Evaluation of the above quantities gives:

Aˆ  1 


,
2  LTIH  M 
L TSH  TIH

y 4 Aˆ  1

h
6 Aˆ

and
3
3
4
4


ˆI  1 1  2 Aˆ  1 y  1  y    y    1 Aˆ  1 1  y    y  
3
h   h   h   2
 h   h  









Substitution of (9) into (15) provides
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(16)

M 1
1
1  y
1
1 
P
1
1
 C1  C2  C3 and 2   C1  C2  C3    C1  C2  C3 
3
4  h
2
3 
h
2
3
2
h

(17)

The mode I and mode II stress intensity factors follow directly from (11). Alternatively, the
crack tip state of loading can be expressed in terms of the energy release rate G and mode mix

 in the usual manner, according to:
1  2 

K 2  K 2 
G
E0



I

II



and

 K II 

 KI 

  tan 1 

(18)

Assessment of interfacial fracture
We shall make use of equations (5) – (18) in order to calculate the locus of G( ) over the
cool-down/reheat cycle. We emphasise that progressive sintering of the coating leads to an
elevation in modulus through the thickness of the coating, and to a general increase in the
magnitude of G( ). Delamination takes place if the energy release rate G( ) at any point in
the cool-down/reheat cycle attains the interfacial toughness    . It remains to specify    .
Mixed mode interfacial toughness tests by Arai et al [8] and by Deng et al [9] suggest that
interface failure occurs when the following quadratic criterion is satisfied:

KI2
K IC 2



K II 2
K IIC 2

1

(19)

in terms of the mode I and mode II fracture toughnesses, K IC and K IIC , respectively. The

 

corresponding mode I and mode II toughnesses read as   0    IC and  90o   IIC ,
respectively.

Straightforward algrebraic manipulation allows the criterion (19) to be re-

expressed in terms of toughness as

G    2

 IC
Gˆ 
sin 2    1
cos  
 IC 
 IIC


(20)

Delamination is anticipated when Ĝ attains the value of unity at any point in the cooldown/reheat cycle. The measurements of Arai et al [8] give  IC /  IIC =0.11 whereas Deng et
al [9] observe that  IC /  IIC =0.23. Here, we shall adopt the mean value from these two
measurements and assume that  IC /  IIC =0.17. An investigation into the effect of sintering
upon the mode I toughness of 8 YSZ is reported in Appendix A. The main result is given in
Fig. 6: the toughness is plotted as a function of sintering temperature (after 100 hours at
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temperature). We observe that a small amount of sintering elevates the toughness by a factor of
about 4 from the as-sprayed, pre-sintered value to a saturated value of 115 Jm-2. Thus, we shall
take  IC = 115 Jm-2 in our simulations, independent of the value of the LMP.

4. Assessment of susceptibility of APS coatings to delamination failure
Consider a coating which has been sintered for 100 hours at 1600 K, and is then subjected to a
cool-down/reheat cycle, as defined in Fig. 7a. We shall assume henceforth that the coating is of
thickness 0.5mm, and has a coefficient of thermal expansion of  TBC  10x106 K-1, in contrast
to that of the substrate SUB  15x106 K-1.

The variation of K I and K II , for a long

delamination over a thermal cycle, is plotted in Fig. 7b; note that we have set K I to zero when
it is negative, as we assume that a mathematically-closed crack has no mode I singularity at its
tip, but its faces may still slide (in mode II). The corresponding trajectory of Ĝ is given in Fig.
7c. We note from Fig. 7a,b that, as we cool from the initial hot temperature H to point C, K I
rises to a maximum value, while K II progressively becomes more negative. At point D, the
mode mix is approximately   45o . With a subsequent drop in temperature from C on Fig.
7a, K I drops to zero and the mode mix changes rapidly to   90o , and remains at this value
for the remainder of the cycle: the crack tip is in state of pure mode II. The rapid change in
phase angle between point D and C of the thermal cycle leads to a local minimum in Ĝ , see
Fig. 7c.

The maximum value of Ĝ , termed Ĝmax , is attained at the lowest temperature of the chosen
thermal cycle. Consequently, we only need to evaluate the value Ĝmax in the cold state of the
coating in order to assess whether delamination occurs or not.

This exercise has been

performed for selected values of TSH , with the other reference temperatures unchanged. The
coating life in the hot state has been calculated such that Ĝmax equals unity upon cool-down.
The procedure is straightforward upon noting that Ĝmax scales with log(time), in view of
relation (8). The resulting plot of coating life versus TSH is given in Fig. 8. It reveals a highly
non-linear dependence of life upon surface temperature, with a minimum life at TSH =1500K.
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This is a somewhat surprising result as one might anticipate that Ĝmax increases monotonically
(and thereby the life decreases) with increasing temperature of the coating. We emphasise that
this predicted life versus surface temperature curve is based upon the assumption of a fixed
interface temperature. With increasing surface temperature in the hot state, the degree of
sintering and thereby the Young's modulus increase near the surface. Upon cool-down, the
induced thermal mismatch stress induces a larger mode I stress intensity factor. However, the
crack tip remains in a state of pure mode II. We conclude that an increase in TSH with no
change in TIH leads to mode II stress intensity factor in the cool-down state that shows a local
maximum approximately at TSH =1500K, and hence to a minimum life at this temperature.

The above analysis suggests that the lifetime of a coating at a very high surface temperature
( TSH in excess of 1500K) may not be governed by delamination cracking from a pre-existing
crack. Our analysis has neglected the role of initiation of cracks within the layer, and kinking
along the interface of any through-depth cracks within the layer. There may be a need to
consider such early events in order to develop a full understanding of coating delamination at
high temperature.

5. Concluding remarks
The present study has highlighted a number of important considerations in the assessment of
engine lifing due to delamination failure of APS thermal barrier coatings. A pre-existing crack
within the coating has the potential to delaminate during a cool-down/reheat cycle.

The

magnitude of the mode I and mode II stress intensity factors for a delamination crack depend
upon the temperature profile through the coating during the thermal cycle, and also upon the
profile of Young’s modulus through the coating. Progressive sintering of the top layers of the
coating occurs during engine operation and this leads to a progressive increase in the crack
driving force over the cool-down/reheat cycle. The interfacial toughness of the coating will
also evolve with sintering. The above ingredients are enacted for a YSZ coating, and the
sensitivity of engine life to surface temperature is predicted. There remains a need for mixed
mode tests on aged coatings such that the effect of sintering upon mixed mode toughness is
accounted for.
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Figure captions
Fig. 1. The inter-splat sintering of an APS coating. Modified from Anand Kulkarni “On the
Porosity-property Correlations in Thermo-structural Coatings: Towards an Integrated
Approach” State University of New York at Stony Brook, 2002. Used with permission.
Fig. 2 An APS TBC coating, with a pre-existing delamination crack.

Fig. 3 The cool down/reheat cycle from an initial hold temperature in state H, down to a cold
temperature C, via an intermediate temperature D upon cooling and the intermediate state U
upon reheating.

Fig. 4. Evolution of in-plane Young’s modulus with hold time t at temperature T, in terms of
the Larsson Miller Parameter    ln t  30  T .

Fig. 5. The delamination state.

Fig. 6. Dependence of mode I toughness upon sintering temperature (all at 100 hours).

Fig. 7. A typical cool-down/reheat thermal cycle. (a) the temperature cycle, (b) the mode I
and mode II stress intensity factors, and (c) the combined crack tip driving force, suitably
normalised to account for the mode mix.
Fig. 8. Coating life as a function of surface temperature in the hot state.

Figure captions for Appendix A

Figure A1. Compact tension specimen formed by sandwiching a thin layer of TBC between
two steel plates.

Fig. A2. Measured load versus clip gauge displacement for fracture toughness test on assprayed coating.

Fig. A3. R-curve for as-sprayed coating.
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Fig. A4. Fracture surface of the as-received APS TBC. The upper macro image shows that
fracture is almost entirely cohesive in nature. The lower image, of higher magnification,
reveals that the crack path is through the sintered asperities between neighbouring splats.
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Appendix A. A fracture toughness test for APS TBC

Test protocol
The mode I fracture toughness of 8 YSZ in the as-deposited and as-sintered states has been
measured such that the cracking plane is parallel to the surface of the YSZ coating. The
preparation of the coating is as follows. An 8 YSZ coating (of porosity 18% by optical
microscopy), of thickness 0.7mm, was air plasma sprayed onto a graphite substrate of
thickness 7mm. After deposition, the coating was debonded from the substrate by heating in
an air furnace at 700oC for 15 minutes. The coatings were then split into 4 batches. One
batch was tested in the as-sprayed state while the remaining 3 batches were sintered at
1200oC, 1300oC or 1400oC, each for 100 hours.

The fracture toughness tests involved sandwiching the coating between the two halves of a
split compact tension (CT) specimen, see Fig. A1. A pre-crack was introduced at midthickness of the coating. By using steel adherends that are stiffer than the YSZ layer, the
crack is stabilised to run along the mid-plane of the layer rather than to deviate along the
interface.

The split CT specimen was of width w=50mm and thickness B=3mm, as defined in Fig A1.
A sheet of YSZ coating of height d=700m, thickness B=3mm thick and initial length 35mm
was sandwiched between the two halves of the specimen and glued in place by an epoxy
adhesive, to create a notch of depth a0  15 mm. The following procedure was employed to
initiate a sharp crack at the root of the notch within the sandwiched coating.
(i) A line of three Vickers indents were made along the centreline of the coating at intervals
of 0.5mm using a load of 20N.
(ii) A sharp blade was inserted into the notch and given a sharp tap. Cracks initiated around
the indents and linked to form a single pre-crack of depth 3mm from the root of the notch.

A clip gauge was attached to the mouth of the specimen, as shown in Fig. A1, allowing the
crack mouth opening displacement to be measured during the course of a test. The specimen
was loaded at a cross-head displacement rate of 0.02mm/minute, as shown in Fig. 5 and the
crack length was measured using a travelling microscope. To facilitate this, an emulsion
wash was applied to the face of the specimen. The K-calibration for the monolithic CT
14

specimen is given by Srawley [10] and is not repeated here. Write K  as the K-value for the
monolithic steel specimen of Young’s modulus ES . Then, by path-independence of the Jintegral, the crack tip stress intensity factor within the TBC, K tip , is related to K  via:

K tip 

ETBC 
K
ES

(A.1)

where ETBC is the Young’s modulus of the TBC. We make use of this relation in presenting
the K tip -values for the TBC in the as-sprayed and sintered states.

Results
A typical plot of K tip versus crack extension a is given in Fig. A3 for the as-sprayed TBC.
There is a small increase in the K-level with crack extension, due to crack bridging. For our
assessment of delamination we take the steady-state value of K tip in order to define the



delamination toughness via ETBC IC  1  2

  .
K tip

2

The dependence of mode I

toughness upon sintering temperature is summarised in Fig. 6. Each datum point is the
average from 5 repeat tests.

The fracture surface of each test was examined in both the optical microscope and the
Scanning Electron Microscope (SEM) in order to determine the crack path. In all cases, the
crack grew on the mid-plane of the TBC coating, with only occasional minor deviations to
the interface, see Fig. A4. Consequently, the tests give the cohesive mode I toughness of the
TBC. We assume in the main body of the paper that these results are representative of the
toughness of the interfacial region between the TBC and TGO.
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o

As-sprayed

1200 C for 500 hours

Fig. 1. The inter-splat sintering of an APS coating. Modified from Anand Kulkarni “On the
Porosity-property Correlations in Thermo-structural Coatings: Towards an Integrated
Approach” State University of New York at Stony Brook, 2002. Used with permission.

Fig. 2 An APS TBC coating, with a pre-existing delamination crack.
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Fig. 3 The cool down/reheat cycle from an initial hold temperature in state H, down to a cold
temperature C, via an intermediate temperature D upon cooling and the intermediate state U
upon reheating.
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Fig. 6. Dependence of mode I toughness upon sintering temperature (all at 100 hours).
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Fig. 7. A typical cool-down/reheat thermal cycle. (a) the temperature cycle, (b) the mode I
and mode II stress intensity factors, and (c) the combined crack tip driving force, suitably
normalised to account for the mode mix.
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Fig. 8. Coating life as a function of surface temperature in the hot state.
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Figure A1 Compact tension specimen formed by sandwiching a thin layer of TBC between
two steel plates.
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Fig. A2. Measured load versus clip gauge displacement for fracture toughness test on assprayed coating.
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Fig. A3. R-curve for as-sprayed coating.
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Fig. A4. Fracture surface of the as-received APS TBC. The upper macro image shows that
fracture is almost entirely cohesive in nature. The lower image, of higher magnification,
reveals that the crack path is through the sintered asperities between neighbouring splats.
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