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Abstract:

The development of vertical cracks in air plasma sprayed (APS) thermal barrier coatings (TBCs) during
thermal cycling and constrained sintering under a temperature gradient is investigated.
Microstructural analysis shows that the development of the vertical cracks is associated with multiple
processes, including sintering during the hold period and cleavage during cooldown. Inspired by the
experimental observations, an image-based sintering model is used to simulate the development of
vertical cracks as the coating sinters while constrained by a substrate. The computational results show
that microstructural imperfections can develop into vertical cracks, which then propagate towards the
interface. A simple analytical model is presented for the threshold level of in-plane stress for the onset
of propagation of a vertical crack during constrained sintering. By combining the results of these
different modelling approaches, the cross-coupling of the material and geometric parameters, and
how this determines the sintering response (microstructure evolution) and vertical crack formation is
evaluated. In addition, the growth of vertical cracks by a cleavage mechanism during cooldown is

examined and the coupling between sintering, cleavage crack growth and TBC lifetime is explored.
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1. Introduction

Yttria-stabilised zirconia (YSZ) thermal barrier coatings (TBCs) made by air plasma spray (APS) are
increasingly used in gas turbine components to provide thermal and environmental protection 1.
However, the relatively larger scatter in lifetime is preventing the full potential of these types of

coatings from being achieved 3.
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The lifetime of APS TBCs strongly depends on the coatings’ microstructure and its evolution under
service conditions 3. During deposition, curvy YSZ splats form as the molten YSZ particles flow and
undergo rapid solidification upon reaching the substrate 4. Microstructural defects, including inter-
splat cracks and equiaxed pores also form during deposition. These defects play an important role in

determining the thermal conductivity and strain tolerance of the coating .

In service, where the temperature at the coating surface can be as high as 1300°C and a thermal
gradient as large as 600°C/mm is seen across the coating thickness !, progressive healing (sintering) of

the inter-splat cracks occurs >

. Moreover, sintering of the coating is constrained by the metal
substrate. This leads to the build-up of an in-plane stress which promotes vertical cracking ® 7. Once
nucleated, the vertical cracks can relax the constraint on sintering and accelerate sintering locally. This
further drives the growth of the vertical cracks, which propagate towards the interface and link up
with horizontal defects, which in turn propagate parallel to the plane of the coating, leading to
delamination and failure of the TBC, as observed in a laser thermal gradient test & Understanding the

formation of vertical cracks and how they couple with sintering is important to fully understand and

prevent TBC failure under realistic service conditions.

Zhu et al. studied wedge-shaped vertical cracks in APS TBCs and associated them with the creep strain
and the resultant tensile stress generated upon cooling and associated their growth with a cleavage
mechanism °. However, the relatively large opening of the vertical cracks, especially at the coating
surface, suggests that they are related to sintering at high temperature. Clifton Bumgardner et al.
conducted in-situ thermal cycling tests and found that vertical crack initiation was driven by the in-
plane tensile stress in the coating when heating from a stress-free state 1°. However, their tests were
conducted under isothermal conditions. For practical applications, the coating surface experiences the
highest temperature, and therefore experiences the largest expansion during heating up. A
compressive stress is expected in the coating near the surface which is unlikely to generate vertical

cracks. More recently, Chen et al. examined the same region of an APS TBC at different stages of



sintering and demonstrated that sintering can lead to micro-crack nucleation from microstructural

" Kumar et al. have developed models to simulate crack formation from

imperfections
microstructural imperfections in the sintering process for an EB-PVD TBC * 3, |In their macroscopic
constitutive model, the YSZ columns make contacts at asperities and the imperfection is treated as a
volume of material where the initial asperity contact radius is smaller than that within the rest of the
coating. They found that imperfections can develop into cracks when the coating’s in-plane modulus
exceeds a critical value. These studies indicate the importance of sintering on the development of

vertical cracks. However, the detailed processes that result in the development and growth of vertical

cracks during constrained sintering of an APS TBC remain unclear.

In this study, we describe a series of constrained sintering tests under a temperature gradient which
provide insights into the formation and development of vertical cracks as the coating sinters. We then
employ the computational sintering model developed in ° to evaluate how macroscopic cracks can
develop from microscopic defects in the structure during constrained sintering. The computational
model makes direct use of micrographs of the coating and employs models of sintering (and
desintering) across contacting (microcracked) surfaces using an adaptation of the sintering asperity
model developed in 1*. The main features of the computational models are summarised in Appendix
A. In these image-based computational models, we focused on the early stages of the formation and
propagation of vertical cracks driven by the sintering of the adjacent material. The aim is to identify
the conditions that favour the development of vertical cracks during constrained sintering. The
understanding gained from these computational models underpin the development of a simple
analytical model for the growth of a vertical crack in a sintering body, which identifies the conditions

under which a small defect can develop into a macroscopic crack.

Stresses generated within the coating during thermal cycling are much larger than those induced
during the high-temperature hold period as a result of the constrained sintering. These high stresses

can promote the propagation of the vertical cracks by a cleavage mechanism *°. We also evaluate this



mechanism here and demonstrate how a crack can propagate through a combination of sintering at
the hold temperature and cleavage during cooldown, leading to failure of the coating after a number

of thermal cycles.

2. Cracks formed after constrained sintering in a laser thermal
gradient test

Button samples with a diameter of 30mm for thermal cycling and sintering were produced by APS.
The as-sprayed TBC is 1mm thick. A CO; laser was used to heat the sample surface to the target
temperature at a controlled rate. During the test, the temperature at the TBC surface was monitored
by an infrared thermometer while the temperature at the TBC/bondcoat interface was monitored by
extrapolating the temperatures measured inside the substrate at two different distances from the
interface using embedded thermocouples. The samples were then subjected to different surface
temperatures for different periods. The temperature gradient across the TBC during the hold period
was kept at 600°C/mm for all tests. The samples were then cooled to ambient conditions, while the
temperatures were monitored to determine the history of the surface and bondcoat temperature as

the sample cooled.

Specimens for microstructure characterisation were cut form the centre of the test buttons. The cross-
sectional micrographs are compared in Figure 1 for three different hold conditions. Micrographs of
the as-deposited material are given in °. The samples contain pores and microcracks of the order of
the size of the YSZ splats. Figure 1 (a)-(c) show that for all the three conditions, multiple large vertical
cracks have developed. The total length of the cracks is comparable for the three cases and is about
500-600um. The magnified SEM micrographs of the cracks in Figure 1 (d)-(f) show that all the vertical
cracks have a wedge-shaped opening profile near the surface and a thin yet uniform opening towards
the crack tips. Moreover, the longer the dwell time and the higher the hold temperature, the wider

the opening of the cracks.



If it is assumed that these vertical cracks have developed during cooldown from the hold
temperatures, the opening of the crack at the coating surface due to thermal expansion mismatch as

the coating cools down to ambient (i.e. 25°C) can be calculated as:

4x1.12% ;- Y o
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where - and Qg e are the thermal expansion coefficients of the TBC and the substrate

respectively. We take @~ equal to 1.0x10°/K and Qg ;¢ equal to 1.5x10°/K . T° and T are the

temperatures at the coating surface and interface during the hold period of the sintering test. @ is
the length of the vertical crack. According to Egn. (1), the crack opening at the coating surface is
estimated to be about 2-3um which is one order of magnitude smaller than those shown in Figure 1
(d)-(f). In fact, the observation that a higher surface temperature and a longer sintering time leads to
a larger crack opening at the coating surface suggests that these cracks have developed at least
partially and opened at the sintering temperatures. The small yet uniform opening profiles near the
roots suggest that these segments could have been generated upon cooldown from the sintering

temperatures by a cleavage mechanism driven by the thermal stress.

In addition to the large, wedge-shaped vertical cracks, finer vertical cracks and horizontal cracks are
observed at the coating surface and near the interface after constrained sintering, see Figure 2. The
finer vertical cracks in Figure 2 (a) are observed between the large wedge-shaped vertical cracks
shown in Figure 1 (a)-(c). Notice in Figure 2 (a) that the nearly horizontal inter-splat cracks have largely
sintered, especially near the vertical crack. Several residual inter-splat crack segments can be seen
below the tip of the vertical crack. These observations suggest that the fine vertical cracks in Figure 2
(a) have nucleated during sintering and relaxed the constraint on sintering locally, leading to faster
sintering near them. Some of these nucleated cracks can propagate further, relax the constraint on
sintering to a larger depth and develop into the large and wedge-shaped cracks shown in Figure 1.

Meanwhile, propagation of these vertical cracks will relax the in-plane stress that has built up during



sintering. As a result, other vertical cracks (such as that shown in Figure 2 (a)) will remain stationary
or even sinter. Nevertheless, the vertical crack in Figure 2 (a) can be regarded as an early-stage state

of the large wedge-shaped cracks shown in Figure 1.

In the subsequent sections, we first simulate the formation of vertical cracks like those shown in Figure
2 (a) from microstructural imperfections, and their propagation during constrained sintering (Section
3). This is followed by a simple analytical model to relate the geometrical parameters with the onset
of vertical crack propagation during sintering (Section 4). Moreover, the effect of thermal stress on
the evolution of vertical cracks during transient heating and cooling cycles experienced in laser
thermal gradient tests is demonstrated (Section 5). Finally, the conditions for unstable coating

delamination once a vertical crack reaches the interface are probed (Section 6).

3. Model results for constrained sintering
The image-based sintering model developed in > is employed to simulate the constrained sintering

response of the TBC. The model takes the micrograph of an as-deposited TBC as input and yields the
microstructure evolution as a result of sintering. We start by examining the constrained sintering of a
coating containing a fully developed vertical crack. We demonstrate that the influence of sintering of
a coating having the microstructure of an as-deposited APS TBC on the vertical crack can be
reproduced by the sintering of an array of nearly vertical cracks. We then consider the constrained
sintering response of coatings containing microstructural imperfections and explore the conditions
under which these can develop into cracks as represented by Figure 2 (a). Unless otherwise stated,

the geometrical and material constants used in this study are the same as listed in Table 1 in >

3.1 Constrained sintering response of coatings containing a developed crack
Constrained sintering of a coating containing a fully-developed vertical crack as represented by the

cross-sectional SEM micrograph in Figure 3(a) is investigated. This micrograph has been taken from
the root of one of the wedge-shaped cracks about 600um below the coating surface. During the

sintering test, the temperature in this region was relatively low (~1040°C assuming a linear



temperature distribution through the coating). Considering the relatively short hold period in the
sintering tests, the micrography can still represent the microstructure of the as-deposited TBC.
Therefore, the sintering model is implemented on an FE mesh mapped onto this micrograph, as shown

in Figure 3 (b).

During the simulation, the horizontal displacement of the vertical edges is constrained. A multiple
point constraint is imposed on the bottom surface so that it remains straight during the sintering
simulation, while the top surface is allowed to displace freely. Cocks and Fleck have shown that for an

APS TBC under constrained sintering, the in-plane stress decays via Coble creep from their initial values

to a level on the order of the sintering stress over a timescale of 7, =1/ E*. For the typical YSZ

properties at 1300°C, 7, is on the order of tens of seconds 2. Therefore, for simplicity, the thermal

stresses generated during the transient heating to the sintering temperature is neglected and the

coating is assumed to be stress-free initially in the constrained sintering simulations.

The vertical crack is characterised by a much larger initial opening so that the crack surfaces are not
in contact. The simulation results in Figure 3 (c) and (d) show that when the TBC is constrained,
sintering of the curvy inter-splat cracks can lead to the opening of the existing vertical crack. This is
related to the curvy nature of the inter-splat cracks, since constrained sintering of an array of perfectly
horizontal cracks will only produce a vertical sintering strain, which does not promote opening of the
vertical crack. As a result of the traction free boundary condition on the vertical crack surfaces, the
constraint on sintering near the vertical crack is partially relaxed, thus promoting a higher local
sintering rate and opening of the crack. For example, Crack @, which lies next to the vertical crack,
has sintered faster than Crack @, that lies far away despite having a similar opening profile and

orientation.



3.2 Constrained sintering response of coatings containing imperfections and

vertical cracks
We now analyse the formation of a vertical crack from a microstructural imperfection during

constrained sintering, as represented in Figure 2 (a), and its subsequent propagation. Since significant
sintering has occurred within the region shown in Figure 2 (a), an array of nearly vertical microcracks,
whose surfaces are bridged by asperities, are introduced to represent the sintering of the coating. The
resultant FE mesh is shown in Figure 4 (a) and the bridged microcracks are indicated by the arrows.
The initial contact geometry (expressed in terms of the asperity contact radius) is uniform for the
surfaces indicated by the black arrows. These are referred to as precursor cracks. Three cases
representing the early stage of vertical crack nucleation and propagation are examined. In the first
case, we focus on the nucleation of a vertical crack from a microstructural imperfection. The
microstructural imperfection, as highlighted by the red arrow in Figure 4 (a), is referred to as a
microcrack bridged by asperities with a smaller initial contact radius. The influence of sintering in the
adjacent material on the imperfection is reproduced by the sintering of the precursor cracks. This
simplification is based on the model results in the previous sub-section that the sintering of the nearly
horizontal, yet curvy inter-splat cracks has promoted the opening of the vertical crack, which can be

reproduced by the sintering of the precursor cracks.

We take the initial asperity contact radius as b = 0.87 um at the precursor cracks and b =0.77 um
at the imperfection. These correspond to an initial average opening of 190nm to 204nm for the
precursor cracks and imperfection. This is in line with mercury intrusion porosimetry (MIP) results for
crack width in an as-sprayed APS TBC . The sintering responses for different choices for the viscosity
of the YSZ splats (via different splat thickness 2/1) are assessed. The temporal evolution of the average
asperity contact radius at the imperfection and the neighbouring precursor crack (see Figure 4 (b)) is
compared in Figure 5 (a). For h=2um, the YSZ splats are creep compliant and the imperfection and the
precursor crack have sintered in a similar manner. This is because the sintering strain can be readily

accommodated by Coble creep of the YSZ splats. As a result, the interaction between the precursor



cracks and the imperfection as they sinter remains limited. For h=10 um, the imperfection desinters
and turns into a crack (i.e. the asperity contact radius reduces to zero). The steps in the curve for the
imperfection in Figure 5(a) (i.e. red dash line) is a result of desintering and cracking progressing
gradually from the surface. Once nucleated, the crack opens and relaxes the constraint on sintering of
the cracks nearby, allowing them to sinter faster. This effect is demonstrated by the relatively faster
growth of the asperity contact radius at the precursor crack as the imperfection disinters (the red solid

line) than the case where no imperfection has been included in the simulation (the red dash-dot line).

Once the imperfection develops into a crack, the in-plane tensile stress is intensified at its tip,
especially when the YSZ splat is viscous, which can promote desintering at the tip, allowing the crack
to propagate further. This, coupled with opening of the crack due to creep of the splats and sintering
of adjacent crack-like features, leads to the development of the wedge-shaped crack shown in Figure
1. In order to demonstrate this mechanism, the FE mesh in Figure 4 (a) has been modified such that
the imperfection is replaced with a crack whose surfaces are not in contact and a precursor region of
finite asperity contacts ahead of the crack tip. This is shown in Figure 4 (c). Within the precursor region,
the initial asperity contact radius gradually increases over a length of ~10um. The resultant average

initial asperity contact radius within the precursor region is close to that for the precursor cracks (i.e.

b= 0.87 uum for the precursor region).

The temporal evolution of the average contact radius for the crack tip precursor region is compared
with that of the neighbouring precursor crack in Figure 5 (b). For h=2um, sintering is observed at both
locations. Notice that the sintering rate is lower at the precursor region than at the neighbouring
precursor crack. Comparison of the stresses in Figure 6 confirms that the lower sintering rate is due
to the larger tensile traction across the crack tip precursor region. Still, the precursor region sinters
and brings the initial contact-free crack surfaces into contact, leading to the full sintering of the crack.
For h=10um, the precursor region has desintered progressively as indicated by the stepwise decrease

of the average asperity contact radius. According to Figure 6, both the in-plane stress and the traction



in the precursor region are larger for h=10um. The larger normal traction in the precursor region has
led to the progressive desintering. Once desintered, the traction across the cracked surfaces drops to
zero. Consequently, the average traction in the precursor region (see the red dash line in Figure 6) has

dropped stepwise.

In the above simulations we have idealised the geometry in terms of a series of nearly vertical cracks.
In practice the coating contains many nearly horizontal inter-splat cracks. These will influence the
behaviour of the vertical cracks, either changing their path, or arresting their growth. We explore this
by considering the situation shown in Figure 4 (d) in which the vertical crack has connected with a
nearly horizontal inter-splat crack. We place a precursor region of finite asperity contacts running
almost vertically near to the opposite end of the horizontal defect. The evolution of the average
asperity contact radius for this precursor region and the neighbouring precursor crack is compared in
Figure 5 (c) for h=2um and 10um. Similar to the previous example, the precursor region has sintered

for h=2um and desintered progressively for h=10um.

This idealised result can be generalised to the situation where a vertical crack meets a number of
intersecting inter-splat cracks as it propagates. Instead of cutting through the splat directly, it follows
the inter-splat crack and propagates along the weakest path whether it be a vertical intra-splat crack,
or more generally, a gap between two splats which may be partially bridged by asperities. This
scenario is confirmed by the cross-sectional SEM micrograph taken from an as-sintered sample as
shown in Figure 7. The actual crack path depends on the detailed crack network while the simulation
results represent a simplified version of this. Nonetheless, the simplified situation considered here
provides insights into how and why a crack is deflected as it propagates through the thickness of the

coating and helps explain the observations of crack deflection, such as that shown in Figure 7.

4. Conditions for vertical crack propagation during sintering
The simulations in the previous section demonstrate how imperfections in an APS TBC can develop

into vertical cracks. As the coating sinters, a tensile in-plane stress is generated such that the creep

10



deformation associated with the YSZ splats matches the deformation as a result of the sintering of the
inter-splat cracks. The magnitude of the in-plane stress depends on the local sintering potential for
the asperities, the characteristic viscosity associated with asperity sintering and the viscosity of the
YSZ splats. This in-plane tensile stress can promote vertical crack nucleation from microstructural
imperfections. Once nucleated, the vertical crack can intensify the in-plane stress at the tip, which
may drive the crack further into the coating. On the other hand, the nucleated cracks can also re-sinter
as the simulations demonstrate. The exact response depends on (1) the magnitude of the in-plane
stress (the driving force) and (2) the threshold value of the in-plane stress for a vertical crack with a

sintering zone ahead of its tip to propagate (the resistance).

As a first step to estimate the in-plane stress level, we employ the brick model developed by Cocks et
al. ¥ from which an analytical expression for the in-plane stress during constrained sintering can be
obtained. We further simplify the problem by assuming that asperities at the top and bottom of the

splats are aligned with the coating’s out-of-plane direction. The in-plane stress now reads:

O =

37Rn’h* ) .
[”%} o, =(1+¢) o, (2)

where R is the average splat radius; y =d /2h is the aspect ratio of the columnar grains within the
YSZ splats and O, represents the in-plane sintering potential associated with the asperities on the
vertical surfaces of the YSZ splats. O, depends on the surface and interfacial energies, the contact
conditions and the density of the asperities on the vertical surfaces of the YSZ splats 7, see * for the

details.

The quantity

_ 37Rnlb*

3
S0 (3)

4

is a purely geometric parameter that describes the relative magnitude of the viscosity for asperity

sintering to that for Coble creep of the YSZ splats.
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When the splat viscosity is much higher than the asperity viscosity (e.g. a large 4 ), the in-plane stress
approaches 0, . On the contrary, when the splat is compliant, the in-plane stress is relaxed by Coble

creep of the YSZ splats, leading to a smaller in-plane stress. This is in accordance with the
computational results presented above, where in each of the cases analysed, the vertical crack has
propagated for h=10um and has sintered for h=2um. Note that Eqn. (2) assumes that all the inter-
splat cracks are readily bridged by asperities ** while in practice the inter-splat cracks become bridged
by asperities progressively from local regions such as crack tips and local pinning points °. The opening
of the un-bridged crack segments gives rise to additional compliance of the coating. Additionally, the
sintering potential evolves with the number of sintering asperities (i.e. asperities that are in contact,
but not fully sintered). Both can change the level of the in-plane stress. Nevertheless, Eqn. (2) captures
the major physical processes during constrained sintering and provides a first order assessment of the

significance of different material and geometric parameters on the in-plane stress level.

At the sintering temperature, the APS TBC is assumed to undergo linear, transversely isotropic creep

with the X; - direction normal to the plane of isotropy. The strain rate is given by:

¢=Ho (4)

where H is the creep matrix for the coating material. H has contributions from the opening of un-
bridged inter-splat cracks, Coble creep of the YSZ splats and the diffusional growth of the asperity
contact area 1. The components of H depend strongly on the sintering response, especially the inter-
splat crack evolution of the APS TBC. For an as-deposited coating, the inter-splat cracks are well
separated leading to large values for the components of H. As the coating sinters, more inter-splat
cracks close and heal by asperity sintering across their surfaces. Moreover, the average asperity
contact radius increases, leading to an increased asperity viscosity. The viscosity of the YSZ splat also
increases due to grain growth. As a result, components of H decrease as sintering proceeds. The

minimum values for the components of H are expected when the coating fully sinters and H now

12



becomes equal to the Coble creep matrix Il for the YSZ splats given in Eqn. (A7). In this extreme, the

components of H scale with 3@g /(;(h3 ) , Where D, is the effective boundary diffusivity °.

For plane problems with the X;- direction normal to the coating surface, the creep matrix H is

reduced to a dependency upon six independent constants:

H. Plane stress

H = H.H. i,j=13,5 5
H,. ——2"2  Plane strain @ ) )

The threshold level of in-plane stress for a vertical crack at the coating surface with an initial length
a (much smaller than the coating’s thickness) to propagate at the sintering temperature is
determined in Supplemental Materials S1 using the path independence of the C* integral. It can be

estimated as:
' -1/2
o,=1T (1 + 2.57m/1H“A) (6)

where T is given by Eqn. (A4) and represents the traction at the sintering zone ahead of the crack. In

an APS TBC sample, it depends on the surface and interfacial energies, the contact conditions and the
density of the asperities on the surfaces at the sintering zone; A is given by Eqn. (A3) and is the
viscosity arising from asperity sintering and depends on the effective boundary diffusivity, the asperity

contact radius and contacting asperity density in the sintering zone . The parameter

1/2
A= H33 H33 + H13 + 2H55 (7)
2H, | VH,  H,

qguantifies the degree of anisotropy and is equal to unity for an isotropic material.

The full derivation of Egn. (6) and its validation using FE simulations are provided in Supplemental

Materials S1. According to Eqgn. (6), two characteristic length scales can be identified: a geometric
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length scale (a ) and a material length scale (1/(ZH'“A) ). The threshold stress is related to the
sintering traction TS in the sintering zone via the ratio of these two length scales. A large initial crack
length @ and a small value of 1/(2H'11A) leads to a lower threshold stress for crack propagation at
the sintering temperature.

Specifically for a brick model, the creep matrix of the coating material reads *:
H=M+A" (8)

where A is the viscosity tensor arising from asperity sintering, whose components scale with asperity
viscosity which scales with b /@g, asperity density n’ and the YSZ splat radius R , see Appendix B

of ¥, A dimensionless parameter I for the onset of vertical crack propagation can be obtained by

combining Egn. (6) and (2):

' 1/2
1+2.57a/H A
]E O :Gs( za 11 ) :GGX (9)
o, 7;(1+§) T

N

Crack propagation occurs when [ >1. Adopting the following geometric values: R =50um,
d=03um, b=087um, s=5.5um and a =25um, the degree of anisotropy A, the relative
viscosities associated with splat creep and asperity sintering & and the geometrical factor G in Eqn.

(9) can be determined and are plotted in Figure 8 as functions of the normalised splat thickness. The
crack length a is measured directly from Figure 2 (a); the value for b is taken to be the same as in
the computational model and all other material and geometric parameters are consistent with our
previous free sintering simulations . According to Figure 8 (a), the value of A decreases slightly from
4.15 to 3.15 as the value of h changes from 2 pm to 10 um. The magnitude of & decreases from about
10 to 0.1 with increasing splat thickness. More importantly, increasing the splat thickness will lead to

a larger value for G and therefore promotes crack propagation according to Eqn. (9).
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Recall from the simulation that a larger % also promotes the nucleation of a crack from an
imperfection. Consequently, a larger initial crack length @ is expected for a larger %, which again
favours crack propagation. Note, as the crack length @ increases, I increases, so once the condition

for crack propagation is met, it will continue to grow through the thickness of the coating.

5. Coupled effect of sintering and thermal cycling
Cracks can propagate by desintering along planes of incomplete sintering through the thickness of the

coating, but when there is a large thermal gradient (i.e. 600°C/mm in the sintering test), the rates of
the kinetic processes associated with asperity sintering and Coble creep decrease rapidly with distance
from the surface of the coating. Thus, we might expect the above mechanism of crack growth to occur
only near the surface region. This is at variance with the experimental observations of cracks in the
as-sintered samples, where the large, wedge-shaped vertical cracks have propagated through more
than half of the coating thickness (see Figure 1). On the other hand, the opening at the roots of these
cracks is much smaller and more uniform than near the surface, which suggests a transition to a
cleavage mechanism as the crack grows. The possibility of propagation by cleavage from a sintering

crack during cooldown is now analysed.

We assume that the coating is stress free at the end of a high-temperature hold period and the
temperature varies linearly from the coating surface to the interface (in practice there will be a small
in-plane stress generated by the constraint on the sintering process imposed by the substrate as
described above — but this is much smaller than any stresses generated due to thermal mismatch and
can thus be ignored in the current context). During cooldown, we assume that the cooling rate is high
enough to suppress any stress relaxation, so that the in-plane stress within the coating at a distance

y from the coating surface can be estimated as:

M[am (T =T()) = s (T =T, )] 1o

W=7
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We ignore the sintering-induced variation in the elastic modulus within the TBC for now (i.e. E(y) is

uniform and evolves with sintering time). Upon cooldown, the thermal stress in the TBC is tensile at
the surface and switches to compressive at the interface. Consequently, the thermal stress will
produce a pure Mode | stress intensity factor (SIF) at the tip of the sintering crack if it lies in the tensile
region and may potentially drive it to propagate further. A simple elastic FE model is developed to
estimate the level of the SIF at the tip of a pre-existing vertical crack. A repeating unit with one vertical

crack in the middle as shown in Figure 9 is modelled.

The width of the region considered is taken as the average spacing between two vertical cracks in
Figure 1 (~1.2 mm). Periodic boundary conditions are applied to the left and right edges of the region
of the body shown in Figure 9. The coating is 1Imm thick and is bonded to a substrate 6mm thick. The
coating and the substrate cool down to ambient simultaneously with an initial temperature that varies
linearly from 1400°C at the coating surface to 800°C at the interface. The stress intensity factor after

cooldown is determined for different initial crack lengths a .

In the sintering test and real service condition, faster cooling is expected at the coating surface as the
engine shuts down (i.e. a thermal shock condition > 17 18), The effect of this on the stress intensity
factor is examined by introducing an intermediate state. During cooldown, the surface and interface
temperatures first drop to 320°C at the intermediate state. Afterwards the coating and substrate cool
down to room temperature simultaneously. In the subsequent sintering cycle, the surface and
interface temperatures reach those at the hold period simultaneously. This temperature hysteresis is
demonstrated in Figure 10. For simplicity, we assume a piece-wise linear variation of temperature

between these states.

The FE results for the variation of the SIF with the initial crack length at the intermediate state and
room temperature is shown in Figure 11. At both states, the normalised SIF increases with the initial
crack length @ when a is small. As @ becomes larger, the SIF drops as the crack approaches the

compressive zone. This gives rise to a plateau in the SIF. The onset of crack propagation depends on
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the relative magnitude of the SIF associated with the initial crack length @ and the fracture toughness
of the coating. When the SIF exceeds the fracture toughness, the vertical crack will propagate. As it
propagates, the SIF at its tip may increase firstly (depending on the initial crack length) and eventually
drops gradually. The crack will arrest as the SIF drops below the fracture toughness again. In addition,
a higher SIF that spans a larger thickness through the coating is observed at the intermediate state.
Therefore, vertical crack propagation is promoted by thermal shock. This is consistent with the
experimental observation that fast cooling leads to reduced TBC lifetime during thermal cycling in
burner rig tests 8. It is worth noting that the SIF scales with the coating’s Young’s modulus. Sintering
can promote vertical crack growth during cooldown by increasing the coating’s Young’s modulus and

encouraging a larger initial length @ for the vertical cracks.

Once developed, the vertical cracks will relax the constraint on sintering in the subsequent sintering
cycles, allowing the coating surface to sintering faster and leading to increased thermal conductivity
locally. In practice, the hot gas can also ingress to the interior of the coating through the vertical cracks.
Therefore, a higher temperature to a greater depth than the linear temperature profile is expected
during subsequent sintering. This will accelerate the sintering process, promote vertical crack
propagation during sintering and generate tensile stresses over a larger depth as the coating cools
down. This couples with the evolving modulus profiles of the coating and provides an ever-increasing

driving force for the entire vertical crack growth process.

6. Vertical cracks as free edges for delamination
As the vertical cracks approach the interface, they can interact and link with intrinsic defects

generated during coating deposition and/or horizontal cracks that have developed near the interface
during cyclic sintering *°. Unstable delamination occurs when the energy release rate for a linked
horizontal crack exceeds the interfacial toughness, leading to coating spallation as observed in cyclic
laser thermal gradient tests of 160h duration in &. In this section we evaluate the conditions under

which the growth of a delamination crack can become unstable.
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We assume that a vertical crack has fully developed and assess the driving force for growth of a
connected horizontal crack. As noted earlier, the in-plane stress is relaxed by Coble creep of the YSZ
splats and asperity sintering during the high temperature hold period. Prior to cooldown, the in-plane
stress within the TBC is negligible. During cooldown, the in-plane stress is given by Egn. (10). This stress
distribution gives rise to energy stored in the coating that can be released to drive the growth of the
delamination crack. For simplicity, we assume that the delamination crack lies within the YSZ topcoat
at a small distance from the interface, which is of the order of the splat size (Figure 2 (b)) so that
consideration of the Dundur's parameters & and £ is not required. This problem has been analysed
by Fleck et al. > and we follow their analysis here. Fleck et al. * have formulated the in-plane modulus
as a linear function of the Larson-Miller parameter seen by the TBC locally when the in-plane modulus

lies within 20-110GPa. Here, we set a lower bound to the modulus such that:

E(y)=max{x(Int+30-1n2)T" (»)+¢, E, gopsica (11)

where T (y) is the temperature at a distance y from the coating surface during sintering; K and

C are constants that can be determined by fitting experimental data. We adopt x =5.5 MPa and
¢ =-275 GPa as determined by Fleck et al. *>. We further assume that the as-deposited coating has

a uniform in-plane modulus of ~20GPa %',

The energy release rate and mode mixity can be determined as a function of the instantaneous
temperature distribution during cyclic sintering as shown in Figure 10. The results are shown in Figure
12 for different sintering conditions. The key equations to produce Figure 12 are reproduced from
and listed in Supplemental Materials S2. If no sintering is considered, the maximum energy release
rate has remained below 60J/m? during cooldown and delamination is unlikely. After sintering for 10h,
the average modulus increases, leading to an increased energy release rate upon cooldown. In this
case, the maximum energy release rate occurs at the intermediate state and reaches about 100J/m?.

Moreover, the coating becomes stiffer closer to the surface after sintering under a temperature
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gradient. Consequently, a larger stress gradient is expected during cooldown after sintering, which
may potentially lead to a decreased mode mixity (larger component of mode 1) as shown in Figure
12(b). This can also promote delamination. The energy release rate increases further after sintering

for 100h and delamination becomes more likely.

From the previous analysis, two timescales can be identified that determine the onset of
delamination: (i) the time for a vertical crack to propagate through the thickness and link up with the
defects near the interface (i.e. deflect parallel to the interface) and (ii) the time for the coating to
sintering to a stiffness large enough to induce an energy release rate that is higher than the coating’s

toughness upon cooldown. The actual TBC lifetime depends on the slower of the two processes.

7. Conclusions

Through a series of calculations and evaluation of TBC coated samples that have been subjected to
different hold periods at high temperature and cooled to ambient conditions, a detailed mechanism

of vertical crack nucleation and propagation in the coating is proposed.

e The intrinsic defects in an APS TBC provide the necessary precursors for the initiation of
macroscopic cracks. Wedge-shaped cracks first initiate from defects at the surface during hold
period in a sintering test. These cracks grow and open as a result of desintering at the tip of
the crack and sintering and creep of the adjacent material.

e The nucleation and propagation of the vertical cracks at the sintering temperature is
encouraged by a larger viscosity of the YSZ splats (i.e. thicker splats), a lower sintering traction
in the micro-cracked sintering zone and a longer initial crack length.

e The vertical cracks developed during a hold period can further propagate during cooldown
driven by the thermal stresses generated due to the mismatch in thermal expansion with the
substrate. Therefore, as the temperature is cycled the crack grows through a combination of

sintering induced cracking during a hold period and cleavage during cooldown.
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e As avertical crack reaches the interface, it can deflect by linking with the incipient horizontal
defects and/or cracks that have developed in the coating during sintering. Once deflected, the
vertical cracks serve as free edged for delamination. Sintering leads to an increased modulus

and therefore an increased driving force for vertical crack growth and delamination.
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Appendix A The image-based FE model

The key features of the computational model for sintering are briefly summarised. Central to this
model is a contact law for the cracks that sinter progressively. The faces of the sintering cracks are
rough, which is described by a regular array of asperities. The crack surfaces are assumed to be in
contact only if the local opening is less than the initial height of an asperity, which is simplified as a
spherical cap. Once in contact, asperity sintering driven by the surface energy and surface traction
occurs and pulls the crack faces towards each other. This closes the crack and brings more asperities
on the crack faces into contact. In the meantime, diffusional flow along the columnar grain boundaries

leads to Coble creep of the YSZ splats, which relaxes the constraint on asperity sintering.

Consider a unit area of crack that is bridged by asperities. We assume simplified geometric profiles for
the changing shape of the asperities as they sinter. The asperities are initially assumed to be spherical

caps. As they sinter, their apexes are replaced by cylinders with contact radius b, while their base

radius R, remains constant until b becomes equal to R, . Subsequent sintering leads a simultaneous

increase in the contact radius and base radius, and they are then modelled cylinders, which gradually

flatten as the contact radius grows and volume of the asperities is conserved.

The centre-to-centre distance between two neighbouring asperities is s . The number of asperities

per unit area follows as:

n, = 23;/25 (A1)

Driven by the net reduction in surface energy and the potential energy of the applied traction, matter

diffuses from the contacts with an interfacial energy 7, 1o the side of the asperity with a surface

energy 7, .

Using the thermodynamic variational principle described by Cocks et al *°, the crack opening rate by

asperity sintering can be determined, and is related to the normal traction:
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T, = Aw, + T, (A2)

where A is an effective viscosity associated with asperity sintering:

4
/1:na7rb (A3)
8®gb
and
nAv..7v..,b
T, = a (7s Vg ) (A4)
B(b)

Is a sintering potential. Here, @g is the temperature-dependent effective boundary diffusivity given

by:

g

2)
P =ED0 exp(—Q/RT) (A5)

A is a function of the contact geometry and the surface and interface energy while B is a function

of the contact geometry only. The expressions for A and B are given in Appendix Al of °.

The contacting asperities at the bridged crack segments endow the crack surfaces with a finite contact

stiffness such that
T, =k(b, s)w: (A6)

Its value depends non-linearly on the contact radius b and the spacing between the asperities s .

Following Fleck et al. 2, k(b, s) is obtained by interpolating the extreme values for small 5/5s and

b/ s closeto0.5.

The YSZ splats comprising of columnar grains are assumed to follow a linear, transversely isotropic

creep response. Following Cocks et al. ¥, the columnar grains are idealised as ellipsoids with the long
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axis aligned with the direction normal to the splat surface (local z-direction). The strain rate reads

using a Voigt notation:

I+ 1 1
1(x+2) (2 g2

o 1 1+ 57 1 o

& - - o

& (x+2) r(x+2 y+2 ;

€y 1 1 2 %y

& | 32 | - o. A7

ol x+2 r+2 r+2 ~ Tlo (A7)
7}’2 Zh 4 Tyz

7./2)( l"f‘l TZ‘C

7./xy i Tw

y+1
2

The components of II are determined by the effective boundary diffusivity @g, the splat thickness

h and the aspect ratio of the columnar grains y =d /2h .
The grain size is assumed to follow a cubic growth law at the sintering temperature:
d*—d} =kt (A8)

where the grain growth constant &k is determined by fitting measurements taken from SEM

micrographs presented in %°.
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Figure captions

Figure 1 Cross-sectional micrographs of the as-sintered coatings. (a)-(c) global optical micrographs of
coatings after sintering at: (a) surface temperature 1500°C, TBC/bondcoat interface temperature
900°C for 8h; (b) surface temperature 1400°C, TBC/bondcoat interface temperature 800°C for 4h and
(c) surface temperature 1400°C, TBC/bondcoat interface temperature 800°C with no dwell time. The
yellow arrows indicate the vertical cracks. (d)-(f) Zoomed-in SEM micrographs of the regions in the
yellow rectangles in (a)-(c).

Figure 2 Cross-sectional SEM micrographs of the sample after sintering at a surface temperature of
1400°C for 4h showing (a) a fine vertical crack at the surface of the TBC between the large wedge-
shaped cracks and (b) a horizontal crack near the topcoat/bondcoat interface.

Figure 3 Computational model of the sintering response of an area containing a vertical crack: (a) SEM
(SE) micrograph of the area; (b) the FE mesh based on (a) and the prescribed boundary condition for
the constrained sintering simulation. Two cracks with similar opening profiles and orientations are
highlighted by the ellipses; (c) and (d) the predicted microstructure after sintering at 1300°C for 38h
and 126 h. The vertical crack has been opened by the progressive sintering of the nearly horizontal
inter-splat cracks.

Figure 4 (a) FE mesh derived from Figure 2 (a). The arrows indicate the introduced microcracks. (b-d):
magnified view of the rectangular region in (a) for the three cases investigated. The yellow braces
highlight the precursor regions at the crack tips.

Figure 5 Temporal evolution of the predicted average asperity contact radius at (a) the imperfection;
(b) and (c) the precursor region at the crack tip together with that at the neighbouring precursor crack
for a YSZ splat thickness of 2um and 10um respectively.

Figure 6 Evolution of the in-plane stress and surface traction averaged over the precursor region for
h=2um and 10um respectively.

Figure 7 Cross-sectional SEM micrograph showing a sintering crack that has been deflected by the
inter-splat cracks at the coating surface during constrained sintering.

Figure 8 Plots of (a) the degree of anisotropy A in Eqn. (7); (b) the logarithm of the relative viscosity
& in Eqn. (3) and (c) the geometric factor G in Eqn. (9) with respect to the normalised splat thickness.
The splat thickness has been normalised against the asperity contact radius.
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Figure 9 Schematics of the repeating unit with a crack of length @ in the middle. Periodic boundary
conditions are applied to both sides of the area.

Figure 10 The cool down/reheat cycle from an initial hold temperature during the sintering test down
to room temperature via an intermediate state upon cooling and reheating to the hold temperature.

Figure 11 Variation of the stress intensity factor normalised against the coating’s in-plane modulus
with the initial vertical crack length normalised against the coating thickness at the intermediate
temperature (red) and room temperature (blue).

Figure 12 Contours of (a) energy release rate and (b) the mode mixity as a function of the
instantaneous temperature distribution when the coating with thickness of 1mm cools down from the
sintering temperature (1400°C at TBC surface and 800°C at interface) after sintering for different
periods. The white lines indicate the component temperature history in one cooling-reheating cycle.
The black dash lines in (b) show the instants where the SIF for a delamination crack is pure Mode I.
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Figure 1 Cross-sectional micrographs of the as-sintered coatings. (a)-(c) global optical micrographs of
coatings after sintering at: (a) surface temperature 1500°C, TBC/bondcoat interface temperature
900°C for 8h; (b) surface temperature 1400°C, TBC/bondcoat interface temperature 800°C for 4h and
(c) surface temperature 1400°C, TBC/bondcoat interface temperature 800°C with no dwell time. The
yellow arrows indicate the vertical cracks. (d)-(f) Zoomed-in SEM micrographs of the regions in the
yellow rectangles in (a)-(c).
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Figure 2 Cross-sectional SEM micrographs of the sample after sintering at a surface temperature of
1400°C for 4h showing (a) a fine vertical crack at the surface of the TBC between the large wedge-
shaped cracks and (b) a horizontal crack near the topcoat/bondcoat interface.
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Figure 3 Computational model of the sintering response of an area containing a vertical crack: (a) SEM
(SE) micrograph of the area; (b) the FE mesh based on (a) and the prescribed boundary condition for
the constrained sintering simulation. Two cracks with similar opening profiles and orientations are
highlighted by the ellipses; (c) and (d) the predicted microstructure after sintering at 1300°C for 38h
and 126 h. The vertical crack has been opened by the progressive sintering of the nearly horizontal
inter-splat cracks.
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Figure 4 (a) FE mesh derived from Figure 2 (a). The arrows indicate the introduced microcracks. (b-d):
maghnified view of the rectangular region in (a) for the three cases investigated. The yellow braces
highlight the precursor regions at the crack tips.
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Figure 5 Temporal evolution of the predicted average asperity contact radius at (a) the imperfection;
(b) and (c) the precursor region at the crack tip together with that at the neighbouring precursor crack
for a YSZ splat thickness of 2um and 10um respectively.
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Figure 6 Evolution of the in-plane stress and surface traction averaged over the precursor region for
h=2um and 10um respectively.
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Figure 7 Cross-sectional SEM micrograph showing a sintering crack that has been deflected by the
inter-splat cracks at the coating surface during constrained sintering.

34



(a) 4,15 1
3.95
3.751
395 1
3.351

3.15-

(b) 1.0
0.51

0.0

logi10(§)

—0.51

—1.01

3.51

3.0

Q 2.51

2.0+

1.5

h=2pum

h=10um

Figure 8 Plots of (a) the degree of anisotropy A in Eqn. (7); (b) the logarithm of the relative viscosity
& in Egn. (3) and (c) the geometric factor G in Eqgn. (9) with respect to the normalised splat thickness.
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Figure 9 Schematics of the repeating unit with a crack of length @ in the middle. Periodic boundary
conditions are applied to both sides of the area.
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Figure 10 The cool down/reheat cycle from an initial hold temperature during the sintering test down
to room temperature via an intermediate state upon cooling and reheating to the hold temperature.
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Figure 11 Variation of the stress intensity factor normalised against the coating’s in-plane modulus
with the initial vertical crack length normalised against the coating thickness at the intermediate
temperature (red) and room temperature (blue).
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Figure 12 Contours of (a) energy release rate and (b) the mode mixity as a function of the
instantaneous temperature distribution when the coating with thickness of 1mm cools down from the
sintering temperature (1400°C at TBC surface and 800°C at interface) after sintering for different

periods. The white lines indicate the component temperature history in one cooling-reheating cycle.
The black dash lines in (b) show the instants where the SIF for a delamination crack is pure Mode I.
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1: Threshold in-plane stress for crack propagation
The threshold level of in-plane stress for crack propagation at the sintering temperature is derived

here. Consider a coating containing a vertical crack of length @ and subjected to an in-plane stress
O as shown in Figure S1. This in-plane stress is generated due to the constraint imposed by the
substrate on the shrinkage (densification) of the porous coating. The crack length @ is considered to

be much smaller than the thickness of the coating.
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Figure S1 Schematics of the crack in a large plate with a cohesive type sintering zone running across
the entire height of the plate (the red line). The plate is subject to a horizontal stress of O . A

constant traction of Tq is prescribed in the sintering zone.
The bulk material is assumed to undergo linear, transversely isotropic creep with the X; - direction

normal to the plane of isotropy according to Eqn. 4 in the main manuscript. A cohesive type sintering

zone is embedded ahead of the crack tip where a sintering traction 7. is prescribed. The sintering

s
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zone can be thought of as two surfaces bridged by asperities and its opening rate is linear in the

applied normal traction:

$:M (S1.1)

For simplicity, we assume that 7 is constant along the sintering zone so that an analytical expression

can be provided to highlight the main physics of crack propagation driven by a constrained sintering-

induced in-plane stress, which allows us to identify the relative role of different material properties
and geometrical parameters. FE modelling is required in order to account for the variation of 7 along

the sintering zone.

The opening rate at the crack tip is derived utilising the path independence of the c -integral (1). The

ol -integral along the inner contour as shown in Figure S1 is evaluated as:

Cy, = [Wax,+T L
ox,

:£5r2+];5r+£5t2+7’55,—£5f—7;5r (51.2)
2 2 2

2541
2

Now consider the C~ -integral along the outer contour. In the absence of the sintering zone, the

integral is given as (2):

1/2
H11H33 H33 + H13 + 2H55

C" =1.12*rac’ ,
H,, H,, (51.3)

=1.12°zac’H,,A
The contour intersects the sintering zone far away from the crack tip such that:

T =0 (S1.4)

n
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The contribution from the sintering zone to the integral along the outer contour is given as:

2. )
[wax, :552 +T.8 (51.5)
The opening rate at this point is:
. -T
s=2"" (51.6)
A

2 2
C = 1.1227ma2H;1A+§ (Ej —(gj (51.7)

Utilising the path independency of the creep J-integral ol (1), the opening rate at the crack tip can be

related to the far-field stress O as:

1 .2
5= Z[(l +2.57aH),A) a—]}} (s1.8)

é'; > () suggests that the crack opens and grows. Letting 51 =0 gives Egn. (6) in the paper.

In order to validate Eqgn. (6), the boundary value problem described in Figure S1 is solved by the FE
method using ABAQUS 2017. The bulk material follows a viscoelastic response. The Young’s modulus
and Possion’s ratio of bulk YSZ is used. Its creep response is given by Eqn. (4) in the paper. The
constitutive response of the sintering zone is given by Egn. (S1.1), which is implemented as a user UEL
subroutine. A penalty stiffness for the interface element has been chosen so that the elastic opening

component has limited effect on the FE results.
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Sintering

Figure S2 Geometry and FE mesh for the plate and a zoom-in view of the mesh at the crack tip. Interface
element is inserted along the sintering zone as highlighted by the vertical red line.

Figure S2 shows a typical FE mesh for the geometry. The plate measures 1Imm x 1mm and a pre-crack
with @ =0.05 mm is located in the middle of the region shown. 4-node plane strain elements have
been used to discretise the plate, while interface elements (UEL) have been inserted along a line
directly ahead of the crack. The mesh comprises 26869 continuum elements and 956 interface

elements.

A series of FE models have been run using different values for the viscosity of the sintering zone (i.e.
A in Egn. (S1.1)) while the other material properties are kept constant. For each set of parameters,
the separation rate at the crack tip is determined for a series of different applied stresses. This allows
the critical stress for the crack tip to open can be determined. The obtained threshold level of in-plane
stress for a crack tip to open is plotted in Figure S3 together with predictions of Eqn. (6), which serves

to validate Eqgn. (6).
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Figure S3 The threshold level of in-plane stress normalised against the sintering traction within the sintering
zone determined by FE and Eqn. 6 as a function of aﬂuH'“A .
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2: Fracture mechanics analysis for a delamination crack
The stress intensity factors, energy release rate and phase angle are given by (3, 4):

K, =0434—— P +0.558 — M
At VI
—0558i—0434 M

Jao — Hie

¢=U") k2, k2

E(1)

K
=tan"'| =L
v (Kz j

where 4 and [ are dimensionless parameters arising from the variation of £(») alongthe coating’s

(52.1)

thickness direction and are given by (3):

A=[EW, (52.2)
0 tE(t)
? EQ)
[=—
L ) ~y) dy (52.3)
where the position of the neutral axis ) reads:
j YEW) 4, (52.4)
0 tE(t)

P and M are the equivalent end load and bending moment (per unit thickness) acting through and

about the neutral axis of the equivalent section respectively (3):
P= IO o(y)dy (S2.5)
t —
M =[ o(»)(y-F)dy (52.6)

Notice from Eqn. (10) that O'(y) scales with the coating’s in-plane modulus E(y) .
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Upon combining Eqn. (S2.1)-(S2.6), the energy release rate and mode mixity can be determined as a
function of the instantaneous temperature distribution as characterised by the temperature at the

coating surface and interface with a linear variation in between.
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