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Abstract: Thermal barrier coatings (TBCs) have been developed to protect superalloys against high-
temperature heat fluxes, which are required for the development of high-performance gas turbines.
TBCs have porous structures, which are densified by sintering. The resulting stiffening is a major
cause of TBC failure in service. Therefore, there is a need to reduce the negative sintering effect
on the life span of TBCs. In this study, the sintering mechanism and the dominant factors causing
changes in stiffening and mechanical properties were revealed experimentally. The experimental
results show that the multiscale undulation of the originally smooth two-dimensional (2D) pore inner
surface triggers multipoint contact between the upper and lower inner surfaces, resulting in pore
healing during thermal exposure. The healing of 2D pores is the main structural characteristic change
in TBCs after thermal exposure and the main reason for the stiffening and changes in mechanical
properties. Then, the sintering effect on TBCs with vertically cracked structures was designed and
simulated. We found that implanting vertical cracks in the topcoat can reduce the sintering effect
and driving force for cracking by 87.9% and 79.9%, respectively. The degree of reduction depends
on the space between vertical cracks. Finally, the mechanism responsible for the sintering-resistant
TBCs was analyzed and discussed. Vertically cracked structures exhibited scale-sensitive stiffening,
indicating that macroscopic stiffening is much lower than microscopic stiffening. In other words,
the macroscopic sintering effect was lowered, and the TBCs remained highly resistant to global
strain during thermal exposure. The resulting strain energy release rates are much lower than those
of conventional TBCs. The results of this study contribute to the long-life thermal protection of
superalloy-based components used in advanced gas turbines.

Keywords: thermal barrier coatings; sintering effect; finite element simulation; sintering-resistant
design; long life span

1. Introduction

Recently, thermal barrier coatings (TBCs) have been widely employed in hot path
components of gas turbines [1-4]. The basic structure of TBCs consists of three layers,
including a ceramic topcoat (TC), metallic bond coat (BC), and metal substrate (SUB) [5-7].
TC provides thermal insulation and is made of ceramic materials with low thermal conduc-
tivity. BC provides oxidation resistance for the substrate and reduces the thermal expansion
mismatch between TC and the underlying substrate [8-12]. TBCs prevent direct heat flux
and reduce the metal exposed temperature. Thus, TBCs make the underlying metallic
components efficiently work at temperatures higher than their limit [5,13]. Therefore, TBCs
are an effective measure to significantly improve the efficiency of gas turbines and promote
the development of aerospace and other fields [14].

Plasma spraying is the main method for depositing TBCs. In the plasma spraying
technique, the hot high-velocity flame of a plasma gun is employed to convert spraying
powders into molten droplets, which are impacted onto the substrate and finally stacked to
form coatings [15,16]. Compared with other spraying techniques, plasma spraying is fast
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and has a high deposition efficiency. Plasma-sprayed coatings often have lamellar structures
and contain many intersplat pores and intrasplat cracks [17,18]. The former is attributed to
the imperfect bonding among splats, and the latter is caused by the tensile effect during
the quenching process. The intersplat pores and intrasplat cracks exhibit two-dimensional
(2D) morphology, which means that their dimensions in two directions are much larger
than those in the third direction. In addition to 2D cracks, some globular voids are found
in plasma-sprayed coatings. They are often caused by rough surfaces used to support
droplets and entrapped plasma gas. The 2D and 3D pores endow plasma-sprayed coatings
with high performances. The thermal conductivity and elastic modulus of the coatings
are less than 50% compared with those of the corresponding bulk materials [17,19-21].
The porous structure can effectively prevent heat flux, resulting in required temperature
drops with a certain thickness. In addition, it enhances strain tolerance, reducing thermal
stress during thermal cycling. Selecting the right materials and manufacturing processes
can produce coatings with high toughness and resistance to impact and corrosion [22-24].
Plasma-sprayed coatings exhibit excellent comprehensive performances. However, the
structure cannot efficiently release stress, especially stress in a direction perpendicular to
the direction of spray. During thermal cycling, TBCs experience failure through spallation
or delamination. In heating and cooling processes, complex stress fields can be induced
in TC. Furthermore, there are several unbonded regions, pores, and microcracks inside
the coatings [25], which are equivalent to prefabricated cracks [26]. When tensile stress in
coatings reaches the critical value, the cracks expand. TBCs are extremely prone to cracking
within TC [27,28]. Owing to these issues, TBCs undergo spalling failure during service.

Cracking is highly related to the stiffening of TC caused by sintering. After thermal
exposure, the elastic modulus of TC increases by two to three times [17,29,30]. Thus, the
strain tolerance decreases significantly, which affects the durability of TBCs. In addition,
the thermal conductivity is increased by 50-100%, meaning that the thermal insulation is
significantly reduced [31]. Sintering is one of the main causes of performance degradation,
resulting in the spalling failure of coatings in service. The corresponding structural change
recorded during sintering is mainly the healing of intersplat pores and the intrasplat cracks.
Since TC has a complex porous structure, sintering in the TC layer is inevitable under high
temperatures. Therefore, it is significant to develop degradation-resistant TC structures to
extend the life span of TBCs.

Degradation can be minimized by lowering the global stiffening effect since it mainly
controls the cracking behavior of TBCs under stress [32,33]. The elastic modulus of plasma-
sprayed coatings is scale-sensitive, that is, the macroscopic elastic modulus of TC is smaller
than the microscopic elastic modulus [29]. This is because, in addition to the intrinsic
intersplat pores and intrasplat cracks in the microscale, there are some large-scale cracks
in the coatings. Intersplat pores and intrasplat cracks have a comparable scale with splat
segments, whereas the large-scale cracks can cover several splat segments due to the rough
surface and other factors. Thus, the presence of large-scale cracks further reduces the
macroscopic elastic modulus. Based on this, the overall stiffening of coatings caused by
sintering can be weakened by tailoring the macrostructure of TC. With this, TC remains
stiff at the microscopic level, but on the macroscopic scale, the stiffening effect is much
smaller. This provides a feasible way to realize degradation-resistant TC. Based on this,
some TBCs with vertical structures have been developed, which can effectively reduce
the stress through vertical cracks and pores and extend the service life of TBCs [34,35].
Therefore, to extend the life span of TBCs, there is a need for structural optimization.

In this study, the sintering mechanism and the dominant factors causing changes in
stiffening and mechanical properties were revealed experimentally. The dominant effect
of sintering on the life span of TBCs was investigated by simulation. Based on this, a
macrostructural design for TC that resists degradation in strain tolerance is proposed to
extend the life span of TBCs in service. First, sintering-induced changes in the structure
and mechanical properties of TBCs were investigated. Next, the scale-sensitive stiffening
behavior was studied using a vertically cracked structure model considering the dominant
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change in the structure during sintering. Finally, a TBC with high strain tolerance is
proposed. The mechanism of resisting degradation in strain tolerance was analyzed and
discussed. This study would contribute to the improvement of the service life of plasma-
sprayed TBCs in future applications.

2. Experimental Procedure
2.1. Coating Preparation and Heating Tests

A commercially available hollow spheroidized 8 wt% Yttria-Stabilized Zirconia (8YSZ)
powder (HOSP, from —75 to +45 pm, Metco 204B-NS, Sulzer Metco Inc., Westbury, NY,
USA) was used to deposit YSZ coatings and individual splats. Stainless steel was used
as support for the coating. A commercial system (GP-80, 80 kW class, Jiujiang, China)
was used for the plasma spraying. The plasma spraying parameters are shown in Table 1.
After the deposition, the stainless steel was removed through post-spray dissolution using
hydrochloric acid to obtain free-standing YSZ coatings. Oxidation occurs when a metal
substrate is used during thermal tests, which may affect the observation of the pore sur-
faces. Therefore, a bulk YSZ substrate with a polished surface was used to support the
individual splats.

Table 1. Plasma spray parameters for individual splats and coatings.

Parameters Individual Splats Coatings
Plasma arc current/A 600 600
Plasma arc voltage/V 70 70

Flow rate of primary

gas (Ar)/L min~! 50 50
Flow rate of secondary 7 -
gas (H)/L min~!
Flow rate of powder feeding 7 7
gas (Np)/L min 1
Spray distance/mm 110 110
Troch traverse speed /mm s~ ! 1000 800
Substrate preheating temperature (°C) 300 /

The service temperature of TBCs is often above 1000 °C. In order to focus on the
changes in the structure and properties before sintering, it is necessary to adopt a higher
temperature to accelerate the sintering process. The isothermal heat treatment has several
advantages owing to its high-temperature accuracy, ease of temperature control, as well
as cost-effective operation [20,36]. Therefore, in this study, the coatings were isothermally
heat-treated in a furnace to 1000 °C and 1400 °C. After progressively holding for different
durations, the samples were cooled to room temperature. To avoid unexpected structural
degradation of the coatings due to rapid temperature changes, low heating and cooling
rates of 10 °C/min were adopted.

2.2. Structural Characterization

Cross-sectional samples of the individual splats and YSZ coatings were prepared using
a focused ion beam system (Helios Nano Lab 600i dual-beam, FEI, Hillsboro, OR, USA) to
prevent damage to the initial bonds. To reduce the damage to the samples during grinding
and polishing, the sample was firstly permeated with glue (epoxy resin glue, Buehler,
Chicago, Lake Bluff, IL, USA) before grinding. The sample was ground on the grinding
machine in the order of 80, 400, 600, 1000, 1200, and finally it was polished for 30 min.
After that, ultrasonic vibration was performed in deionized water for 15 min to remove
contaminants from grinding and polishing. Quasi-in situ morphological observations were
conducted using a scanning electron microscope (SEM; TESCAN MIRA 3, Brno, Czech
Republic). The porosity of the samples was determined by image analysis using SEM
backscattered electron images at a magnification of x1000. At least 10 images were used to
estimate the porosity of each sample. The technique reported in a previous study [37] was
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employed to determine the 2D pore length density, defined as the total length of 2D pores
per unit area, using polished samples. The densities of the intersplat pores and cracks on
the polished cross-section and surface, respectively, were measured. For each sample, at
least 50 SEM images at a magnification of x5000 were used.

An intersplat pore is an unbonded interface between two neighboring splats. Therefore,
intersplat pores are formed by the top and bottom surfaces of two splats. Thus, the change
in splat surfaces was used to investigate the healing degree at different temperatures.
Atomic force microscopy (AFM, Asylum Research Cypher, Abingdon, UK) was employed
to characterize the surface morphological changes in the splats. In addition, the pore healing
behavior was observed by high-resolution transmission electron microscopy (HRTEM, JEM-
2100F, JEOL, Tokyo, Japan).

2.3. Property Determination

Because defects are multiscale, the mechanical properties of plasma-sprayed ceramic
coatings are scale-sensitive. Therefore, it is necessary to determine the mechanical prop-
erties of plasma-sprayed TBCs at different scales. For the microscale elastic modulus, the
Knoop indentation test (Buehler Micromet 5104, Buehler Corporation, Chicago, Lake Bluff,
IL, USA) was employed with a test load of 300 gf and a holding time of 30 s using circular
samples (920 mm x 0.5 mm). The number of samples used was ten and the mean values
were recorded. For the macroscopic elastic modulus, three-point bending test (Instron 5943,
Boston, MA, USA) was employed using rectangular samples (60 mm x 10 mm x 3 mm).
The number of samples used was five and the mean values was recorded. The multiscale
elastic moduli of the samples were determined only in their in-plane directions since the
strain generated during thermal services is mainly along the coating surface.

3. Model Developments
3.1. Description of the Finite Element Model Structure

The service environment of TBCs is complex and harsh. The complicated service envi-
ronment is mainly summarized into three types: high-temperature gas thermal shock, for-
eign particle erosion, and calcium-magnesium-aluminum-silicate (CMAS) corrosion [38—42].
Among them, high-temperature gas thermal shock is inevitable during the service. It refers
to the high-temperature and high-speed gas impact generated by the combustion of fuel in
the engine on the surface of the TBCs, as shown in Figure 1a.

Hot gas Vertical crack

@ TCa=100~900 um
@ BC b=150 um
@0 SUB c=3mm

=== Vertical cracks

¢ | Tourtace (b) (c)

Figure 1. Schematic diagram of model structure: (a) TBC service environment during thermal
exposure, (b) developed model structure of a TBC used for simulation, (c) crack periodic element of
the physical geometry model.
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The TBCs were developed with three layers: TC layer, BC layer, and SUB layer. A
two-dimensional plane strain model was developed based on the commercial FEM package
ABAQUS. This simulation mainly focused on the understanding of stress evolution caused
by sintering and thermal expansion mismatch. Therefore, a 2D simulation with an idealized
interface geometry is advantageous due to its greater simplicity [43]. The entire geometry
model used for finite element analysis is presented in Figure 1b. The 4, b, and c are the
thickness of the TC, BC, and SUB, respectively. Periodic vertical cracks were implanted in
the TC layer to tailor the structure, which will be discussed later. The vertical crack starts
from the coating surface and point to the BC interface. The / is the length of the vertical
crack, and the w is the space between vertical cracks.

The present FEM is based on the following assumptions: (1) The SUB, BC, and TC
on one side with pre-existing cracks are isotropic and homogeneous; (2) the geometric
morphology at the TC/BC and BC/SUB interference is flat; and (3) the vertical cracks were
only inserted into the TC.

The vertical cracks are distributed periodically in the model. A periodic unit can be
extracted, which is symmetric about the central axis, as shown in Figure 1c. For the finite
element simulation, half of the periodic unit can be used with proper boundary conditions
to represent the whole unit. Therefore, a vertical crack and w/2 part are extracted from
the entire unit for simulation, as shown in Figure 2a, and this representative region was
also selected for the stress distribution diagram shown in the subsequent discussion of
the results. At the root of the vertical crack, the first two nodes along the horizontal were
separated, thereby prefabricating a small horizontal crack to investigate the effect of the
introduction of the vertical cracks on the horizontal cracking, as shown in Figure 2b.

3.2. Model Boundary Conditions

The ceramic TC layer was taken to be linear elastic materials, whereas the BC and SUB
were taken to be elastic—plastic materials [44]. The material parameters of each layer used
for modeling are shown in Table 2.

Table 2. Material properties of each layer.

Elastic Modulus E Poisson Ratio v CTE & (10-6/K)
(GPa)
TC 10~160 0.2 11
BC 210 0.2 13.6
SUB 210 0.3 13

In many coating systems, coating failure is driven by stresses caused by TGO growth
and CTE mismatch between coating and substrate [43,45]. At initial thermal exposure, the
TGO is relatively thin, whereas the sintering is more significant [29]. The stress will be
mainly governed by the CTE mismatch stress, which will be affected by sintering [43,46].
During engine operation, thermal mismatch strain occurs due to the different thermal
expansion coefficients of each layer, as shown in Equation (1). The strain direction is per-
pendicular to the coating surface. To investigate the evolution of stress and cracking driving
force in the vertically cracked structure under high temperature induced by sintering and
thermal mismatch strain, this model adopts the static model at room temperature with
additional mechanical loading to model the real effect caused by temperature change. To
simulate the mismatch strain between coating and substrate, a uniform strain of 0.2%
was applied to the left boundary of the element model. The specific value was obtained
according to Equation (1) of the coefficients of thermal expansion of the coating and the
substrate. Simultaneously, a symmetry constraint is introduced on the right boundary
under the pre-existing vertical crack. Moreover, the movement of bottom boundary at
y-axis is fixed, which can prevent the occurrence of a rigid body displacement, as shown
in Figure 2a. Many micro-scale cracks and pores are contained in the ceramic layer of
conventional APS-TBC. During sintering at high temperatures, microscale cracks and pores
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were healed. The TBCs from the initial state to the sintered state mainly leads to the increase
in the elastic modulus [17,29]. To focus on the effects of sintering and vertical cracks on the
horizontal cracking of coatings, the mechanical properties related to conventional APS-TBC
under thermal exposure were input into the region between vertical cracks to simulate the
sintering of coatings. Therefore, the input range of the elastic modulus was set to 5-80% of
the bulk YSZ material. Mesh refinement is executed near the interface and crack region
because of our greater interest in these regions. The refined mesh is vividly demonstrated
in Figure 2b. The mesh grid is dense enough that the strain energy release rate (SERR) at
the crack tip will not be affected by mesh size.

e= (a1 —ap) - AT (1)

where ¢ corresponds to the simulated thermal mismatch strain, and «; and a; are the
coefficients of thermal expansion of SUB and TC. In this study, a; is 13 x 107¢ /K, and &,
is 11 x 107° /K [18,47,48]. AT is the temperature change during cycling, which is 1000 K.

LoadF
A o |
F, |1 E
< 3 ViV,
2 g
I 4
I
I
I
I
3—1 ) Y, v
COORDINATE ‘ 3 . da ) Aa
SYSTEM(CS) '

(b) (c)

Figure 2. Model development: (a) finite element mesh and boundary conditions, (b) local cracking
enlargement, (c) schematic of the VCCT for four node elements [49].

3.3. Modeling Tool Used for Crack Propagation

The driving force for extension of the vertical crack is evaluated by SERR. The
SERR is determined based on the virtual crack closure technique (VCCT), as shown in
Figure 2¢ [49,50]. The VCCT mainly deals with cases based on linear elastic fracture me-
chanics. To focus on the effect of stiffening degree on SERR, no crack extension occurs
in this study. In a four-node element, the SERR components G; (i = I, II) can be obtained
using the nodal force at the crack tip and the nodal opening displacement behind the crack
tip. The total SERR G is the sum of the SERR components, as shown in the following
equations [51]:

_ FyAV - Fy(l/g —1/4)

Gl = 5BAx ~ ~ 2BAa @)
_ EAp E(ps — pa)
Cll = 5BAx —  2BAa ®)

G =G +Gp, 4)
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where Ax refers to the crack growth increment, Fy and Fy correspond to the shearing and
opening force, respectively, and y; and v; are the shearing and opening displacement of
the nodes behind the crack tip along the x- and y-axes, respectively. The parameter B is
the thickness in the third direction, which is generally equal to 1 for the two-dimensional
model with unit thickness.

4. Results and Discussion
4.1. Sintering-Induced Stiffening of Coatings

TBCs provide high thermal insulation to the metallic substrates to prolong the service
life and thermal cycles without failure [5]. The TC of PS-TBCs has a lamellar porous
structure, including microcracks, voids, and splat interfaces. Figure 3 shows the lamellar
porous structure of plasma-sprayed TC before and after thermal exposure. Initially, the
structure shows a lamellar stacking feature. There is only limited bonding between layers,
resulting in the formation of unbounded interfaces or intersplat pores, as shown in Figure 3a.
Some microcracks running through the thickness of individual layers are also observed.
Intersplat pores and microcracks are also called 2D pores due to their very high aspect
ratio. These 2D pores, as well as 3D globular voids, endow PS-TBCs with high performance.
Their thermal conductivity and elastic modulus are less than 50% compared with those of
the corresponding bulk materials [17,19-21]. The lamellar porous structure can effectively
prevent heat flux, resulting in the required temperature drop with a certain thickness. In
addition, it enhances strain tolerance, thereby reducing thermal stress during thermal
cycling. After thermal exposure at 1000 °C for 20 h, changes in microstructure were
observed, with the surface of 2D pores becoming rough and small pores healing. Larger
cracks and 3D globular voids remain present, as shown in Figure 3b. At higher temperatures
(at 1400 °C), the roughening of the surface becomes much more severe. Thus, sintering-
induced healing of 2D pores is more significant, and the coating becomes denser, as revealed
by the cross-sectional image (Figure 3c). Microstructural changes resulting from sintering
change the mechanical properties of the coating.

1400-°C20"h-

/

bl “
Jntra-splat cracks

Figure 3. Evolution of the microstructure of APS YSZ coatings under thermal exposure: (a) as-
deposited; after thermal exposure at (b) 1000 °C and (c) 1400 °C (SEM HV:15.0 kV, WD:6.65 mm,
MAG: 10.0 kx).

Figure 4 shows the changes in the macroscopic and microscopic elastic moduli of TC
before and after thermal exposure. The macroscopic elastic modulus is significantly lower
than the microscopic modulus, indicating that the strain tolerance of the macrostructure
is relatively high, which is consistent with previous reports [17,52,53]. This is attributed
to the presence of large-scale pores in TC. After thermal exposure, the macroscopic and
microscopic elastic moduli significantly increased. After 20 h exposure, the macroscopic
elastic moduli increased sharply by approximately 83% and 215% after heat treatment at
1000 °C and 1400 °C, respectively. Afterward, the increase rate was significantly reduced.
This is because several 2D pores were healed, and the residual wide pores and cracks have
a slower healing rate. After 20 h exposure, the microscopic elastic moduli increased sharply
by approximately 68% and 157% after heat treatment at 1000 °C and 1400 °C, respectively.
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This is because the elastic modulus of coatings is scale-sensitive. The macroscopic mod-
ulus of elasticity is influenced by the variation in pores in the structure during thermal
exposure making it vary to a greater extent, which provides us with ideas for tailoring
the macroscopic structure, which are discussed later. Figure 5 shows the evolution of
the strain tolerance with thermal exposure time (normalized strain tolerance at different
temperatures obtained here and in previous studies). A large drop (over 50%) in strain
tolerance was observed after heat exposure. Moreover, exposure to higher temperatures
resulted in faster and larger degradation. After 100 h of exposure, the strain tolerance of
the samples exposed at 1000 °C and 1400 °C reduced by 50% and 78%, respectively. The
durability of TBCs is largely affected by the strain and damage tolerance [54,55]. Because
strain tolerance can relieve the stress induced by thermal expansion mismatch and other
factors, sintering-induced degradation in strain tolerance is the main cause of TBC failure.

110 :
Macroscale Microscale
100 150
& &
Qo Zg ! % 9 120} /
Zal For 7 {
g [ g {/
50
2 40k 2 60 /
2 b s | 2
< 30+ §—2 =
= —e— In-plane (1000 °C) = 30F —e— In-plane (1000 °C)
20 —u— In-plane (1400 °C) —®—In-plane (1400 °C)
10 1 L 1 1 1 1 0 L L L L 1 1
0 20 40 60 80 100 0 20 40 60 80 100
(a) Thermal exposure /h (b) Thermal exposure /h
Figure 4. Changes in the (a) macroscopic and (b) microscopic elastic moduli of TBCs under thermal
exposure.
)
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Figure 5. Degradation in the strain tolerance of TBCs under thermal exposure, 1 [29], 2 [56], 3 [57],
and 4 [58].

4.2. Stiffening Mechanism of Coatings

Porosity is commonly used to characterize structural changes in ceramic materials
during sintering. Figure 6 shows the changes in the porosity and 2D pore density of
the coatings under thermal exposure. Both porosity and 2D pore density were reduced
throughout the sintering process. However, the variation degree of the 2D pore density is
higher than that of the porosity (Figure 6¢). After 100 h exposure at 1000 and 1400 °C, the
porosity density decreased by 12% and 35%, and the 2D pore density decreased by 42% and
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65%, respectively. In the first 20 h of thermal exposure, numerous 2D pores heal, resulting
in a rapidly decreasing 2D pore density. Thereafter, the 2D pore density decreased by 36%
and 52%, and the strain tolerance decreased by 46% and 68% for the samples exposed
at 1000 °C and 1400 °C, respectively. However, the subsequent decrease rate decreased
significantly, which was due to the slower healing process of the large pores. The changing
trend is similar to the that of the mechanical properties, indicating that for PS-TBCs, the
healing of 2D pores is the main cause of structural change during sintering, which account
for the change in mechanical properties.

24 =
2k —=— 1000 °C 50-6 i —=— 1000 °C
—e— 1400°C | & —e— 1400 °C
~18r Sost
S £
T 15¢ ‘@
> T + g 0.4F
st — X \
» 1 I = [ ]
=] ® )
59 © | 203t \ L
2 ] )
3k § 0.2 ®
g
0 1 1 1 1 1 1 m 0-1 1 1 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
(a) Thermal exposure (h) (b) Thermal exposure (h)
10 =
—_
_—

e
%
T

\:\
.\ { ]
[ ]
| —H— porosity-1000 °C

—@— porosity-1400 °C

—MB— 2D pore density-1000 °C

_.._ 2D pore density-ll400 °C .

0 20 40 60 8I0 1(.)0
(c) Thermal exposure (h)

e
)

=
'S

Normalized changing degree

S
(&)

Figure 6. Changes in (a) porosity and (b) 2D pore density of TBCs with thermal exposure durations.
(c) Changing degree of normalized porosity and 2D pore density with thermal exposure.

Figure 7 shows the morphological changes in the counter surfaces of an intersplat pore
during thermal exposure [59]. After 10 h thermal exposure, the smooth counter surfaces of
the intersplat pores gradually became wrinkled, forming a rough localized counter surface
of the pores. Figure 8 shows AFM images of the coatings, showing the fluctuation of the
surfaces. After thermal exposure, the surface within the grains became rough. Higher
exposure temperatures resulted in more roughening, and the variation in hills and valleys
in height increased [59]. For example, when the exposure temperature was increased from
1000 to 1400 °C, the peak wavelength increased from 25 to 95 nm. Figure 9 shows the TEM
images of the coatings, revealing the change in pore surface bulge after thermal exposure.
The surface became rough, which is consistent with Figures 7 and 8. In summary, the
smooth surface of a splat becomes rough under thermal exposure. This is attributed to
grain boundary grooving and surface faceting. The grain boundary grooving is driven by
the decrease in grain boundary energy, where the faceting is attributed to the anisotropy of
the specific surface-free energy of different crystalline planes [60]. The rough undulations
lead to multipoint bridging between the counter surfaces of intersplat pores, facilitating
matter transport and decreasing the free energy of the whole system. The higher the
temperature, the more rapid this process, thereby resulting in pore healing.
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Figure 7. Quasi-in situ healing of intersplat pores during thermal exposure (SEM HV:15.0 kV,
WD:5.00 mm, MAG: 80.0 kx). (a) initial state; (b) 1 h; (c) 5 h; (d) 10 h.
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Figure 9. TEM images showing changes in the pore surface after thermal exposure, (b) is the detail
figure of (a).

Under thermal exposure, the multiscale undulation of the originally smooth 2D pore
inner surface triggers multipoint contact between the upper and lower inner surfaces,
resulting in healing. The upper and lower inner surfaces of narrower 2D pores are closer, so
multi-point contact is easier, leading to rapid healing. Therefore, the healing of 2D pores is
the main cause of structural change in TBCs under thermal exposure and the main reason
for the decrease in strain tolerance.

4.3. Failure Mechanism of TBCs

Research and industrial experience have revealed various conditions that cause struc-
tural deformation and performance degradation in TBCs. Damage in TBCs mostly results
from external mechanical damage and compaction, thermal expansion mismatch, sintering,
calcium-magnesium-alumina-silicate (CMAS)- and environment-induced erosion, corro-
sion, and oxidation [61]. Thermal expansion mismatch and sintering significantly affect
the life span of TBC since they are the driving forces of cracking [62]. Thermal expansion
mismatch is the additional stress in the coating due to the mismatch in the sintering rate and
thermal expansion coefficient of the coating and substrate at high temperatures. Sintering
changes the microstructure of coatings. Several 2D pores are healed, thereby increasing the
elastic modulus and decreasing the strain compliance of the coating [63,64], and reducing
stress concentration around the pore. However, residual wide pores and cracks can expand
due to stress drive, which can cause the failure of TBCs [65,66]. Shinozaki et al. [57] reported
the effect of sintering-induced stiffening in promoting the spallation of plasma-sprayed
yttria-stabilized zirconia thermal barrier coatings. This suggests that the key degenerative
process of TBCs is the stiffening of the coating due to the sintering phenomena at elevated
temperatures. The increase in stiffness increases the strain-energy release rate for a given
misfit strain, thereby accelerating coating failure. Guo et al. [67] investigated the effect of
sintering on the thermal conductivity of TBCs. The result indicates that pores and micro-
cracks are fewer and smaller after heat treatment, thereby compacting the ceramic layer.
Moreover, the changes in the coating structure due to the sintering effect are irreversible,
which remarkably increases the thermal conductivity. Densification also decreases the
volume fraction of porosity, which in turn increases the thermal conductivity [68], meaning
that the thermal insulation is significantly reduced, which accelerates the failure of the
coating.

4.4. Effect of Thickness and Stiffness on Cracks

Based on the above experiments, sintering affects the strain tolerance and thermal
insulation of the TBCs. Therefore, it is necessary to develop sintering-resistant TBC struc-
tures. To obtain better thermal insulation of the coating, material selection, porosity control,
and other important parameters are needed, but the most intuitive technique is to increase
the thickness of the coating. However, TBCs should exhibit not only high-level insulation
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but also good stress relaxation ability and high bond strength, which are also affected by
the coating thickness [45]. Therefore, herein, we contrast the influence of the two aspects
by simulations to develop sintering-resistant TBCs.

4.4.1. Influence of TC Thickness

The model shown in Figure 2 was developed by finite element software. The thickness
of TC was varied to investigate its effects on the stress and SERR at the crack tip. Figure 10
shows the effect of TC thickness on the stress at the crack tips. With an increase in TC
thickness, the stress at the crack tip was significantly increased. In addition, Figure 11a
shows the effect of TC thickness on SERR at the crack tip. SERR for cracking on a 900 pm
thick TC is approximately 2.7 times compared with that of 300 um thick TC. The simulation
results show that the driving force of cracking increases with an increase in TC thickness.
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—201.7
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Figure 10. Effect of TC thickness on the stress distribution, tensile stress (a) 300 um thick TCs,
(b) 600 um thick TCs, (c) 900 um thick TCs; and shear stress (d) 300 um thick TCs, (e) 600 um thick
TCs, (f) 900 um thick TCs, the arrows mean the coordinate system.

Related investigations on the influence of TC thickness on TBC life were collected,
and the experimental data were normalized [57,69-71], as shown in Figure 11b. Generally
speaking, the life of TBC decreases with an increase in TC thickness. Li et al. [71] studied
and designed TBCs with both high thermal insulation and long lifetimes. The experimental
results show that when the TC thickness is reduced from 0.5 to 0.4 mm, the life span of the
TBC can be extended by 31%. Zhao et al. [70] investigated the structure and performance
of 8YSZ TBCs with different thicknesses. The results showed that the service life was
increased by 4.7 times when the TC thickness was reduced from 1 to 0.5 mm. Similarly,
Shinozaki et al. [57] investigated the effect of sintering-induced stiffening in accelerating
the spallation of plasma-sprayed YSZ TBCs. The spallation results obtained under 1500 °C
showed that the thickness of TC changed from 0.3 to 0.7 mm, and the life span reduced by
77%. Based on the YSZ coating prepared through APS by Cheng et al. [72], the number of
cycles in 1150/940 °C thermal gradient cycle tests exceeded 4000 when the thickness of TC
was 0.57 mm, whereas the number of thermal cycles was only 203 when the thickness of TC
was increased to 1 mm. Thus, the experimental data suggested that thicker coatings show
a distinct tendency to spall more quickly. Some investigations have shown that thinner
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coatings have a short life span. This may be caused by the rapid reaction of the BC with
oxygen that diffuses or penetrates the porous, thin TC [73]. In general, a larger TC thickness
can improve the thermal insulation performance, but accelerate the failure of coatings.
Therefore, under thermal insulation, an optimized TC thickness can effectively extend the
life of TBCs.
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Figure 11. Effect of TC thickness on (a) the driving force (SERR) of cracking and (b) TBC life span and
normalized SERR. The experimental data were adapted from previous reports 1 [69], 2 [70], 3 [71],
and 4 [57].

4.4.2. Influence of Elastic Modulus on SERR

To simulate TBC sintering under thermal exposure, the elastic modulus was used
as input data. The variation range of the elastic modulus indicates the change from the
sprayed state to the sintering state. For a more comprehensive study, the variation range of
the elastic modulus of the selected area is larger than that of the experiment [29,56], which
is 5-80% of that of the corresponding bulk YSZ material. Figure 12 shows the change in
stress at crack tips under different elastic moduli. As the stiffening degree increases, stress
at the crack tips increases significantly. When the elastic modulus of TC increases from 25%
to 55% of that of the bulk material, SERR increases by 2.8 times. Cheng et al. [46] reported
that the elastic modulus of a coating near the surface under different temperature-gradient
thermal cycling increases from 60 to 90 GPa after failure (Figure 13). Zhong et al. [74]
studied the effect of CeO, content on the performance of TBCs and reported TBCs with
different elastic moduli. The results suggest that an increase in the elastic modulus affects
the life of TBCs. Chen et al. [75] studied the life and CMAS corrosion of nano-8YSZ TBCs
and reported that as the elastic modulus of the coating increased from 29.2 to 54.6 Gpa, the
life span of the TBC decreased from 103 to 70 thermal cycles; thus, they proposed that the
elastic modulus of coatings is inversely related to their life span. Zhao et al. [76] observed
that under the interaction of interfacial cracks, the length of surface cracks increases with
an increase in the elastic modulus of TC (Figure 13).
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Figure 12. Effect of TC elastic modulus on the stress distribution, tensile stress E is (a) 25%, (b) 35%,
(c) 45%, (d) 55% of the bulk; and shear stress E is (e) 25%, (f) 35%, (g) 45%, (h) 55% of the bulk, the
arrows mean the coordinate system.
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Figure 13. Effect of TC elastic modulus on SERR of cracking and life span. The experimental data
were adapted from previous reports 1 [46], 2 [74], 3 [75], and 4 [76].

When TBCs are exposed to high temperatures, the TC is sintered. The microcracks heal,
and the porosity of TC decreases due to the sintering, increase in hardness, elastic modulus,
and fracture toughness [77,78]. The elastic modulus of TC mainly affects surface cracks. As
the elastic modulus increases, the surface cracks propagate and get closer to the interface,
intensifying the influence of surface cracks on interfacial cracks and accelerating the failure
of the coating [76]. In addition, Hui et al. [79] investigated the influence of material
parameters on the energy release rate of interfacial cracks in TBCs using the extended finite
element method. The results show that the energy release rate at TC/TGO and TGO/BC
interfaces increases with an increase in the elastic modulus of TC. Zhou et al. [80] reported
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that the thermal cycling lifetime, mechanical properties, and microstructure of coatings can
be correlated based on the following equation:

tr C<KIC )” ®)
f YAeE /o
where f;is the thermal cycling lifetime of the coatings, Kjc is the fracture toughness of the
coating, c is the initial defect size, Y is a geometry factor for initial defects, E is the elastic
modulus, and Ag is the strain in the coating under thermal cycling. The exponent # is a
material constant, which depends on the nature of the material. For ceramic materials,

n is much greater than 1 [81]. Thus, an increase in the elastic modulus affects the life span
of TBCs.

4.5. Structural Design of TBCs to Resist Sintering-Induced Stiffening
4.5.1. Dominant Factors Affecting the Life Span of TBCs

Based on the results obtained herein, the life span of TBCs is mainly affected by the
thickness and elastic modulus of TC. As shown in Figure 14a,b, the simulation results
show the effects of thickness and elastic modulus (stiffening degree) of TC on the stress
at crack tips. A decrease in both thickness and elastic modulus of TC improves the life
span of the coating. Figure 14c shows the normalized SERR as a function of thickness and
elastic modulus. The elastic modulus has a more significant effect. Furthermore, effective
thermal insulation requires a certain thickness of TC, which is often greater than 0.3 mm, to
achieve a temperature drop of more than 50 °C. Therefore, reducing the elastic modulus of
TC—that is, reducing the stiffening of TC—effectively increases the life span of TBCs.
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Figure 14. Influence of stiffening degree and TC thickness on stress and SERR: (a) stiffening degree,
(b) TC thickness, (¢) normalized SERR as functions of the elastic modulus and thickness of TC.
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4.5.2. Vertically Cracked Structure at Low SERR

An increase in the elastic modulus of TC is mainly caused by the healing of pores and
microcracks in the coating due to sintering. Herein, a method for implanting vertical cracks
into conventional lamellar TCs is proposed, and we investigate the effect of vertical crack
density on lifetime and explore the potential mechanism of vertically cracked structure to
enhance coating lifetime.

SERR, which determines the spallation lifetime of TBCs when reaching or being over
the critical strain energy release rate (Gj.), is directly proportional to the in-plane modulus
of TC under a given strain [57]. Therefore, we explored the effect of scale-sensitive stiffening
on the stress distribution and SERR at crack tips in TBCs with a vertically cracked structure
and multiscale pores.

Figure 15a,b shows the stress distribution of 0.3 and 0.6 mm thick TC models after
sintering. The maximum tensile and shear stresses are distributed at the tip of the prefabri-
cated cracks. With a decrease in w/h, the peak stresses decrease. Figure 15c,d shows the
effect of the vertically cracked structure on SERR. With TC thickness of 0.3 and 0.6 mm,
when w/h decreases from 10 to 0.5, SERR decreases by 89.5% and 88.8%, respectively. A
continuous decrease in stress and SERR reduces the probability of crack propagation.
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Figure 15. Effect of vertical cracks on stress distribution in (a) 0.3 and (b) 0.6 mm TCs. Driving force
(SERR) of cracks in (c¢) 0.3 mm, (d) 0.6 mm thick TCs.
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4.5.3. Scale-Sensitive Stiffening for the Long Life Span of TBCs

TBCs with vertically cracked structures exhibit scale-sensitive stiffening behavior, as
shown in Figure 16a,b. For a model with w/h = 20, the gap between two neighboring
vertical cracks is very large, which is similar to the case of no vertical cracks [82]. Given
that, the macroscopic and microscopic elastic moduli of TC are equal. With an increase
in vertical cracks (or decrease in w/h), the increment of the macroscopic elastic modulus
gradually becomes smaller than the microscopic elastic modulus. For a 0.3 mm thick
TC, the microscopic elastic modulus increased from 10 to 160 GPa. When w/h = 10, the
macroscopic elastic modulus increased from 7.02 to 112.37 GPa. In contrast, when w/h = 0.5,
the macroscopic elastic modulus only increased from 1.21 to 19.42 GPa. Similarly, for a 0.6
mm thick TC, the microscopic elastic modulus increased by 150 GPa. When w/h = 10, the
macroscopic elastic modulus increased from 7.99 to 127.95 GPa. However, when w/h = 0.5,
the macroscopic elastic modulus only increased from 1.56 to 24.9 GPa. Figure 16¢,d shows
the normalized microscopic and macroscopic elastic moduli relative to the case where the
microscopic elastic modulus is 40 GPa (w/h = 20). When the thickness of TC is 0.3 mm,
with an increase in vertical cracks (a decrease in w/h), the microscopic elastic modulus
is almost unchanged because the microstructure of TC remains unchanged. When the
number of vertical cracks in TC increases to 39 (w/h = 0.5), the macroscopic elastic modulus
is reduced by 87.9% compared to that of the case with no vertical cracks (w/h = 20), as
shown in Figure 16c. To prevent the TC thickness from affecting this process, the case of the
0.6 mm thick TC is shown in Figure 16d. As w/h decreases, the microscopic elastic modulus
remains unchanged. The macroscopic elastic modulus at w/h = 0.5 is 84.4% lower than that
when w/h = 20. Based on Figure 16, even though the microscopic elastic modulus of TC
is increased by sintering, the macroscopic elastic modulus increases slightly because the
global stiffening effect is significantly reduced. With an increase in the number of vertical
cracks, the stiffening effect is more significantly reduced. Thus, the strain tolerance of the
TC layer is significantly enhanced due to the vertically cracked structure.
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Figure 16. Effect of vertical cracks on macroscopic elastic modulus (a) 0.3 and (b) 0.6 mm thick TCs.
Effect of vertical cracks on the stiffening effect on (c) 0.3 and (d) 0.6 mm thick TCs.
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Multiscale pores can prevent macroscopic stiffening in TBCs, resulting in much lower
SERR for cracking. Herein, the sintering-resistant design is analyzed. The macroscopic
elastic modulus of the vertically cracked structure was used as input data for the simulation,
which is equivalent to models with vertically cracked structures. In this way, the sintering-
resistant effect of the TBC model after inducing vertical cracks could be obtained. As
shown in Figure 17, the peak tensile and shear stresses at the crack tip of TC with different
thicknesses decrease. When w/h decreases from 10 to 0.5, SERR of the 0.3, 0.6, and 0.9 mm
thick TCs decreases by 79.9% (Figure 18a), 83.8% (Figure 18b), and 84.1% (Figure 18c),
respectively. This result is consistent with that obtained in the previous section. Therefore,
the implantation of vertical cracks can reduce the overall stiffening of TBCs, increase its
strain tolerance, reduce the driving force for cracks, and extend the life span of TBCs.
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Figure 17. Stress distribution: (a) 0.3, (b) 0.6, and (c) 0.9 mm thick TC.
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5. Outlook

Traditional plasma-sprayed ceramic TC layers have a lamellar structure with no
vertical cracks (Figure 19a). The strain tolerance is fair due to the numerous intersplat
pores and intrasplat cracks. However, after thermal exposure, the micropores are healed,
densifying the coating. Thus, both the micro- and macroscopic elastic moduli are greatly
increased, and the strain tolerance is sharply reduced. This is a major reason coatings crack
or spall easier after thermal service. The implantation of vertical cracks is an effective way
to extend the life span of coatings (Figure 19b). In previous reports, vertical cracks were
induced in columnar structured TBCs, such as columnar crystal structures prepared by
EB-PVD [35,83-85] and dense vertically cracked TBC structures prepared by APS under
high substrate temperatures [34,86,87]. They all contain vertical pores or cracks and have a
longer life span than conventional APS coatings. Given the above results, the macroscopic
elastic modulus of vertically cracked structures increases slightly, thus greatly reducing the
sintering effect. Consequently, the strain tolerance can be enhanced, and its degradation
during thermal exposure can be prevented to a large degree. However, the abovementioned
two kinds of coatings have relatively dense structures in the out-plane direction, which
increase the thermal conductivity of the coating. Consequently, the thermal insulation of
the coatings is reduced. Therefore, TBCs with multiscale pores are highly required: the
macroscopic vertical cracks enhance the strain tolerance, and the microscopic intersplat
pores and cracks prevent heat flux. However, it is relatively difficult to achieve such
a structure by the conventional plasma spraying method. There is a need to develop
methods for implanting vertical cracks in plasma-sprayed coatings with high thermal
insulation. In the simulation performed herein, the stress generated by TGO growth and
the actual interfacial roughness were not considered. The pore structure, in reality, is more
complicated than in the model: the orientation of the pore structure of the model has a
certain degree of randomness. Therefore, for future studies, it is necessary to perform stress
simulations that produce a more realistic state by controlling temperature changes.
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6. Conclusions

In this study, the main effects of sintering on the failure of conventional plasma-

sprayed coatings were investigated. The main reasons for the failure of TC of TBCs
were discussed, and its influence on TBCs was analyzed by simulation. Furthermore,

the

structure was tailored and optimized to resist the sintering effect. In addition, the

mechanism responsible for the increased life span was discussed. The main conclusions
are as follows:

1.

Under thermal exposure, multiscale undulations of the otherwise smooth 2D pore
inner surface trigger multipoint contact between the upper and lower inner surfaces,
resulting in pore healing. The healing of the 2D pores is the main structural change
in PS-TBCs after thermal exposure and the main reason for the decrease in strain
tolerance.

Based on simulations, the thickness and elastic modulus of coatings are the main
factors affecting the cracking of TBCs. Moreover, sintering significantly increases the
elastic modulus, which enlarges the driving force for crack propagation and causes
the coating to fail. Effective thermal insulation requires a certain minimum thickness.
Therefore, reducing the effect of sintering on stiffening would be an effective way to
extend the life span of TBCs.

TBCs with vertical cracks can effectively resist the effect of sintering on global stiff-
ening. In conventional coatings, the macroscopic and microscopic elastic moduli
increase significantly during sintering. By inserting vertical cracks in coatings, the
macroscopic elastic modulus is slightly increased, whereas the increase in microscopic
elastic modulus is comparable to that in conventional coatings.

Vertically cracked structures extend the life span of coatings as the scale-sensitive
stiffening decreases the driving force for cracking. The low global stiffening indicates
a small strain-energy release rate, which determines the cracking of coatings. The
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simulation results show that the sintering effect and driving force for cracking can be
decreased by 87.9% and 79.9%, respectively, at 0.3 mm thick TC. The strain tolerance
of coatings with vertical cracks is enhanced, and the decrease in strain tolerance is
reduced to a large extent.
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