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A B S T R A C T

The thermal mismatch stress, as well as residual stress, in coating/substrate systems often leads to structural
changes and subsequent coating debonding in the systems. This study focused on the changes induced in the
microstructure and properties of lamellar yttria-stabilized zirconia coatings upon heating, with the aim of
elucidating their starting microstructure prior to sintering. The results showed that the combined effect of the
residual stress and the thermal mismatch stress results in scale-sensitive changes in the properties of the
coatings. The macroscale properties changed significantly, while the microscale properties changed only slightly.
Structural characterization revealed that a certain degree of expansion at the tips of both the intersplat pores
and the intrasplat cracks occurs, contributing to the microscale structural changes observed in most regions.
Moreover, a few mesoscale cracks covering several layers were also observed. A lamellar structural model was
developed to correlate the multiscale structural changes observed with those in the properties. Finally, this
study revealed that the actual starting structure of plasma-sprayed thermal barrier coatings prior to sintering is
different from that in the as-deposited state. This should aid in obtaining an in-depth understanding on the
microstructural and properties evolution of the constrained coatings under actual service conditions.

1. Introduction

Over past few decades, thermal barrier coatings (TBCs) have been
widely used in gas turbines and diesel engines to protect hot-section
metallic components (e.g., combustion cans, blades and vanes) [1–4].
Yttria-stabilized zirconia (YSZ) continues to dominate the material
choice of the ceramic top coat of TBCs owing to its low thermal
conductivity and high thermal expansion coefficient [5–7]. In addition
to the attractive intrinsic properties of YSZ, plasma sprayed YSZ
coatings (PS-YSZ) further exhibit excellent functional properties owing
to its unique porous structure, which is formed because of the spraying
process [8,9]. During thermal spraying, a stream of fully molten or
partially molten particles impact on substrate successively, following by
flattening, rapid solidification and cooling. Subsequently, the obtained
coating exhibits a lamellar structure with overlapped splats lying nearly
parallel to substrate [10]. Moreover, the unique porous structure is
primarily attributed to the presence of a two-dimensional (2D) pore
network [11–13], in which intersplat pores are connected with
intrasplat cracks. The intersplat pores result from imperfect bonding
between lamellar splats. That's why the plasma sprayed ceramic
coatings exhibit an intersplat bonding ratio range of 10–32% without

special preheating [10,14]. Moreover, the intersplat pores are roughly
parallel to substrate surface. The intrasplat cracks are generated from
the splat quenching. Consequently, the disk-shaped splats are divided
into several splat segments by those through-thickness intrasplat
cracks [12]. These 2D cracks play a crucial role with respect to the
thermal insulation properties and strain tolerance of TBCs, which show
superior durability under severe thermal cycling conditions [15,16]. As
a consequence, this unique pore network confers > 1/2 drop of
through-thickness thermal conductivity (~1 W m−1 K−1) [17–19] and
approximately > 1/2 decrease of in-plane elastic modulus [6,20–22]
with respect to the bulk YSZ material.

The high operating temperature of engines often has a detrimental
effect on PS-YSZ coatings, resulting, in particular, in sintering-induced
in-plane stiffening as well as an increase in the through-thickness
thermal conductivity. The former will compromise the strain tolerance
of the PS-YSZ, whilst the latter reduces its thermal insulating cap-
ability. Therefore, significant efforts have been made to examine the
dynamic evolution of the microstructure and thermal/mechanical
properties of PS-YSZ coating during thermal exposure from various
perspectives [9,11,16,18,23–25]. Among these study, isothermal heat
treatment attracted quite amount of attentions owing to its conve-
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nience for the accelerated aging to acquire relevant regularity. It has
been reported that, in general, the porous structure of such coatings
becomes denser with the cracks healing up [7,11,26,27]. Further, the
sharp increase in the corresponding properties (i.e., thermal conduc-
tivity [9,17,18,28] as well as elastic modulus [16,17,25,27,29]) at initial
heating stage slows down for extended thermal exposure. In other
words, with extended thermal exposure, the changes in the physical
properties become less extensive. Anderson et al. [25] separated the
crack healing and phase transformation at different temperatures
through impedance spectroscopy. It is believed that phase transforma-
tion of the PS-YSZ coatings tends to be significant at a higher aging
temperature (i.e., > 1200 °C) [27,29,30]. In addition to the evolution of
microstructure and functional properties, some other investigations
focused on revealing the sintering characteristics of the PS-YSZ coat-
ings coherent to some intrinsic behaviors of the YSZ material. Chen
et al. [24] examined the temperature-dependent grain growth rates.
Erk et al. [31] revealed that different diffusion mechanisms are
responsible dominantly for the healing of 2D pores at different
temperatures.

The above-described investigations presented a distinct effect of
thermal exposure on the performance degradation of the PS-YSZ
coatings. However, these studies were all based on free-standing YSZ
coatings for two reasons. Firstly, by studying the free-standing coat-
ings, one can investigate the sintering effects of the top coat on the
failure mechanism, while avoiding the growth of a thermally grown
oxide layer [32,33]. Secondly, the free-standing YSZ coatings often
allow for measurements of the thermal conductivity using a frequently-
used method, namely, the laser flash technique [9,18,23,27,28].
Nevertheless, the observed changes in the structure and properties
do not accurately represent the actual conditions since the coatings are
still attached to the substrate. There have been a few studies on
coating/substrate systems [15,34]. However, most of them focused on
the failure mechanism during the cooling stage. Thompson et al. [21]
studied the evolution of the microstructure and properties of coatings
still attached to the substrate during thermal exposure and reported
that free-standing YSZ coatings exhibit significantly greater changes in
their mechanical properties than do constrained coatings. Therefore,
the sintering-induced stiffness of free-standing coatings is overesti-
mated compared to the actual value.

There may be two reasons for the difference in the values
mentioned above. The first could be the fact that the sintering process
is constrained in the case of constrained coatings [35–38]. Given the
constraint placed by the much stiffer substrate, these coatings show a
lower densification rate as well as slower sintering kinetics. The second
reason can be the differences in the starting states of these two types of
coatings prior to the sintering process [11,39]. In the case of TBCs, the
mismatch in the thermal expansion coefficients (CTEs) of the YSZ
coating (approximately 11·10−6 K−1) and the substrate (approximately
15·10−6 K−1 for a Ni-based superalloy) leads to an increase in the strain
on the coating. This strain may further change the porous structure of
the coating during heating stage. Cipitria et al. [39] developed a model
to predict the sintering characteristics of constrained coatings based on
the temperature-dependent CTE mismatch stress and the time-depen-
dent constrained contraction stress. They dealt with these two kinds of
stresses as a sum of stored elastic strain energy. However, the essential
structural changes resulting from the CTE mismatch strain and the
effect of the resulting structure on sintering for longer durations
remain unknown.

There is no doubt that the starting structure significantly affects the
sintering behavior of TBCs. Tan et al. [19] showed that a higher initial
porosity often leads to smaller increases in the thermal conductivity in
the case of annealed coatings. Similarly, Chi et al. [18] confirmed that a
higher porosity of TBCs often corresponds to a lower sintering kinetics,
despite undergoing isothermal exposure or thermal cyclic test.
Moreover, their work [18] revealed that the nature of the pores and
interfaces plays a crucial role during the sintering process. For

instance, longer and wider inter/intrasplat pores may retard the
sintering process. Other studies focusing on the evolution of the
mechanical properties (i.e., the Young's modulus [40] and fracture
toughness [41]) have also shown that different preprocessing-induced
starting structures result in different sintering behaviors. To summar-
ize, these investigations suggested that the starting structure of PS-YSZ
coatings has a marked effect on their sintering behavior. Consequently,
it is necessary to determine the actual starting structure of PS-YSZ
coatings prior to sintering by studying the evolution of their micro-
structure and properties during the initial heating stage.

In this study, we aimed to study the strain-induced structural
changes in coating/substrate systems. The heating-induced evolution
of the microstructure and properties of PS-YSZ coatings attached to
substrates was examined experimentally. A general structural model
was developed to explore the effects of the induced structural changes
on the mechanical properties of the coatings. This study can be the
foundation for further research on the constrained sintering of TBCs
for longer periods, since it distinguishes the actual initial sintering state
from the commonly assumed free-standing as-deposited state.

2. Experimental

2.1. General background and experimental design

As a beforehand work, it is necessary to analysis the possible stress/
strain existing in the coatings bonded to substrate. The residual stress
(called factor no. 1) and the CTE mismatch strain (called factor no. 2)
are the two main driving forces responsible for the structural changes
induced in TBCs. The residual stress (including the quenching stress
and thermal stress) is generated during deposition process [42,43].
Due to the splat cooling contraction, the disk-shaped splats are divided
into several segments by intrasplat cracks, which relax the quenching
stress from theoretical GPa to tens of MPa. The CTE mismatch strain
arises from the subsequently thermal cycling process [11,39]. In the
case of a typical TBC system, the substrate has a higher CTE
(approximately 15·10−6 K−1 for a Ni-based superalloy [11]) than that
of the YSZ coating (approximately 11·10−6 K−1 [38]). Consequently, the
residual stress and the CTE mismatch strain are more likely to be
positive in YSZ coatings deposited at room temperature [43].
Schematics of a free-standing coating and a coating attached to the
substrate are shown in Fig. 1(a, b). It can be seen clearly that the free-
standing coating does not experience the CTE mismatch strain or
exhibit the residual stress. In contrast, the changes induced in the
structure of the coating attached to the superalloy substrate are
probably attributable to both the residual stress and the CTE mismatch
strain. Accordingly, when designing experiments, it is necessary to
study the heating-induced structural and properties changes of the YSZ
coatings on substrates with or without a CTE mismatch, in order to be
able to distinguish the separate effect of the different stress resources,
as shown in Fig. 1c.

2.2. Experimental materials

Based on the experimental design described above, two types of
coating/substrate systems were used in this study. The first one
consisted of a YSZ coating and a YSZ bulk substrate and did not
exhibit a CTE mismatch. The other one consisted of a YSZ coating and
a Ni-based superalloy or bulk magnesia substrate with a higher CTE. As
for a comparison, YSZ coating was also deposited on stainless steel to
obtain a free-standing coating through post-spray dissolution of the
substrate by a hydrochloric acid. A commercially available hollow
spheroidized 8 wt% YSZ powder (HOSP, −75 to +45 µm, Metco 204B-
NS, Sulzer Metco Inc., New York, USA) was used to prepare the YSZ
coatings. In addition to the coatings, individual YSZ splats were also
formed on the bulk YSZ and magnesia substrate, in order to investigate
the fundamental changes in the structure of plasma-sprayed YSZ.
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Before the top-coat deposition, a bond-coat with NiCoCrAlTaY
(~37 µm, Amdry 997, Sulzer Metco, New York, USA) was deposited
preferentially on substrate to make sure a good adhesion between
substrate and top-coat.

2.3. Sample preparation and heating test

The YSZ top-coat was deposited to a thickness of approximately
500 µm using a commercial air plasma spray (APS) system (GP-80,
80 kW class, Jiujiang, China). In order to melt spraying particles
sufficiently, an internal powder feeding nozzle was used in this study.
The bond-coat was deposited by low pressure plasma spraying (LPPS)
to a thickness of approximately 100 µm. After the deposition of bond-
coat, a pre-annealing treatment was carried out in an argon atmo-
sphere at 1000 °C for 4 h followed by further annealing at 1080 °C for
4 h to grow a uniform and dense α-Al2O3-based thermally grown
oxidation (TGO) [44]. The spraying parameters of APS and LPPS were
shown in Table 1.

In order to focus on the changes in the structure and properties
before sintering, all the samples were subjected to thermal cycling for
one cycle. During this cycle, the samples were heated to 1100 °C at
20 °C/min, held at this temperature for 5 min, and then cooled. For
simplification, the coatings (individual splats) bonded to the YSZ
substrates, the magnesia substrates, the Ni-based superalloy substrates
are referred to as Attached-to-YSZ, Attached-to-Mg, and Attached-to-
Ni samples, respectively.

2.4. Microstructural characterization and measurement of properties

Quasi-in-situ morphological observations were made using a scan-
ning electron microscopy (SEM) system (TESCAN MIRA 3, Czech).
Cross-sectional samples of the individual splats and YSZ coatings were
prepared using a focused ion beam system (Helios Nano Lab 600i dual-
beam, America), in order to prevent damage to the initially present
bonds. The apparent porosity of the samples was determined by image
analysis using SEM backscattered electron images at a magnification of
×1000. At least ten images were used to estimate the porosity of each
sample. The 2D pore length density, defined as the total length of 2D
pores in unit area, was determined using polished samples by a
previously described procedure [45]. The densities of intersplat pores
and intrasplat cracks were obtained from the polished cross-section
and surface, respectively. For each sample, at least 20 SEM images at a
magnification of ×5000 were used. The obtained intersplat pore density
was used to estimate the interlamellar bonding ratio, defined as the
ratio of the bonding area to the lamellae area, through the following
expressions [45,46]:

L HL
δ

=2
1

(1)

Fig. 1. Schematics comparing the stress-affected states of YSZ coatings detached from substrates and YSZ coatings attached to substrates: (a) free-standing coating, (b) YSZ coating
attached to substrate, and (c) an experimental design based on the analysis of the effects of stress.

Table 1
Spraying parameters of APS and LPPS.

Parameters LPPS APS

Plasma arc voltage/V 72 70
Plasma arc current/A 620 600
Flow rate of primary gas (Ar)/L min−1 40 50
Flow rate of secondary gas (H2)/L min−1 8 7
Flow rate of powder feeding gas/L min−1 Ar/2 N2/7
Chamber pressure/kPa 15 /
Spray distance/mm 160 80
Torch traverse speed/mm s−1 100 800

G.-R. Li et al. Ceramics International 43 (2017) 2252–2266

2254



ε ξHL
L

ξδ= =1

2 (2)

α ε= (1 − ) × 100% (3)

where H and L1 refer to the coating thickness and length, respectively;
L2 is the total length of the interface between the splats in the coating; δ
is the mean splat thickness; ξ is the residual 2D pore length density; ε is
the interlamellar unbonded ratio attributable to the 2D pores; and α is
the interlamellar bonding ratio.

Another way of determining the bonding ratio of thermally sprayed
coatings is through the structural visualization described elsewhere
[46]. This involves having an Al(NO3)3 saturated solution infiltrate into
the YSZ coating being examined, following by drying and heat
treatment from room temperature to 550 °C. Then, using energy-
disperse X-ray spectroscopy, the mean lamellar bonding ratio can be
determined.

The macroscopic elastic moduli in the in-plane direction was
measured using both a three-point bending test system (Instron
5943, America) [47] and a microforce tensile test system performed
at a cross-head speed of 10–4 mm/s (MTS Tytron 250, America) [48].
In the case of the three-point bending test, the elastic modulus of the
coating can be calculated from the stress-strain behavior of the
specimen. During the bending test, the central deflection w can be
expressed as [47]:

w PL
D

=
48

3

(4)

D Eh
ν

=
12(1 − )

3

2 (5)

where P is the load applied to the middle of the span, L is the span
between two supports, D is the bending stiffness, E is the elastic
modulus of the coating, h is the coating thickness, ν is the Poisson's
ratio of the coating (taken as 0.1 in this study [34]).

In the case of the microforce tensile test, uniaxial tensile testing was
performed. The force and displacement were automatically recorded by
a high-resolution laser detecting system. Then the elastic modulus can
be obtained from the initial linear stress-strain curve of the coating.

Knoop hardness tests (Buehler Micromet 5104, Akashi
Corporation, Japan) [49] were performed at a test load of 300 g and
holding time of 30 s, with the aim to measure the microscale elastic
moduli of the YSZ coatings. Knoop indentation is based on the
measurement of the elastic recovery of the in-surface dimensions of
Knoop indentations. During unloading, the elastic recovery reduces the
length of the minor diagonal of the indentation impression (b′), while
the length of the major diagonal of the indentation impression (a′)
remains relatively unaffected. The ratio of the major (a) to minor (b)
diagonals of the Knoop indenter is 7.11. The formula for determining
the elastic modulus is:

E αH=
( − )b

a
b
a

′
′ (6)

where α is a constant (0.45), H is hardness, a′ and b′ are the lengths of
the major and minor diagonals of the indentation impression, respec-
tively, and b/a is 1/7.11.

It is clear that the Knoop indentation measurement is based on the
elastic recovery of the minor diagonal. In order to obtain the in-plane
elastic modulus of the coating, the direction of the elastic recovery of
the minor diagonal should be parallel to the in-plane direction (coating
surface). In contrast, the direction of the elastic recovery of the minor
diagonal should be vertical to the in-plane direction, with the aim to
obtain the out-plane elastic modulus of the coating, as shown in Fig. 2.
Therefore, the in-plane and the out-plane elastic modulus can be
obtained by performing Knoop indentation test on the polished surface
and cross-section, respectively.

The ionic conductivities were measured using a potentiostat

(Solartron SI1287, Hampshire, England) by a previously described
direct current method [50]. In the case of the ionic conductivity
measurement in out-plane direction with a circular sample
(φ20 mm×0.5 mm), a platinium slurry was pasted uniformly in an
area of φ8 mm on both sides of the sample, ensuring that the centers of
these two circles are well coupled. The pasted samples were dried at
100 °C for 30 min prior to heat in a furnace with a heating rate of 5 °C/
min to 850 °C holding for 30 min to solidify platinum paste. The
counter electrodes and working electrode were connected to these two
platinum sides, respectively. The resistivity and then the ionic con-
ductivity of YSZ coatings can be calculated according to the linear
relation between current and potential difference. In the case of the
ionic conductivity in in-plane direction, a simplified four-terminal
method was used in this study [51]. The specimens were pasted with
four terminals using platinum glue and cured as in the case of the
circular specimens.

To determine the gas leakage rate, a circular sample
(φ20 mm×0.5 mm) was connected to a vacuum chamber with a
pressure gauge and pumped down to a vacuum condition. The gas
permeability across the sample was estimated from the relationship
between the pressure difference across the two sides of the test samples
and leakage time once the evacuation process had been stopped. The
configuration of testing set can be found elsewhere [52].

3. Results

3.1. Evolution of properties after heating

Fig. 3 shows the evolution of the properties of the various samples
after heating. As for a comparison, normalized properties for those
samples after heating with respect to the corresponding as-deposited
state are also presented in Fig. 3. In the case of the elastic modulus (see
Fig. 3a), both the macroscale and the microscale elastic modulus in in-
plane direction showed similar evolutionary trends after the samples
had been heating. The free-standing coatings showed a slight increase
in their moduli, while the Attached-to-YSZ coatings showed a slight
decrease. Moreover, the decrease was more significant in the case of the
Attached-to-Ni coatings. Another noteworthy phenomenon with re-
spect to the different measurement scales was that heating resulted in a
much sharper drop in the macroscale elastic modulus as compared to
the microscale elastic modulus for the Attached-to-Ni coatings.
However, the decreases in the macroscale and microscale moduli were
comparable for the Attached-to-YSZ coatings, (see Fig. 3(a-2)). This
meant that structural changes were induced both at the micro and at
the macroscale in the Attached-to-Ni coatings after heating.

The thermal conductivity of a top coat attached to a substrate

Fig. 2. Schematics to obtain the in-plane and the out-plane elastic modulus by Knoop
indentation test.
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cannot be measured with precision using the widely employed laser
flash method. Given the similarity between the properties of thermal
conductivity and electric conductivity and their analogous nature, in
this study, we measured the ionic conductivities of the YSZ coatings.
Fig. 3b shows the changes in the ionic conductivities of the YSZ
coatings after heating. It can be seen that heating led to changes in the
ionic conductivities of the different coatings that were similar to those
induced in the mechanical properties, as shown in Fig. 3a. The ionic
conductivity of the free-standing coatings increased slightly after

heating while that of the Attached-to-YSZ coatings decreased slightly.
Further, the Attached-to-Ni coatings showed a marked decrease in
ionic conductivity upon heating. Moreover, for all the coatings, the
changes in ionic conductivity in the in-plane direction was comparable
to that in the out-plane direction after heating. The ionic conductivity
in both directions is reflective of the coating structure in a relatively
macroscale perspective. The ionic conductivity is dependent with the
lamellar structure with a connected 2D pore network [50,51].

The APS ceramic coating often presents a poor gas tightness due to

Fig. 3. Evolution of coating properties after heating: (a) elastic modulus: (a-1) shows the macroscopic and microscopic elastic moduli in the in-plane direction, (a-2) shows the
normalized elastic modulus with respect to that in the as-deposited state in the in-plane direction, (a-3) shows the microscopic elastic modulus in the out-plane direction, (a-4) shows the
normalized elastic modulus with respect to that in the as-deposited state in the out-plane direction. (b) Normalized ionic conductivity with respect to that in the as-deposited state at
800 °C in the in-plane and out-plane directions and (c) gas leakage rate.
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its connected 2D pore network [53,54]. Fig. 3c shows the changes in
the gas leakage rates of the YSZ coatings after heating. It can be seen
that the gas leakage rates of the free-standing and Attached-to-YSZ
coatings were almost comparable to those in the as-deposited state.
However, after heating, the Attached-to-Ni coatings showed a gas
leakage rate nearly twice as large as that in the as-deposited state,
suggesting that the structural changes induced in them had enhanced
pore connectivity.

To sum up, the heating-induced changes in properties of the YSZ
coatings attached to substrate indicated that the as-deposited structure
is further changed. Moreover, the combined-effect of the residual stress
and the CTE mismatch strain enhances the structural changes upon
heating.

3.2. Evolution of microstructure from a macroscale perspective

Fig. 4 shows the macroscale structure of the various YSZ coatings
after heating. It can be seen that the YSZ coatings exhibited a distinct
lamellar structure consisting of a network of connected pores. After
heating, there was no obvious structural change in the coatings even for
the case of the Attached-to-Ni coatings. The apparent porosities of the
coatings also confirmed this phenomenon. It is believed that the APS
YSZ coatings exhibit excellent strain tolerance owing to a large amount
of the 2D pores [8,21]. Accordingly, there were no macrosclae cracks
induced upon heating. It was necessary to account for the above-
described changes induced in the properties of the coatings from a
microscale perspective.

4. Discussion

4.1. Structural evolution from a microscale perspective

The PS-YSZ coatings have a lamellar structure that consists of a
connected network of inter/intrasplat pores [11,12]. Upon heating, the
residual stress and the CTE mismatch strain work as the driving force
to induce structural changes. The large numbers of intersplat pores and
intrasplat cracks act as defect sources and expand under the CTE
mismatch strain. Fig. 5 shows the strain-induced expansion at the
microscale pore tips in the individual splats and coatings after heating.
Owing to the fact that the individual splat segments are the basic units
constituting a coating, the structural changes induced in the individual
splats are discussed first, as shown in Fig. 5(a and b). To begin with,
from the images of the individual splat surfaces, it can be seen that the
cracks widened after heating irrespective of the substrate material
used. The widening degree of the intrasplat cracks was relatively
smaller for the YSZ substrates than that for the magnesia substrates.
Secondly, from the images of the interfaces formed between the
individual splats and substrates, it was observed that partial but
distinct interfacial tearing occurred after heating in the case of the
Attached-to-magnesia splats. In the case of the Attached-to-YSZ splats,
the degree of interfacial tearing was not as significant. Similarly, strain-
induced interlamellar tearing and the formation of new cracks inside
layers were observed in the Attached-to-Ni coatings, as shown in
Fig. 5c. In brief, these structural changes based on the individual
extension of the preexisting intersplat pores and intrasplat cracks can
be called microscale structural changes.

Fig. 4. Evolution of the microstructure of APS YSZ coatings and their apparent porosity in different states: (a) As-deposited, (b) Free-standing, (c) Attached-to-YSZ, and (d) Attached-
to-Ni.
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To sum up, the expansion of the 2D pores, which included
intersplat tearing and intrasplat cracking, is the main microscopic
structural change induced in the coatings by strain. The quantity of
intersplat pores is strongly related to the bonding ratio of the coatings.
Therefore, the changes in the 2D pore length density and the bonding
ratio were determined to statistically analyze the structural evolution,
as shown in Fig. 6. The post-heating length density of the intersplat
pores of the free-standing coatings was comparable to that in the as-
deposited state. In contrast, the Attached-to-YSZ coatings showed a
slight increase as compared to that in the as-deposited state. This
increase was more pronounced in the case of the Attached-to-Ni
coatings. In the case of the intrasplat cracks, the free-standing and

Attached-to-YSZ coatings exhibited the same density value after
heating as was the case in the as-deposited state. The Attached-to-Ni
coatings exhibited a slightly higher length density of intrasplat cracks,
in contrast. However, the increase in length density of intrasplat cracks
was relatively smaller than that in the intersplat pores, as shown in
Fig. 6b. There were two reasons for this phenomenon. The first was
related to the different morphologies of intersplat pores and intrasplat
cracks. Owing to the limited bonding area between layers, the inter-
splat pores separate the neighboring layers partially [10–12]. However,
the intrasplat cracks are generated during quenching stage after liquid
splat drops compacting on the substrate [21]. To release to quenching
stress, most intrasplat cracks run through the thickness of a splat.
Consequently, the intersplat pores separate the neighboring two layers
partially, whereas the intrasplat cracks separate the splat totally [12].
Based on the analysis described above, the number of intersplat pore
tips is much higher than that of intrasplat crack tips. Upon heating, the
strain-induced extension of the 2D pores occurs primarily along the
pore tips. The fact of a larger number of intersplat pore tips results in a
greater increase in the length density of intersplat pores. The second is
that the intersplat tearing usually occurs prior to intrasplat cracking.
This is highly related to the unique structure of plasma sprayed YSZ
coatings. As mentioned above, the intersplat pores separate the
neighboring layers partially, whereas the intrasplat cracks often
separate the splat segments completely in one layer. Therefore, the
limited bonding areas between layers are the primary skeleton to
connect neighboring layers. Moreover, the limited bonding areas would
be the dominant carriers to transmit load from layer to layer. Actually,
the stress is firstly transmitted from substrate to the first layer of the
coating. Following on, the stress is further transmitted layer-by-layer
until the top layer of the coating. It is reported that the force
transmission between coating and substrate is shear-dominant
[55,56]. This condition is also applicable to the layer structure.
Therefore, shear stress is transmitted from the substrate to the coating
in a layer-by-layer manner. The limited bonding areas between the
various layers are where the shear stress is transmitted. Consequently,
partially intertearing in the bonding area occurs firstly. This is
consistent with the results of analytical studies [34], namely, that
under shear stress, the extension of intersplat pores occurs more
readily than their nucleation. After the intertearing, the residual
bonding areas probably act as skeletons and transmit stress to the
upper layer, leading to the propagation of the preexisted intrasplat
cracks in the upper layer. In brief, for every layer, the shear stress is
firstly applied on its limited bonding areas. Subsequently, this stress
can be transmitted into the upper layer. Therefore, the intersplat
tearing is often prior to intracracking based on the force transmission
mechanism in the unique layer structure.

Based on the analysis described above, the microscale structural
changes including intersplat tearing and intrasplat cracking are
essentially responsible for the changes seen in the microscale elastic
modulus (Fig. 3a). The Knoop indenter usually covers a length of
approximately 70–100 µm along its long axis [49]. This length would
be equal to the combined length of several splat segments. Therefore,
the microscale elastic moduli determined using the Knoop indentation
tests were actually reflective of the strain tolerance of several splat
segments. Consequently, from a microscale perspective, it can be
concluded that the phenomena of intersplat tearing and intrasplat
cracking resulted in a slight decrease in the elastic modulus in the case
of the Attached-to-Ni coatings. However, the decrease in the macro-
scale properties was much larger than that in the microscale properties,
suggesting that some other larger-scale structural changes are also
induced by the strain.

4.2. Formation of mesoscale cracks

It is widely believed that the structure of APS ceramic coatings is
nonuniform and intricate [10,17], suggesting that the bonding ratio

Fig. 5. Strain-induced microscale pore tips extending in individual YSZ splats and YSZ
coatings after heating: (a) individual splats attached to a YSZ substrate; (b) individual
splats attached to a magnesia substrate, and (c) YSZ coatings attached to a Ni-based
superalloy substrate.
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between the various layers probably varies around the mean value from
segment to segment. In larger bonding areas, partially interlamellar
tearing occurs. The residual area then transmits the stress further. In
smaller bonding areas, the interlamellar tearing is complete. These
region-sensitive structural changes are probably strongly related to the
changes in the macroscale properties.

Fig. 7 shows two kinds of strain-induced large cracks formed when

several intrasplat cracks in neighboring layers connect. The first type of
cracks is related to totally intersplat tearing in smaller bonding areas,
as shown in Fig. 7a. The existing intrasplat cracks in the neighboring
layers connect together in this case. The second type of cracks is related
to the partially interlamellar tearing that accompanies the extension of
the intrasplat cracks in the larger bonding areas, as shown in Fig. 7b.
The intrasplat cracks extend and connect with the intersplat pores. In

Fig. 6. Evolution of microstructure of YSZ coatings after heating, based on statistical data: (a) 2D pore length density, (b) normalized 2D pore density with respect to that in the as-
deposited state, (c) apparent bonding ratio obtained from structural visualization, and (d) normalized unbonding ratio with respect to that in the as-deposited state, as determined by
structural visualization and based on the intersplat pore length density.

Fig. 7. Mesoscale cracks induced by (a) totally interlamellar tearing in the smaller bonding area and (b) intrasplat cracking accompanied by partially interlamellar tearing in the larger
bonding area.
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this region, the residual bonding areas still act as carriers to transmit
stress to the segments. These two kinds of extensions both lead to
several of the existing cracks connecting with each other, resulting in
cracks that are relatively larger than the microscale inter/intrasplat
pores. Owing to the excellent strain tolerance of APS YSZ coatings
[8,12,21], these cracks cannot extend further and form macroscale
cracks. This is the reason no obvious change was observed in the
Attached-to-Ni coatings after heating from a macroscale perspective
(see Fig. 4). Therefore, these two kinds of cracks can be called
mesoscale cracks. In actual coatings, a few mesoscale cracks may also
be formed by these two mechanisms acting in combination. In brief,
these coherent structural changes based on the connection of several
inter/intrasplat defects can be called mesoscale structural changes.

4.3. Effect of mesoscale cracks on properties

The mesoscale cracks generated in some regions can be attributed
to the nonuniform structure of APS coatings. The formation of

mesoscale cracks makes the coatings even more nonuniform. The
microscale and mesoscale structural changes contribute significantly to
the strain tolerance and are responsible for approximately 50% of the
drop in the macroscopic elastic modulus in the in-plane direction, as
shown in Fig. 3a. These multiscale structural changes also affect the
service lifetime of TBCs, since they enhance the strain tolerance.
Enhancing the strain tolerance of TBCs by tailoring their structure
has been the focus of many studies. For instance, a few researchers
[57,58] have designed macroscale dense vertical cracks (DVCs) in as-
deposited coatings to ensure a higher macroscale strain tolerance,
which usually results in a higher thermal cycling life. However, when
such DVCs are formed, the coatings often exhibit a partially dense
structure between the cracks, which presents deteriorative effect on
thermal insulation. The results of this study suggest that forming
mesoscale cracks may be an alternative method of decreasing the
macroscale elastic modulus significantly without adversely affecting the
partial thermal barrier performance. Mesoscale cracks would be much
smaller than the DVCs formed in the above-mentioned study.

Fig. 8. Schematic diagram of the actual starting state before sintering based on the strain-induced structural changes after heating: (a) macroscopic view of the strain-induced structural
changes, (b) typical microstructural changes, including intersplat tearing and intrasplat cracking, and (c) mesoscale crack-1 induced by intrasplat cracking and partially intersplat tearing
in a region with a higher bonding ratio, (d) mesoscale crack-2 induced by totally intersplat tearing in a region with a lower bonding ratio, and (e) a mesoscale crack formed by both the
mechanisms (i.e., those corresponding to (c) and (d)).
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Moreover, the strain tolerance of TBCs in the as-deposited state would
prevent these mesoscale cracks from expanding into large-scale cracks.
In other words, the increase in the strain tolerance induced by large
DVCs may also be realized by forming uniformly distributed mesoscale
cracks in the as-deposited porous structure.

The macroscale ionic conductivity and elastic modulus in the in-
plane direction both decreased after heating. However, the extent of
decrease in the ionic conductivity was smaller than the decrease in the
elastic modulus. The reason for this is related to the unique structure of
APS YSZ coatings. It has been shown that the ionic conductivity in the
out-plane direction is dependent on the bonding areas [50,59]. In fact,
the bonding areas also act to transmit ions in the in-plane direction
dominantly, owing to the fact that most intrasplat cracks run through
the thickness of the splat [11,12]. This means that it is relatively
difficult to conduct ions through single layer owing to the most
separated splat segments. Therefore, the decrease extent of the ionic
conductivity in the in-plane direction was comparable to that in the
out-plane direction. Given the fact that most mesoscale cracks are
generated by the connecting of existing cracks, the drop in the ionic
conductivity can primarily be attributed to the phenomena of inter-
lamellar tearing and intrasplat cracking. Therefore, the effect of the
mesoscale cracks on the ionic conductivity is actually similar to that of
the microscale structural changes. In other words, regardless of
whether the microscale intersplat tearing is totally or partially, the
ionic conductivity depends on the 2D pore length density. The
unbonding ratio of the Attached-to-Ni coatings was approximately
110–120% of that in the as-deposited state (see Fig. 6d). Consequently,
the change in the ionic conductivity was approximately 15–20% as
estimated using the model developed by Xing et al. [59]. This is just a
little smaller than the experimental results, owing to the fact that the
new intrasplat cracks were not taken into consideration.

However, the elastic modulus is usually much more sensitive to its
corresponding vertical cracks [60]. Therefore, in addition to being
affected by the microscale structural changes, the macroscale elastic
modulus in the in-plane direction is also significantly affected by the
mesoscale cracks, since they would be oriented vertically with respect
to the coating surface. Consequently, a large number of mesoscale
cracks in coatings should lead to a greater drop in the macroscale
elastic modulus compared to that in the ionic conductivity.

4.4. Actual starting state prior to sintering

The experimental data obtained in this study and the discussion
presented above confirm that multiscale structural changes occur in
TBCs upon heating. The limited bonding areas are the primary carriers
to transmit stress from substrate to layers. The bonding area is
dominantly stressed by shear stress, while the splat segment is loaded
primarily by normal stress. Fig. 8 shows a schematic diagram of these
strain-induced multiscale structural changes. The basic structural
change is the extension of microscale 2D pores, as shown in Fig. 8b.
For the formation of mesoscale cracks in the region with larger bonding
areas, partially interlamellar tearing occurs. Consequently, the residual
bonding areas still transfer stress to the splat segments, leading to
further intrasplat cracking. These new cracks can connect with the
existing cracks in the neighboring layers, resulting in the formation of a
few relatively larger cracks (labeled as mesoscale cracks-1 in this
study), as shown in Fig. 8c. In the region with smaller bonding areas,
the interlamellar tearing is complete, resulting in the formation of
mesoscale cracks-2, as shown in Fig. 8d. Obviously, a few mesoscale
cracks may also appear through the combination the two aforemen-
tioned types of cracks, as shown in Fig. 8e.

As described in the Introduction, most studies on thermally
exposed PS-YSZ coatings have been based on free-standing coatings,
meaning that the as-deposited state of the coatings is treated as their
starting state before sintering. However, in this study, we observed
distinct multiscale structural changes induced by strain upon heating.

Accordingly, the actual starting state prior to sintering of the coatings
attached to substrates is different from the as-deposited state. There is
no doubt that the starting state of PS-YSZ coatings significantly affects
their sintering behavior [18,19]. The strain-induced structural changes
result in the generation of even more pores, thus decreasing the
macroscale elastic modulus significantly. The enhanced strain tolerance
may have a positive effect on the durability of TBCs. Therefore, by
determining the actual starting state prior to sintering, the actual
evolution of the structure and properties of constrained coatings during
thermal exposure may be investigated.

5. Model development

5.1. Modification on developed structural model

The experimental part described multiscale structural changes
induced by extra strain. The resulted structure presented an even
lower elastic modulus with respect to the as-deposited state (see Fig. 3).
Consequently, contradicted to initial perception, the strain-induced
multiscale damage on the porous structure would present a positive
effect on the thermal cyclic lifetime of TBCs. In this section, we describe
the effects of the strain-induced multiscale structural changes on the
elastic modulus using a structural model. As discussed in Section 4.2,
the pore tip number of intrasplat crack is much smaller than that of
intersplat pores. Moreover, intersplat tearing occurs prior to intrasplat
cracking. Consequently, intersplat tearing, either total or partial, would
be the primary structural change induced under strain.

Fig. 9 shows the development of a structural model based on
lamellar YSZ coatings. Based on a previous study [12], the basic unit of
a PS-YSZ coating was considered a splat segment divided by intrasplat
cracks. The following assumptions were made when developing the
model: (i) all the splat segments of various shapes and sizes were
assumed to be cubic and having the same length and thickness; these
were considered the structural units; (ii) the partially bonded area was
assumed to be located at the bottom center of the structural units; (iii)
the intrasplat crack tips were neglected, leaving only the totally
separated segments in each layer; (iv) the structural units were
assumed to be stacked on the lower layer uniformly, meaning that
every structural unit was uniformly located at the region consisting of
the four corners of the four structural units in the lower layer, as shown
in Fig. 9(a-2 and a-3). The developed model was symmetrical. The
representative structural patterns for multilayer stacking are shown in
Fig. 9(a-4 and a-5). In detail, the representative structural pattern,
termed as a calculating unit, presents a structural unit bonded to four
quarters belonging to the structural units in the lower layers. A periodic
boundary condition was used with the corresponding-pair surfaces (see
the pink and blue regions in Fig. 9(a-5)), with the aim of ensuring a
same strain behavior under stress. The procedure for applying the
periodic boundary conditions has been described elsewhere [61].

In the case of the microscale structural changes induced by partially
intersplat tearing, the calculations for the elastic modulus were based
on the basic unit, as shown in Fig. 9(a-4). In the case of the mesoscale
cracks induced by totally intersplat tearing, the calculating unit was
formed by extending the basic unit to one consisting of n basic units in
the x-z plane and 10 layers stacked along the y-axis, as show in Fig. 9b.
Totally intersplat tearing would occur at the bonding areas located at
the edges of the basic units. In this study, it was assumed that a single
totally intersplat tear meant that the tearing process induced connec-
tions of the intrasplat cracks in two neighboring layers. An example is
shown in Fig. 9(b-3), wherein two totally intersplat tears occur (red
dotted lines) to form a mesoscale crack (shown by black dotted lines)
by inducing connections of the intrasplat cracks in three neighboring
layers. Periodic boundary conditions were also used for the corre-
sponding-pair surfaces of the n-extended unit.

Based on the model described above, the micro- and mesoscale
structural changes could be investigated. The microstructural changes

G.-R. Li et al. Ceramics International 43 (2017) 2252–2266

2261



affected the elastic modulus by changing the bonding ratio of the basic
units, as shown in Fig. 9(a-4). For the mesoscale cracks related to the
n-extended unit, the magnitude of the cracks along the deposition
direction was determined by the number of totally interlamellar tears.
Here, n stands for the number of basic units between mesoscale cracks,
meaning that a mesoscale crack appeared at every n basic units
perpendicular to the deposition direction. Therefore, the modified
model allowed us to investigate the effects of the magnitude of the
cracks along the y-axis and the crack number density along x-axis on
the elastic modulus.

The numerical simulations were performed using the commercial
FEM code ABAQUS. To calculate the elastic modulus in the in-plane
direction, a strain was applied to the cross-sections of the partial layers
along the x-axis. Consequently, the elastic modulus of the structure
could be obtained from the stress-strain curve [12]. Herein, the
structural units were assumed to be homogeneous, isotropic, and
linear elastic. The Young's modulus and Poisson's ratio of bulk YSZ
were taken to be 205 GPa and 0.23, respectively [38]. All the bonds
between the structural units were realized using Tie constraints.
Meshing was performed with 0.2 µm global seeds using the Tet element
shape. The other details to obtain elastic modulus can be found
elsewhere [12].

5.2. Effects of microstructural changes on elastic modulus of
structural model

The structural parameters for a basic unit, namely the length,
thickness and bonding area, have significant effect on the elastic
modulus of the whole structure. As reported previously [12], the elastic
modulus often vary linearly with length and thickness in in-plane
direction. In actual coatings, the length and thickness of splat segments
are distributed in certain ranges. Therefore, it is reasonable to choose
mean values of the length and thickness for numerical calculation.
Similar to the previous study [12], this study obtained the statistical
segment length and thickness from coating surface and polished cross-
section, respectively. The length of segments distributes in a range of
6–15 µm, while the thickness is 0.8–1.5 µm. Consequently, the mean
values of the length and thickness used in this study is chosen to be
10 µm and 1 µm, respectively.

In the case of microscopic structural changes, partially intersplat
tearing leads to a decrease in the bonding ratio between layers. Fig. 10
shows the effect of the bonding ratio on the elastic modulus in the in-
plane direction. As shown in Fig. 6, the initial bonding ratio obtained
from the structural visualization was approximately 30%. After heating,
the bonding ratio decreased to approximately 22–26%. The normalized
elastic modulus with initial state after heating is inserted in Fig. 10. It
can be seen that the elastic modulus decreased by approximately 10–
15% owing to the microstructural changes. On the one hand, this was
in keeping with the results of the Knoop indentation tests, as shown in

Fig. 9. Developed structural model based on lamellar YSZ coatings: (a) the developed basic model with multilayer stacking. In detail, (a-1) is the cross-section of a YSZ coating, (a-2) is
the developed structural model corresponding to (a-1), (a-3) is the cross-section corresponding to (a-2), (a-4) is a simplified periodic pattern corresponding to the purple dotted lines in
(a-3) and is termed as a basic unit, and (a-5) is a separated pattern of (a-4) presenting the bonding conditions between the layers. (b) Modified structural model based on a basic unit to
n-extended unit with n basic units perpendicular to the deposition direction and 10 layers stacked along the deposition direction. In detail, (b-1) is an extended unit with n=4, (b-2) is an
extended unit with n=8, and (b-3) is a schematic diagram of intersplat tearing that occurs on the extended units.
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Fig. 3a. On the other hand, the drop was much smaller than that on the
macroscale, further confirming the fact that microscale changes are not
large enough to decrease the macroscale elastic modulus by 50%.

5.3. Effect of mesoscale cracks on elastic modulus

Owing to the symmetry of the developed model, two distinct
bonding ratios were chosen to simulate the variations in the bonding
ratio in actual coatings. Fig. 11 shows the effect of the number density
of the mesoscale cracks induced by a single totally intersplat tear on the
elastic modulus. To begin with, a common phenomenon observed for
the two different bonding ratios was that the drop in the elastic
modulus increased dramatically in the case of the less-assembled basic
units (n=2–5), meaning that a higher number density of mesoscale
cracks along the x-z plane had a greater effect on the strain tolerance.
Therefore, it was reasonable to choose the largest n as 10, in order to
investigate the effects of the number density of the mesoscale cracks on
the macroscale elastic modulus. Secondly, a lower bonding ratio
resulted in a larger decrease in the elastic modulus. Given that the
experimental data showed that totally intersplat tearing is more likely
to occur in regions with smaller bonding areas, the macroscale elastic
modulus would be significantly affected by the strain-induced mesos-
cale cracks.

The above-described data show the preliminary effects of the
number density of the mesoscale cracks corresponding to a single tear
on the macroscale elastic modulus. However, a single totally intersplat
tear can also increase the tearing possibility of the bonding area in the
neighboring layers. Fig. 12 shows the evolution of the shear stress
distribution after tearing occurred in a neighboring layer. It can be seen
that the shear stress in the bonding area in one of the layers is
significantly higher owing to the tearing of the bonding area in a
neighboring layer, as shown in Fig. 12b. This means that the
occurrence of a single tear increases the probability of another tear
occurring in the neighboring layers. Consequently, mesoscale cracks
often cover more than two layers. When another tear occurs, the shear
stress decreases markedly, as shown in Fig. 12c. Consequently, the
mesoscale cracks induced by multiple tears often cover the limit layers
with several tears. This suggests that the size of the mesoscale cracks is
often not too large.

Fig. 13 shows the effects of the multiple-tears-induced mesoscale
cracks on the elastic modulus. When the number of totally intersplat
tears increased along the deposition direction, the elastic modulus
decreased dramatically, as shown in Fig. 13(a, b). Despite the bonding
ratios, the less-assembled basic units (n=2–5) showed an even sharper
drop in the elastic modulus with the increase in the number of tears
along the deposition direction. Moreover, the less-assembled basic
units exhibited a 50% decrease in the elastic modulus when fewer tears
were formed. For example, 2 assembled basic units (n=2) would
require 4 totally intersplat tears in the neighboring layers for a bonding
ratio of 28%. Similarly, for n=3, 6 totally intersplat tears would be
needed; and for n=5, 8 totally interlamellar tears would be needed.
This phenomenon is similar to that in the case of a smaller bonding
ratio (18%), which would require even fewer tears for the elastic
modulus to drop by half. Similar to the trend seen in the case of a single
tear in Fig. 11, the elastic modulus was more sensitive to the mesoscale
cracks corresponding to fewer assembled basic units (n=2–5). When n
was larger than 6, the decrease in the elastic modulus was not so
obvious; this was the case even for a greater number of tears in the out-
plane direction, as shown in Fig. 13c, which displays the normalized
elastic modulus.

To summarize, mesoscale cracks have a significant effect on the
macroscale elastic modulus of TBCs. Moreover, a lower bonding ratio is
more sensitive to the totally intersplat tearing induced drop in the
elastic modulus. Secondly, both the crack number density in the in-
plane direction and the size in the out-plane direction affect the elastic
modulus. To induce a similar decrease in the elastic modulus, a higher
number density would be needed in the case of smaller mesoscale
cracks. Thirdly, when smaller mesoscale cracks are present in a higher

Fig. 10. Effects of the bonding ratio on the elastic modulus in the in-plane direction. The
inset figure shows the normalized elastic modulus after heating with respect to that in the
initial state.

Fig. 11. Effects of the number density of single-tear-induced mesoscale cracks on elastic modulus: (a) effect of a single tear with assembled basic units and (b) normalized elastic
modulus with respect to that in the initial state corresponding to (a).
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number density, the strain tolerance is higher compared to that for
larger cracks present in a lower number density. For example, 4-tears-
induced mesoscale cracks in a 3-basic-units-assembled structure lead
to a greater drop in the elastic modulus compared to that in the case of
8-tears-induced mesoscale cracks in a 10-basic-units-assembled struc-
ture, as shown in Fig. 13b. These results should lead to the develop-
ment of a novel method for tailoring the structures of TBCs without
causing significant damage so that they exhibit higher strain tolerances.

6. Conclusions

In this study, the post-heating strain-induced structural changes in
YSZ coatings attached to substrates with different CTEs were investi-
gated. The multiscale structural changes resulted in scale-sensitive
properties changes. A general structural model was developed to
investigate the effects of the multiscale structural changes on the
mechanical properties from both micro- and macroscale perspectives.
The conclusions of the study are as follows:

(i) In keeping with the microscale structural changes resulting from

the individual splats, the combined effects of the residual stress
and the CTE mismatch strain led to a certain degree of intersplat
tearing and intrasplat cracking in the case of the Attached-to-Ni
coatings.

(ii) Given the complexity of the structure in the bonding area and the
nonuniform scale, a few totally intersplat tears occurred at smaller
bonding areas. Meanwhile, a few partially intersplat tears oc-
curred in the larger bonding areas, which were accompanied by an
extension of the intrasplat cracks. Both cases led to further
connections of the intrasplat cracks in the neighboring layers.
Consequently, a few mesoscale cracks covering several layers were
formed in the Attached-to-Ni coatings.

(iii) Owing to the multiscale structural changes, the changes in the
properties of the Attached-to-Ni coatings were scale-sensitive. The
macroscale properties were significantly poorer than those in the
as-deposited state, owing to the effects of the micro- and
mesoscale structural changes. The microscale properties were
more dependent on the microstructural changes and thus exhib-
ited smaller changes as compared to the macroscale properties.

(iv) The developed structural model predicted a drop of approximately

Fig. 12. Evolution of the shear stress distribution after occurrence of tearing in a neighboring layer with half of the 2-basic-units-assembled structure. (a) initial state, (b) after
occurrence of tearing in half of the bonding area, and (c) after occurrence of tearing in the entire bonding area.
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10–15% in the elastic modulus because of the microstructural
changes; this was consistent with the elastic modulus values
measured by the Knoop indentation test. The intersplat-tearing-
induced mesoscale cracks decreased the macroscale elastic mod-
ulus significantly. The model also predicted that the crack number
density along the in-plane direction and the crack scale along the
out-plane direction have significant effects on the macroscale
elastic modulus. Furthermore, smaller mesoscale cracks with a
higher number density would increase the strain tolerance.

The strain-induced multiscale structural changes observed indi-
cated that the starting state of the coatings before sintering is
significantly different from the as-deposited state. Given that the
sintering procedure is dependent on the starting structure, determining
the actual starting state prior to sintering is essential if one wishes to
investigate the actual structural and properties evolution of YSZ
coatings attached to substrates during long-term thermal exposure.
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