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Abstract
A comprehensive sintering mechanism for lamellar thermal barrier coatings was

reported experimentally and theoretically in this study. To begin with, an overall

property evolution with two-stage kinetics was presented during thermal exposure.

The increase in mechanical property at initial thermal exposure duration (stage-I)

was much faster with respect to that in the following longer duration (stage-II).

At the stage-I, the in situ pore healing behavior revealed that the significant faster

sintering kinetics was attributed to the rapid healing induced by multipoint con-

nection at the intersplat pore tips, as well as a small quantity of the narrow intras-

plat cracks. At the following stage-II, the residual wide intersplat pore parts and

the wide intrasplat cracks decreased the possibility of multiconnection at their

counter-surfaces, resulting in a much lower sintering kinetic. Moreover, a struc-

tural model based on the microstructure of plasma sprayed YSZ coatings was

developed to correlate the microstructural evolution with mechanical property.

Consequently, the model predicted a two-stage evolutionary trend of mechanical

property, which is well consistent with experiments. In brief, by revealing the

pore healing behavior, this comprehensive sintering mechanism shed light to the

structure tailoring toward the advanced TBCs with both higher thermal-insulating

effect and longer life time.
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1 | INTRODUCTION

Thermal barrier coatings (TBCs)1,2 find extended applica-
tion in both aircraft engines and land-based gas turbines to
protect the metal components in hot-section. The TBCs
commonly exhibit a multilayered-structure.1,3,4 Firstly, a
intervening bond-coat is deposited on superalloy to facili-
tate strong adhesion between substrate and a top-coat. Sub-
sequently, the ceramic top-coat is deposited to provide the
thermal insulating function.3,5 A common material for the
top-coat is the yttria-stabilized zirconia (YSZ), since it
exhibits a low thermal conductivity [~2.5 W�(m�K)�1]6 and
a high thermal expansion coefficient (~11 9 10�6 K�1).7

Plasma spraying (PS) continues to dominate the preparation
of the top-coat owing to its features of fast, flexible, and
cost-effective deposition as well.8,9

In addition to the intrinsic low thermal conductivity of
the YSZ material, the thermal barrier performance of a
PS-YSZ coating depends significantly on its unique porous
structure, which is formed because of the spraying process.
During plasma spraying, a stream of molten or partially
molten particles impact on substrate followed by lateral
flattening, rapid solidification, and cooling.10 Consequently,
a plasma sprayed coating exhibits typical lamellar
microstructure with intersplat pores, intrasplat cracks, as
well as globular voids.7,11 The intersplat pores generally
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refer to the imperfect bonding between splats, whereas the
intrasplat cracks are generated during splat quenching.7,11,12

Moreover, the intersplat pores and the intrasplat cracks are
also termed as two-dimensional (2D) pores, which lead to
the nonlinear elastic behavior as a result of their open and
close under load.13 Additionally, the microstructure (eg,
sizes and separations of these 2D pores) of the PS-YSZ
coatings is highly dependent with the morphologies of start-
ing powders14-16 and the process conditions.5,13 In brief, a
PS-YSZ coating exhibits a continuous pore network in a
continuous material, since most of the intersplat pores are
connected with the intrasplat cracks.17,18 Consequently, with
respect to the bulk YSZ material, this unique microstructure
confers >1/2 decrease of the through-thickness thermal
conductivity [~1 W�(m�K)�1]3,11,14,19,20 and approximately
>1/2 drop of the in-plane Young’s modulus.9,19,21,22

The high operating temperature of engines often has a
detrimental effect on the PS-YSZ coatings, in particular, in
sintering-induced stiffening9,11,23 as well as a decrease in
the thermal insulation capacity.11,23 The associated
microstructural change is mainly the combination of inter-
splat locking and splat stiffening because of the healing of
intrasplat cracks.11,20,24 The scale of globular voids remains
unchanged during sintering process owing to the fact that
they are mainly large closed pores with a near-spherical
morphology.25,26 In brief, this microstructural evolution
related to the 2D pores is responsible dominantly for the
adverse effect on the performance degradation of the sin-
tered PS-YSZ coatings.16

The common feature of the aforementioned papers is
that a rapid increase in properties at initial thermal expo-
sure duration slows down distinctly at the following
extended duration. Therefore, the sintering kinetics of
PS-YSZ coatings is sensitive to the thermal exposure
stages. However, the reasons and the associated microstruc-
tural evolution coherent to the stage-sensitive kinetics are
still not well understood. Therefore, it is essential to com-
prehensively understand the sintering mechanism, including
the initial ultrafast sintering kinetics, so as to give enough
supports for the structural tailoring of the PS-YSZ coatings.

The sintering behavior of the PS-YSZ coatings is mate-
rial and structure specific. Toward this orientation, Cipitria
et al.7,27 developed a systematic sintering model with con-
nected inter/intra splat pore network. The obtained sintering
process seems quantitatively understood only during a rela-
tively long duration. Unfortunately, the model prediction
cannot be well consistent with the stage-sensitive sintering
kinetics obtained by experiments. Actually, regarding the
PS-YSZ coatings, few literatures focused on the sintering
mechanism with varying kinetics. Therefore, the compre-
hensive understanding on the sintering behavior of the
PS-YSZ coatings, in particular, on the ultrafast kinetics dur-
ing initial thermal exposure, is still a challenge up to now.

The purpose of this work was to reveal a comprehen-
sive sintering mechanism concerning the stage-sensitive
kinetics. To begin with, the mechanical property during
thermal exposure has been determined. Subsequently, a
two-stage evolutionary trend, as well as the associated
microstructural changes was examined. In addition, a
structural model based on the PS-YSZ coatings was
developed to correlate the microstructural evolution with
the mechanical property. In a companion paper, a
detailed examination on the pore surface was carried out
to account for the ultrafast sintering kinetics when ini-
tially exposed. Based on these results, a comprehensive
sintering mechanism for lamellar TBCs could be
revealed.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials and sample preparation

A commercially available hollow spheroidized 8 wt% YSZ
powder (HOSP, �75 to +45 lm, Metco 204B-NS, Sulzer
Metco Inc., Westbury, NY) was used to deposited YSZ
coatings and individual splats. The plasma spraying equip-
ment is a commercial system (GP-80, 80 kW class, Jiu-
jiang, China). The spray parameters were shown in
Table 1. After deposition, free-standing YSZ coatings, with
a dimension of Φ20 mm 9 0.5 mm, were obtained through
post-spray dissolution of the stainless steel substrate by a
hydrochloric acid solution.

2.2 | Thermal exposure of samples

In real service condition, it may be extremely difficult to
evaluate the sintering effect on the microstructural evolu-
tion, since the service environment can be very harsh.

TABLE 1 Plasma spray parameters for individual splats and
coatings

Parameters
Individual
splats Coatings

Plasma arc voltage/V 70 70

Plasma arc current/A 600 600

Flow rate of primary gas
(Ar)/L min�1

50 50

Flow rate of secondary
gas (H2)/L min�1

7 7

Flow rate of powder
feeding gas (N2)/L min�1

6 6

Spray distance/mm 110 110

Torch traverse speed/mm s�1 1000 800

Substrate preheating temperature (°C) 250 /
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Instead, isothermal heat treatment3,14 and thermal cycling
test28 become attractive to investigate the sintering effect.
In particular, the isothermal heat treatment has several
advantages owing to its high-temperature accuracy, ease of
temperature control, as well as cost-effective operation. On
the other hand, regarding the long life time (eg, 8000-
16 000 h) of TBCs at their working temperatures (eg,
~1000°C),29 it is necessary to adopt a higher temperature
to accelerate the sintering process. Therefore, in this study,
the free-standing coatings were isothermally heat treated in
a furnace to 1000°C and 1300°C. After progressively
holding for different durations, the samples were cooled
down to room temperature. In order to avoid the unex-
pected coating structural degradation induced by fast tem-
perature changes, the heating rate and the cooling rate
were fixed at a relatively low rate of 10°C/min. Based on
previous reports,30,31 the heating duration by using this
heating rate (10°C/min) is too short to trigger the phase
transformation.

2.3 | Microstructural characterization of
YSZ samples

Cross-sectional samples of the coatings and individual
splats were prepared using a focused ion beam system
(FIB, Helios NanoLab600, FEI, Hillsboro, OR), in order to
prevent damage to the initially present bonds. Quasi in situ
morphological observations on the 2D pores were made
using a scanning electron microscopy (SEM) system (TES-
CAN MIRA 3, Brno, Czech Republic). The intersplat pores
and the intrasplat cracks were examined on the fractured
cross-section and the surface of YSZ coating samples
(Φ20 mm 9 0.5 mm), respectively. The detailed procedure
is described as follows. To begin with, a target position
was found at a high magnification. Subsequently, the mag-
nification decreased gradually until the whole sample could
be observed. Meanwhile, the target position was fixed at
this magnification by measuring its coordinates. After ther-
mal exposure, the corresponding coordinates were used to
find the target position. With this approach, a quasi in situ
observation can be achieved.

Residual 2D pore length density, defined as the total
length of 2D pores in unit area, was determined in this
work. The length densities of intersplat pores and intras-
plat cracks were obtained from the polished cross-section
and the polished surface of YSZ coatings, respectively.
Furthermore, width distribution of the intrasplat cracks
was obtained statistically from the free coating surface. At
least 50 SEM images at a magnification of 95000 were
determined. The details to determine the 2D pore length
density and the crack width distribution can be found else-
where.32 Intersplat bonding ratio and mean splat thickness
of the as-deposited coating were determined through

structural visualization described elsewhere.33 This
involves having an Al(NO3)3 saturated solution infiltrate
into the YSZ coatings. Subsequently, the infiltrated sam-
ples were dried and heated to 550°C, held at this tempera-
ture for 30 minute, and then cooled down to room
temperature. After repeating this procedure for more than
10 times, enough alumina will be left in the pores
between splats. Then, using energy-disperse X-ray spec-
troscopy, the mean bonding ratio and the mean splat
thickness could be determined. In addition to the structural
visualization, the splat thickness can also be determined
from the cross-section of individual splats.

2.4 | Measurement of mechanical property

The macroscopic Young’s moduli in the in-plane direction
was determined using a three-point bending (3PB) test system
(Instron 5943, Boston, MA).34 During this test, the Young’s
moduli E can be obtained from the following formulas:

w ¼ PL3

48D
(1)

D ¼ Eh3

12ð1� m2Þ (2)

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 Young’s moduli of the coating, h is the coating
thickness, and m is the Poisson’s ratio of the coating.

The microscopic Young’s moduli of the YSZ coatings
was determined using a Knoop indentation test system
(Buehler Micromet 5104; Buehler Corporation, Lake Bluff,
IL). The test was performed at a load of 300 g and holding
time of 30 s. Knoop indentation is based on the measure-
ment of the elastic recovery of the in-surface dimensions of
Knoop indentations.35 During unloading, the elastic recov-
ery reduces the length of the minor diagonal of the indenta-
tion impression (b0), whereas the length of the major
diagonal of the indentation impression (a0) remains rela-
tively unaffected. The ratio of the major (a) to minor (b)
diagonals of the Knoop indenter is 7.11. The formula for
determining the Young’s modulus is:

E ¼ aH
b
a � b0

a0
� � (3)

where a is a constant (0.45), H is hardness, a0 and b0 are
the lengths of the major and minor diagonals of the inden-
tation impression, respectively, and b/a is 1/7.11.

The in-plane Young’s moduli was determined from the
polished surface of the coating samples. In contrast, the
out-plane Young’s moduli was obtained from the polished
cross-section, making sure that the minor diagonal was par-
allel to the deposition direction.
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3 | EXPERIMENTAL RESULTS AND
DISCUSSION

3.1 | Overall evolution of the young’s
modulus

The evolution of both the macroscopic and microscopic
Young’s modulus of YSZ coatings is shown in Figure 1. It
can be observed that the macroscopic Young’s modulus is
distinctly lower than the microscopic Young’s modulus.
This is consistent with previous reports.9,11,18,36 The reason
is that the macroscopic Young’s moduli is a global reflec-
tion of the strain tolerance of a whole coating structure.
Consequently, many large-scale pores may also have a sig-
nificant effect on the macroscopic Young’s moduli. This is
consistent with previous report,13 which revealed a signifi-
cant effect of the pore size on the elastic property. Regard-
less of this difference, both the macroscopic and the
microscopic Young’s modulus exhibited an ultrafast
increase rate at initial short duration. Subsequently, the
increase rate slowed down significantly during the follow-
ing longer duration. Consequently, the initial short duration
finished most increment of the Young’s modulus. This phe-
nomenon is consistent with those sintering investigations
mentioned in the Introduction.9,11,23

3.2 | Two-stage evolutionary trends during
sintering procedure

Figure 2 shows the evolutionary trend of the Young’s mod-
ulus as a Ln-t curve. In order to show the overall trend,
0.1 hour was used to represent the as-deposited state which

actually corresponded to 0 hour. It can be observed that
the total evolution was divided into two stages approxi-
mately, termed as stage-I and stage-II. Moreover, the
divided boundary was located around 10 hours, which is
consistent to the shrinkage results.37 It is obvious that the
increase rate of the Young’s modulus at the stage-I was
much larger than that at the stage-II. Another noteworthy
phenomenon with respect to the two-stage evolutionary
trend was that a higher temperature resulted in a shorter
stage-I.

Figure 2A-2, B-2,A-3, B-3 exhibit a total increment and
an increment per hour of the Young’s modulus in these
two stages, respectively. Corresponding to the much larger
increase rate in the stage-I (see Figure 2A-1, B-1), a major-
ity increment of the Young’s modulus finished during this
stage. In the case of the mean increment per hour, the
value at the stage-I exhibited hundreds of times with
respect to that at the stage-II. In addition, the increase rate
in the out-plane direction was larger than that in the
in-plane direction. Consequently, the resulted microscopic
Young’s modulus in the out-plane direction exceeded those
in the in-plane direction after the stage-I. It is known that
the mechanical property of the PS-YSZ coatings depends
dominantly on the 2D pore network.18 The pore healing
behavior is thereby necessary to be revealed, in order to
further understand the two-stage evolutionary trend.

3.3 | Morphological characteristics of the 2D
pores

Figure 3 shows morphologies of the 2D pores at the
as-deposited state. It can be observed that most of the

FIGURE 1 Evolution of the
macroscopic and microscopic Young’s
modulus after thermal exposure: (A)
macroscopic Young’s modulus and (B)
microscopic Young’s modulus [Color figure
can be viewed at wileyonlinelibrary.com]
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intrasplat cracks run through the splat with an almost
equally thick morphology (see Figure 3A). In addition, the
width of intrasplat cracks can be ranging from tens of
nanometers to hundreds of nanometers. However, much
different from the intrasplat cracks, the intersplat pores
appeared to be primarily wedge-like (see Figure 3B). Addi-
tionally, the cross-section of an individual splat bonded to
substrate further confirmed the wedge-like morphology of
the intersplat pores. This is completely different from the
equally thick pore structure as assumed in the reported lit-
eratures.7,27,38 The morphology difference between the
intersplat pores and intrasplat cracks may affect the sinter-
ing process.

3.4 | Characterization of pore healing
procedure

Figure 4 shows evolution of the 2D pore length density of
YSZ coatings during thermal exposure. During the overall
duration (0-500 hour), the densities of both the intersplat
pores and the intrasplat cracks decreased dramatically, sug-
gesting that the healing of 2D pores has a significant effect
on the mechanical property.18 In the case of the Ln-t curve

(see Figure 4B), it is possible to observe that the density of
intersplat pores decreased rapidly at the stage-I (0-10 hour),
and then the decrease rate slowed down in the stage-II. In
contrast, the decrease of the intrasplat cracks was not so
distinct as that of the intersplat pores at the stage-I. Based
on the statistical results above, it is possible to conclude
that the ultrafast sintering kinetics at the stage I was attrib-
uted primarily to the significant healing of the intersplat
pores.

The quasi in situ healing behavior of the 2D pores in
YSZ coatings during the stage-I is shown in Figure 5. It
can be observed that the quantity of the crack-tips was
much smaller than that of the running-through cracks (see
Figure 5A). This is consistent with the morphology of
intrasplat cracks observed in Figure 3A, and it confirmed
that most of the intrasplat cracks separate the segments
completely. In brief, it seems that the widths of intrasplat
cracks were in the range of 100-500 nm by and large. The
ratio of the crack-tips, as well as the very narrow cracks
(<100 nm) is less than 10% with respect to the total statisti-
cal cracks. Figure 5A shows the healing evolution of
intrasplat cracks with different widths. It can be observed
that almost no healing occurred for the wide cracks at the

FIGURE 2 A two-stage evolutionary
trend of the Young’s modulus. (A) and (B)
correspond to the macroscopic and the
microscopic Young’s modulus, respectively.
(A-1, B-1) show the evolution of Young’s
modulus as Ln-t after thermal exposure. In
order to show the overall trend, 0.1 h was
used to stand for the as-deposited state
(short for As) without heat treatment. (A-2,
B-2) and (A-3, B-3) refer to the total
increment and increment per hour of the
Young’s modulus in two stages,
respectively. The dark and light regions
correspond to the stage-I and the stage-II,
respectively [Color figure can be viewed at
wileyonlinelibrary.com]
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stage-I (see Figure 5A with width-C). In spite of the signif-
icant healing of a narrow crack (see Figure 5A with width-
B), an incubation period (>10 hour) is necessary to drive
this procedure. In contrast, obvious healing can be
observed after a short duration (1 hour) at the crack tip
(see Figure 5A width-A). This phenomenon can also be
found in Figure 5A with width-C, where a very narrow
crack tip was healed after initial duration (<10 hour).

Figure 5B shows the healing evolution of the intersplat
pores isothermally exposed at 1000°C and 1300°C. It can
be observed that significant healing occurred at the pore
tips despite of temperatures. To begin with, a common phe-
nomenon was that the initial smooth splat surface became
roughening after thermal exposure. Subsequently, the heal-
ing of intersplat pores proceeded by apparent bridge-con-
nection owing to the surface roughening. Consequently,
multipoint connection occurred between the counter-sur-
faces. To sum up, at the stage-I, significant healing
occurred at the intersplat pore tips and a small ratio of nar-
row intrasplat cracks. This is consistent with the statistical
results (see Figure 4). The anisotropic healing trends of
these 2D pores can account for the anisotropic evolution of
the Young’s modulus at the stage-I (see Figure 2), since
the mechanical property is more sensitive to their

perpendicular 2D pores.39 The critical role of splat inter-
faces on the effective properties is consistent with previous
reports, which correlated quantitatively the splat interfaces
with effective properties at the as-deposited state and the
sintered state.16,20

Some previous reports suggested that the intrasplat
cracks healed preferentially, in particular, at a lower tem-
perature (eg, 1000°C), which seems contradictive to our
results. For instance, some examinations, based on small-
angle neutron scattering, exhibited a significant healing of
intrasplat cracks at a lower temperature (1100°C) after a
short thermal duration. At higher temperatures (1300°C and
1400°C), both the healing of intersplat pores and intrasplat
cracks occurred.40,41 Similar results were obtained by Trice
et al.42 based on TEM examination. However, these are
consistent with our report based on the following reasons:
(i) the width of intrasplat cracks is located in a wide range
(see Figure 5A). In contrast, the intersplat pores often exhi-
bit a co-existence of the wide part with the narrow part
(pore tips); (ii) At the stage-I, the ultrafast sintering kinetics
was attributed to the multipoint connection (multiconnec-
tion) of the counter-surfaces, which rapidly decreases the
free energy of the whole system. It is known that the sin-
tering is a thermally activated process driven by the

FIGURE 3 The as-deposited
morphologies of intrasplat cracks (A) and
intersplat pores (B). The intrasplat cracks
were examined from the surface of YSZ
coatings and an individual splat. The
intersplat pores were presented from the
cross-sections prepared by both the
polishing and the FIB cutting [Color figure
can be viewed at wileyonlinelibrary.com]

LI ET AL. | 2181



reduction in surface energy.7,43 The formation of multipoint
connection seems to be a good choice, and thus contributes
to the extremely high sintering kinetics; (iii) in the case of
intrasplat cracks, their counter-surfaces often appear to be
coarse in a microview due to the cracking behavior of cera-
mic materials (see Figure 3A),44 although these cracks
exhibit equal-thickness in an apparent view. That means
the multipoint connection is possible to occur on those nar-
row cracks. In contrast, the counter-surfaces of intersplat
pores often have smoother surfaces owing to the already
solidified splat.44 During thermal exposure, the smooth sur-
face becomes roughening (see Figure 5B), which leads to
pore tip healing induced by multiconnection. In brief, the
multiconnection-induced healing is responsible for the
ultrafast sintering kinetics at the stage I. Moreover, this
multiconnection-induced healing occurs at almost every
intersplat pore tip, as well as a small ratio of very narrow
intrasplat cracks; (iv) the roughening of intersplat pore sur-
face is temperature-dependent. A higher temperature leads
to a more severe roughening.45 At a lower temperature (eg,
1000°C), the pore healing at tips occurs at relatively smal-
ler parts owing to the slight roughening. However, for
those cracks with very narrow widths (see Figure 5A with
Width-C), the initial coarse surfaces facilitate the multicon-
nection-induced healing. Moreover, different from the heal-
ing behavior of intersplat pores which starts from tips, the
healing of the narrow cracks may occur all over their parts
(see Figure 5A). Consequently, the decrease of the specific
surface area of intrasplat cracks may seem comparable with
that of the intersplat pores,40,41 although actually only a
small ratio of narrow cracks was healed (see Figure 5A).

At a higher temperature, the roughening of splat surface
becomes much more severe. Consequently, the multicon-
nection-induced healing occurs at a relatively larger part of
intersplat pore tips, as well as a small ratio of the narrow
intrasplat cracks. This can be account for the phenomenon
observed in the above-described reports40,41,44 that the
healing of intrasplat cracks seems preferentially at a lower
temperature; (v) the multiconnection-induced healing of the
intersplat pores and the intrasplat cracks is responsible for
the ultrafast sintering kinetics. However, their mechanisms
are different. In the case of intersplat pores, the multicon-
nection is generated owing to the roughening derived from
the faceting of grain surface, grooving of bared grain
boundary, as well as columnar grains convex.45 However,
the multiconnection of the intrasplat crack surfaces may be
primarily attributed to the initial coarse morphology.44

Based on the consideration that the quantity of the very
narrow cracks is small (<20%), it may be appropriate to
conclude that the main structural change at the stage I is
the healing of intersplat pores through multiconnection. At
the following stage II, the relatively wider counter-surfaces
(including the wide intrasplat cracks and the wide residual
intersplat pore parts) decrease the possibility of multicon-
nection. Consequently, the sintering kinetics slows down
significantly. It is obvious that the multiconnection-induced
fast sintering occurs primarily during the stage I (approxi-
mately 10 hour at 1300°C). However, the significant for-
mation of monoclinic phase often needs an incubation
period of ~150 hour at 1300°C.29 Therefore, it is reason-
able to conclude that the multiconnection in the pore net-
work is relatively unaffected by the phase change.

FIGURE 4 Evolution of the 2D pore
density during thermal exposure: (A)
evolution during different durations and (B)
evolution of the 2D pore density shown as
the Ln-t [Color figure can be viewed at
wileyonlinelibrary.com]
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4 | MODEL DEVELOPMENT

4.1 | Statement of the problem

The experimental part on sintering behavior of PS-YSZ
coatings can be concluded as follows: (i) the sintering pro-
cess exhibits distinct two-stage kinetics; (ii) at the stage I
with a higher sintering kinetics, multipoint connection of the
counter-surfaces occurs at the intersplat pore tips, as well as
a small quantity of intrasplat cracks; (iii) at the stage II, a
slow healing occurs at both the residual wide intersplat pore
parts and the wide intrasplat cracks. It is known that the
intersplat pores often refer to the imperfect bonding between
layers. Therefore, the healing of intersplat pores actually cor-
responds to the increase of intersplat bonding ratio, which
would be the dominant structural change at the stage I.

4.2 | Evolution of the bonding ratio

At the as-deposited state, the intersplat pores are con-
nected with the intrasplat cracks from layer to layer until

the coating surface. Therefore, the mean bonding ratio of
the as-deposited coatings was determined by the structural
visualization reported previously.33 However, the pore
connectivity decreases significantly after thermal expo-
sure. Based on this consideration, it is not appropriate to
obtain the bonding ratio of the aged coatings by the
infiltration-based structural visualization. Owing to the
fact that the interlamellar bonding ratio is highly related
to the intersplat pores, this study further determined the
bonding ratio of the aged coatings through the residual
length density of intersplat pores, as shown in the follow-
ing formula:32,33

L2 ¼ HL1
d

(4)

e ¼ nHL1
L2

¼ nd (5)

a ¼ ð1� eÞ � 100% (6)

where H and L1 refer to the coating thickness and length,
respectively. L2 is the whole length of interface between
splats in the coating, d is the mean splat thickness, ξ is the

(A)

(B)

FIGURE 5 Quasi in situ healing
observations of the intrasplat cracks and the
intersplat pores at the stage-I: (A) width
distribution of the intrasplat cracks and the
healing of intrasplat cracks at corresponding
widths thermally exposed at 1300°C (B) the
healing of intersplat pores thermally
exposed at 1000°C and 1300°C. [Color
figure can be viewed at
wileyonlinelibrary.com]
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residual 2D pore density, e is the unbonded ratio con-
tributed by 2D pores, and a is the bonding ratio.

The Equation (4) describes a same area between the
stacked-layer structure and the structure with spreading lay-
ers. The Equation (5) describes a length ratio of the inter-
lamellar pores (ξHL1) with respect to the total interfacial
length (L2). Owing to the 2D characteristic of the inter-
lamellar pores, this length ratio is actually the unbonded
ratio contributed by the interlamellar pores. Correspond-
ingly, the bonding ratio can be determined.

In order to get the evolution of bonding ratio from
Equation (4) to (6), it is necessary to firstly get the mean
thickness of splats and the as-deposited bonding ratio. The
structural visualization exhibited that the as-deposited
bonding ratio was approximately 28%, and that the mean
splat thickness was approximately 1.5 lm. This is consis-
tent with previous investigations.32,46 Similar to the previ-
ous report,18 the splat thickness can also be determined
statistically from the cross-section of YSZ coatings and
individual splats (see Figure 3B). The result was approxi-
mately 1-2.5 lm. Additionally, the bonding ratio of the as-
deposited YSZ coatings is located in the range of 26%-31%
according to Equation (4) to (6). Therefore, the as-depos-
ited bonding ratio and the mean splat thickness can be
taken as 28% and 1.5 lm, respectively.

Figure 6 shows bonding ratio evolution of the YSZ
coatings as a function of thermal exposure duration time.
Similar to the mechanical property, it is possible to observe
that the increase of bonding ratio also appeared to exhibit a
two-stage trend (see Figure 6B). A higher temperature
often leads to a sharper increase, as well as a shorter stage-
I. Correspondingly, the bonding ratio increased from 28%
to approximately 50% at the stage-I.

4.3 | Model development

In this section, a structural model based on the PS-YSZ
coating was developed (see Figure 7), in order to correlate
the microstructural evolution with mechanical property.
The essential feature of the PS-YSZ coatings is a lamellar
structure with connected inter/intra-splat pore network.

Consequently, the basic unit to compose a whole coating is
the splat segments divided by intrasplat cracks.18 Fig-
ures 7A-C describe the layer-stacking condition with repre-
sentative three layers. For simplification, four structural
units were presented in the upper layer and the lower layer,
whereas only one structural unit was presented in the mid-
dle layer. The assumptions are as follows: (i) the splat seg-
ments are all assumed to be cubic shape with a same
length and thickness, termed as a structural unit; (ii) the

(A) (B)

FIGURE 6 Evolution of bonding ratio
determined using 2D pore length density:
(A) the evolution of bonding ratio and (B)
the bonding ratio evolution shown as Ln-t
corresponding to (A). The As stands for the
as-deposited state [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 7 The developed structural model to predict the
Young’s modulus: (A) representative three bonded layers; (B) the
cross-section along A-A0 in (A); (C) the separated three layers
corresponding to (A), in order to present the bonding condition
between neighboring layers; (D) a calculating unit adopted in
ABAQUS; (E) the separated pattern of the calculating unit; (F) a
meshed calculating unit in ABAQUS; (G) the displacement applied
on a calculating unit to obtain Young’s modulus. The green arrows
along y-axis and the red arrows along x-axis aim to obtain the
Young’s modulus in the out-plane direction and in the in-plane
direction, respectively [Color figure can be viewed at
wileyonlinelibrary.com]
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circular bonded area is assumed to be located at the bottom
center of a structural unit; (iii) the structural units are
stacked on the lower layer uniformly. This means that
every structural unit is exactly and equably located at the
four corners of those four structural units in the lower
layer; (iv) the intersplat pores separate the neighboring two
layers partially, whereas the intrasplat cracks separate the
structural unit completely in one layer; (v) at the stage I,
the healing of intrasplat cracks is neglected. However, at
the stage II, the healing of both the intersplat pores and the
intrasplat cracks is considered.

The commercial FEM code ABAQUS was used to
carry out the numerical calculation. Owing to the periodic
symmetry of the developed model (see Figure 7A), a
simplified periodic pattern is used for the numerical cal-
culation, termed as a calculating unit (see the purple dot-
ted box in Figure 7). Under this condition, a whole
structure could be obtained by repeating the calculating
unit along the three axes. Consequently, the macroscopic
property could be determined using the calculating unit
with appropriate periodic boundary conditions. In detail,
the calculating unit was obtained by cutting the lower
layer along the boundaries of the middle structural unit
(see Figure 7D). The opposite cross-sections of the lower
partial layer (see Figure 7E in pink color) will have con-
sistent deformation behavior, since they would be bonded
together when composing a whole structure. Similarly,
the bonding areas in the middle layer and the lower par-
tial layer (see Figure 7E in blue color) would also exhibit
consistent deformation behavior. Based on this considera-
tion, periodic boundary conditions were applied to these
corresponding-pair surfaces, with the aim to realize the
totally same strain behavior under stress. Other detailed
procedure of the periodic boundary conditions can be
found elsewhere.47

Herein, all structural units are taken to be homogeneous,
isotropic, and linear elastic. Young’s modulus and Pois-
son’s ratio of the fully dense YSZ are taken as 205 GPa
and 0.23,48 respectively. The bonding between structural
units is realized by the Tie constraints. The meshing proce-
dure is carried out with 0.2 lm global seeds, accompany-
ing with the Tet element shape, as shown in Figure 7F.

In this study, the x-z plane, which is perpendicular to
the deposition direction, is taken as the reference plane. In
the case of the in-plane Young’s moduli, a uniform dis-
placement is applied on the cross-sections (see Figure 7E
in pink color) of the lower partial layer along x-axis, as
shown in Figure 7G with red arrows. In the case of the
out-plane Young’s moduli, a uniform displacement is
applied on the bonding areas (see Figure 7E in blue color)
along y-axis, as shown in Figure 7G with green arrows.
Subsequently, the stress-strain curve can be determined
using the curve of reaction force-displacement. The other

details to obtain Young’s moduli can be found in our pre-
vious report.18

4.4 | Results of model prediction

In the developed structural model, the Young’s modulus
often vary linearly with length and thickness.18 Therefore,
it is reasonable to select the mean value for numerical cal-
culation. Similar to previous study,18 this study determined
the statistical segment length from coating surface, and the
result was approximately 6-15 lm. Consequently, the mean
length and the thickness of a structural unit are selected to
be 10 and 1.5 lm, respectively.

Figure 8 shows the evolution of Young’s modulus as a
function of bonding ratio. It can be observed from Fig-
ure 8B that the increase trends of Young’s modulus were
consistent with each other using three values of thickness.
This confirmed the rationality to select the mean value for
numerical calculation. Regarding the effect of bonding ratio
on the Young’s modulus, the results are at least twofold.
On the one hand, it is possible to observe that the increase
of bonding ratio has a significant effect on the Young’s
modulus in both directions. This is consistent with the pre-
vious report.21 On the other hand, the increase of Young’s
modulus as a function of bonding ratio is nonlinear, i.e., the
initial increase of bonding ratio has a more distinct effect
on the increase of Young’s modulus (see Figure 8B). Com-
monly, the mean bonding ratio of the APS ceramic coatings
is approximately 10%-32%.33,46,49 In this study, the mea-
sured bonding ratio is approximately 28%. During the
stage-I, the bonding ratio increased from 28% to 50% (see
Figure 6). Corresponding to this bonding ratio range (28%-
50%), the increment of the Young’s modulus in the
out-plane direction is much higher than that in the in-plane
direction (see Figure 8C). The predicted anisotropic
increasing trend of Young’s modulus is consistent with the
experimental results (see Figure 2B), in which the micro-
scopic Young’s modulus in the out-plane direction increases
more rapidly than that in the in-plane direction. This may
confirmed qualitatively that the healing of intersplat pores
plays a dominant role on the structural change at the stage-
I, since only the interlamellar healing was considered at this
stage.

5 | DISCUSSION: COMPARISON
BETWEEN MODEL PREDICTION
AND EXPERIMENTAL RESULTS

The PS-YSZ coatings exhibit a complicated structure with
connected pore network, suggesting that their sintering
behavior is both material and structure specific. A sintering
model developed by Cipitria et al.7,27 captured this issue,
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and gave a consistent prediction on the overall sintering
process. In detail, their comparisons7 between model pre-
diction and experimental results are shown in Figure 9,
which is presented as Ln-t curves. It is obvious that their
model failed to exhibit the aging stage-sensitive sintering
kinetics.

In the case of the thermal conductivity (see Figure 9A),
a distinct two-stage trend can be observed for the experi-
mental results. However, the model prediction exhibited a
linear increase trend until saturation. Therefore, the
mechanical and thermal properties determined by experi-
ments both exhibited a two-stage evolutionary trend, which
cannot be captured by the typical sintering model.7 It is
known that the degradation of thermal insulation is a com-
prehensive healing result of the connected pore network.17

However, the linear contraction in a given direction is pri-
marily attributed to the healing of the corresponding verti-
cal cracks, as shown in Figure 9B.

In the case of the through-thickness linear contraction,
which depends on the healing of intersplat pores, the

experimental results also exhibited an obvious two-stage
evolutionary trend. However, the model prediction appeared
to be almost linear increase. The increase rate was similar
to the second increase stage of the experimental results. In
the case of the in-plane linear contraction dependent with
the healing of intrasplat cracks, the experimental results and
the model prediction exhibited a similar linear increase.
The initial fast increase stage was not so distinct as the lin-
ear contraction in through-thickness direction.

The reasons for these discrepancies could go back to
the assumptions made on the sintering model.7 The main
assumption is that the 2D pores were all assumed to be
equally thick. Consequently, the crack healing would pro-
ceed from two tips to center without multipoint connec-
tion. This is reasonable for most of the intrasplat cracks
based on the experimental observation (see Figure 3A).
Therefore, the linear contraction of model prediction in the
in-plane direction is well consistent with the experimental
results. However, multiconnection-induced rapidly healing
occurs at almost every intersplat pore tip at the stage-I.

(A)

(B) (C)

FIGURE 8 Evolution of the Young’s
modulus as a function of bonding ratio: (A)
the stress-strain curves obtained from a
curve of reaction force-displacement under
a bonding ratio of 28%; (B) the evolution
of Young’s modulus as a function of
bonding ratio with different splat
thicknesses; and (C) the increment of
Young’s modulus in different ranges of
bonding ratio under the splat thickness of
1.5 lm [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 9 Comparisons between
model prediction7 and experimental data7

presented as Ln-t curves: (A) thermal
conductivity in through-thickness direction
and (B) linear contractions. The As stands
for the as-deposited state [Color figure can
be viewed at wileyonlinelibrary.com]
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Consequently, a two-stage evolutionary trend of the linear
contraction could be observed in the through-thickness
direction. On the one hand, it confirms that the ultrafast
sintering kinetics at the stage-I is primarily attributed to
the healing of intersplat pore tips. On the other hand, it
can be concluded that the sintering procedure without mul-
ticonnection, as described in the typical sintering model,7

cannot be applied to the healing of intersplat pores at the
stage-I.

In this study, a faster sintering kinetic at the stage I
results in a faster increase on the bonding ratio. By
developing a structural model to simulate the evolution of
pore healing at different stages, a more reasonable rela-
tionship between mechanical property and microstructural
evolution could be obtained during overall thermal expo-
sure duration. The indentation impression of Knoop
indentation is approximately 70-100 lm, whereas the
length of a splat segment is approximately 10-20 lm.18

Therefore, the measured region of Knoop indentation is
just several splat segments. In other words, the Knoop
indentation is more informative to reflect the very essen-
tial microstructural characteristics of the PS-YSZ coat-
ings.18 Figure 10 shows the comparisons between model
prediction and the microscopic Young’s modulus in this
study. It can be observed that the model prediction exhib-
ited a two-stage evolutionary trend, which is consistent
with the experimental data. In detail, the ultrafast increase
rate of Young’s modulus at the stage-I was captured
preferably based on the fast increase of bonding ratio.
This suggested that the increase of bonding ratio is pri-
marily responsible for the structural change at the stage-I.
At the stage-II, the evolution of Young’s modulus was
attributed to the healing of connected pore network with
a relatively slower kinetics.

To sum up, the structural model predicted a two-stage
evolutionary trend of the mechanical property, which is
well consistent with the experimental results. To begin
with, the intrinsic characteristics of the PS-YSZ coatings at
the as-deposited state were captured properly, which pro-
vided a good foundation for the further microstructural
evolution. Secondly, the revealing of the dominant
microstructural changes at different stages guaranteed the
sintering process based on the as-deposited state. At the
stage-I, the large quantity of intersplat pore tips provided a
higher possibility to realize a rapid healing induced by the
multipoint connection. At the following stage-II, the resid-
ual wide intersplat pore parts, as well as the intrasplat
cracks decreased the possibility of multiconnection between
counter-surfaces. Consequently, the further healing would
proceed primarily from two tips to center without multicon-
nection, as described in the typical sintering model.7 There-
fore, a slower sintering kinetics was presented at the stage-
II. It is reported that the sizes and separations of intersplat
pores are highly dependent with the morphologies of start-
ing powders and process conditions.15,16,20 The sintering
would be thereby affected significantly. By revealing the
sintering mechanism of TBCs related to the pore network,
it is possible to realize structural tailoring by optimizing
the process conditions, as well as the powder selection. In
a companion paper (Part II), the detailed reasons responsi-
ble for the ultrafast sintering kinetics at the stage I would
be discussed.

6 | CONCLUSIONS

In this study, a comprehensive understanding on the sinter-
ing behavior of PS-YSZ coatings was obtained. The

(A)

(B)

(C)

(D)
FIGURE 10 Comparison between
model prediction and experimental results
in this study: (A, B) 1000°C and (C, D)
1300°C. (B) and (D) are the Ln-t curves
corresponding to (A) and (C), respectively.
The dark and light green refer to fast and
slow increase kinetics, respectively. The As
stands for the as-deposited state [Color
figure can be viewed at
wileyonlinelibrary.com]

LI ET AL. | 2187



healing of 2D pores was aging stage-sensitive, resulting in
a two-stage evolutionary trend of mechanical property. The
detailed conclusions are as follows:

1. At the as-deposited state, the intersplat pores appeared
to be wedge-like, whereas the intrasplat cracks exhibit
an equal-thick morphology.

2. At the stage-I, a rapid healing induced by multipoint
connection occurred at the intersplat pore tips, as well
as a small quantity of narrow intrasplat cracks, which is
responsible for the ultrafast sintering kinetics at this
stage.

3. At the following stage-II, the residual wide intersplat pore
parts and the wide intrasplat cracks decreased the possi-
bility of multipoint connection at their counter-surfaces.
Consequently, the further healing would proceed primar-
ily from two tips to center without multiconnection,
resulting in a much lower sintering kinetic at this stage.

4. A structural model was developed based on the
microstructure of PS-YSZ coatings, in order to compre-
hensively understand the quantitative evolution of coat-
ing properties. The model predicted a two-stage
evolutionary trend, which is consistent with the experi-
mental data. This confirmed the healing behavior of the
intersplat pores and the intrasplat cracks at different
thermal exposure stages.

Finally, a comprehensive understanding on the sintering
behavior of PS-YSZ coatings can contribute greatly to
prolonging the service life span of TBCs, by reasonably
tailoring the microstructure and the pore distribution in the
top-coat of TBCs.
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