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A B S T R A C T

Understanding the sintering kinetics of plasma-sprayed thermal barrier coatings (PS-TBCs) is crucial to retard
their performance degradation. However, under real service condition, the sintering kinetics is often affected by
multiple factors. This study investigated the sintering kinetics, in a novel scale-progressive view, under the
combined-effect of internal and external factors. Results show that the sintering kinetics of PS-TBCs was highly
associated with their unique sintering process from nanoscale to microscale. Firstly, sintering leads to nano-
scopic roughening of the pore surface. Subsequently, multiple contacts are formed between counter-surfaces. As
a result, microscopic healing of pores can be finally observed. In terms of external factors, the temperature
further affects the level and rate of nanoscopic roughening. This is responsible for the differences of the mi-
croscopic healing ratios, as well as the macroscopic elastic modulus.

1. Introduction

Thermal barrier coatings (TBCs) offer protective function against
high temperatures, which exceed the bearable limit of the underlying
components (often made of superalloy) in aircraft engines and land-
based gas turbines [1–8]. Therefore, consistently high thermal insula-
tion and durable service lifetime are crucial for TBCs. Plasma spraying
has proven its benefit for preparing TBCs with excellent thermal barrier
performance [9–14]. This is primarily attributed to the lamellar struc-
ture formed from the stacking of re-solidified splats [15]. In addition,
the strain tolerance of plasma-sprayed TBCs is enhanced distinctly with
respect to the bulk materials [16–20]. As a result, plasma-sprayed TBCs
find their widely application in gas turbine.

During thermal exposure, TBCs undergo inevitable structural
changes, along with performance degradation [21–24]. This is very
common for defect-rich ceramic structures affected by sintering. The
sintering process threatens TBCs mainly in the following ways: (i) the
thermal conductivity is increased significantly, suggesting that the
thermal barrier performance is weakened [9,25]; (ii) the coating stif-
fens, and the strain tolerance capacity is thereby decreased [26–28].
Moreover, the latter promotes the formation of large-scale cracks,
which are responsible for the failure phenomenon caused by spallation
[19,29–31]. Overall, sintering leads to performance degradation of
TBCs. It is suggested that the property changes are highly associated

with the specific microstructural evolution. In conventional porous
ceramic structures, porosity is often used to characterize the essential
structural changes, since the voids are often 3-dimensional [32,33]. In
contrast, in plasma-sprayed TBCs, changes in inter-splat pores and
intra-splat cracks dominate the microstructural evolution [20]. These
pores and cracks have much larger dimensions (approximately several
micrometers to several tens of micrometers) in two directions than that
in the third direction (approximately several nanometers to several tens
of nanometers), thus they can be regarded as 2-dimensional (2D) pores
or cracks [34–36]. This is the reason that the decrease of apparent
porosity is less than 20%, whereas the increases in thermal conductivity
and elastic modulus are over 100% [18]. Some authors have presented
direct experimental observations of sintering-induced healing of 2D
pores [37]. Others confirmed the dominant role of 2D pores from a
statistical viewpoint [5,38]. Generally, sintering-induced performance
degradation is primarily caused by the healing of 2D pores (or cracks).

However, sintering is a thermally-activated process, which means
that the healing of 2D pores would be spontaneous if the TBCs were
exposed to high temperatures. Therefore, sintering kinetics is critically
important, since it is essential to find ways to retard performance de-
gradation. In our previous reports [28,39], sintering kinetics as a
function of heating duration was presented, along with a quantitative
analysis which related the mechanical properties and microstructure. It
is suggested that ultrafast sintering kinetics occurs during the initial

https://doi.org/10.1016/j.jeurceramsoc.2018.12.053
Received 23 May 2018; Received in revised form 16 December 2018; Accepted 21 December 2018

⁎ Corresponding author.
E-mail address: ygj@mail.xjtu.edu.cn (G.-J. Yang).

Journal of the European Ceramic Society 39 (2019) 1860–1868

Available online 23 December 2018
0955-2219/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2018.12.053
https://doi.org/10.1016/j.jeurceramsoc.2018.12.053
mailto:ygj@mail.xjtu.edu.cn
https://doi.org/10.1016/j.jeurceramsoc.2018.12.053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2018.12.053&domain=pdf


stage, followed by much slower rates at extended durations. Similar
results on sintering kinetics affected solely by heating duration can also
be found in other reports [9,16,25]. Nevertheless, the previous work
does not cover all the cases of sintering kinetics that occurs in real
service. On one hand, TBCs often must work at various temperatures
depending on the process requirements. On the other hand, the next
generation of TBCs should have the ability to withstand higher tem-
peratures, so that a higher efficiency can be obtained from gas turbines
[40]. All these points suggest that sintering kinetics dependent on both
temperature and dwell time would be crucial for current use and the
future development of TBCs.

Therefore, the objective of this work is to investigate the co-effect of
temperature and dwell time on the sintering kinetics of plasma-sprayed
TBCs. The changes of structure investigated primarily are the healing
rates of 2D pores, whereas the properties are determined at multiple
scales. First, samples were exposed to different temperatures for hun-
dreds of hours. During the process, changes of microstructure were
characterized, and the properties in multiple scales were determined.
Subsequently, a structural model was used to correlate the changes of
microstructure and the mechanical properties, to identify the dominant
factors controlling the sintering kinetics. Next, the temperature-sensi-
tive rates of 2D pore healing were analysed in detail. This study pro-
vides a comprehensive understanding of the sintering kinetics of
plasma-sprayed TBCs.

2. Experimental procedure

2.1. Sample preparation

A commercially available hollow spherical 8 wt.% YSZ powder
(HOSP, -75 to+ 45 μm, Metco 204B-NS, Sulzer Metco Inc., New York,
USA) was used to deposit ceramic coatings with a commercial plasma
spray system (GP-80, 80 kW class, Jiujiang, China). The plasma
spraying parameters are shown in Table 1. The thickness of the top coat
was approximately 500 μm. In this study, all samples to be exposed
were in their free-standing states. Therefore, stainless steel was used to
support the coating deposition. To represent the geometries of different
applications, substrates were designed to have either a circular shape
with dimensions φ20mm×3mm or a rectangular shape with dimen-
sions 60mm×10mm×3mm. Grit blast was used to roughen the
substrate, to ensure good adhesion between the coating and substrate.
Subsequently, a hydrochloric acid solution was used to remove the steel
substrates.

2.2. Thermal exposure of samples

The service temperature of TBCs is often above 1000 °C. Therefore,
3 different temperatures of thermal exposure were selected, 1000 °C,
1200 °C, and 1400 °C. At each temperature, evolution as a function of
dwell time was investigated. Therefore, the co-effect of temperature
and durations on the sintering kinetics can be obtained. Relatively low
heating and cooling rates of 10 °C/min were used.

2.3. Microstructural characterization

Healing of 2D pores was observed using scanning electron micro-
scopy (SEM, TESCAN MIRA 3, Brno, Czech Republic). The circular
shaped samples (φ20mm×0.5mm) were used for the in-situ ob-
servation. The detailed procedure can be found elsewhere [28], but the
general procedure is as follows: (i) a target inter-splat pore is found
from the sample cross-sections at high magnifications; (ii) the magni-
fication is decreased gradually to view the global morphology of the
sample; (iii) the target position is determined by fixing the corre-
sponding coordinates; (iv) the target can be re-located after thermal
treatment according to its coordinates.

The healing behaviour of 2D pores was also investigated in a sta-
tistical way. Because pores are 2D, their healing behaviour can be
characterized by the total pore length per unit area, called the length
density. The statistical length was determined under a magnification of
5000× using SEM. For micropores that were difficult to measure, a
higher magnification was used. The densities of inter-splat pores were
measured at polished cross-sections, whereas the coating surface pro-
vided the area to determine the densities of intra-splat cracks. At each
state during thermal exposure at different temperatures, at least 50 SEM
images were analysed.

An inter-splat pore is actually unbonded interface between two
neighbouring splats. Therefore, the inter-splat pores are formed by the
top and bottom surfaces of two splats. Thus, the change of the splat
surface was used to investigate the healing rate at different tempera-
tures. Atomic force microscopy (AFM, Asylum Research Cypher, USA)
was used to characterize the surface changes of the splats. In addition,
high resolution transmission electron microscopy (HRTEM, JEM-
2100 F, JEOL, Japan) was used to observe the pore healing behaviour.

2.4. Determination of mechanical properties in multiple scales

Because defects are multiscale, the mechanical properties of plasma-
sprayed ceramic coatings often appear to be scale-sensitive [41].
Therefore, it is necessary to determine the mechanical properties of
plasma-sprayed TBCs at multiple scales. For the microscale elastic
modulus, the Knoop indentation test (Buehler Micromet 5104, Akashi
Corporation, Japan) was used with a test load of 300 gf and a holding
time of 30 s. The circular samples (φ20mm×0.5mm) were used to
determine the microscopic elastic modulus. For the macroscopic elastic
modulus, rectangular samples (60mm×10mm×3mm) were used
with a three-point bending test (Instron 5943, America). The multiscale
elastic moduli of samples were determined only in their in-plane di-
rections, since the strain generated during thermal service is mainly
along the coating surface [18].

3. Results

3.1. Changes of elastic modulus in multiple scales dependent on
temperatures

Fig. 1 shows changes of the elastic modulus as a function of dwell
time at different temperatures. It is found that the sintering kinetics is
featured with two stages on double logarithmic plots. Fig. 2 shows the
increments of elastic modulus at different stages, which are defined
according to the turning points of the slope values. Table 2 shows the
slope values of the different linear portions. The dwell time of stage I at
1400 °C, 1200 °C, and 1000 °C is approximately 6 h, 10 h, and 20 h,
respectively. Some similar trends were observed for all the tempera-
tures, as seen in Figs. 1 and 2. First, the overall rates of change were
divided into two stages approximately, confirming that the sintering
kinetics is time-sensitive. During the initial stage (called stage I) of
several hours, the sintering kinetics appears to be ultrafast. However,
during the following extended stage (called stage II), the increasing
rates slow down significantly. Second, the increments during the stage I

Table 1
Parameters used for PS-YSZ coatings.

Parameter Unit Value

Plasma arc voltage V 70
Plasma arc current A 600
Flow rate of primary gas (Ar) L/min 50
Flow rate of secondary gas (H2) L/min 7
Flow rate of powder feeding gas (N2) L/min 7
Spray distance mm 110
Torch traverse speed mm/s 800
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are much larger than those during the stage II.
In addition to the above-mentioned similar phenomena caused by

dwell time, a significant effect of temperature on sintering kinetics can
also be found. First, a higher temperature leads to a faster rate of
change during the stage I. Moreover, the increase of the changing rate
seemed to be gradual from 1000 °C to 1200 °C. However, a sharp in-
crease was observed from 1200 °C to 1400 °C. These suggest that the
effect of temperature on sintering kinetics is enhanced distinctly at
higher temperature. Second, the increments of samples during stage I
were increased with the temperature. Thirdly, it was found that a
higher temperature completes its first stage in shorter time. Overall,
from the changes of the elastic modulus, it was found that higher
temperatures result in faster sintering kinetics, and this effect is en-
hanced above 1200 °C.

3.2. Changes of 2D pore density

Fig. 3 shows the changes of 2D pores as a function of dwell time at
different temperatures. Fig. 4 shows the decrement of 2D pore density
at different stages. Similar to the mechanical properties, the effects of
dwell time and temperature on the healing rates of 2D pores are ob-
vious. It was found that the healing rates of inter-splat pores and intra-
splat cracks have different dependencies on the dwell time. The inter-
splat pore densities decreased significantly during the stage I. In con-
trast, the intra-splat cracks showed a slight decrease in pore density
during the stage I, albeit at a much higher rate during the stage II.
Regarding the effect of temperature, it was found that the healing rate
of inter-splat pores increased at higher temperatures. Moreover, with
the increase of temperature, a shorter stage I can lead to a larger de-
crement of inter-splat pore density.

3.3. Correlation between microstructure and mechanical properties

In Figs. 1 and 3, similar temperature effects on sintering kinetics can
be seen. Therefore, it is necessary to correlate the changes of the mi-
crostructure and mechanical properties. A structural model was de-
veloped to predict the in-plane elastic modulus and the effect of the
healing of 2D pores, as shown in Fig. 5. A plasma sprayed coating is
formed by the stacking of splats re-solidified from molten powders. Due
to the brittle feature of ceramic materials, the original disk-shaped
splats are fractured into several segments under the quenching stress
[35]. Therefore, plasma-sprayed ceramic coatings are actually stacks of
those segments. Along the through-thickness direction, the segments
are bonded partially, resulting in the formation of inter-splat pores.
Along the in-plane direction, the segments are divided by intra-splat
cracks [34]. The assumptions are described as follows: (i) the segments
are all assumed to be cubic, despite their irregular initial shapes; (ii) the
bonding areas are located at the bottom center of the segments; (iii) the
stacking of structural units is uniform. The healing of 2D pores is rea-
lized by bonding their counter surfaces. The bonding ratio at different
dwell time is obtained from the corresponding changing ratio of 2D
pore density.

The elastic modulus was predicted using the commercial FEM code

Fig. 1. Changes of elastic modulus during thermal exposure on double logarithmic plots: (a) macroscale and (b) microscale.

Fig. 2. Increments of elastic modulus at different stages: (a) macroscale and (b) microscale.

Table 2
Slope values of the different linear portions of elastic modulus obtained from
Fig. 1.

Stage I Stage II

Macroscale Microscale Macroscale Microscale

1000 °C 0.03 0.02 0.0001 0.0003
1200 °C 0.08 0.06 0.0002 0.0004
1400 °C 0.17 0.12 0.0004 0.0005
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ABAQUS. A periodic pattern was extracted by cutting splat segments in
lower layers along the segment boundaries in upper layer, as shown in
Fig. 5. As a result, the periodic pattern is formed by stacking of two
layers: a whole splat segment from upper layer and four parts of four
splat segments in the lower layers. Periodic boundary conditions were
applied on the corresponding-pair surfaces, so that they would behave
consistently under load. In this way, the intrinsic elastic modulus of the
structure can be determined using the periodic pattern, which elim-
inates the need to consider the dimensions of the entire surface. The

details for introducing periodic boundaries can be found elsewhere
[42]. Herein, the segment is set to be homogeneous, isotropic, and
linearly elastic. Other parameters can be found in Table 3. The x–z
plane is taken as the reference plane (in-plane direction), which is
perpendicular to the heat flux. To obtain the elastic modulus, a tensile
strain along the in-plane direction was applied to the cross-section with
periodic boundary conditions. Subsequently, the stress-strain curve can
be used to determine the elastic modulus.

Fig. 6 shows the predicted elastic modulus as a function of splat
length and thickness, along with experimental data determined by
Knoop indentation. The elastic modulus is found to be linearly affected
by the length and thickness of splat segments. Therefore, it would be
reasonable to use average value for the final prediction, as shown in
Fig. 6c. It is found that the predicted elastic moduli are consistent with
the trends of the experiments. The overall dwell time is divided into two
stages for all temperatures. It was found that higher temperatures lead
to a faster and larger increase of the elastic modulus during stage I.

In summary, the correlation between the microstructure and me-
chanical properties suggests that the healing of 2D pores is primarily
responsible for the performance degradation. This is consistent with
previous reports [28,36]. Therefore, the sintering kinetics of plasma-
sprayed TBCs corresponds to the healing rate of 2D pores. The effects of
internal and external factors on healing rate were discussed in the
following sections.

Fig. 3. Changes in 2D pores during thermal exposure: (a) fractured cross sections of samples at different dwell time of 1200 °C, (b) sample surface at different dwell
time of 1200 °C, and (c) 2D pore density as a function of dwell time at different temperatures.

Fig. 4. Decrements of 2D pore density at different stages.
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4. Discussion

It was found from Fig. 2 that the increase of elastic modulus during
the stage I is often above 70% of the total change. Correspondingly,
during stage I, the dominant structural change is the healing of inter-
splat pores (see Fig. 4). Therefore, to retard the performance degrada-
tion, the mechanism of the temperature dependence of the healing rates
of inter-splat pores is critically important.

4.1. Internal factor: scale-progressive healing mechanism of inter-splat pores

Commonly, sintering of ceramics is a result of thermally activated

Fig. 5. Development of structural model to correlate elastic modulus with 2D pores.

Table 3
Parameters of model to predict elastic modulus.

Classification Parameters Values

Material intrinsic properties Young’s modulus 205 GPa
Possion’s ratio 0.23

Structure Splat length 6˜15 μm
Splat thickness 1˜2 μm
Initial bonding ratio 28%

Model Global seeds for meshing 0.2 μm
Global strain 0.02%

Fig. 6. Predicted elastic modulus as a function of splat length (a) and thickness (b); and (c) comparison between model prediction and experimental results.
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matter transfer, to decrease the free energy of whole system. For ex-
ample, during the sintering of ceramic powders, a neck between pow-
ders is formed followed by its diameter growth [43]. For plasma-
sprayed TBCs, the pore surface would similarly decrease due to healing.
However, the healing process is structure specific. In plasma-sprayed
TBCs, the inter-splat pores are formed due to partially bonded splats.
Cipitria et al. [34] developed a structural model to investigate the
sintering process. In their model, the healing of inter-splat pores oc-
curred due to the diameter increase of the bonding area at a constant
rate. They guided the investigation of sintering behaviour from the
view of pore healing. However, their predicted results cannot capture
the ultrafast sintering kinetics observed during the stage I. This suggests
that the healing mechanism of inter-splat pores may be different from
our conventional understanding. Fig. 7 shows the healing behaviour of
inter-splat pores characterized by TEM and SEM. A common phenom-
enon is that the pores evolve from a continuous to a separated mor-
phology. It seems that the pores are bridge-connected in some areas.
This suggests that, in addition to gradual increase in bonding area,
multiple contacts occurred during the healing of inter-splat pores. The
multiple contacts are the essential cause of the ultrafast sintering ki-
netics during stage I. During sintering, the healing of pores occurs
through matter transfer. Therefore, the healing rate of inter-splat pores
is determined by the transfer rate of matter. The multiple contacts
formed between inter-splat pores provide more paths to transfer matter
simultaneously. As a result, the sintering kinetics driven by the multiple
contact paths are much higher than that of the single path assumed in
previous report [34].

The multiple contacts in 2D gaps (i.e., an inter-splat pore) are
mainly caused by the combined effect of roughening in the splat surface
and the morphology of inter-splat pores. The roughening effect is also
reported in previous papers with different materials, like YSZ [39,44]
and La2Zr2O7 [45]. Fig. 8 shows the morphology change of a splat
surface. It is seen that the initial smooth surface roughens in nanoscale
after thermal exposure. It is reported that the dominant diffusion me-
chanism at 1000 °C is surface diffusion, whereas it is volume diffusion
at 1200 °C and above [46]. In addition, the volume diffusion would
cause densification, as well as changes in macroscopic dimensions [34].

Therefore, the roughening in Fig. 8 is mainly caused by volume diffu-
sion. Regarding the effect of splat morphology, their width appears to
be non-equal (see Fig. 7c). At the narrow area, the effect of nanoscale
roughening can cause multiple contacts of the counter-surfaces of an
inter-splat pore in microscale (see Fig. 7). Subsequently, the healing of

Fig. 7. Multiple contact healing behaviour of inter-splat pores by TEM and SEM: (a) and (c) are initial states; (b) and (d) are states after thermal exposure at 1200 °C
for 20 h.

Fig. 8. Morphology change of splat surface at 1200 °C: (a) as-deposited state
and (b) after thermal exposure.

G.-R. Li et al. Journal of the European Ceramic Society 39 (2019) 1860–1868

1865



Fig. 9. Quasi in-situ observation of healing of inter-splat pores: (a) 1400 °C, (b) 1200 °C.

Fig. 10. Temperature-dependent changes of surface height after thermal exposure: (a) method to obtain surface height by AFM, (b) comparison for different
temperatures.
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inter-splat pores proceeds by the sintering of contacted-grains. This is
consistent with the previous report [46]. The whole process is accom-
panied by a diameter increase of the contact-neck, just like the sintering
mechanism of ceramic powders [43]. In summary, the healing pattern
of inter-splat pores occurs due to having multiple contacts in a narrow
area, which is related to the material and structure.

4.2. External factor: temperature-dependent sintering kinetics of plasma-
sprayed TBCs

Based on the healing mechanism described above, the sintering ki-
netics of plasma-sprayed TBCs will be highly related to the healing rate
of inter-splat pores. As a result, the roughening scale and rate would be
the two main factors that affect the sintering process. Fig. 9 shows the
quasi in-situ healing of inter-splat pores at different temperatures. The
pore surfaces roughen at all temperatures, which is consistent with the
AFM result (see Fig. 8). However, taking the temperature effect into
account, the roughening features are obviously different. Fig. 10 shows
the surface height after thermal exposure at different temperatures. The
dwell time approximately correspond to stage I. Firstly, the roughening
scales are different. At 1400 °C, the height of the splat surface can be
above 60 nm, whereas it is less than 20 nm at 1000 °C. There is no doubt
that a larger height of the surface roughening would lead to more
contact area or a higher healing ratio [39]. This can be responsible for
the larger increment of the elastic modulus at higher temperature (see
Fig. 2), since the properties of plasma sprayed ceramic coatings are
determined mainly by the bonding ratio [35,47]. Moreover, the healing
pattern of multiple contacts gives an equal healing chance for the
contacted area. This means that a higher healing ratio often corre-
sponds to a faster increase-rate of the elastic modulus. Secondly, the
mechanism of matter transfer is dependent on the temperature [46]. A
higher temperature results in a larger driving force for matter transfer.
Consequently, at a higher temperature, the roughening of the splat
surface can reach its stable state earlier. This is the reason that the stage
I duration with ultrafast sintering kinetics becomes shorter with an
increase of temperature (see Fig. 1).

The sintering kinetics of plasma sprayed TBCs, affected by tem-
perature and dwell time, are shown in Fig. 11. The changes of surface
height as a function of dwell time are obviously non-linear (Fig. 11a).
Moreover, the temperature enhanced this non-linear behaviour. As a
result, the increased scale and rate of the surface roughening is sig-
nificantly improved. The healing of inter-splat pores, as well as the
increase of elastic modulus is relatively linearly related to surface
height (Fig. 11b). The reason is that the multiple contact healing be-
haviour of inter-splat pores dominates the sintering during stage I with
ultrafast kinetics. The temperature affects the roughening scale and rate
(Fig. 11a). Therefore, it can be concluded that the healing rate of inter-
splat pores and the increase rate of mechanical properties are highly

dependent on the temperature and dwell time. This is the main me-
chanism responsible for the sintering kinetics involving a combined
effect of internal and external factors.

5. Conclusions

In this study, the sintering kinetics, affected by internal and external
factors, of the PS-TBCs were investigated in a novel scale-progressive
view. The unique internal sintering behaviour is primarily responsible
for the external temperature effect on sintering kinetics. The detailed
conclusions are as follows:

(i) In terms of internal factors, the sintering is associated with the
changing features of the materials and structure. First, the pore
surfaces evolve due to nanoscopic roughening from an initially
smooth surface. Subsequently, the roughened surface leads to
multiple contacts between the counter-surfaces of the inter-splat
pores. Finally, microscopic healing can be observed. The whole
process proceeds due to matter transfer, accompanied by a decrease
of free energy. This healing mechanism with multiple contacts is
responsible for the time-sensitive sintering kinetics.

(ii) In terms of external factors, the temperature affects the level and
rate of nanoscopic roughening at the pore surface. As a result, a
higher temperature leads to a larger microscopic healing ratio in
shorter time. This is the essential cause of the differential incre-
ments of the elastic modulus in multiple scales.

Finally, the combined effect of internal and external factors on
sintering kinetics provides a comprehensive understanding on the
structural evolution of the plasma-sprayed TBCs. This is essential for the
further structural tailoring of TBCs to retard their performance de-
gradation and to develop advanced TBCs with higher performance.
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