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a  b  s  t  r  a  c  t

Nanostructured  thermal  barrier  coatings  (TBCs)  often  provide  high  degradation  resistance,  as well  as
extended  lifetime.  However,  the  underlying  mechanism  has  not  been  fully  understood.  In this  study,  the
sintering  characteristics  of  nanostructured  yttria-stabilized  zirconia  (YSZ)  coatings  were  investigated,
and  compared  with  those  of the  conventional  YSZ  coatings.  Multiscale  characterizations  of  the changes
in  microstructures  and properties  were  performed.  Results  showed  that  the  enhanced  high-performance
durability  was  mainly  attributed  to different  sintering  mechanisms  of  lamellar  zones  and  nanozones.
Sintering  characteristics  of  the  lamellar  zones  were  similar  to  those  of the  conventional  coatings.  Stage-
sensitive  healing  of two-dimensional  (2D)  pores  dominated  the  sintering  behavior  of  the  lamellar  zones.
However,  the  differential  densification  rates  between  nanozones  and  lamellar  zones  of  the  nanostruc-
tructural tailoring tured  TBCs  led to the  formation  of coarse  voids.  This  counteractive  effect,  against  healing  of  2D  pores, was
the main  factor  contributing  to the retardation  of  the  performance  degradation  of  bimodal  TBCs  during
thermal  exposure.  Based  on the  understanding  of  the  performance-degradation  resistance,  an  outlook
towards  TBCs  with  higher  performances  was  presented.

©  2018  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
. Introduction

Thermal barrier coatings (TBCs) are protective layers applied
o the surfaces of hot metallic components in gas turbine engines,
hich are frequently utilized in aircraft propulsion and power gen-

ration [1–8]. TBCs can cool down the underlying substrate, leading
o improved component durability. Meanwhile, fuel efficiency can
e increased by allowing an increase in the inlet temperature in a
urbine. Commonly, a TBC consists of a ceramic top coat, a metal-
ic bond coat, and a thermally grown oxide (TGO) layer forming
t operation temperatures. Regarding the function and durability
f TBCs, the performances of thermal insulation and resistance to
pallation during high-temperature services are crucial [9–13]. The
op coat acts as a thermal barrier, and thereby has a major influence
n the performances of TBCs.

Top coats are usually prepared by plasma spraying (PS) and

lectron beam-physical vapor deposition (EB-PVD). The high
nvestment cost and low deposition efficiency make EB-PVD a
ery expensive process [14]. In contrast, PS is cost-effective, and
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005-0302/© 2018 Published by Elsevier Ltd on behalf of The editorial office of Journal of
thereby more commonly applied in the fabrication of TBCs. PS
ceramic coatings exhibit a typical lamellar structure with different
types of pores (or cracks) [15–18]. The inter-splat pores correspond
to the imperfect bonding between layers. Their orientations are
against the heat flux, and dominantly responsible for the thermal
insulation. Intra-splat cracks refer to the cracks inside an origi-
nally disk-shaped splat. They run through the splat thickness. The
inter-splat pores are connected with intra-splat cracks, leading to
a two-dimensional (2D) pore network. Therefore, values of ther-
mal  and mechanical properties of PS top coat are only <50% of
those of the corresponding bulk materials [19–21]. For example, the
through-thickness thermal conductivity of PS yttria-stabilized zir-
conia (YSZ) is approximately 1 W m−1 K−1, whereas that of bulk YSZ
is 2.5 W m−1 K-1 [22]. Similarly, the macroscopic in-plane elastic
modulus of YSZ is approximately 20 GPa, while the corresponding
value of bulk YSZ is ∼220 GPa [23]. The very low values of thermal
conductivity and elastic modulus, compared with bulk YSZ mate-
rial, suggest that PS top coat has excellent thermal insulation and
strain tolerance at its as-deposited state. However, the lifetime of

PS top coat is significantly shorter than that of EB-PVD top coat
[24,25]. One of the reasons is that sintering leads to stiffening of
the top coat during thermal exposure [26]. It was reported that the
in-plane elastic modulus can be increased by 200% after heat treat-
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Table 1
Parameters used for plasma spraying.

Parameter Value

Plasma arc voltage (V) 60
Plasma arc current (A) 650
Flow rate of primary gas (Ar) (L min−1) 50
Flow rate of secondary gas (H2) (L min−1) 7
Flow rate of powder feeding gas (N2) (L min−1) 4.5
32 G. Li, G. Yang / Journal of Materials 

ent at 1300 ◦C for 100 h [23,27]. As a result, the strain tolerance
ould be significantly affected and some large cracks are formed

ubsequently, resulting in the spallation of the top coat [28,29].
herefore, the performance degradation induced by sintering is a
ain concern during the service of a PS top coat [30].
A PS nanostructured top coat seems to be a good choice to

etard the performance degradation [31–35]. It has been reported
hat the degradation degree of the thermal insulation of a nanos-
ructured YSZ coating is <50% of that of the conventional PS YSZ
oating [36,37]. In addition, the lifetime of nanostructured coat-
ngs is extended by 50%–100% [38,39]; the oxidation resistance is
nhanced significantly as well [40]. However, the underlying mech-
nism responsible for the degradation-resistant behavior of the PS
anostructured top coat has not been fully understood. In previous
tudies, failure of TBCs was  highly related to the structural evolu-
ion during thermal exposure [28] and the thermal stress caused
y thermal mismatch between metallic layer and ceramic layer
41]. PS nanostructured top coat often exhibits a bimodal structure:
n-melted nanozones are surrounded by melted lamellar zones
40,42,43]. This unique microstructure complicates the structural
volution of nanostructured top coat, compared to that of the con-
entional lamellar top coat. The nanozones have a higher surface
rea with an isotropic loose structure, whereas the lamellar zones
re relatively denser with an anisotropic structure [44]. There-
ore, sintering behavior of lamellar zones would be different from
hat of nanozones. The final performance would be a comprehen-
ive reflection of the structural evolution of the bimodal structure.
herefore, it is necessary to reveal the sintering characteristics of
imodal structures to understand the degradation-resistant behav-

or of nanostructured TBCs.
This study compared the structural evolutions of conventional

amellar and nanostructured bimodal coatings. Sintering character-
stics of both lamellar zones and nanozones were characterized by

 systematical investigation of the changes of microstructures and
roperties during thermal exposure. The mechanism responsible
or the degradation-resistant behavior was revealed. In addition,
n outlook on structural tailoring towards high performance TBCs
as proposed.

. Experimental

.1. Sample preparation

Conventional lamellar top coat was prepared by a commercially
vailable hollow spheroidized YSZ powder (HOSP, -75-45 �m,
etco 204B-NS, Sulzer Metco Inc., New York, USA). Nanostructured

imodal top coat was prepared by a commercial nanostructured
SZ (Nanox S4007, Inframat corporation, Farmington, CT, USA). A
pray drying process was  used to agglomerate individual nano-
ized YSZ powders into microscopic agglomerates, which can be
prayed effectively. A laser diffraction particle size analyzer (Beck-
an Coulter, Miami, FL, USA) was used to evaluate size distribution

f the agglomerates, while a Nano measurer was used to determine
ize distribution of the nanopowders. Morphologies and parti-
le size distribution of the agglomerates and nanosized powders
re shown in Fig. 1 [45]. Such two types of YSZ coatings were
eposited on stainless-steel substrates to ∼1 mm,  using a com-
ercial plasma spray system (GP-80, 80 kW class, Jiujiang, China).

he spray parameters are shown in Table 1. After deposition, free-

tanding samples were obtained through dissolution of substrate
y a hydrochloric acid solution. In order to remove residual acid in
oatings, free-standing samples were further immersed in deion-
zed water for 24 h.
Spray distance (mm)  100
Torch traverse speed (mm s−1) 500

2.2. Structural characterization

Service temperatures of TBCs with YSZ top coat are often under
1200 ◦C to avoid significant formation of monoclinic phase [46,47].
Therefore, thermal exposure was  conducted in an isothermal fur-
nace at 1150 ◦C with heating and cooling rates of 10 ◦C min−1.

Scanning electron microscopy (SEM, TESCAN MIRA 3, Czech)
was used to characterize surface and cross-sectional morphology of
the samples. Healing of 2D pores was examined by two  methods,
since 2D pores dominantly determine the thermal and mechani-
cal properties of PS top coat. One is quasi in-situ observation by
SEM, and the other one is quantitative characterization by statis-
tical 2D pore density. Detail for these two  methods can be found
elsewhere [48,49], and would be briefly described herein. The key
for quasi in-situ observation is to repeatedly find the target position
at high magnifications after different thermal exposure durations.
Therefore, the general procedure is as follows: (i) a target position
is found at a high magnification; (ii) the corresponding position
is labeled at a low magnification; (iii) the target position can be
re-located according to its labels after thermal exposure. 2D pore
density refers to the statistical 2D pore length in a unit area. At
least 20 SEM images with a magnification of 5000 times were used.
In addition to 2D pore density, apparent porosity was determined
by image analysis using SEM backscattered electron images with a
magnification of 1000 times. For each state during thermal expo-
sure, 10 images were used to estimate the apparent porosity.

2.3. Properties determination

The complicated structure of PS ceramic coating makes it dif-
ficult to determine the properties effectively in a single way,
since the properties are actually scale-sensitive. Therefore, both
macroscopic and microscopic elastic moduli in their in-plane
directions were determined. The reason is that thermal stress
caused by substrate is mainly generated in the in-plane direc-
tion [28,48,50,51]. Macroscopic elastic modulus was determined
by three-point bending (Instron 5943, America) at samples with
dimensions of 60 mm × 10 mm  × 1 mm.  A dialgauge on the mea-
surement device was used to determine central deflection (w).
Subsequently, macroscopic elastic modulus (E) can be obtained
from the following formulas:

w = PL3

48D
(1)

D = Eyh3

12(1 − �2)
(2)

where P is the load applied at the middle of the span, L is the span
between two supports, D is the bending stiffness, Ey is the Young’s
moduli of the coating, h is the coating thickness, � is the Poisson’s

ratio of the coating, and w is the central deflection.

Microscopic elastic modulus was  determined by Knoop inden-
tation (Buehler, Micromet 5104, Akashi Corporation, Japan). The
sample size is �20 mm × 1 mm.  The load was  0.3 kg and duration
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ig. 1. Morphologies and size distributions of agglomerates and nanosized powde
anosized powders; (C) size distribution of agglomerates; (D) size distribution of 

3.7  �m; d0.5: 50% particles have diameters smaller than the value 79.9 �m;  d0.9: 9

as 30 s. In-plane elastic modulus was determined from the pol-
shed surface. The formula to determine the elastic modulus is:

 = ˛H

( b
a − b′

a′ )
(3)

here  ̨ is a constant (0.45), H is hardness, a’ and b’ are the lengths
f the major and minor diagonals of the indentation impression,
espectively, a and b are the lengths of the major and minor diago-
als of the indenter, respectively, and b/a is 1/7.11.

Thermal conductivity was determined by a laser flash method.
he sample size was �12.7 mm × 1 mm.  The thermal diffusivity
f samples was measured using a laser flash analyzer (Netzsch,
ermany) at high temperature of 900 ◦C. Three samples were used

o determine the thermal diffusivity of each state during thermal
xposure. Heat capacity of the coatings was determined using dif-
erential scanning calorimetry 404 (Netzsch, Germany) and density
as calculated by dividing mass of the sample by its volume. Subse-

uently, thermal conductivity can be calculated using the following
quation:

 = � · CP · ˛t (4)

here � is the calculated thermal conductivity, � is the density, CP
s the heat capacity, and ˛t is the thermal diffusivity.

. Results

.1. Global structural evolution

Fig. 2 shows the polished cross-sections of the samples after
rogressively increasing the thermal-exposure duration. At the as-

eposited state, the conventional sample exhibits a typical lamellar
tructure with inter-splat pores and intra-splat cracks. In contrast,
he nanostructured sample exhibits a bimodal structure, which
mplies that medium gray nanozones are surrounded by the lighter
]: (A) morphology of agglomerates; (B) surface morphology of agglomerates with
ized primary particles (d0.1: 10% particles have diameters smaller than the value
ticles have diameters smaller than the value 152.4 �m).

lamellar zones. Moreover, the lamellar zone in the nanostructured
samples is similar to that in the conventional samples. Regarding
the structural evolution of the conventional samples, the num-
ber of large-sized pores (approximate size of 5–15 �m)  observed
at the as-deposited state decreases distinctly during the thermal
exposure. Regarding the structural evolution of the nanostructured
samples, the contrast between the nanozone and lamellar zone is
not as distinct as in the as-deposited state. This may  be attributed
to the sintering occurring in both lamellar zones and nanozones.

3.2. Overall evolution of mechanical property

Fig. 3 shows the changes of the in-plane elastic modulus as a
function of the thermal-exposure duration. Common phenomena
can be observed for the conventional and nanostructured samples.
The elastic modulus exhibits a significant increase, at macroscale
and microscale. Moreover, the evolution exhibits an obvious non-
linear trend. A very rapid increase occurs at initial short exposure
durations, while a gradual increase could be observed at following
long exposure durations. Therefore, the increment mainly occurs
during the initial exposure. The comparison between the conven-
tional and nanostructured samples reveals that the elastic moduli at
the as-deposited states are comparable. However, the increments
in the nanostructured samples are lower than those of the conven-
tional samples. This suggests that the nanostructured samples, to
some degree, can retard the sintering-induced stiffening.

3.3. Overall evolution of thermal conductivity

Fig. 4 shows the changes in the thermal conductivity as a

function of the thermal-exposure duration. A similarity between
the mechanical and thermal properties could be observed; the
evolution trends of the thermal conductivity are also non-linear.
Therefore, the fast increase at initial short durations turns into a
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Fig. 2. Global structural evolution during thermal exposure: (A) conventional TBCs; (B) nanostructured TBCs.

Fig. 3. Changes of elastic modulus as a function of therma
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logarithmic plots reveal that the changes of the 2D pore density
ig. 4. Changes of thermal conductivity as a function of thermal-exposure duration.

ignificantly slower increase at long exposure durations. The com-
arison between the conventional and the nanostructured samples
eveals that the nanostructured samples exhibit a slightly lower

hermal conductivity at the as-deposited state. Moreover, it is clear
hat the increase in the nanostructured samples is not as significant
s that of the conventional ones after long durations. Therefore, the
l exposure duration: (A) macroscale; (B) microscale.

nanostructured coatings weaken the degradation of the thermal
insulation during thermal exposure.

4. Discussion

4.1. Sintering characteristics of lamellar zones

Evolutions of the thermal and mechanical properties of nanos-
tructured TBCs are a comprehensive reflection of lamellar zones
and nanozones. Therefore, it is necessary to understand the sinter-
ing characteristics of these two zones. For the lamellar zones, the
inter-splat pores and intra-splat cracks dominantly determine the
effective properties [16,22,48]. Fig. 5 shows the statistical 2D pore
density as a function of the thermal-exposure duration. In order
to clearly show the changes at the initial short exposure dura-
tions, double-logarithmic plots were used. In addition, the value
of 0.1 h was  used to represent the as-sprayed state (correspond-
ing to 0 h), in order to show the overall evolution [26]. Healing
characteristics of the lamellar zones of the nanostructured sam-
ples are similar to those of conventional samples. Densities of the
inter-splat pores and intra-splat cracks significantly decreased dur-
ing the overall thermal exposure, which results in the obvious
changes in the thermal and mechanical properties. The double-
were stage-sensitive. At stage I (∼20 h), the healing kinetics of
the inter-splat pores was  significantly faster, whereas the intra-
splat cracks seemed unaffected. At stage II, both inter-splat pores
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Fig. 5. Statistical 2D pore densities during thermal exposure: (A) conventional TBCs; (B) nanostructured TBCs.

Fig. 6. Quasi in-situ healing behavior of an inter-splat pore at lamellar zones: (A) inter-spl
pore  after thermal exposure for 20 h.
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exposure. The sintering led to link-up of nanozones and lamellar
ig. 7. Comparison of decrease degrees of 2D pore density at different stages.

nd intra-splat cracks were healed at a similar but significantly
lower rate. The significantly faster healing of the inter-splat pores
t stage I was mainly attributed to the materials and structures.
ig. 6 shows the quasi-in-situ healing of the inter-splat pores. It was
ound that the inter-splat pores exhibited wedge-like morphology.
he initially flat splat surface gradually became roughening, lead-
ng to multipoint contacts at the very narrow pore tips. This would
rovide multi-way diffusion for matter transfer. Consequently, a
ignificantly faster sintering kinetic occurs at stage I, as the sin-
ering process of ceramics was driven by the decrease in the free
nergy of the whole system. At stage II, it is challenging to realize
urther multi-contact, as the unhealed parts are relatively wider.
herefore, the matter transfer can only proceed in a single way,
eading to a significantly slower sintering kinetics.
Fig. 7 shows comparisons of the decreasing degrees of 2D pores
ith respect to their corresponding as-deposited values. It can be

ound that the drop degrees of 2D pores in the nanostructured
at pore at 0 h; (B) local region of inter-splat pore at 0 h; (C) local region of inter-splat

samples were very similar to those in the conventional ones. There-
fore, it can be concluded that the sintering behavior of the lamellar
zones in the nanostructured samples was  similar to that in the con-
ventional samples. The healing of 2D pores was the main factor
contributing to the stiffening of the coatings [52,53]. Moreover, the
significant healing of the inter-splat pores is responsible for the
ultra-fast sintering kinetics observed by the changes of the ther-
mal  and mechanical properties (see Figs. 3 and 4). Subsequently, at
stage II, the healing of the inter-splat pores and intra-splat cracks
proceeded at a lower rate.

4.2. Sintering characteristics of interface between lamellar zones
and nanozones

The above results and discussion reveal that the changes in the
lamellar zones are not an essential cause for the differential evolu-
tion trends between the nanostructured and conventional samples.
Therefore, this section focuses on the sintering-induced changes in
the nanozones.

The nanozones have distinct effects on the properties at the
as-deposited state and states after the thermal exposure. For the as-
deposited state, the nanozones refer to the porous nanostructured
agglomerates. The large quantity of micropores in the nanozones
enhanced the thermal insulation performance, which explains
the lower thermal conductivity of nanostructured coatings than
that of conventional coatings [36]. For the states after the ther-
mal  exposure, the presence of micropores significantly increased
the surface energy. Consequently, the porous nanozones have a
higher driving force than that of the lamellar zones with respect to
sintering-induced densification. Fig. 8 shows the interfacial evolu-
tion between the lamellar zones and nanozones during the thermal
zones at some parts. This could be responsible for the phenomenon
of gradual decrease observed in Fig. 2. Moreover, the faster densi-
fication of the nanozones led to the separation of nanozones and
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Fig. 8. Interfacial evolution between nanozones and lamellar zones dur
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ig. 9. Comparison of apparent porosities between conventional TBCs and nanos-
ructured TBCs during thermal exposure.

amellar zones, and consequently to formation of coarse voids. The
ctivation energy of the grain growth in nanozones can be obtained
s follows [54]:

t = D0 exp(
−Q

RT
) (5)

here D0 and Dt are the initial and final nanocrystallite sizes, R is
he molar gas constant, and T is the annealing temperature.

The obtained activation energy of the grain growth was  approx-
mately 10 kJ/mol; the corresponding energy for bulk YSZ is
pproximately 580 kJ mol−1 [54]. Therefore, the very low activa-
ion energy of the grain growth is a characteristic of nanocrystalline
eramic oxides. This can be responsible for the different densifi-
ation rates between lamellar zones and nanozones. These coarse
oids can counteract the negative effect of the healing of micro-
copic pores (including 2D pores in lamellar zones and micropores

n nanozones).

Fig. 9 shows comparisons of the changes in apparent porosity
fter thermal exposure. At stage I, apparent porosities decreased
ith a similar trend for the nanostructured and conventional

Fig. 10. Changes of elastic modulus in double logar
ing thermal exposure: (A) as-deposited state; (B) 20 h; (C) 500 h.

samples, which could be attributed to the significant healing of
inter-splat pores (see Fig. 5). At the as-deposited state, the main
contribution to porosity is the large pores observed in Fig. 2. These
large pores emerged from spalling-off weakly bonded splats during
the sample preparation [55]. After the thermal exposure, the heal-
ing of the inter-splat pores enhanced the bonding between splats,
and consequently the quantity of large pores is decreased. At stage
II, the porosity of the nanostructured samples increased, whereas
the porosity of the conventional sample slightly decreased. This is
attributed to the formation of coarse voids caused by the differen-
tial densification rates between the lamellar zones and nanozones.

4.3. Mechanism of degradation resistance of nanostructured TBCs

Based on the sintering characteristics of lamellar zones
and nanozones, it is possible to understand the performance-
degradation-resistant behavior of nanostructured bimodal TBCs.
Fig. 10 shows the changes of the mechanical properties in double-
logarithmic plots. The evolution trends of the properties also
exhibit two-stage characteristics. The increase rates at stage I are
significantly higher than those at stage II. Correspondingly, Fig. 11
shows the normalized increments in the properties’ values with
respect to those of the as-deposited states. The increments in elastic
modulus at stage I of the nanostructured and conventional sam-
ples are comparable, since the healing of inter-splat pores is the
dominant structural change at this stage (Fig. 5). However, at long
exposures (stage II), coarse voids appear inside the nanostructured
coatings. Therefore, the increments in elastic modulus are not as
significant as those of conventional coatings.

From the comprehensive comparison of the sintering behavior
of the lamellar zones and nanozones, it can be concluded that the
degradation-resistant behavior of nanostructured bimodal TBCs is
mainly attributed to the formation of coarse voids, which posi-
tively affect the effective thermal and mechanical properties. Using

energy of the whole system, the following equation determines
whether cracks would propagate [28]:

Gi > Gic (6)

ithmic plots: (A) macroscale; (B) microscale.
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ig. 11. Comparison of normalized elastic modulus with respect to their as-
eposited states.

i =
∫ h

0

Eε2

2(1 − �)
dh (7)

here Gi is the strain-energy release rate, Gic is the critical strain-
nergy release rate, h is the vertical distance from the coating
urface to the position of the crack, and ε is the strain.

The nanostructured TBCs retard the stiffening process. The
ower elastic modulus leads to a weaker driving force for the spal-
ation of the top coat, which can explain their extended lifetime.

In summary, the degradation-resistant behavior of nanostruc-
ured bimodal TBCs was significantly related to the sintering of
amellar zones and nanozones. The healing of 2D pores in lamel-
ar zones led to a significant improvement of the effective thermal
nd mechanical properties; the coarse voids emerging from the dif-
erential densification rates between nanozones and lamellar zones
ounteracted the performance degradation. It is worth noting that
he nanozones in PS nanostructured coatings are in isotropic forms.
herefore, the orientation of the coarse voids would be randomly
istributed. The orientation of pores in TBCs would have a sig-
ificant effect on the thermal and mechanical properties [13,15].
herefore, in future studies, it is necessary to control the orientation
f the newly formed pores; a hybrid spray method may  be a promis-
ng approach. In this method, the lamellar zones are deposited by
onventional air plasma spraying, whereas the nanozones would be
eposited by suspension plasma spraying. The obtained nanozones
ould be in anisotropic forms, as the stacked splats. Therefore,

he orientation of the newly formed pores can be controlled, and
he performance of thermal insulation and lifetime can be further
ptimized.

. Conclusions

A detailed study on the sintering characteristics of PS nanos-
ructured bimodal TBCs was performed to understand their
erformance-degradation-resistant behavior. The enhanced high-
erformance durability was mainly attributed to the different
intering mechanisms of the lamellar zones and nanozones. The
ollowing conclusions of this study can be summarized:

1) Stage-sensitive healing of 2D pores was the main sintering char-
acteristic of lamellar zones. The fast healing of inter-splat pores
led to the ultrafast sintering kinetic at stage I, responsible for

the significant improvements in the thermal and mechanical
properties. This is similar to the behavior in conventional TBCs.

2) The differential densification rates between nanozones and
lamellar zones led to the formation of coarse voids, which coun-

[
[
[

[
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teracted the effect of the healing of 2D pores in lamellar zones.
This was the main factor, which retarded the performance
degradation of bimodal TBCs during thermal exposure.
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