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A B S T R A C T

Nanostructured thermal barrier coatings (TBCs) often exhibit bimodal structure comprised of both nanozones
and lamellar zones, and therefore, their sintering behaviour can be different from that of conventional coatings.
In this study, changes in the microstructure and properties of nanostructured TBCs were investigated. The results
show that their microstructural evolution is highly time-sensitive during long thermal exposure at 1150 °C. In
stage I (0–20 h), changes in mechanical properties were significant. The dominant microstructural change was
faster healing of flat pores, whereas the macroscopic structure seemed less affected. In stage II (20–500 h), the
changes in properties were much slighter and some large macroscopic voids appeared. In brief, the microscopic
healing of pores in lamellar zones leads to a significant change in mechanical properties in stage I, whereas
sintering of the nanozones leads to macroscopic voids in stage II.

1. Introduction

Thermal barrier coatings (TBCs) have been widely used in both aero
and land-based gas turbines to protect their hot-section metallic com-
ponents (e.g., combustion cans, blades and vanes) against high tem-
peratures. TBCs often consist of a thermally resistant top coat and an
oxidation-resistant bond coat applied on a metal substrate [1,2]. The
top coat is typically prepared by plasma-sprayed yttria-stabilized zir-
conia ((PS-YSZ)), especially in land-based gas turbines [3,4]. Their la-
mellar structure with intersplat pores and intrasplat cracks contributes
to excellent performance with respect to thermal insulation [5,6] and
strain tolerance, the latter of which affects the lifetime of TBCs sig-
nificantly [7,8].

There is an urgent demand for advanced TBCs to retard their de-
gradation at high operating temperatures. Nanostructured materials are
potentially attractive, as their mechanical performance can be con-
siderably enhanced if their grain sizes are reduced from conventional
microscale to nanoscale sizes (i.e., < 100 nm) [9,10]. The Hall–Petch
empirical relationship (Eq. (1)) can be used to describe the improve-
ment in mechanical properties by decreasing grain size [11]. For ex-
ample, the hardness of pure nickel can be increased by a factor of six
when decreasing the grain size from 1 μm to 10 nm [12]. Consequently,
nanostructured powders have recently been widely used to prepare the
top coat of TBCs [13–16].

= +
−A A kd0

1/2 (1)

where A refers to the mechanical properties of the material (e.g.,
hardness, yield strength), the subscript 0 refers to the material’s infinite
grain size, k is a constant, which stands for the grain boundary as an
obstacle to the propagation of deformation (metal) or a crack (cera-
mics), and d is the grain size.

For TBCs with a nanostructured top coat, it is crucial to retain the
pre-existing nanostructure of the feedstock during the PS process [17],
in order to achieve the desired performance level of the nanostructured
materials. PS coatings are formed by successive deposition of fully and
partially molten particles on a substrate followed by lateral flattening,
rapid solidification and cooling [18,19]. The fully molten feedstock
would result in typical lamellar zones similar to conventional coatings,
whereas the partially molten feedstock may retain its nano-features
[18,20]. Therefore, the presence of a partially molten feedstock is ne-
cessary for translating the excellent physical properties of the nanos-
tructured feedstock to the coatings. As a result, the structure of PS
nanostructured top coats can be described as semi-molten nanozones
surrounded by fully molten lamellar zones. This morphology has been
called a bimodal structure in previous reports [21,22]. In brief, in na-
nostructured YSZ coatings, typical lamellar zones and embedded na-
nozones coexist. Therefore, sintering behaviour of the coating would be
intimately related to these two zones. Owing to their bimodal structure,
nanostructured TBCs are reported to have superior reliability and
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lifetime in comparison to conventional TBCs, both in isothermal cyclic
tests [23–25] and gradient thermal cyclic tests [26]. The reason is
qualitatively attributed to the formation of coarse voids, which coun-
teracts the detrimental effect induced by sintering [27,28]. However,
very little work has focused on the microstructural evolution of na-
nostructured TBCs with a bimodal structure during the sintering pro-
cess, and thus a complete understanding of their sintering behaviour
has not been developed.

The features of bimodal nanostructured YSZ coatings can be sum-
marized as follows: (i) The matrix is the lamellar zone formed from the
initially molten but subsequently solidified particles. The inner struc-
ture of the splat has a high density after resolidification from the molten
state. However, similar to conventional (PS-YSZ) coatings [8,20], the
stacking of splats leads to the formation of a lamellar structure with a
network of flat (2D) pores. Intersplat pores correspond to imperfect
bonding between layers, whereas intrasplat cracks are formed during
the quenching process. Moreover, the lamellar zones are anisotropic
structures owing to their unique grain orientation and pore shape
[7,29]. (ii) The nanozones exhibit a loose and isotropic microstructure.
The sintering mechanism of nanozones would be similar to that ob-
served in conventional ceramic sintering or that described in powder
metallurgy [30]. However, sintering of the matrix is much more
structure- and material-specific. In short, anisotropic lamellar zones and
isotropic nanozones may follow different sintering mechanisms. In ad-
dition, competition of sintering effects between the lamellar zones and
the nanozones may modify the observed performance during the overall
thermal exposure. Therefore, a comprehensive understanding of the
sintering mechanism of the nanostructured TBCs would be very useful.

The objective of this study is to elucidate a comprehensive sintering
mechanism for nanostructured TBCs. Multiscale changes in structure
and properties during thermal exposure were investigated to under-
stand the sintering behaviours of the lamellar zones and the nanozones.
This fundamental study will help in the development of an optimized
structure for advanced nanostructured TBCs.

2. Experimental procedure

2.1. Sample preparation and thermal exposure

Powder particles used for plasma spraying often exhibit a size dis-
tribution varying from 5 to 100 μm, which means that the feedstock
powders are microsized. Nanoparticles, with a size distribution lower
than 100 nm, cannot be subjected to plasma spraying directly using
regular powder feeders. These tiny nanopowders would clog the insides
of hoses and fittings used to transport powder particles from the powder
feeder to the thermal spray torch. Therefore, it is necessary to ag-
glomerate the nanosized particles before using regular powder feeders
[16].

A commercially available nanostructured 7 wt% YSZ (Nanox S4007,
Inframat corporation, Farmington, CT, USA) was used as the feedstock
in this study. The size distribution of agglomerates is in the range of
50–150 μm (d10= 53.7, d50= 79.9, d90= 152.4), whereas the nano-
sized YSZ particles making up the agglomerates have diameters varying
from 50 to 150 nm. Nanostructured YSZ coatings were plasma sprayed
on a stainless-steel substrate using a commercial plasma spray system
(GP-80, 80 kW class, Jiujiang, China). Subsequently, free-standing YSZ
samples were obtained by dissolving the substrate in a hydrochloric
acid solution. The melting point of 7–8wt% YSZ is reported to be ap-
proximately 2700 °C [27]. Plasma-spraying parameters were chosen
based on a previous report [26], in order to obtain a bimodal micro-
structure with both lamellar zones and nanozones, as given in Table 1.

To examine the evolution of the microstructure and properties of
YSZ coatings during thermal exposure, samples were heated in a fur-
nace to 1150 °C, based on the fact that the general service temperature
of TBCs is above 1000 °C. After holding at this temperature for various
durations, the samples were cooled to room temperature. In order to

avoid unexpected coating structure degradation by fast temperature
change, the heating and cooling rates were fixed at a relatively low rate
of 10 °C/min. Based on previous reports [31,32], significant formation
of monoclinic phase often occurs at temperatures above 1200 °C.
Therefore, it is reasonable to conclude that sintering at 1150 °C is re-
latively unaffected by phase change.

2.2. Microstructural characterization and mechanical property
measurement

Surface and cross-sectional morphology of the coatings was ex-
amined using a scanning electron microscopy (SEM) system (TESCAN
MIRA 3, Brno, Czech Republic). The apparent porosity contributed by
microsized pores of the coatings was determined by image analysis
using SEM backscattered electron imaging (BEI) on the polished cross
sections. The aim of measuring porosity was to reveal the structural
evolution of the bimodal nanostructured coatings. At least 20 images
were used to estimate the porosity of each sample. In addition to the
apparent porosity, 2D pore length densities were also determined after
various durations of thermal exposure. The 2D pore length density
(including intersplat pores and intrasplat cracks) is defined as the total
length of 2D pores in a unit area. The total length of 2D pores was
measured under a magnification of 5000×. For some difficult-to-mea-
sure pores, a higher magnification was used. The densities of intersplat
pores and intrasplat cracks were obtained, respectively, from the po-
lished cross section and surface of the coatings. For each sample, at
least 50 SEM images were used. More details on the measurement of 2D
pore density can be found elsewhere [33].

The microscopic elastic modulus of the YSZ coatings was de-
termined using a Knoop indentation test system (Buehler Micromet
5104, Akashi Corporation, Japan). The test was performed at a test load
of 300 gf and a holding time of 30 s [34]. For each condition (e.g., 10 h
at 1150 °C), 3 similar samples were analysed and 20 randomly dis-
tributed spots were analysed for each sample.

The macroscopic elastic modulus in the in-plane direction was de-
termined using a three-point bending (3PB) test system (Instron 5943,
America). During the test, the elastic modulus was obtained from the
following formulas:

=w PL
D48

3

(2)

=

−

D Eh
ν12(1 )

3

2 (3)

where P is the load applied at the middle of the span, L is the span
between two supports, D is the bending stiffness, w is the central de-
flection, E is the elastic modulus of the coating, h is the coating thick-
ness, and ν is the Poisson’s ratio of the coating.

3. Results

3.1. Microstructure of the as-deposited coatings

SEM images of as-sprayed nanostructured YSZ coatings are shown in

Table 1
Parameters used for plasma spraying.

Parameters Value

Plasma arc voltage/V 60
Plasma arc current/A 650
Flow rate of primary gas (Ar)/Lmin−1 80
Flow rate of secondary gas (H2)/L min−1 16
Flow rate of powder feeding gas (N2)/Lmin−1 4.5
Spray distance/mm 110
Torch traverse speed/mm s−1 500
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Fig. 1. In the case of the fractured cross section (see Fig. 1A), it can be
seen that porous nanozones are surrounded by lamellar zones, ex-
hibiting a typical bimodal structure similar to that reported in previous
studies [16,22]. It is possible to recognize similarities between the na-
nozone and morphology of the feedstock, whereas the lamellar zones
exhibit similar morphology to coatings produced from conventional
microsized YSZ feedstock [8,35]. Columnar grains oriented along the
deposition direction can clearly be seen in the splats. In the case of the
polished cross sections (see Fig. 1B), the percentage area of nanozones
is estimated to be approximately 20 to 25%, whereas the apparent
porosity is ∼10%.

3.2. Changes in mechanical property during thermal exposure

Changes in mechanical properties during thermal exposure are
shown in Fig. 2. First, it can be observed that the macroscopic elastic
modulus is distinctly lower than the microscopic elastic modulus. The
reason for this is that the macroscopic elastic modulus is a global re-
flection of the strain tolerance of the whole coating structure. Second,
the changes in macroscopic and microscopic elastic moduli show a si-
milar trend. This trend shows that the rate of increase is initially much
higher but slows down dramatically during the following extended
thermal exposure stage. This means that the sintering kinetics of the
nanostructured YSZ coatings is highly stage-sensitive. Third, the in-
crement in elastic modulus at the initial shorter stage is significantly
larger than that at the subsequent longer stage, as shown in Fig. 2(B, D).
Finally, it is worth noting that the changes in microscopic elastic
modulus were less significant than those of the macroscopic elastic
modulus.

3.3. Effect of thermal exposure on microstructure

Fig. 3 shows images of polished cross-sections of YSZ coatings after
progressively increasing the duration of thermal exposure. In the as-
deposited state, it can be observed that the medium grey nanozones are
surrounded by lighter lamellar zones. However, this contrast was more

distinct after thermal exposure. This can be attributed to sintering oc-
curring both in the lamellar zones and in the nanozones.

4. Discussion

4.1. Two-stage evolution trend of mechanical property

The elastic modulus of the plasma sprayed YSZ coatings are often
less than 50% with respect to that of the bulk YSZ [4,35,36]. During
thermal exposure, the mechanical property increased dramatically at
the initial duration, after which the increase rate slowed down sig-
nificantly (see Fig. 2). This suggests that the sintering behavior of na-
nostructured YSZ coatings is highly sensitive to the structural changes
at different durations.

Fig. 4 shows the changes in elastic modulus as double logarithmic
plots. To show the overall evolution, 0.1 h was used as the standing
time for the as-sprayed state (corresponding to 0 h). It can be seen that
the nonlinear trends are transformed into nearly linear trends. More-
over, the total evolution can be divided into approximately two stages,
referred to as stage I and stage II. The boundary between the two stages
is at approximately 20 h. The sintering kinetics are much higher in stage
I than in stage II. It appears that most of the increase in elastic modulus
has already occurred in stage I (∼70%), as shown in Fig. 4(C, D). As the
elastic modulus of PS-YSZ coatings depends on their unique structure
[8], the stage-sensitive change may reflect the microstructural evolu-
tion of both lamellar zones and nanozones.

First, microstructural evolution at the lamellar zones was in-
vestigated. Fig. 5 shows the healing of pores and cracks from the
fractured cross section and surface of lamellar zones. Pore healing over
time can clearly be observed, despite the intersplat pores and intrasplat
cracks. Consequently, the initial lamellar structure disappeared gradu-
ally and the splat was stiffened owing to the healing of intrasplat cracks;
this phenomenon is consistent with previous reports [4,35]. Therefore,
the healing of flat pores could be the primary reason for changes in
elastic modulus during the overall process (see Fig. 2). Fig. 6 shows the
statistical pore length density as a function of the thermal exposure

Fig. 1. Morphology of the as-deposited coatings: (A) fractured cross section and (B) polished cross section.
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duration. The densities of both intersplat pores and intrasplat cracks
decreased significantly during thermal exposure.

4.2. Stage I: high sintering kinetic induced by pore healing

Considering the data from Fig. 6, the healing rate of intersplat pores

is faster than that of intrasplat cracks in stage I. This is consistent with
our previous reports on sintering of TBCs prepared by conventional
microsized feedstocks [37,38]. The reasons for this are as follows: (i)
Intersplat pores result from imperfect bonding between lamellar splats,
whereas intrasplat cracks are generated from splat quenching [18,39].
Therefore, wide gaps and narrow gaps (pore tips) often co-exist in

Fig. 2. Changes in mechanical property during thermal exposure: (A, B) microscopic elastic modulus, and (C, D) macroscopic elastic modulus.

Fig. 3. Evolution of the polished cross-section of nanostructured YSZ coatings during thermal exposure.
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intersplat pores. However, intrasplat cracks often separate splat seg-
ments completely in one layer. Very narrow intrasplat cracks (less than
100 nm) represent less than 10% of all intrasplat cracks [37], while
nearly every intersplat pore has pore tips (narrow gaps). Therefore, the
quantity of narrow gaps from intersplat pores is significantly higher
than that from intrasplat cracks. (ii) During thermal exposure, forma-
tion of multipoint contacts between counter surfaces contributes to high
sintering kinetics during stage I [37]. The narrow gaps provide a higher
possibility for the counter-surface to be healed at multiple points. As a
result, the sintering is driven by small radii of curvature. This would
help explain why the healing of intersplat pores is faster than that of
intrasplat cracks in stage I.

Fig. 7 shows in-situ healing behaviour of an intersplat pore. It can be
seen that the smooth intersplat pore surface becomes rougher over
time, consistent with a previous report [37]. The relatively smooth
surface becomes roughened because of various mechanisms such as
faceting of the grain surface, grooving of the bared grain boundary and
columnar grains becoming convex [37]. These different mechanisms
lead to different levels of roughness. The roughened surface creates new
contacts with a counter surface, and then healing occurs at the pore
tips. The sintering process is driven by a decrease in the free energy of
the whole system. The number of contact points increases simulta-
neously during sintering, which accelerates matter transfer by multi-
directional diffusion. This is different from conventional ceramic

Fig. 4. Two-stage evolutionary trend in mechanical properties: (A) microscopic elastic modulus; (B) macroscopic elastic modulus; (C) increment of microscopic elastic modulus in the two
stages; and (D) increment of macroscopic elastic modulus in the two stages.

Fig. 5. Healing of the pores and cracks during thermal exposure: (A) intersplat pores and (B) intrasplat cracks.
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sintering or powder metallurgy mechanisms with single contact point
[30]. Consequently, a much higher sintering rate occurs in stage I.

4.3. Stage II: densification of nanozones

The slower change rate of the elastic modulus in stage II can be
discussed from two aspects. On the one hand, in the lamellar zones, the
healing rate of intersplat pores slows significantly (see Fig. 6). Ac-
cording to our previous reports on the sintering of conventional TBCs
[37,38], the number of contact points between counter surfaces de-
creases in stage II. Consequently, the transfer of matter slows down, as
described in a previous study [20]. As a result, slower sintering kinetics
are observed when the duration of thermal exposure is extended. This is
the reason why some pores can still be observed in the polished cross
section and at the surface even after thermal exposure for 500 h (see
Fig. 5).

On the other hand, the nanozones also have a distinct effect on the
evolution of the structure and properties during long thermal exposure.
The nanozones are formed by embedding porous nanostructured ag-
glomerates in the lamellar zones. Consequently, in addition to the ty-
pical pores that exist in conventional PS ceramic coatings [40,41],
nanostructured YSZ coatings introduce a large quantity of nanopores in
the nanozones. There is no doubt that these nanopores have a positive
effect on the thermal insulation performance [26–28]. Moreover, the
presence of nanopores increases the surface energy drastically [15].
Consequently, regarding sintering-induced densification, porous nano-
zones exhibit a much higher driving force than that of the lamellar
zones. Fig. 8 shows the interfacial evolution between lamellar zones
and nanozones during thermal exposure. It can be seen that linking
between nanozones and lamellar zones occurs at some points. Conse-
quently, the nanozones decrease as a function of thermal exposure
duration (see Fig. 3). This is consistent with a previous report [42].
Moreover, the different densification rates and directions can con-
tribute to the formation of an opening at the interface between porous
nanozones and lamellar zones, resulting in some coarse voids in an
apparent view, as shown in Fig. 9. The change in apparent porosity after
thermal exposure is shown in Fig. 10. It shows that the apparent

porosity decreases during the initial stage (0–20 h). After a longer
thermal exposure (> 100 h), the apparent porosity exhibits a slight
increase. This is distinctly different from that observed in conventional
YSZ coatings [35]. In the as-deposited state, the observed large pores
mainly arise from the spalling-off of weakly bonded splats during
sample preparation [43,44]. After thermal exposure during stage I, la-
mellar bonding is enhanced significantly, because of which the ap-
parent porosity decreases. During stage II, thermal exposure leads to
differential sintering rates for the nanozones and the lamellar zones.
The appearance of some coarse voids further increases the apparent
porosity. In brief, the apparent porosity decreased distinctly in stage I
owing to healing of intersplat pores, whereas it increased slightly in
stage II.

To sum up, the sintering behaviour of nanostructured YSZ coatings
actually reflects the combined behaviour of lamellar zones and nano-
zones. At lamellar zones, sintering leads to a significant healing of flat
pores, particularly during stage I. Consequently, the elastic modulus
increases dramatically. At nanozones, a much lower activation energy
leads to a higher densification rate than in the lamellar zones. The
appearance of coarse voids opposes the general trend of the dis-
appearance of the nanopores between nanoparticles. Based on the
above discussion, this comprehensive mechanism of sintering retards
the loss of thermal insulation [16,27,28].

By understanding the comprehensive sintering mechanism of na-
nostructured TBCs, it is possible to achieve structural tailoring towards
advanced TBCs. It may be an effective way to introduce some in-plane
pores at a relatively large scale, and thus healing through multipoint
connections would be weakened. Nanozones may be a potential way to
create some large-scale pores during thermal exposure. Based on this
consideration, highly sintering-resistant coating could be realized. It is
worth noting that these large pores would inevitably compromise the
fracture toughness of coatings. Therefore, more detailed work is ne-
cessary to balance the performance between thermal insulation and
lifetime, to realize structural optimization.

Fig. 6. Evolution of the pore length density as a function of thermal exposure durations: (A) 0–500 h and (B) double logarithmic curves.

Fig. 7. In-situ healing observation of an intersplat pore during stage I: (A) 0 h, (B) 10 h, and (C) 20 h.
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5. Conclusions

A detailed examination of the sintering behaviour of nanostructured
YSZ coatings was carried out in this study. Lamellar zones and nano-
zones present different sintering mechanisms. Changes in structure and
properties result from the combined effect of these two mechanisms.
The detailed conclusions are as follows:

(i) Thermal exposure leads to a significant increase in micro- and
macro-scopic elastic moduli. Furthermore, the observed increase
exhibits a clear two-stage trend. The change rate during stage I is
distinctly higher than that in the following stage II.

(ii) In stage I, the ultrafast sintering kinetics can be attributed pri-
marily to the healing of intersplat pores through multipoint contact
at the lamellar zones. This is the unique sintering characteristic of
PS-YSZ coatings.

(iii) In stage II, the much slower sintering kinetics are attributed to two
aspects. On the one hand, pore healing slows at the lamellar zones.
On the other hand, differential sintering rates of lamellar zones and

nanozones contribute to the formation of an opening at the inter-
face of these two zones. Consequently, some coarse voids appear,
retarding the loss of thermal insulation.

(iv) An understanding of the comprehensive sintering mechanism of
nanostructured YSZ coatings could provide some directions for
structural tailoring of TBCs, with the aim of achieving high thermal
insulation performance.

Fig. 8. Evolution of the interface between lamellar zones and nanozones during thermal exposure.

Fig. 9. Formation of a large-scale pore between a lamellar zone and a nanozone.

Fig. 10. Changes in apparent porosity as a function of thermal exposure duration.
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