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A B S T R A C T

Nanostructured thermal barrier coatings (TBCs) are being widely researched for their superior thermal barrier
effect and strain compliance. However, the sintering occurs inevitably in nanostructured TBCs that comprise
both nanozones and lamellar zones, although the mechanism of sintering in such bimodal coatings is not yet
clear. This study investigates the changes in microstructure and properties of nanostructured TBCs during
thermal exposure with the aim to reveal the sintering mechanism operative in these coatings. Results show that
the sintering process occurs in two stages. It was found that in the initial shorter stage (~0–10 h), the properties
increased rapidly; moreover, this change was anisotropic. The main structural change was the significant
healing of the intersplat pores through multiconnection. During the subsequent longer stage, the change in the
properties was much smaller, where it was observed that the pores continued to heal, albeit at a much lower
rate. Furthermore, the faster densification of the nanozones induced during sintering became significant,
resulting in an opening at the interface between the nanozones and the lamellar zones. In brief, the pore healing
at the lamellar zones affects the properties, especially in the initial stage. The presence of nanozones has a
positive effect in that the performance degradation during the overall thermal exposure is slowed down. An
understanding of this competing sintering mechanism would enable the structural tailoring of nanostructured
TBCs in order to increase their thermal insulation and thermal cycling lifetime.

1. Introduction

Over the past few decades, thermal barrier coatings (TBCs) have
been widely used in both aero and land-based gas turbines to protect
their hot-section metallic components (e.g., combustion cans, blades
and vanes) against high temperature. The TBCs significantly reduce
heat transfer from the hot gas to the surface of metal alloy parts, and
consequently higher operating temperatures can be employed resulting
in notably improved efficiency of the gas turbines. A typical TBC system
is a multilayer structure, consisting of a thermally-resistant top-coat
and an oxidation resistant bond-coat applied over a metal substrate
[1,2]. Owing to its unique porous structure and its excellent overall
performance, plasma-sprayed yttria-stabilized zirconia (PS-YSZ) con-
tinues to dominate the processing application of the top-coat, especially
in land-based gas turbines [3–5]. The lamellar structure of this top-
coat with connected intersplat pores and intrasplat cracks results in a
half more drop in the through-thickness thermal conductivity [6–10]
and in the in-plane elastic modulus [5,11–13] with respect to the
corresponding properties of the bulk YSZ material.

The continued requirement for increased gas turbine efficiency

means that there is an urgent demand for the development of advanced
TBCs with enhanced durability and resistance to degradation at higher
operating temperatures. Consequently, doped-YSZ [14] and new
candidate materials [15] for the application of top-coat are increasingly
being investigated. Nanostructured materials are potentially attractive
in view of the fact that the mechanical performance of these materials
(hardness, strength, ductility and toughness) can be considerably
enhanced if grain sizes are reduced from conventional microlevel to
the nanoscale (i.e., < 100 nm) [16–18]. As a result, plasma sprayed
nanostructured YSZ coatings have been widely studied and reported
[19–22].

The achievement of the desired performance level of the nanos-
tructured YSZ coatings depends crucially on their special microstruc-
ture that is inherent to plasma spraying. One of the biggest challenges
is to retain the preexisting nanostructure of the feedstock [23]. Plasma
spraying proceeds by the successive deposition of fully and partially
molten particles on a substrate followed by lateral flattening, rapid
solidification and cooling [24,25]. The fully molten nanostructured
feedstock exhibits the traditional behavior of solidification, nucleation
and growth [26], resulting in typical lamellar structure (lamellar zones)
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[24,27]. However, this fully molten zone is often deleterious to the
original nanostructure of the feedstock. Thus, the presence of the
partially molten feedstock is necessary to translate the excellent
physical properties of the nanostructured feedstock to the coatings.
The fully molten zone facilitates sufficient particle adhesion and
cohesion, and thus acts as a kind of matrix to the coating, whereas
the semi-molten zone preserves the nanostructure. As a result, the
integrity of the coating is maintained due to the fact that the semi-
molten zones are surrounded by the fully molten zones, which act as
binders. This morphology has been commonly described as a bimodal
microstructure in previous reports [28,29]. In brief, in nanostructured
YSZ coatings, the typical lamellar structure and the embedded-nanos-
tructure coexist; in such a structure, the performance and the sintering
behavior of the coating are intimately related to the presence of the
conventional YSZ coating as well as to the nanostructured particles.

It is clear that the properties of the nanostructured YSZ coating are
intrinsically associated with the degree of melting of the feedstock.
Therefore, the coating performance is highly sensitive to the spraying

parameters, which determine the melting degree. A key issue is to
control the powder temperature in the thermal spray jet, which should
be only slightly higher than the melting point of the material. Lima
et al. [22,29] investigated the effect of spraying parameters on the
percentage of the semi-molten zones. Moreover, the obtained bimodal
structure depended to a great extent on the microhardness. The
relatively lower hardness of the semi-molten zones contributed con-
siderably to the excellent global mechanical properties. In addition to
the spraying parameters, the powder size distribution also affects the
resulting microstructure [23]. A broad particle size distribution, where
a certain proportion of nanozones can be maintained, is more
advantageous when compared to a narrow particle size distribution.

This optimal bimodal structure contributes to the superior relia-
bility and lifetime of nanostructured TBCs with respect to conventional
TBCs. It has been widely reported that nanostructured TBCs are
potentially promising to achieve higher thermal cycling lifetime both
for isothermal cycling [30–32] and gradient thermal cycling [33].
Regarding the sintering behavior of nanostructured TBCs, the faster
densification in nanozones induced by sintering partially counteracts
the degradation effect caused by pore-healing in the matrix zones
[34,35]. The reason for this is that the nanozones have a higher surface
area with a loose structure when compared to the matrix. The faster
shrinking rate of the nanozones results in the formation of coarse pores
at the boundary between the nanozone and the matrix. This mechan-
ism is responsible mainly for the durable thermal insulating property
during thermal exposure. However, there has been very little work
carried out on the sintering behavior of nanostructured TBCs with
bimodal structure.

The features of the bimodal nanostructured YSZ coatings in the as-
deposited state can be summarized as follows: (i) the matrix is formed
from the initially molten but subsequently solidified particles. The

Fig. 1. Morphologies and size distributions of the agglomerates and the nanosized powders: (a) morphology of the agglomerates; (b) surface morphology of the agglomerates with
nanosized powders; (c) size distribution of the agglomerates and (d) size distribution of the nanosized primary particles.

Table 1
Plasma spray parameters for the deposition of individual splats and coatings.

Parameters Individual splats Coatings

Plasma arc voltage / V 60 60
Plasma arc current / A 650 650
Flow rate of primary gas (Ar) / L min−1 80 80
Flow rate of secondary gas (H2) / L min−1 16 16
Flow rate of powder feeding gas (N2)/ L min−1 4.5 4.5
Spray distance / mm 110 110
Torch traverse speed / mm s−1 1000 500
Preheating temperature (°C) 300 /
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inner structure of the splat has a high density after resolidification from
the molten state. However, similar to the conventional PS YSZ coatings
[13,27], the stacking of the splats leads to the formation of a lamellar
structure with an interconnected 2-dimensional (2D) pore network.
Intersplat pores correspond to imperfect bonding between layers, while
intrasplat cracks are formed during quenching process. These 2D pores
play a dominant role in determining the thermal insulation [8] and
strain tolerance [13] of the structure; (ii) the nanozones exhibit a loose
structure with a large quantity of microvoids. During thermal exposure,
due to the isotropic microstructure of the powder material, the
sintering mechanism of nanozones is similar to that observed in
conventional ceramic sintering or that described in powder metallurgy
[36]. However, the sintering of the matrix is much more structure- and
material- specific owing to the anisotropy of the thermally sprayed
coatings [12,37]. The lamellae are formed with columnar grains
oriented along the direction of heat flow during the solidification of
the molten droplets [38]. The differences in grain orientation and pore
shape result in a distinctly different sintering mechanism for TBCs
when compared to the powder-metallurgic material sintering. In short,
the lamellar zones and the nanozones may follow different sintering
mechanisms.

Wang et al. [21] reported that the grain size of a nanostructured
zirconia coating increased linearly with increase in annealing time,
suggesting that the activation energy is constant during the entire
sintering process. Wu et al. [39] further confirmed that the nanos-
tructure was gradually lost when the heat treatment was prolonged
beyond a certain duration ( > 10 h) at 1200 °C. Therefore, a certain
incubation time is needed before the effect from the sintering of the
nanozones begins to inhibit performance degradation. However, it is
worth noting that the initial thermal exposure often leads to a much
sharper increase in thermal conductivity and elastic modulus [34,39],
although the mechanism behind is not clear. Consequently, in addition
to the different sintering mechanisms that are operative, the competi-
tion between the effects from the sintering of the lamellar zones and the
nanozones may modify the observed performance at different stages of
thermal exposure. A comprehensive understanding of the sintering
mechanism of the nanostructured TBCs is thereby necessary.

The objective of this study is to reveal the comprehensive mechan-

ism of sintering operative in bimodal nanostructured TBCs. A systema-
tical study of the changes in microstructure and properties during
thermal exposure at various temperatures was carried out, following
which the sintering mechanisms of the lamellar zones and the
nanozones were revealed. The competing sintering effect of the
lamellar zones and the nanozones at different stages of thermal
exposure is also discussed. This fundamental study would help in the
tailoring of optimized structures for advanced nanostructured TBCs.

2. Experimental procedure

2.1. Materials

A commercial nanostructured 7 wt% YSZ (Nanox S4007, Inframat
corporation, Farmington, CT, USA) was used as the feedstock in this
study, which is produced through a spray drying process to agglomer-
ate individual nanosized YSZ powders into microscopic agglomerates.
The size distribution of the agglomerates was evaluated using a laser
diffraction particle size analyzer (Beckman Coulter, Miami, FL, USA),
and the size distribution of the nanopowders was measured by Nano
measurer. The morphologies and particle size distribution of the
agglomerates and the nanosized powders are shown in Fig. 1. It is
seen that the agglomerates are spherical and that the particle size range
is in a range of 50–150 µm, as shown in Fig. 1(a, c). When examined at
a higher magnification, it can be observed that the agglomerates are
porous and formed by the agglomeration of individual nanosized YSZ
particles with most of the diameters varying from 50 to 150 nm, as
shown in Fig. 1(b, d).

2.2. Sample preparation and thermal exposure

To observe and characterize their sintering behavior, 1 mm thick
nanostructured YSZ coatings were plasma sprayed on a stainless steel
substrate without special preheating. A free-standing YSZ sample was
obtained by dissolving the substrate in a hydrochloric acid solution
followed by further immersing in deionized water for 24 h, with the aim
to remove residual acid in the coating. Except for preheating of the
substrate to approximately 300 °C, the same parameters as the coating

Fig. 2. Morphology of the as-deposited coatings: (a) Fractured cross-section. (A) and (B) show the magnified images of the zones corresponding to the red and blue boxes in (a),
respectively; (b) polished cross-section. (C) and (D) show the magnified images of the zones corresponding to the red and blue boxes in (b), respectively.
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Fig. 3. Evolution of mechanical properties during thermal exposure: (a, b, e) hardness and (c, d, f) elastic modulus. (e) and (f) refer to the increment of hardness and elastic modulus for
different durations, respectively.

Fig. 4. Evolution of thermal properties after thermal exposure at 1300 °C: (a) thermal diffusivities measured from room temperature to 1000 °C; and (b) thermal conductivity.
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deposition were used to deposit individual splats in order to examine
the sintering behavior of the lamellae in YSZ coatings. A sintered 8 wt%
YSZ with a polished surface was used as the support for splat
deposition. The surface temperature during spraying was monitored
with the help of a pyrometer (RAYR312ML3U, Raytek, Santa Cruz,
CA). The details of the set-up for preheating can be found elsewhere
[25]. It is reported that the melting point of 7–8 wt%YSZ is approxi-
mately 2700 °C [34]. The plasma spray parameters were chosen based
on a previous report [33], so as to obtain a bimodal microstructure with
both lamellar zones and nanozones, as shown in Table 1.

The service temperature of TBCs for gas turbine (e.g., F-class land-
based gas turbine) is ~1000 °C with a lifetime of approximately 8000–
24000 h [40]. In order to speed up the testing, samples were heated in
a furnace to higher temperatures of 1200 °C and 1300 °C, with the aim
to shorten the heating duration. The samples were held at the heating
temperature for progressively increasing durations, after which they
were cooled down to room temperature. To avoid unexpected structur-
al degradation in coatings by fast temperature change, the heating and
cooling rates were fixed at a relatively low rate of 10 °C/min.

2.3. Microstructure characterization

The surface and cross-sectional morphology of the coatings were
examined using a scanning electron microscopy (SEM) system
(TESCAN MIRA 3, Czech). Atomic force microscopy (AFM, Asylum
Research Cypher, USA) was used to examine the surface morphology of
individual splats, which actually correspond to the surface of intersplat
pores. Optical microscopy system was used to pre-position the sample
during in-situ observations on the domain of the same splat after

different durations of thermal exposure. The apparent porosity of the
coatings after heating was determined by image analysis using SEM
backscattered electron imaging (BEI) on the polished cross-section at a
magnification of ×1000. For each coating, at least ten images were used
to estimate the porosity. It is believed that 2D pores play a dominant
role in determining the thermal and mechanical properties of plasma
sprayed ceramic coatings [8,13]. Accordingly, in addition to the
apparent porosity, residual 2D pore length densities (including inter-
splat pores and intrasplat cracks) after different thermal exposure
durations were also determined. The densities of intersplat pores and
intrasplat cracks were obtained, respectively, from the polished cross-
section and surface of the coatings. For each state, at least 20 SEM
images taken at a magnification of ×5000 were used. More details on
the measurement of the 2D pore length density can be found elsewhere
[41].

X-ray diffraction analysis (XRD, Rigaku D/max-2400, Japan) was
used to characterize the crystalline structure of both as-sprayed and
aged coatings. The scanning rate was 5°/min and the phase contents
were estimated from the relative intensity ratios by using following
equations:

C I I
I I I

= 0.82{ (111) + (111)}
0.82{ (111) + (111)} + (111)M

M M

M M T C, (1)

C C I I
I I I

= (1 − ) 1.14{ (400) + (004)}
1.14{ (400) + (004)} + (400)T M

T T

T T C (2)

C C C= 1 − ( + )C M T (3)

where C refers to the phase content, I is the diffraction peak intensity,
subscripts refer to the different phases, M, T and C refer to monoclinic,

Fig. 5. XRD patterns of the nanostructured YSZ coatings before and after thermal exposure in the 2θ range from (a) 20–80°, (b) 27–32°, and (c) 72–76°; and (d) change of the phase
contents with thermal exposure duration.
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tetragonal, and cubic phases, respectively. Slower scanning at 1°/min
was performed in the ranges of 27–32° and 72–76°, to clearly identify
the diffraction peaks arising from the cubic and tetragonal phase.

2.4. Property measurement

Knoop indentation (Buehler Micromet 5104, Akashi Corporation,
Japan) at a test load of 300 gf and a holding time of 30 s was used to
obtain the elastic modulus of YSZ coatings in both the in-plane and
out-plane directions [11]. The sample size used for the measurement of
thermal conductivity was Φ12.7×1 mm. The thermal diffusivity of YSZ
coatings was measured with a laser flash analyzer (Netzsch, Germany)
in the temperature range from room temperature to 1000 °C. Each
measurement was repeated three times to minimize errors. The heat
capacity of the coatings was determined by differential scanning
calorimetry 404 (Netzsch, Germany) and the density was calculated
by dividing the mass of the sample by its volume. The thermal
conductivities were then calculated using the following equation [7,42]:

λ ρ C α= ⋅ ⋅P (4)

where λ is the calculated thermal conductivity, ρ is the density, CP is the
heat capacity, and α is the thermal diffusivity.

3. Results

3.1. Microstructure of the as-deposited coatings

Fig. 2 shows the microstructure of the as-deposited coatings. In the

Fig. 6. Evolution of the polished cross-section of nanostructured YSZ coatings with increasing thermal exposure duration.

Fig. 7. Evolution of the apparent porosity after progressively increasing durations in
thermal exposure.
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fractured cross-section of the YSZ coatings (see Fig. 2a), it can be
observed that the porous nanozones were surrounded by the lamellar
zones, indicating that the coating presents a bimodal structure similar
to that reported in previous studies [22,29]. It is possible to recognize
the similarities between the nanozone and the morphology of feed-
stock; this suggests that the nanozones were retained from the
unmolten or semimolten nanostructured agglomerated feedstock dur-
ing the spray process. The lamellar zones exhibit similar morphology to
the coatings produced from conventional microsized YSZ feedstock
[6,13], since the solidification, nucleation and growth of these fully
molten powders are similar. Columnar grains oriented along the
deposition direction can be clearly seen in the splats. In the polished
cross-section, the nanozones and the lamellar zones can be recognized
as dark and light zones (see Fig. 2b), respectively. The percentage area
of the nanozones embedded in the coatings was estimated to be
approximately 25%. In contrast, the apparent porosity of the as-
deposited coatings was 13%. In addition to the nanozones and the
lamellar zones, some fine equiaxed grains were also formed as a result
of homogeneous nucleation and precipitation from an undercooled
melt (see Fig. 2(b–D)). The estimated cooling rate of plasma-sprayed
coatings is of the order of 106 K/s [20,38]. It is believed that
homogeneous nucleation resulted in the formation of fine grains owing
to a high nucleation rate and a low growth rate.

3.2. Evolution of mechanical and thermal properties during thermal
exposure

Fig. 3 shows the evolution of the mechanical properties of nanos-
tructured YSZ coatings after thermal exposure for different intervals of
time. To begin with, the changes in hardness and elastic modulus show

a similar trend. This trend shows that a much higher increase rate in
mechanical properties at initial thermal exposure stage slows down
dramatically during the following extended thermal exposure stage.
That means the sintering kinetics of the nanostructured YSZ coatings
vary with the duration of thermal exposure, which may result from the
special bimodal structure. Secondly, the increment of elastic modulus
at the initial shorter stage was significantly larger than that at the
subsequent longer stage, as shown in Fig. 3(e, f). Finally, the elastic
modulus of the as-deposited coatings shows a clear anisotropy with a
larger in-plane value with respect to the out-plane value. However,
after thermal exposure, the increment in the out-plane elastic modulus
is often greater than that of the in-plane elastic modulus.

Fig. 4 shows the evolution of the thermal diffusion coefficient and
thermal conductivity of the nanostructured YSZ coatings after different
thermal exposure durations. The thermal conductivity was calculated
from (Eq. (4)). It can be observed that the thermal diffusion coefficients
decrease slightly as a function of the measured temperature values.
Moreover, similar to the mechanical properties, the thermal diffusion
coefficients increase significantly after thermal exposure, as shown in
Fig. 4(a). A similar trend can be found for thermal conductivity. This is
consistent with the results for APS YSZ coatings in previous reports
[33,43]. The temperature-dependent thermal conductivity data have
been discussed with respect to the heat transfer mechanisms operative
in TBC coatings. A TBC coating can be considered as a two-phase
system made from the splat and the gas trapped within the pores. In
the presence of gas filling the pores, it is reported that the heat transfer
is affected by the pore dimension (L) and the mean free path of
molecules (λ) in the gas phase, which in turn is a function of
temperature and pressure [44]. In plasma-sprayed TBCs, the pore
thickness is comparable to λ (~100 nm) at ambient temperature and

Fig. 8. Two-stage evolutionary trend in properties: (a) hardness; (b) elastic modulus; and (c) thermal conductivity measured at room temperature, 600 °C and 1000 °C. (a) and (b) were
obtained from Fig. 3, whereas (c) was obtained from Fig. 4.
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pressure, which means that convection can be neglected [45].
Moreover, the gas conductivity in a pore is close to that in the free
gas (e.g., ~0.025 W m−1 K−1), only provided that the dimensions of the
pore are much larger than the mean free path (L > ~10λ). Given the
pore dimension in typical TBCs (L< ~1 µm) [6,13], the conductivity in
the pores should be significantly lower than that of the free gas. Of
course, all gas conductivities are much lower than those of solids. In the
case of a splat, the heat transfer occurs primarily through phonon
transport owing to the fact that there are almost no free electrons [45].
Therefore, it can be concluded that the heat flux within the coatings
includes conventional phonon conduction through splats, collision
conduction in the gas, and radiative heat transfer [46]. At lower
temperatures, heat conduction occurs only through phonon transport.
As the temperature increases, phonon scattering becomes stronger, and
the thermal conductivity of the material decreases. However, when the
temperature is further increased (e.g., above 700 °C), radiation be-
comes significant. As a result of these combined effects, the thermal
conductivity decreases to a minimum with increase in measured
temperatures, and subsequently increases only slightly at higher
temperatures.

3.3. Effect of thermal exposure on the microstructure

Fig. 5 shows the XRD patterns of the nanostructured coatings
before and after thermal exposure at 1300 °C, given that significant

phase transformation can occur in samples treated at higher tempera-
tures (i.e., > 1200 °C) [40,47,48]. The as-sprayed coating showed
primarily tetragonal phase, together with a small fraction of cubic
phase, which is consistent with previous reports [40,48–50]. Since the
cooling rate of the splat during plasma spraying is extremely high, both
phase equilibrium (between tetragonal and cubic phases at tempera-
tures > 560 °C) and the eutectoid phase transformation (from tetra-
gonal phase to both monoclinic and cubic phases) cannot be completely
achieved [40]. As a result, the tetragonal phase, composed of 7YSZ, is
retained within the splats after cooling down. According to the
equilibrium phase diagram, 7YSZ should be composed of both mono-
clinic phase and cubic phase [51]. It is obvious that the 7YSZ-formed
tetragonal phase is a thermodynamically metastable phase, which is
often named as the non-equilibrium tetragonal phase or nontransform-
able tetragonal phase (T′). Quantitative calculations of the phase
contents shown in Fig. 5d indicate that after thermal exposure at
1300 °C, distinct phase changes can be observed. During thermal
exposure, the redistribution of Y element resulted in the formation of
equilibrium tetragonal and cubic phases [47,49,52]. Consequently, the
content of cubic phase increased gradually with increase in thermal
exposure duration. When the samples were cooled down from the
exposed temperature (i.e., 1300 °C) to room temperature, the eutectoid
reaction at 560 °C led to the phase transformation from the equili-
brium tetragonal phase to both monoclinic and cubic phases [51].
However, this eutectoid reaction is highly dependent on the effective

Fig. 9. Morphological evolution of the fractured cross-section and surface in lamellar zones after various thermal exposure durations: (a) fractured cross-section and (b) surface.
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diffusion of Y element, which is achieved through the thermal vibration
of the Y3+ ion. At a relatively low temperature (i.e., 560 °C), the thermal
vibration of ions becomes less intensive. Therefore, the formation of
the monoclinic phase becomes clearly visible only after a relatively long
duration (see Fig. 5d).

Fig. 6 shows the polished cross-section of YSZ coatings after

progressively increasing thermal exposure durations. In the case of
the as-deposited state, a bimodal structure with a distinct contrast can
be observed, where the dark nanozones are surrounded by the lighter
lamellar zones. With increase in thermal exposure duration, this
contrast was not as distinct as in the as-deposited state. Sintering
occurred both in the lamellar zones and in the nanozones.

Fig. 9. (continued)

Fig. 10. Evolution of the 2D pore length density as a function of thermal exposure durations: (a) 0–500 h and (b) 0–20 h.
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Consequently, the 2D pores were healed significantly in the lamellar
zones, while the grains grew to neck-connect with each other in the
nanozones. The change in apparent porosity after thermal exposure is
shown in Fig. 7. It can be found that the apparent porosity decreases
during the initial thermal treatment ( < 10 h). After a longer thermal
treatment ( > 100 h), the apparent porosity exhibits a slight increase.
This observation suggests that the sintering of lamellar zones and
nanozones may compete during the overall thermal exposure.

4. Discussion

4.1. Two-stage evolution trend of properties

PS YSZ coatings often have elastic modulus and thermal conduc-
tivity values, which are approximately less than half of those corre-
sponding properties of bulk YSZ [5,6,53]. Moreover, in the as-
deposited state, the mechanical and thermal properties in the out-
plane direction are lower than that in the in-plane direction [12,37].
During thermal exposure, both the mechanical properties and the
thermal conductivity increased dramatically at the initial duration,
after which the increase rate slowed down significantly when the
duration was extended (see Fig. 3). This suggests that the sintering
kinetics is strongly related to the thermally activated structural changes
at different durations.

Fig. 8 shows that there are two distinct stages in the evolution of
properties. More specially, in Fig. 8(a, b), a Ln-t curve corresponding to
the evolution of mechanical properties shown in Fig. 3 is given. Fig. 8c
shows the evolution of thermal conductivity as a function of thermal
exposure duration. In order to show the overall evolution, 0.1 h was
used to stand for the as-sprayed state (corresponding to 0 h). To begin
with, a distinct two-stage trend in property evolution could be
observed. The sintering kinetics in the initial stage of thermal exposure
(~0–10 h, termed as Stage I) was much higher than that during the
subsequent longer duration of thermal exposure (termed as Stage II). It
appears therefore that most of the increase in properties occurs already
in the Stage I (~ 70%) with respect to the total observed increase during
the overall thermal duration. In addition to the above-described stage-
sensitive sintering kinetics, another noteworthy phenomenon was the
anisotropy in the evolution of mechanical properties. The increase rate
of the mechanical properties in the out-plane direction was higher than
that in the in-plane direction, in particular, in the initial stage (see
Fig. 8(a, b) and Fig. 3(a, b)). Correspondingly, increase in mechanical
properties in the out-plane direction was greater than that in the in-
plane direction (see Fig. 3(e, f)). It is believed that the mechanical
properties of PS YSZ coatings are dependent on the nature of the
connected 2D pore network [13]. In the case of the nanostructured
TBCs, the evolution of properties may be an overall result reflecting the
changes in the microstructure of both lamellar and nanozones.

First, the pore healing behavior at the lamellar zones was investi-

gated in detail to account for the observed stage-sensitive and
anisotropic sintering kinetics during thermal exposure. Fig. 9 shows
the morphological evolution of fractured cross-section and surface
lamellar zones after thermal exposure. If the overall thermal duration is
considered, pore healing could be clearly observed, despite in the
intersplat pores and the intrasplat cracks. Consequently, the lamellar
structure present in the as-deposited state disappeared gradually,
whereas the splat was stiffened by the healing of intrasplat cracks;
this phenomenon is consistent with observations reported in previous
investigations [5,6] carried out with the aim to obtain coatings with
lower the surface areas [54]. Qualitatively, the macroscale structural
evolution is responsible for the increase in both the mechanical
properties [13] and the thermal property [8] during overall evolution
(see Figs. 3 and 4). When considering the initial stage (0–10 h) with a
higher sintering kinetics, it can be observed that the healing of
intersplat pores is more significant than that of the intrasplat cracks.
The corresponding evolution of the statistical 2D pore length density as
a function of thermal duration time is shown in Fig. 10. The densities of
both the intersplat pores and the intrasplat cracks decreased signifi-
cantly during the overall duration of thermal exposure. However, in the
Stage I, the decrease in intersplat pores was much more pronounced
than that of the intrasplat cracks. Consequently, the healing of
intersplat pores is the dominant structural change at this stage (0–
10 h), which is responsible for the anisotropic evolution of mechanical
properties. The reason for this is that the healing of intersplat pores
results in an increase in the interlamellar bonding ratio, which has a
significant effect on the elastic modulus in both in-plane and out-plane
directions [13,24]. That's why both the in-plane and the out-plane
mechanical properties increased during the Stage I (see Fig. 3).
However, it is reported that the elastic modulus is more sensitive to
its corresponding vertical cracks [55]. As a result, the increase in
mechanical properties in the out-plane direction is greater than that in
the in-plane direction, as shown in Fig. 3(e, f).

4.2. Stage I: Enhanced sintering kinetics induced by multiconnection
of intersplat pores

Based on the above results, the ultrafast sintering kinetics observed
in the Stage I is attributed primarily to the significant healing of
intersplat pores in the lamellar zones. For this zone, the splat-formed
lamellar structure and the columnar grains inside individual splats
were clearly seen (see Fig. 9). It is reported that the columnar grains
arise from nucleation at splat boundary followed by rapid growth into
the molten splat [38]. Consequently, most of the columnar grains are
parallel to the deposition direction.

In order to investigate the pore healing behavior, the surfaces of
individual splats were considered to serve as the intersplat pore
surfaces, since the two surfaces of a pore are actually either the top
surface or the bottom surface of an individual splat with columnar

Fig. 11. Morphological changes on the surface of an individual splat after thermal exposure at 1200 °C.
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grains. Fig. 11 shows the in-situ changes in the surface morphology of
an individual splat obtained from AFM after thermal exposure for
different durations. It can be observed that the relatively smooth
surface became roughened stemming from different mechanisms, i.e.,
faceting of the grain surface, grooving of the bared grain boundary and
columnar grains convex. These different mechanisms lead to different
levels of roughening. To sum up, during thermal exposure, the smooth
surfaces of intersplat pores are roughened to different extents, depend-
ing upon the mechanism of roughening.

It is widely believed that the intersplat bonding ratio in the plasma-
sprayed ceramic coatings is approximately 10–32% for the case with no
special preheating on substrate [24,56–58]. This means that the

intersplat pores partially separate the two neighboring layers owing
to the limited bonding areas. Consequently, nearly all intersplat pores
have tips. However, the intrasplat cracks arise from the quenching
stage to release stress [59]. As a result, the intrasplat cracks often
completely separate the splat segments in one layer. Therefore, the
number of intersplat pore tips is much greater with respect to that of
the intrasplat cracks. Moreover, the columnar grains often grow along
the deposition direction. Extremely narrow intersplat pore tips may
have a higher possibility to be healed, resulting in ultrafast sintering
kinetics. Fig. 12 shows the in-situ healing behavior of intersplat pores.
It can be observed that the smooth intersplat pore surface evolves to
become roughening. This is consistent with the AFM profiles observed

Fig. 12. Multiconnection-induced healing of intersplat pore tips after thermal exposure at different temperatures: (a) 1200 °C and (b) 1300 °C.

G.-R. Li et al. Ceramics International 43 (2017) 9600–9615

9610



in Fig. 11. Moreover, the healing of intersplat pores began at the pore
tips. Owing to the multiscale roughening mechanism, the counter
surfaces of pore tips were bridge-connected to finish the healing
procedure. It is reported that according to conventional ceramic
sintering or powder metallurgy theories, sintering processes begin
with the connection of particles through single-neck connections [36].
Different from the conventional mechanism, thermal exposure leads to
the multiscale roughening on the surfaces of intersplat pores (see
Fig. 11). At pore tips, the multiscale roughening results in multipoint
connection of the counter surfaces. The sintering process is accom-
panied by a decrease in free energy of the whole system. The multipoint

bridging significantly decreases the free energy of the system, which
contributes to the ultrafast sintering kinetics during the Stage I.

To sum up, the multiconnection between splats, induced by
thermally-activated multiscale roughening mechanisms, leads to a
significant healing of intersplat pores during the Stage I of thermal
exposure. This could be essentially responsible for the very severe and
anisotropic mechanical evolution observed in Fig. 8. This phenomenon
may be contradicted to our initial perception, since nanozones always
present a higher sintering kinetics than fully molten zones [34,60,61]
owing to their higher surface energy. However, the unique structure of
PS YSZ coatings complicates this condition due to the large amount of

Fig. 13. Evolution of the interface between the lamellar zones and the nanozones during thermal exposure.
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2D pores, which predominantly determine the evolution of properties.
Consequently, the multiconnection-induced enhanced healing of inter-
splat pores contributes primarily to the initial untrafast sintering
kinetics that results in a dramatic property increase.

4.3. Stage II: Sintering of nanozones

In conventional plasma-sprayed YSZ coatings, the multiconnection-
induced enhanced sintering kinetics leads to the healing of narrow
parts (i.e., pore tips) in Stage I. After this stage, the multiconnection
between surfaces is hindered by the residual wider parts of the
intersplat pores. Consequently, pore healing only can proceed primarily
from two sides to the center, as described in a previous study [27]. In
parallel, the intrasplat cracks begin to heal (see Fig. 10). However, the
healing rates of both the residual intersplat pores and the intrasplat
cracks are slower in the Stage II than during the initial stage. As a
result, a slower sintering kinetics is observed when the duration of
thermal exposure is extended. This is also applicable to the lamellar
zones in the nanostructured YSZ coatings. This is the reason why some
residual large intersplat pores and residual intrasplat cracks can still be
observed in the polished cross-section and surface even after thermal
exposure at 1300 °C for 500 h (see Figs. 6 and 9). However, the
presence of nanozones in the nanostructured YSZ coatings also has a
distinct effect on the evolution of structure and properties during long
thermal exposure.

The nanozones are formed by embedding the porous nanostruc-
tured agglomerates in the matrix (lamellar-zones). Consequently, in
addition to the typical pores existing in the conventional plasma-
sprayed ceramic coatings [38,62], the nanostructured YSZ coatings
introduce large quantity of micropores in the nanozones. These
micropores have a positive effect on the thermal insulation perfor-
mance [33–35]. It is reported that the activation energy of nanograin
growth is much lower than that of bulk YSZ [21], since the presence of
micropores increases the surface energy drastically. Consequently,
from the view of sintering-induced densification, the porous nanozones
exhibit a much higher driving force than that of the lamellar zones.
Fig. 13 shows the interfacial evolution between lamellar zones and
nanozones during thermal exposure. On the one hand, sintering leads
to the linking-up of nanozones and the lamellar zones at some parts.
Consequently, the nanozones decrease as a function of thermal
exposure durations (see Fig. 6). This is consistent with a previous
report [63]. On the other hand, the differential sintering rates
(densification rates) may contribute to the formation of an opening
at the interface between the porous nanozones and the matrix [34,35].
This may account for the observed change in apparent porosity (see
Fig. 7). In the case of conventional plasma-sprayed ceramic coatings,
the observed pores in the polished cross-section mainly arise from the
spalling-off of the weakly bonded splats during sample preparation
[64,65]. After thermal exposure, the lamellar bonding is enhanced
significantly, as a result of which the apparent porosity decreases.

Fig. 14. Evolution of the nanozones after thermal exposure for different durations at 1300 °C: (a) morphological evolution; (b) grain size distribution.
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Based on the discussion in Sections 4.1 and 4.2, the distinctly improved
bonding occurs mainly in Stage I. Correspondingly, the apparent
porosity often decreases faster in this stage with respect to the
following extended duration [6,40,47]. However, in the case of
nanostructured coatings, thermal exposure leads to differential sinter-
ing rates for the nanozones and the lamellar zones. This results in the
formation of coarse voids, which further contribute to the apparent
porosity. Based on the combined mechanism of changes in the lamellar
zones and nanozones, it is concluded that the apparent porosity

decreased distinctly when initially exposed (Stage I), owing to the
enhanced bonding between splats. Subsequently, the apparent porosity
remained relatively stable and increased slightly after long duration
(Stage II), as shown in Fig. 7. This is consistent with the observations
reported in previous publications [34,35].

Fig. 14 shows the evolution of nanozones during thermal exposure.
It can be found that there is significant grain growth as a function of
duration. Consequently, the nanostructure disappeared gradually dur-
ing thermal exposure. However, detailed observations showed that the
grain growth is not as significant as in Stage I (i.e., < 10 h). From the
grain size distribution, it is found that the grains grew only gradually as
the thermal exposure duration was increased. This means that a
significant change in the grain size distribution often needs a certain
incubation period. This is consistent with a previous study [21], which
demonstrated that the grain size becomes large than 100 nm after
thermal exposure for 25 h at 1100 °C. In brief, though the surface
energy of nanozones is much higher than the bulk YSZ, the sintering of
these nanozones is still similar to the conventional ceramic, i.e.,
sintering through neck-connection of particles [36] and material
transport occurs only through the neck between the particles. The
whole process is accompanied by an increase in the neck diameter and
shrinkage in the micropores. Consequently, the sintering-induced
significant densification of the nanozones often needs an incubation
period to be completed. This further confirms that the initial ultrafast
sintering kinetics is primarily attributed to the multiconnection-
induced enhanced pore healing in the lamellar zones.

In brief, the sintering mechanism of the nanostructured YSZ
coatings actually reflects the combined behavior of the lamellar zones
and the nanozones. At the lamellar zones, sintering leads to the
significant healing of the 2D pores, particularly in the initial stage
(Stage I). Consequently, the mechanical properties and the thermal
property increase dramatically. At the nanozones, the much lower
activated energy leads to a higher sintering-induced densification rate
with respect to the lamellar zones. The opening at the interface of the
lamellar zones and the nanozones counteracts the effect of the
disappearance of micropores between nanoparticles. Consequently,
the apparent porosity decreases in Stage I, and subsequently increases
slightly owing to the appearance of coarse voids between the lamellar
zones and the nanozones. Based on the above discussion, this
comprehensive mechanism of sintering retards performance degrada-
tion [22,34,35] and enhances the thermal shock resistance [30–33].

By understanding the comprehensive sintering mechanism of
nanostructured TBCs, it is possible to achieve structural tailoring
toward advanced TBCs by inserting some larger scale interlamellar
pores. During plasma spraying, some nanozones can be inserted inside
the conventional lamellar coatings. Subsequently, thermal exposure
leads to the faster and significant densification of the nanozones,
leaving a few larger scale interlamellar pores. It is relatively difficult for
these large interlamellar pores to be healed by multiconnection.
Consequently, a highly sintering-resistant structure with increased
thermal insulation and prolonged thermal cycling lifetime may be
obtained.

5. Conclusions

In this study, the comprehensive sintering mechanism of plasma-
sprayed nanostructured YSZ coatings was revealed. The as-deposited
bimodal structure of the nanostructured YSZ coatings exhibited
distinct two-stage sintering kinetics during thermal exposure. The
lamellar zones and the nanozones significantly presented different
sintering mechanisms. The changes in structure and properties were
resulted from the combined effect of these two mechanisms. The
conclusions of the study are as follows:

(i) The as-deposited nanostructured YSZ coatings exhibited a distinct
bimodal structure, which depended on the degree of melting of the

Fig. 14. (continued)
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feedstock. The nanozones (unmolten particles) were surrounded
by the lamellar zones (molten zones). The area ratio of the
nanozones was approximately 25%.

(ii) During thermal exposure, both mechanical and thermal property
showed significant increase. Furthermore, the observed increase
exhibited a clear two-stage trend. The rate of increase during the
initial short stage (Stage I) is much higher than in the subsequent
longer stage (Stage II).

(iii) In Stage I, an examination of the pore healing behavior revealed
that the initial ultrafast sintering kinetics can be attributed
primarily to the healing of intersplat pores induced by multi-
connection. This leads to a dramatic increase in properties during
this stage along with enhanced anisotropy.

(iv) In Stage II, in addition to further pore healing with a much slower
kinetics at the lamellar zones, the differential sintering rates of the
lamellar zones and the nanozones contribute to the formation of
an opening at the interface of these two zones. More specifically, at
the nanozones, the high activated energy of nanograins leads to
significant grain growth during the overall duration of thermal
exposure. The neck-connection of these grains resulting from
sintering leads to a higher densification rate with respect to the
matrix (lamellar zones). Consequently, some coarse voids appear
at the weakly-bonded interface between the nanozones and the
matrix. However, an incubation period is often necessary before
this sintering-induced significant densification of the nanozones
can take place.

In brief, in Stage I, the multiconnection induced healing of
intersplat pores dominates the evolution of structure and properties.
In Stage II, there is a distinct slowing down in the healing of pores. The
nanograins grow gradually during the overall thermal exposure. The
sintering-induced faster densification of nanozones becomes significant
after a certain duration, which contributes to the apparent porosity and
has a positive effect in inhibiting performance degradation. By reveal-
ing the comprehensive sintering mechanism of nanostructured YSZ
coatings, this fundamental study contributes to the tailoring of the
structure of TBCs to achieve the desired performance.
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