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The effects of 50-hour heat treatments at 1000◦C, 1200◦C, and 1400◦C on air plasma-sprayed
coatings of 7 wt% Y2O3-ZrO2 (YSZ) have been investigated. Changes in the phase stability
and microstructure were investigated using x-ray diffraction and transmission electron
microscopy, respectively. Changes in the thermal conductivity of the coating that occurred
during heat treatment were interpreted with respect to microstructural evolution. A
metastable tetragonal zirconia phase, with a non-equilibrium amount of Y2O3 stabilizer, was
the predominant phase in the as-sprayed coating. Upon heating to 1000◦C for 50 hours, the
concentration of the Y2O3 in the t-zirconia began to decrease as predicted by the Y2O3-ZrO2

phase diagram. The c-ZrO2 phase was first observed after the 50-hour heat treatment at
1200◦C; monoclinic zirconia was observed after the 50-hour heat treatment at 1400◦C. TEM
analysis revealed closure of intralamellar microcracks after the 50-hour/1000◦C heat
treatment; however, the lamellar morphology was retained. After the 50-hour/1200◦C heat
treatment, a distinct change was observed in the interlamellar pores; equiaxed grains
replaced the long, columnar grains, with some remnant lamellae still observed. No lamellae
were observed after the 50-hour/1400◦C heat treatment. Rather, the microstructure was
equivalent when viewed in either plan view or cross-section, revealing large grains with
regions of monoclinic zirconia. Thermal conductivity increased after every heat treatment.
It is believed that changes in the intralamellar microcracks and/or interlamellar pores are
responsible for the increase in thermal conductivity after the 1000◦C and 1200◦C heat
treatments. The increase in thermal conductivity that occurs after the 50-hour/1400◦C heat
treatment is proposed to be due to the formation of m-ZrO2, which has a higher thermal
conductivity than tetragonal or cubic zirconia. C© 2002 Kluwer Academic Publishers

1. Introduction
Air plasma sprayed thermal barrier coatings (TBCs) of-
fer improved operating efficiency for gas turbines used
in land-based and aircraft-based applications by either
increasing the operating temperature or decreasing the
need for cooling of the metallic structure. For example,
a 200 µm thick coating of 7 wt% Y2O3-stabilized ZrO2
can lower the surface temperature of the metallic struc-
ture by 200◦C [1]. Typical service temperatures range
from 800◦C to 1300◦C for these coatings. However,
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both the microstructure and phase composition of these
coatings are dynamic during service.

It is well established that during plasma spraying the
molten YSZ undergoes rapid cooling upon impact with
the substrate, forming a yttria-rich, non-equilibrium
phase [2, 3]. Upon heating, the excess yttria slowly dif-
fuses out of the metastable zirconia phase, ultimately
leaving a tetragonal zirconia phase with an equilib-
rium amount of the stabilizer (approximately 4 wt%
Y2O3). This equilibrium t-ZrO2 phase will readily form
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Figure 1 Schematic of the plasma-sprayed microstructure with domi-
nant microstructural defects indicated.

m-ZrO2 upon cooling. It is not uncommon to observe
m-ZrO2 after only a 10-hour heat treatment at 1400◦C
[4]. The excess yttria that originated in the metastable
zirconia phase is used to nucleate and grow grains of
c-ZrO2, a zirconia phase with an equilibrium concen-
tration of yttria of 14 wt%.

The as-sprayed microstructure is extremely com-
plex, as shown schematically in Fig. 1. Small oblate
pores (<0.1 µm) exist between the flattened powders
or lamellae (i.e. interlamellar pores); the actual contact
between adjacent lamellae has been suggested to be as
low as 20% [5]. In addition, microcracks that span the
thickness of the lamellae (intralamellar microcracks)
are oriented approximately parallel with the spray di-
rection. Intralamellar pores also exist. As temperature is
increased, the microstructure tends to sinter within the
range of the expected operating temperatures. Ilavsky
et al. [6] have shown an overall reduction in the spe-
cific surface area of both the intralamellar microcracks
and interlamellar pores as a function of heat treatment.
The intralamellar microcracks are the first to close, be-
ginning around 800◦C. The reduction in the specific
surface area of the microcracks levels off at approx-
imately 1000◦C. A reduction in the specific surface
area associated with the interlamellar pores begins at
≈1100◦C.

Both the phase transformation and the sintering ef-
fects increase the thermal conductivity. The transfor-
mation to m-ZrO2 is undesirable because its intrinsic
thermal conductivity is greater than that of the tetrago-
nal phase [7]. Closure of the interlamellar pores and
intralamellar cracks increases the efficiency through
which heat is transferred through the coating [8], mak-
ing the coating less insulative. Some prior research has
been performed to investigate the effect of heat treat-
ment on PS YSZ [9–11]. Dinwiddie et al. [9] focused
on comparing the thermal conductivity of both EB-
PVD and PS YSZ after heat treatments, with no phase
analysis or microscopy performed. Mogro–Campero
[10] looked at the effect of 1200◦C and 1300◦C heat
treatments on thermal conductivity of PS YSZ using
Larson–Miller fitting parameters to describe thermal

conductivity aging effects. Eaton et al. [11] measured
the change in thermal conductivity over a broad range
of heat treatments (870◦C–1400◦C) using scanning
electron microscopy to view microstructural changes.
However, none of the studies monitored the forma-
tion of the monoclinic zirconia or viewed the heat-
treated microstructures using TEM. In the research
being reported presently, we combine transmission
electron microscopy with X-ray diffraction techniques
to correlate the microstructural changes that occur upon
heating with the observed increase in thermal con-
ductivity. Thus, we have investigated the effects of
50-hour heat treatments at 1000◦C, 1200◦C, or 1400◦C
on the phase stability and microstructure of stand-alone
plasma-sprayed YSZ coatings. X-ray diffraction was
used to determine the zirconia phases present and trans-
mission electron microscopy was employed to discern
changes in the lamellar and grain structure. The mi-
crostructural changes were interpreted with respect to
the thermal conductivity of the coatings.

2. Experimental procedures
2.1. Plasma-spray process
A fused and crushed 7 wt% Y2O3-ZrO2 powder§

(YSZ), nominally 12 µm in diameter, was used in
the current study. All coatings were sprayed using the
small-particle plasma spray (SPPS) process at North-
western University [12]. An A-3000 Plasma Technik
control system with an F4 gun, mounted on a seven–
axis ASEA Brown and Boveri IRB 2000 robot, was
used to spray the coatings.

Each powder was fed into the plasma flame through
an externally mounted SPPS injector using a standard
disc feeder. The disc speed feeding the YSZ powder
was held at a constant speed (3.5 relative units). The
argon carrier gas that fed the YSZ was held constant
at 9 standard liters per minute (slm), respectively. A
25 kW power setting with a primary plasma gas of Ar
(at 45 slm) and secondary gas of H2 (at 5 slm) was used.
The spray distance, measured from the injector to the
substrate, was 6 cm. The injector was placed 11 mm
from the centerline of the flame. Cooling air was blown
on the front and back of the substrates. The rastering
speed of the torch across the substrates was 350 mm/s
with a 3 mm drop between passes.

All coatings were sprayed on 1018 steel substrates
that were initially plasma-spray coated with aluminum.
The Al layer facilitated removal of the coating, as
a weak HCl solution will preferentially attack the
aluminum, separating the coating from the substrate.
A 220-grit alumina powder was used to gritblast the
polished aluminum coating prior to application of the
ceramic coatings.

Stand-alone as-sprayed coatings were subjected to
one of three different heat treatments of 50 hours du-
ration. These included soak temperatures of 1000◦C,
1200◦C, and 1400◦C. Thus, comparisons will be made
of coatings in the as-sprayed condition and after
50 hours at 1000◦C, 1200◦C, or 1400◦C.

§Amperit 825.0, H.C. Starck, Newton, MA, USA.
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2.2. Physical property measurements
and TEM foil preparation

The bulk density of the coatings, necessary to deter-
mine the thermal conductivity, was measured using the
immersion technique. X-ray diffraction measurements,
using Cu-Kα radiation, were made on stand-alone coat-
ings of as-sprayed and heat treated YSZ using a Scin-
tag Diffractometer (XDS 2000) to qualitatively deter-
mine the phases present using the method described by
Muraleedharan et al. [13].

Plan view and cross-sections of the as-sprayed and
heat treated YSZ coatings were thinned by wedge
polishing¶, followed by precision ion polishing∗∗ for
about an hour, thinning both sides simultaneously. The
samples were mounted to a copper grid between the
two thinning processes. They were viewed in a Hitachi
HF2000 cFEG.

2.3. Thermal conductivity measurements
A detailed description of the laser flash technique used
to determine thermal diffusivity has been published
previously [14]. All measurements were made at the
High Temperature Materials Laboratory at Oak Ridge
National Laboratory. A disk-shaped sample, 12.5 mm in
diameter with a thickness varying from 160 to 500 µm,
was used for all tests. Thermal diffusivity was mea-
sured between 25◦C and 1200◦C. The time-temperature
curves were analyzed by the method of Clark and Taylor
[15], which takes into account radiation losses and uses
the heating part of the curve to calculate thermal diffu-
sivity. The samples were tested in argon in two furnaces,
one for measurements from 25◦C through 500◦C, and
another for measurements from 600◦C through 1200◦C.
The IR detector was also changed from an InSb detec-
tor to a Si detector between 500◦C and 600◦C. Three
measurements were taken for each sample at each tem-
perature and averaged. Samples were tested in sets of
up to six; thermal conductivity measurements at each
temperature took about 20–30 minutes for a complete
set of six samples.

The specific heat was determined from 100◦C
through 1050◦C for each coating with a differential
scanning calorimeter†† using sapphire as the reference
standard. The heat-up rate was 20◦C/min in an argon
atmosphere. Samples were composed of 4 mm disks,
stacked to achieve a mass of approximately 90 mg. The
as-sprayed samples exhibited an exothermic peak in
heat flow near 900◦C. As a result, these samples were
given a 1-hour heat treatment through 1000◦C prior to
testing.

Thermal conductivity of the coating at each temper-
ature was calculated using k = 100αcpρ where α is the
thermal diffusivity in cm2/s, cp is the specific heat in
J/g-◦C, and ρ is the density in g/cm3. Specific heat
values at 1100◦C and 1200◦C were estimated from a
best-fit line to the data collected from 100◦C through
1050◦C. Density was assumed to be constant for the
current measurements. The total error associated with
each thermal conductivity value is ±6%.

¶South Bay Technology, San Clemente, CA, USA.
∗∗ Gatan, Model # 691.
††Omnitherm DSC 1500.

(a)

(b)

Figure 2 X-ray plots for the as-sprayed and heat treated coatings of
YSZ between (a) 72–76◦ and (b) 20–60◦ (t = t-ZrO2, c = c-ZrO2, m =
m-ZrO2). As described in the text, the shift observed in plot a between the
t-ZrO2 peaks in the as-sprayed condition and after the 50 hr/1000◦C heat
treatment is due to a decrease in Y2O3 concentration in the tetragonal
lattice.

3. Results and discussion
3.1. Phase stability
X-ray diffraction plots for the as-sprayed and heat
treated samples of YSZ are shown in Fig. 2a and b.
Plotting the x-ray diffraction results from 72–76◦ (see
Fig. 2a) makes it possible to discriminate tetragonal zir-
conia phases with different amounts of Y2O3, and to dif-
ferentiate between tetragonal and cubic zirconia phases.
The x-ray diffraction results plotted from 20–60◦ more
clearly show the development of m-ZrO2.

The as-sprayed coating often contains a tetragonal
phase with the same yttria concentration as the starting
powder due to the high quench rates that occur during
interaction of the melted particles with the substrate.
This is a metastable tetragonal phase because it contains
a non-equilibrium amount of yttria (7 wt%), whereas
the Y2O3-ZrO2 phase diagram would predict the t-ZrO2
phase to contain 4 wt% yttria [3, 13]. The increased
concentration of Y3+ ions in 7 wt% Y2O3-ZrO2, which
are 22% larger than Zr4+ ions, means that the unit cell is
expanded as compared to the 4 wt%Y2O3-ZrO2 phase,
shifting diffraction peaks to smaller 2θ angles. This is
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evident in the as-sprayed data in Fig. 2a, where the
(400) peak for this non-equilibrium phase of zirconia
occurs at 74.15◦; for 4 wt%Y2O3-ZrO2 the (400) peak
is expected at 74.40◦.

Upon heating, yttria diffuses out of the metastable
zirconia phase until it reaches its equilibrium concen-
tration of yttria as determined by the phase diagram
(which is a function of the heat treatment temperature).
Looking again at Fig. 2a, it is apparent that this phe-
nomenon is occurring. For example, after 50 hours at
1000◦C, the diffraction peak for the (400) plane has
shifted to 74.40◦, indicating that the concentration of
Y3+ ions has decreased.

The yttria that has diffused out of the tetragonal
zirconia resides in a newly formed c-ZrO2 phase, with
approximately 14 wt% Y2O3. As is the case with the
t-ZrO2 phase, the exact composition of the c-ZrO2
phase is a function of the heat treatment temperature
and can be reasonably determined from the phase dia-
gram. It is not until after the 50 hr/1200◦C heat treat-
ment that a c-ZrO2 peak appears, consistent with the
slow diffusion of yttria from the metastable zirconia
phase and the nucleation of cubic zirconia grains.

After the 1400◦C heat treatment only the c-ZrO2 peak
is apparent in the 72–76◦ region of Fig. 2a. Fig. 2b

Figure 3 Bright field TEM micrographs of cross-sectional and plan view oriented samples in the as-sprayed and heat treated conditions: (a) as-sprayed
cross-section (b) as-sprayed plan view (c) 50-h/1000◦C cross-section (d) 50-h/1000◦C plan view (e) 50-h/1200◦C cross-section (f ) 50-h/1200◦C plan
view (g) 50-h/1400◦C cross-section (h) 50-h/1400◦C plan view. (Continued.)

further indicates that the coating has completely trans-
formed to m-ZrO2 and c-ZrO2. Monoclinic zirconia
forms upon cooling from the transformation of the equi-
librium yttria concentration of t-ZrO2, and is typically
associated with a 3.5 vol% expansion [16].

3.2. Microstructural stability
TEM micrographs of cross-sectional and plan view-
oriented samples in the as-sprayed and heat treated
conditions are presented in Fig. 3. As expected, the
cross-sectionally oriented sample in the as-sprayed
condition (Fig. 3a) revealed the lamellar morphology,
with each lamella comprised of columnar grains and
submicron porosity between adjacent lamellae (inter-
lamellar pores). Intralamellar porosity was also ob-
served, but is not shown in the micrograph presented.
Intralamellar microcracks were most apparent in the
plan view orientation (Fig. 3b). Columnar grains from
50–200 nm in diameter to 0.5–2 µm long comprised
the individual lamellae that made up the coatings.

Fig. 3c and d show the microstructure of a sample
that has been heat treated for 50 hours at 1000◦C in
cross-sectional and plan view orientations, respectively.
The long, columnar grains and lamellar morphology are
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Figure 3 (Continued.)

still predominant in cross-section. However, gone are
the microcracks that were observed in the as-sprayed
condition (Fig. 3b). While it is difficult to qualitatively
assess the intralamellar crack density using TEM, small
angle neutron scattering has shown that intralamellar
cracks heal after heat treatments at 1000◦C [6].

Fig. 3e and f show a coating subjected for 50 hours at
1200◦C in cross-sectional and plan view orientations,
respectively. From Fig. 3e, some elongated grains still
exist (see grain A) that are likely the tetragonal zirconia
phase. In other regions, for example grain B, we ob-
served equiaxed grains. Because X-ray results after the
1200◦C treatment indicate that c-ZrO2 (Fig. 2a) is form-
ing, these non-columnar grains are likely c-ZrO2. The
lamellar morphology has been largely eliminated by
the changes in the grain shape, but there were a few re-
gions of the sample where remnant lamellae were noted.
Fig. 3f reveals grains similar in size to those observed in
the as-sprayed condition and the 50-hour/1000◦C heat
treatment.

The changes in the microstructure that occur after
50 hours at 1400◦C are reported in Fig. 3g and h. Sim-
ilar grain morphology is observed independent of ori-
entation. The overall grain size has increased, most ap-
parent in the plan view orientation (Fig. 3h). The grains
are rounded (as opposed to hexagonal) with porosity lo-

cated at the triple points of grain clusters. Both Fig. 3g
and h reveal a m-ZrO2 grain with twins.

3.3. Thermal conductivity
The thermal conductivity of plasma-sprayed Y2O3-
ZrO2 coatings is reduced compared to that of sin-
tered, bulk Y2O3-ZrO2 by the various defects in the
microstructure resulting from the application process.
The most significant in reducing thermal conductivity
will be the porosity and/or microcracks that are oriented
perpendicular to the direction of heat flow through the
coating, as schematically illustrated in Fig. 1 [17, 18].
Changes in the shape, distribution, or surface area of
the defects that occur upon heating will influence the
thermal conductivity.

The effect of the microstructural changes on thermal
conductivity is evident in Fig. 4, a plot of the thermal
conductivity of the coating (k) versus temperature of the
as-sprayed YSZ coating before and after various heat
treatments. Looking first at the as-sprayed material, it
is apparent that microstructural changes are occurring
during the test as k begins to increase at ≈800◦C (as a
reminder, the sample is at each testing temperature for
20–30 minutes). This is consistent with observations by
Ilavsky et al. [6] that revealed a significant reduction
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Figure 4 Plot of the thermal conductivity versus temperature for the
as-sprayed condition and for various heat treatments.

in the specific surface area of the intralamellar cracks
beginning near 800◦C.

It is apparent in Fig. 4 that all three heat treatments
increase the thermal conductivity, k, after each cycle.
For example, at 700◦C k varied from 1 W/m-K in the
as-sprayed condition to 1.5, 2.1, and 2.4 W/m-K af-
ter 50-hour heat treatments at 1000◦C, 1200◦C, and
1400◦C, respectively. At 1200◦C k varied from 1.3 in
the as-sprayed condition to 1.5, 2.1, and 2.4 W/m-K
after 50-hour heat treatments at 1000◦C, 1200◦C, and
1400◦C, respectively.

By interpreting the thermal conductivity data with
respect to the TEM micrographs presented, some ini-
tial observations can be made on how microstructural
changes affect thermal conductivity. It appears that clo-
sure or healing of the intralamellar microcracks are
responsible for the increase in thermal conductivity
at 1000◦C. Though these microcracks are often mod-
eled as perpendicular to the coating (and thus would
not strongly influence the thermal conductivity), they
are often shifted off normal. Furthermore, previous re-
searchers have shown that the scatter in defect orienta-
tions from normal to the coating can have a pronounced
effect on conductivity [18].

At 1200◦C, the increase in thermal conductivity is
likely due to the reduction in porosity as a result of
sintering between the adjacent lamellae (Fig. 3e). A re-
duction in the specific surface area of the interlamellar
pores of the coating has been observed to begin be-
yond 1000◦C, with the most dramatic sintering effects
observed beginning at 1100◦C [6].

As shown in Fig. 2b, a significant fraction of the
t-ZrO2 begins to transform to m-ZrO2 upon cooling as a
result of the 50-hour/1400◦C heat treatment. This trans-
formation was also observed in the microstructure (see
Fig. 3g). Estimates from previous researchers indicated
that approximately 25 vol% m-ZrO2 transforms upon
cooling to room temperature after 50-hour at 1400◦C
[4]. For comparison, Table I lists the thermal conduc-
tivity of 98% dense m-ZrO2, t-ZrO2, and c-ZrO2 at
200◦C and 800◦C [7]. The thermal conductivity of 98%

TABLE I Thermal conductivity values of 98% dense m-ZrO2, t-ZrO2,
and c-ZrO2 as reproduced from [7]

Phase k at 200◦C (W/m-K) k at 800◦C (W/m-K)

m-ZrO2 5.4 3.6
t-ZrO2 2.8 2.8
c-ZrO2 2.2 2.3

dense m-ZrO2 at 800◦C was 3.6 W/m-K as compared
to 2.8 W/m-K for similar density t-ZrO2. Thus, trans-
formation of tetragonal to monoclinic zirconia should
result in an increase in k because a significant volume
fraction of the coating is being replaced by a higher
conductivity phase. This was observed in the current
data as shown in Fig. 4.

4. Conclusions
The effect of 50-hour heat treatments at 1000◦C,
1200◦C, and 1400◦ on air plasma-sprayed coatings
of 7 wt% Y2O3-ZrO2 (YSZ) has been investi-
gated using x-ray diffraction and transmission elect-
ron microscopy. Coatings were initially composed
of metastable zirconia phase with a non-equilibrium
amount of yttria stabilizer. Upon heating, the yttria
diffuses out of the metastable zirconia phase as pre-
dicted by the phase diagram, resulting in a tetragonal
zirconia phase with an equilibrium concentration of sta-
bilizer (approximately 4 wt% Y2O3). The excess yttria
is used to nucleate and grow grains of c-ZrO2 as a re-
sult of 50-hour holds at 1200◦C and 1400◦C. Mono-
clinic zirconia first appeared after the 50-hour hold at
1400◦C. TEM revealed closure of intralamellar micro-
cracks after the 50-hour/1000◦C heat treatment; how-
ever, the lamellar morphology was retained. After the
50-hour/1200◦C heat treatment, a reduction in the inter-
lamellar pores was observed, with the long, columnar
grains replaced by equiaxed grains and only a small
fraction of the lamellar morphology retained. Only
large equiaxed grains, with no lamellar morphology,
were observed after the 50-hour/1400◦C heat treatment.

The changes that occurred in thermal conductivity
due to the heat treatment were interpreted with respect
to the structural and microstructural changes observed
with x-ray diffraction and TEM, respectively. It was
proposed that several temperature dependent mecha-
nisms that lead to an increase in the thermal conduc-
tivity of the coating are operative. The increase in k
after 50 hours at 1000◦C is likely due to closure of
the intralamellar microcracks. The increase in k after
50 hours at 1200◦C is proposed to be mainly due to
sintering of the interlamellar porosity. After 50 hours
at 1400◦C, the increase in k is believed to be a result
of the increasing volume fraction of high conductivity
m-ZrO2 in the coating.
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