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The rare-earth zirconates with the general formula of Ln2Zr2O7 (Ln = rare-earth elements) having
considerable low thermal conductivity and exhibiting good phase stability at high temperature have
attracted particular interest in thermal barrier coating (TBC) applications. The Sm2Zr2O7 coatings
were deposited by plasma spraying, and the effect of thermal aging on their microstructure and
mechanical properties was examined. The lamellar structure gradually disappeared with the temper-
ature increasing for thermal aging. The evaluation by image analysis revealed that the amount of
microcrack in coatings decreased with increasing aging temperature because of the increase in aspect
ratio caused by microcrack healing, while no obvious change was observed in the spherical porosity.
The as-sprayed Sm2Zr2O7 coating exhibited low microhardness and elastic modulus, which increased
with rise in aging temperature because of the microstructure reconfiguration; in addition, the ratio of
microhardness to elastic modulus decreased with aging temperature increase, indicating a promotion in
plastic property.
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1. Introduction

Thermal barrier coatings (TBCs) based on yttria
partially stabilized zirconia (YSZ) have been widely used
for thermal protection of hot-sectional metal components
in gas turbines (Ref 1, 2). However, the phase transfor-
mation and accelerated sintering of coatings result in a
reduction of strain tolerance in combination with an
increase in Young�s modulus as well as a volume change
of the coating (Ref 3-5). Great effort is being taken to
develop of TBCs materials with low thermal conductiv-
ity, high temperature phase stability, and high sintering
resistance. Among the numerous oxides that have been
explored as TBCs candidate, the pyrochlore-structured
rare-earth zirconates—Ln2Zr2O7 (Ln-La, Nd, Sm, and
Gd)—have attracted particular interest (Ref 6-10).
Suresh et al. (Ref 11, 12) have reported that the thermal
conductivities of (87-91% dense) pyrochlore-structured

Ln2Zr2O7 ceramics vary from 1.5 to 1.6 W m�1 K�1

(at 700 �C). However, the 7 wt.% Y2O3-ZrO2

(7YSZ) ceramics exhibit a thermal conductivity of
3.0 W m�1 K�1 at room temperature and 2.3 W m�1 K�1

at 700 �C (Ref 8). Plasma-sprayed La2Zr2O7 coatings
were performed, and their thermal conductivity is found
to be ~0.75 W m�1 K�1 at 700 �C (Ref 6), which is lower
than that of the YSZ coating prepared by plasma
spraying. However, the low thermal expansion coefficient
and poor fracture toughness of La2Zr2O7 coatings con-
tributed to early failure (Ref 7). Wu et al. (Ref 8)
reported a thermal conductivity of 1.5 W m�1 K�1 at
700 �C for hot-pressed Sm2Zr2O7 ceramics with a relative
density of 98%, which is approximately 30% lower than
that of pressless-sintered 7YSZ, while the thermal
expansion coefficient and elastic modulus are comparable
to those of 7YSZ. Recently, a report showed that ther-
mal conductivity of electron-beam directed-vapor-
deposited Sm2Zr2O7 coatings is one half that of the
7YSZ coating prepared by the same technology (Ref 13).
In our previous study, the thermal conductivity of plas-
ma-sprayed Sm2Zr2O7 coating was measured to be
0.38 W m�1 K�1 at 700 �C, lower than that of YSZ and
La2Zr2O7 coatings (Ref 6, 14). In addition, YSZ TBCs
exposed to high temperatures for extended period in
service promote the microstructure reconfiguration,
which modifies their mechanical and thermo-physical
properties (Ref 15-18). Therefore, an interest has been
taken in Sm2Zr2O7 coatings. The coatings were deposited
by plasma spraying. The microstructure and mechanical
properties evolution were explored, and the effect of
thermal aging on microstructure and mechanical prop-
erties of coatings was discussed.
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2. Experimental Procedure

Sm2Zr2O7 powder was synthesized by a solid-state
reaction method. Sm2O3 (‡99.9%) and ZrO2 (‡99.8%)
powders were weighted and mixed according to the stoi-
chiometric ratios. After the reaction at 1550 �C, the
powder was ground and spray dried, the grain size distri-
bution is mainly in the range of 40-90 lm, with a median
size (D50) of ~60 lm. The Sm2Zr2O7 coating samples
were deposited onto aluminum substrate using the
PT-A2000 atmospheric plasma spraying system equipped
with an F4-MB plasma gun (Sulzer Metco AG, Wohlen,
Switzerland). The plasma spraying parameters are shown
in Table 1. The obtained coating samples were debonded
from the substrate, then thermal aged at 1200, 1300, 1400,
and 1500 �C for 50 h, in a resistance furnace in air.

Microstructure of Sm2Zr2O7 coatings was examined
using a field emission electron microscope (SEM, JSM
6700F, JEOL, Tokyo, Japan) and an EMPA-8705 QH2
electron probe analyzer (Shimadzu, Tokyo, Japan). The
phase compositions of the coatings before and after ther-
mal aging were characterized by x-ray diffraction using a
Rigaku D/Max2550 Diffractometer with Cu Ka (k =
0.15406 nm) radiation at a scan rate of 4� min�1, and the
step size is 0.02�. The divergence (DS), scattering (SS), and
receiving (RS) slits are 1�, 1�, and 0.3 mm, respectively.

Information on porosity was obtained by image analy-
sis (IA) method. Regarding IA evaluation, the cross sec-
tion of as-sprayed and thermal-aged Sm2Zr2O7 coatings
were ground and polished, and five back-scattered elec-
tron images (BEIs) with 10009 were taken randomly in
each sample for image analysis. The BEIs were converted
to binary images to outline pores and cracks, and the total
porosity was calculated. As microcracks and pores have
different aspect ratios (the ratio of the minor axis over the
major axis), defects with a value of aspect ratio below 0.1
were defined as microcracks, while those with an aspect
ratio value ranging from 0.1 to 1 were defined as pores.

The Knoop hardness was measured on the cross section
of coating samples using an HX-1000 microhardness tes-
ter. The measurement was carried out with an indentation
load of 2.94 N and a dwell time of 15 s. For examination, a
total of 20 indentations were made in randomly located
position of each sample. The elastic modulus can be
determined by the Knoop indentation using the following
equation (Ref 19):

b

a
¼ b0

a0
� aH

E
ðEq 1Þ

where a and b are the major and minor axes of the
measured Knoop indentation after elastic recovery; b0/a0

(= 1/7.11) denotes the ratio of the minor to the major
dimensions of the ideal Knoop indenter; a is a constant
with a value of 0.45; H is the Knoop hardness, and E is the
elastic modulus.

3. Results and Discussion

3.1 Phase Stability

Figure 1 shows the XRD patterns of as-sprayed and
thermal-aged Sm2Zr2O7 coatings. As can be seen from
Fig. 1(a), the typical fluorite-type structure Sm2Zr2O7

appeared in the as-sprayed coating is in good agreement
with the result of EB-DVD coatings (Ref 13), which may
be formed because of the high quenching rate (106 �C s�1)
(Ref 20) of molten Sm2Zr2O7 particles during plasma
spraying. For the coating that is thermal aged at 1200 �C
for 50 h, no obvious change in the crystalline except for
the appearance of (331) peak was observed. However, the
pyrochlore crystalline phase appeared in the coating aged
at 1300 �C for 50 h (Fig. 1c), which is characterized by the
presence of the typical supper-lattice peaks at 2h values of
about 37� (331) and 45� (511) using Cu Ka radiation (Ref
21). From Fig. 1(d) and (e), another typical supper-lattice
peak of 28� (311) for pyrochlore crystalline phase was
observed in the coatings which were thermal aged at 1400
and 1500 �C for 50 h, respectively. However, it is difficult
to determine the content of pyrochlore phase because of
the overlaps of the main peaks for pyrochlore and fluorite
phases. No ZrO2 diffraction peaks were observed in Fig. 1,
which had been earlier observed in the plasma-sprayed
La2Zr2O7 coatings thermal aged at 1300 �C for 50 h
(Ref 6, 10). It is known that the order-disorder transition
in rare-earth zirconates is accompanied essentially by no

Table 1 Plasma spraying parameters

Parameters Value

Arc current, A 600-650
Primary plasma gas Ar, slpm 30-40
Secondary plasma gas H2, slpm 10-15
Carrier gas Ar, slpm 3.0
Spray distance, mm 120
Nozzle diameter, mm 6.0
Powder inject diameter, mm 2.0 Fig. 1 XRD patterns of as-sprayed and thermal-aged Sm2Zr2O7

coatings
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volume change (Ref 22), indicating that the phase trans-
formation might have little influence on the thermal
cycling performance.

3.2 Microstructure

To observe the grain morphology and lamellar struc-
ture in the as-sprayed coating clearly, polished surface and
cross section of Sm2Zr2O7 coatings were etched by acid
solution with 3% hydrochloric acid (AR, Sinopharm
Chemical Reagent Co., Ltd.) and 5% hydrofluoric acid
(AR, Shanghai Ling-feng Chemical Reagents Limited).
Micrograph of the acid-etched surface and cross-sectional
Sm2Zr2O7 coatings is presented in Fig. 2. Small grains
with size of about 200 nm existed in the as-sprayed coat-
ings (Fig. 2a), which formed because of the high quench-
ing rate in plasma spray. Splat boundaries and columnar
grains in the as-sprayed Sm2Zr2O7 coating are illustrated
in Fig. 2(b). The columnar grains arise from directional
heat extraction through the substrate and also from the
solidification direction (Ref 23).

The fracture surfaces of as-sprayed and thermal-aged
Sm2Zr2O7 coatings are shown in Fig. 3. The columnar

grains in the as-sprayed coating (Fig. 3a) was not obvious
even after thermal aging at 1200 �C, which disappeared for
the sample aged at 1300 �C for 50 h. This was probably
related to the growth of pyrochlore phase in agreement
with the XRD result as observed in Fig. 1. Similar phe-
nomenon was observed for lamellar structure, which
gradually decreased with increasing aging temperature.
The lamellar structure for the as-sprayed Sm2Zr2O7 coat-
ings disappeared after aging at 1500 �C for 50 h, and the
fracture surface was somewhat similar to that of ceramics.

Figure 4 shows both BEIs and the corresponding bin-
ary maps obtained from the BEIs of the as-sprayed and
thermal-aged Sm2Zr2O7 coatings for 50 h at 1200-1500 �C.
Figure 5 represents the characteristic BEIs for the
as-sprayed and aged coatings at 1200 and 1500 �C.
Distinctive differences are observed in microstructure for
the as-sprayed and aged coatings. Directional (horizontal
to the splat of coating) microcracks predominating in the
as-sprayed coating become not obvious for the aged
samples at high temperatures. As observed in Fig. 5(b),
narrow microcracks healing occurred by forming necks
along the microcracks accompanying with appearance of
micropores. However the micropore predominates in the
coating aged at 1500 �C (Fig. 5c), indicating that healing
of larger defects such as coarse void and microcracks
becomes possible at high temperatures. The phenomenon
is in good accordance with the observation in Fig. 3.

The total porosity, spherical porosity and amount of
crack existed in coatings were estimated using image
analysis method, and the result is shown in Fig. 6. The
porosity of the as-sprayed Sm2Zr2O7 coating was similar
to that of the aged coating at 1200 �C for 50 h, although a
slight decrease was observed for the coatings aged with
further increase in aging temperature. The amount of
cracks decreased significantly with increasing aging
temperature, which reduced from 4.2 ± 0.9% in the
as-sprayed coating to 2.3 ± 0.8% in the coating heat
treated at 1200 �C, and then to 0.3 ± 0.2% for the coating
aged at 1500 �C, which was in good agreement with the
observation in Fig. 4 and 5. The porosity decrease in
thermal-aged coatings may be due to the formation of
necks along the microcrack, which decreased the length of
the microcrack and increased its aspect ratio, and then
resulted in decrease in the amount of cracks and total
porosity. However, no considerable changes in the
spherical porosity was observed for the aged samples at
different temperatures, which was higher than that in the
as-sprayed coating, suggesting that Sm2Zr2O7 coating has
good ability to maintain the porous structure.

3.3 Mechanical Properties

It is known that thermal aging is a key factor influ-
encing the mechanical properties of plasma-sprayed
deposits. Figure 7 compiles values of Knoop hardness (H)
and elastic modulus (E) of the as-sprayed and thermal-
aged Sm2Zr2O7 coatings. The obtained hardness value
for the as-sprayed coating was ~3.1 ± 0.5 GPa, which
increased with rise in thermal-aging temperature. As
observed in Fig. 2 and 3(a), there are defects, such as

Fig. 2 Acid-etched surface (a) and cross section (b) morphology
of as-sprayed Sm2Zr2O7 coatings
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pores and microcracks in the as-sprayed coating, which
resulted in a low H value, while the subsequent thermal
aging promotes curing of the defects in the samples,
resulting in an increase in H value (Ref 15).

The value of elastic modulus for the as-sprayed
Sm2Zr2O7 coating was only 10% of that reported for the
bulk material (231GPa) (Ref 24), which increased signif-
icantly after thermal aging. It is known that the reduction
in elastic modulus value of thermal-sprayed deposits
related not only to the porosity but also to the pore
morphology and orientation, and the relationship between
E and porosity is given by (Ref 25):

E ¼ E0 1� 5a

4c
þ 3

4

� �
P

� �
ðEq 2Þ

where E0 is the elastic modulus of a bulk material; c is the
axis that is parallel to the stress direction; a is the axis in
the plane that is perpendicular to axis c; and P is the
volume of porosity. Materials that contain pores undergo

a larger decrease in the elastic modulus value, and the
decrease is determined by the orientation and aspect ratio
of pores.

The elastic modulus of coating rises significantly under
high temperature exposure, because sintering strengthens
the bonding between the splats and blocks the sliding
along the splat boundaries (Ref 26), moreover grain
growth and microcrack healing during thermal aging
contributed to improvements in bonding and coherence
across the splat boundary as observed in Fig. 3 and 4. This
is expected to raise the stiffness appreciably, although the
continued presence of the microcracks will ensure that it
remains relatively low. The increase in elastic modulus will
reduce the strain tolerance, raise the residual stress levels
and associated strain energy release rate, making spalla-
tion more likely (Ref 15). It is known that the mechanical
behavior of materials strongly depends on the combina-
tion of its hardness and elastic modulus (Ref 27). The
ratio of hardness to elastic modulus (H/E) can be con-
sidered as an indicator for the degree of elastic response in

Fig. 3 Fracture surfaces of Sm2Zr2O7 coatings as-sprayed (a), thermal aged at 1200 �C (b), 1300 �C (c), 1400 �C (d), and 1500 �C (e) for 50 h
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elastic-plastic materials, which is small for rigid/plastic
materials and increases for more elastic materials (Ref
28). The value of H/E as shown in Fig. 7 decreased with
increase in aging temperature, which suggested that the
plasma-sprayed Sm2Zr2O7 coatings behave more plasti-
cally after thermal aging, as reported for plasma-sprayed
Al2O3 and ZrO2 coatings (Ref 28).

4. Conclusions

Sm2Zr2O7 coatings were deposited by plasma spraying
and thermal aged. Their microstructure and mechanical

property were evaluated. Conclusions of this study are
summarized as follows:

(1) A typical lamellar structure with columnar grains
formed in the as-sprayed Sm2Zr2O7 coating, which
decreased with increasing aging temperature, and
disappeared after aging at 1500 �C for 50 h, because of
microcrack healing.

(2) The result of the estimated porosity of Sm2Zr2O7

coatings revealed that the formation of necks along a
microcrack due to thermal aging resulted in increase

Fig. 4 BEI and binary images of the cross sections for
as-sprayed (a) and thermal aged Sm2Zr2O7 coatings at 1200 �C
(b), 1300 �C (c), 1400 �C (d), and 1500 �C (e) for 50 h

Fig. 5 SEM images of polished cross-sectional as-sprayed (a)
and thermal-aged Sm2Zr2O7 coatings at 1200 �C (b), and 1500 �C
(c) for 50 h
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in defect aspect ratio (the ratio of the minor axis over
the major axis), which promoted decrease in porosity,
while the spherical pores changed little.

(3) Plasma-sprayed Sm2Zr2O7 coatings exhibited low
microhardness and elastic modulus because of the
existence of pores and microcracks. Both values
increased with increasing aging temperature, which is
due to the increase in crack aspect ratio and decrease
in porosity. However, the decrease in H/E indicated
improved plastic property after thermal aging for
Sm2Zr2O7 coatings.
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