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Technical note
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Abstract

Rare-earth zirconates with a pyrochlore structure have been developed for potential application in thermal barrier coating systems to further improve
the performance and durability of gas turbines. The Sm,Zr,O; (abbreviated as SZ) powder was synthesized by solid state reaction and then deposited
by air plasma spraying. The phase stability, microstructure and thermal conductivity of SZ and 8 wt% Y,O; stabilized zirconia (8YSZ) coatings
were investigated. The X-ray diffraction results indicated that the crystal structure of the as-sprayed SZ coatings was defect-fluorite, and after heat
treating at 1200 °C for 50, it started to transform to pyrochlore, and the content of pyrochlore increased with increase in temperature of the heat
treatment. The thermal conductivities of SZ coatings were significantly lower than those of 8YSZ coatings before and after heat treatments, which

increased considerably after heat treatments compared to the as-sprayed states for both coatings due to sintering effects.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) have been widely used
in hot-section metal components of advanced gas turbines to
improve the reliability and durability as well as the efficiency
of engines.!= Partially stabilized zirconia containing 7-8 wt%
Y,03 (8YSZ) deposited by atmospheric plasma spraying
(APS) or electron-beam physical vapor deposition (EB-PVD)
is presently used as the typical TBCs in gas turbines mainly
owing to its relatively high thermal expansion coefficient and
low thermal conductivity.*> However, the application of 8YSZ
has been limited due to the accelerated sintering and phase trans-
formations during long-term service above 1200 °C.° In the next
generation of engines, a higher gas temperature is expected
to further improve power-to-weight ratio, therefore an explo-
ration of new TBCs candidate materials is needed to provide
better thermal insulation and higher temperature stability than
8YSZ coating, thus offering higher engine efficiency and longer
durability.
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The thermal conductivity of material will be reduced by
point defects including vacancies and substituted atoms which
are strong phonon scatterers. The larger the difference in mass
between the solvent and solute atoms, the lower the thermal
conductivity will be obtained.” A number of materials with low
thermal conductivity have been identified by calculating the min-
imum thermal conductivity,® especially, the rare-earth zirconates
—LnyZr,07 (Ln — La, Nd, Sm and Gd) with a pyrochlore struc-
ture have attracted great attention because they are refractory up
to temperatures in excess of 1500 °C and thermally stable. As
another critical requirement for TBCs’ durability, the thermal
expansion coefficient (TEC) of the candidate material should be
larger than 9 x 107%°C~! to reduce the mismatch between the
ceramic and the superalloy substrate.” The thermal expansion of
any material is directly related to its crystal structure and bond-
ing. With the similar crystal structure, the decrease in the ionic
bond strength of Ln—O will be beneficial for the dilation and for
increasing TEC, and the bond energy of Sm—-O (5.8 ¢eV) is the
lowest among Ln—O (Ln — La, Nd, Sm and Gd).10

Recently, the thermal conductivity and thermal expansion
of pyrochlore zirconates have been investigated, and the ther-
mal conductivity of SmyZr,O7 (abbreviated as SZ) was the
lowest which was similar with that of Gd,Zr,O7, while the
TEC of SZ was higher than that of GdyZr,07.11 In addition,
the relationships between the deposition conditions and the
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Fig. 1. (a) Morphology and (b) particle size distribution of SmyZr,O7 powder for plasma spraying.

coating composition, structure, texture, pore morphology, and
thermal conductivity of SZ coatings deposited by electron-beam
directed-vapor deposition have been investigated.!> However,
few reports on the properties of plasma sprayed SZ coatings
have been published.

In this work, SZ powder and coatings were prepared. The
crystal structure, phase stability, and thermal conductivity of
SZ coatings were investigated. As a comparison, 8YSZ coat-
ings were prepared under the same conditions, and the thermal
conductivity was studied.

2. Experimental procedure
2.1. Materials and preparation

SZ powder was synthesized by solid state reaction. SmyO3
(=99.9%, Beijing Founde Star Science & Technology Co., Ltd.)
and ZrO; (>99.7%, Sinopharm Chemical Reagent Co., Ltd.)
powders were used as starting materials. The oxide powders
were heat treated at 800 °C for 2h before weighing in order
to remove absorbed water and carbon dioxide in air firstly.
An ethanol-based suspension of the raw materials was mixed
in the stoichiometric ratios and was ball milled for 12h with
zirconia balls and then dried at 80 °C for 12h. The resulting
mixture was calcined at 1550 °C for 5h to obtain pyrochlore
structure, and then the as-synthesized powder was ground and
granulated before plasma spraying. While commercially avail-
able Metco 204NS powder was used as a feedstock to deposit
8YSZ coating. The medium sizes (Dsp) of SZ and 8YSZ
powder are 102.2 wm and 56.1 pm, respectively. Fig. 1 rep-
resents the morphology and particle size distribution of SZ
powder.

The PT-A2000 atmospheric plasma spraying system
equipped with an F4-MB plasma gun (Sulzer Metco AG,
Wohlen, Switzerland) was applied to deposit SZ and 8YSZ coat-
ings. The feedstock powders were fed with a Twin 10-C System
(Plasma-Technick AG, Switzerland) with Ar as a carrier gas.
The plasma spraying parameters are shown in Table 1. To obtain
free-standing samples used in this work, coatings of about 3 mm
thickness was deposited onto an aluminium substrate with Ar

and Hj as plasma primary and auxiliary gases and then it was
removed from the substrate by mechanical method.

2.2. Specimens characterization

The phase compositions of the powder and coatings were
identified by X-ray diffraction using a Rigaku D/Max2550
Diffractometer with nickel filtered Cu Ka (A =0.154056 nm)
radiation at a scan rate of 4°/min. The particle size distribu-
tion was explored by Microtrac S3500 Particle Size Analyser
(Nikkiso, Japan). The morphologies of the powder and coatings
were examined employing an EMPA-8705 QH2 electron probe
analyzer (Shimadzu, Tokyo, Japan).

Thermal diffusivity (@) of coatings was measured, using a
laser flash method, as a function of specimen temperature in
the range from 200 °C to 1200 °C at intervals of approximately
100 °C. The samples for thermal diffusivity measurement were
about 10 mm in diameter and 0.8 mm in thickness. Before the
measurement a thin carbon layer was coated on the surfaces
of the sample to prevent the direct laser beam transmission.
Heat flow was perpendicular to the sample surface. The laser
flash technique involved heating one side of the sample with
a laser pulse of short duration and measuring the temperature
rise on the other side with an infrared detector. Thermal dif-
fusivity (a) was determined from the time required to reach
half the maximum temperature and a transient heat conduc-
tion analysis of a multi-layer body. The measurement was
conducted in a vacuum atmosphere for preventing the carbon
film from oxidation. For comparison, the thermal diffusivity

Table 1

Plasma spraying parameters.

Parameters Unit Value
Arc current A 600-650
Primary plasma gas Ar slpm 30-40
Secondary plasma gas Hp slpm 10-15
Carrier gas Ar slpm 3.0
Spray distance mm 100-120
Nozzle diameter mm 6.0
Powder inject diameter mm 2.0
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Fig. 2. SEM micrographs of the fracture surface of (a) SmyZr,O7 and (b) 8YSZ coatings.

of 8YSZ coatings was also measured under the same condi-
tions.

The specific heat capacity (C,) as a function of temperature
was calculated by the Neumann—Kopp rule!? with the chemi-
cal composition of 8YSZ and SZ coatings and the heat capacity
data of Smy03, Y203 and ZrO,,'* and the specific heat capacity
of SZ coatings was measured using diamond DSC produced by
Perkin Elmer in the temperature range from room temperature
to 400 °C to calibrate the calculated values. In this temperature
range the measured values were in coincidence with the cal-
culated ones, so the calculated method was used. The thermal
conductivity « is calculated by Eq. (1) with the heat capacity C,,,
thermal diffusivity « and density p which was measured by the
Archimedes method with an immersion medium of deionized
water.

k= Cpap (1)

3. Results and discussion
3.1. Microstructure analysis

The values for the density of SZ and 8YSZ coatings were
5.81 gem™3 and 5.40 gcm ™3, corresponding to relative densi-
ties of 87.23% and 91.52%, respectively. Fig. 2 shows the cross
sectional SEM images of the as-sprayed SZ and 8 YSZ coatings,
exhibiting a typical layered structure for plasma spraying, which

is built up by over-lapping of individual splats aligned predom-
inantly parallel to the substrate surface.'> Two types of pores
are observed in coatings, coarse voids lying along splat bound-
aries, due to the relatively poor bonding between splats, and fine
pores arising from entrapped gas. The literature shows that the
pore structure has a strong influence on coating properties, and
pores along splat boundaries are more effective in blocking heat
conduction than isolated pores.'®

It is observed (in Fig. 2) that the splat boundaries in 8YSZ
coatings are not as clear as that in SZ coatings, and the thick-
nesses of individual splat in SZ and 8YSZ coatings are about
1-5 pwm and 2-15 pwm, respectively. Therefore, the splat inter-
face density and layered porosity of SmyZr,O7 coatings are
higher than those of 8YSZ coatings, which would contribute
to lowering the thermal conductivity of SZ coatings. The dif-
ferences in densities and microstructures of plasma sprayed SZ
and 8YSZ coatings are ultimately based on the solidification of
individual molten droplets which is associated with the condi-
tions of molten, flattening and solidification of the particles in
plasma spraying.!’

The typical microstructure of plasma sprayed SZ coatings
heat treated at 1200 °C for 50 h is shown in Fig. 3. It is obvious
that most splat interfaces disappeared, the columnar structure
exhibited in Fig. 2 is not observed, and the intra-splat glob-
ular pores are dominant in the coatings after heat treatment.
Therefore, the splat interface density and layered porosity of the
coatings after heat treatment are lower than those of as-sprayed

Fig. 3. SEM micrographs of the fracture surface of SmyZr,O7 coatings heat treated at 1200 °C for 50 h, (b) shows magnified view of framed region in (a).
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Fig. 4. XRD patterns of SmaZr, O7 powder, coatings as-sprayed and heat treated
at different temperatures for 50 h.

coatings which would contribute to an increase in thermal con-
ductivity.

3.2. Phase stability

The XRD patterns of the SZ powder, coatings as-sprayed
and heat treated at different temperatures for 50 h are shown
in Fig. 4. Compared the XRD pattern of the as-sprayed coat-
ings with that of the starting powder, it shows that a remarkable
change took place during the plasma spraying process. Most
of the weak peaks appeared at 20 values of about 14° (11 1),
28° (311),37° (331) and 45° (511) in the XRD pattern of
the starting powder disappeared after plasma spraying. These
weak peaks are typical for ordered-pyrochlore structure distin-
guished from defect-fluorite structure.'® The phase diagram of
7Zr0,-SmO 5 shows that the ordered-pyrochlore structure SZ
will transform to defect-fluorite structure when the temperature
is above 2000°C.'" It was reported?® that different types of
quenching produced different structures of Gd, Hf, 07, suggest-
ing a fluorite phase would be obtained by a higher quenching
rate. Therefore, defect-fluorite structure SZ phase was main-
tained due to the high quenching rate (~10°°C/s) during the
plasma spraying.
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Table 2
Chemical compositions of SmyZr,O7 powder and coatings.

Sample Smy03 (Wt%) 7r0; (Wt%)
Theoretical 58.6 41.4
Starting powder 58.1 41.2

As-sprayed coating 56.3 43

Additionally, small shifts towards the lower d-value of the
main peaks of SZ coatings occurred. Chemical compositions
of both the starting powder and as-sprayed coatings are listed in
Table 2, indicating about 2 wt% Sm» O3 is lost during the plasma
spraying. It was reported that the BOg (B—Zr in SZ) network is
much more stable than the AOg (A-Sm in SZ) network, which
is obtained by the calculation of the Madelung energy of the
pyrochlore structure (A2B207),! and this may be contributed
to the more loss of SmyO3 than ZrO, during plasma spraying.
As the ionic radius of Sm* (0.958 A) is larger than that of Zr**
(0.72 A), the more loss of SmyO3 results in the lower d-value
shift of the coating.

The comparison between the XRD patterns of SZ coatings
before and after heat treatment at different temperatures for 50 h
shows that there is no difference except the appearance of the
weak peaks. When the coating is heat treated at 1200 °C for
50 h, the pyrochlore structure is partially recrystallized, which is
indicated by the appearance of the peak (3 3 1). With increase in
treating temperature, the amount of pyrochlore phase is increas-
ing indicated by increase in the number and intensity of the
typical peaks. The typical peaks of pyrochlore structure SZ com-
pletely appeared in the coating when the coating was heat treated
at 1400 °C for 50 h.

3.3. Thermal diffusivity and conductivity

The results of thermal diffusivity measurements and the
calculated thermal conductivities of SZ and 8YSZ coatings
are illustrated in Fig. 5. The values of thermal diffusivity of
the as-sprayed SZ coating slightly decreased with increase in
temperature up to 700 °C and then increased with further tem-
perature rise, and the thermal diffusivity of the as-sprayed 8YSZ
coating initially decreased below 500 °C where the curve sug-
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Fig. 5. (a) Thermal diffusivity and (b) thermal conductivity of SmyZr,O7 and 8YSZ coatings.
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gested a rather constant value up to 900 °C, and then followed
by an increase at higher temperatures. The decrease in ther-
mal conductivity means that a phonon conduction behavior is
dominant in these polycrystalline materials,?? while the increase
in thermal diffusivity at relatively high temperatures is mainly
attributed to initial sintering effects, because significant changes
in microstructure are occurring at temperatures as low as 600 °C
for plasma sprayed coatings due to microcrack healing and
changes in shapes of inter-splat pores.??

The comparison of the values of calculated thermal conduc-
tivities of SZ and 8YSZ coatings (in Fig. 5b) suggests that the
former in the range of 0.36—0.46 W/(m K) is much lower than
the latter (0.70-0.87 W/(m K)).

Apart from the contribution of the microstructure, the lower
thermal conductivity of SZ coatings can be attributed to the
intrinsic factors. The thermal conductivity for a crystalline
solid is due to changes of lattice vibrations, which are usually
described in terms of phonons. The expression of the thermal
conductivity is derived by Debye described as>*:

K= %Lpvam ()

where C, is the specific heat, v is the phonon velocity and ¢, is
the mean free path for scattering of phonons.

The actual values of thermal conductivity depend sensitively
on the defects such as vacancies and solutes which are strong
phonon scatterers influencing ¢,,. In SZ the defect chemistry due
to co-doping can be represented using the Kroger—Vink notation
by the equation,?

Smy0:2%228my,’ + Vo** + 300 % 3)

where Smy, represents an Sm>* cation that occupies a Zr**
cation site, Vo ** is a doubly charged (positive) oxygen vacancy,
and Op* is an O~ anion on an oxygen site (neutral charge).

The effect of point defects on the phonon mean free path ¢,
is given by Klemens’ as follows:

1 &, (AM?

— = 0| —— “)
tp 4wy M

where o is the volume per atom, v the transverse wave speed, @
the phonon frequency, c the defect concentration per atom, M the
average mass of the host atom, M + AM the average mass of the
solute atom, and for vacancies, the value of AM/M is calculated
by:

AM M

M2 ®

where M is the average mass per atom, M, is the mass of the
missing atom, and the term —2 accounts for the potential energy
of the missing linkages, or twice the potential energy per atom.

The concentration (c¢) of oxygen vacancy in SZ is much higher
than that in 8YSZ. Moreover, the atom masses of Sm, Y and Zr
are 150.4, 88.9 and 91.2, respectively, the average atomic mass
difference (| AM|) between the solute (Sm) and host atom (Zr) is
larger than that between Y and Zr, which contributes to higher
effective phonon scattering by Sm solute cations in SZ than
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Fig. 6. Thermal conductivities of SZ and 8YSZ coatings heat treated at different
temperatures for 50 h.

that of Y cations in 8YSZ. Therefore, the reduction in thermal
conductivity of SZ is more obvious than that in 8YSZ.
Thermal conductivity values of SZ and 8YSZ coatings after
high temperature exposure for 50 h are shown in Fig. 6. Com-
pared with the as-sprayed coatings, the thermal conductivities
of coatings after heat treatment were considerably higher for
both coatings. With the temperature increase in heat treatment,
the thermal conductivities of both coatings increased substan-
tially. However, after heat exposure at 1200 °C and 1400 °C for
50h, thermal conductivities at 800 °C of SZ coatings were still
~48% and 44% lower than those of the 8YSZ coatings which
were heat treated under the same conditions. It was reported that
the thermal conductivity of plasma sprayed coatings was mainly
determined by the real inter-splat contact area.? It is observed
(in Fig. 3) that the exposure to high temperatures for an extended
period leads to the growth of inter-splat contact area for coat-
ings, which contributes to the significantly increase in thermal
conductivities for SZ and 8YSZ coatings after heat treatment.

4. Conclusions

The phase stability, microstructure, heat transfer property of
SZ coatings were investigated. For comparison, the thermal con-
ductivities of plasma sprayed 8 YSZ coatings were also studied
under the same conditions. The following conclusions can be
drawn from this work:

(1) A typical layered structure of plasma sprayed coatings was
observed in these coatings, and the thinner individual splats
in the SZ coating contributed to its lower thermal conduc-
tivity compared with 8YSZ coatings.

(2) The high quenching rate of plasma spraying produced a
defect-fluorite phase in the as-sprayed SZ coating which
transforms to the pyrochlore structure after heat treatment
at temperatures above 1200 °C.

(3) The thermal diffusivities of SZ and 8YSZ coatings
decreased initially, followed by an increase with further tem-
perature rise which may be due to sintering effects during
the measurement, the conductivity of as-sprayed SZ coat-
ings was much lower than that of 8YSZ coatings even after
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heat treatments due to the microstructure, high content of
oxygen vacancy and large difference of atomic weight in
SZ. The thermal conductivities of both coatings increased
with the increase in heat treatment temperature due to the
growth of real inter-splat contact area caused by sintering
effects.
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