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Abstract

Polycrystalline samples of strontium series perovskite type oxides, STHfO; and SrRuO; were prepared and the thermophysical
properties were measured. The average linear thermal expansion coefficients are 1.13 x 107> K~! for SrHfO5 and 1.03 x 10 °K~!
for SrRuQj in the temperature range between 423 and 1073 K. The melting temperatures 7}, of StHfO3; and SrRuO; are 3200 and
2575K, respectively. The longitudinal and shear sound velocities were measured by an ultrasonic pulse-echo method at room
temperature in air, which enables to evaluate the elastic moduli and Debye temperature. The heat capacity was measured by using a
differential scanning calorimeter, DSC in high-purity argon atmosphere. The thermal diffusivity was measured by a laser flash
method in vacuum. The thermal conductivities of SrHfO3; and SrRuOj; at room temperature are 5.20 and 5.97Wm 'K,

respectively.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The perovskite type oxides have potential to be
attractive functional materials because they have various
unique properties in spite of their relatively simple
crystal structure. For example, SrTiO; is a typical
perovskite diclectric material with a wide range of
technological applications. Its special properties, such as
ferroelectricity [1], semiconductivity [2], superconductiv-
ity [3], catalytic activity [4], and thermoelectricity [5],
have been reported extensively.

Thermal barrier coatings (TBCs) of partly Y,03
stabilized ZrO, (PYSZ) films are widely used to protect
hot section parts of aircraft and land-based turbines by
reducing the temperature of metal substrates. Their
continued development is essential for improving the
efficiency and performance of gas turbines by allowing
the inlet gas temperature to be increased further.
However this standard material has a limited tempera-
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ture capability due to accelerated sintering and phase
transformations at high temperatures. As a result, a
world-wide effort has been undertaken to identify new
candidates for a TBC application [6,7]. In general, TBC
materials have to fulfill most of the following require-
ments, such as a stable phase, low thermal conductivity
(<2Wm 'K™"), high thermal expansion coefficient
conductivity (>9 x 107K "), chemical resistance, low
sintering rate and high fracture toughness.

SrHfO3 has been well known for a long time, and it
has a high melting temperature [8]. Recently, Kennedy
et al. [9] investigated its high-temperature phase transi-
tions using powder neutron diffraction. SrRuO; has an
interesting magnetic system [10,11] and one of the highly
conductive metallic oxides [12]. So, it has found use for
electrodes and junctions in microelectronic devices. Up
to now, many studies have done on the thin films of
SrRuO; [13-15] at low temperatures.

We have systematically studied the thermophysical,
mechanical, and thermoelectric properties of barium
and strontium series perovskite type oxides, BaUOs,
BaZrO;, BaCeO;, BaMoO;, SrCeOs;, and SrZrO;
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[16-24]. In the present study, the thermophysical
properties, viz. the thermal expansion coefficient, melt-
ing temperature, elastic moduli, Debye temperature,
Vickers hardness, heat capacity, and thermal conductiv-
ity of StHfO5; and SrRuO; were measured. The relation-
ships between the properties were studied.

2. Experimental procedure

The polycrystalline samples of STHfO; and SrRuO;
were prepared by mixing the appropriate amounts of
HfO, (Furuuchi Chemical, 99.9%), RuO, (Rare Metal-
lic, 99.9%), and SrCO;5; (Aldrich Chemical, 99.9 + %),
followed by reacting at 1273 K in air. After that, the
SrHfO3; sample was sintered at 1873 K for 10 h in air. On
the other hand, the SrRuQO; powder was placed into a
20 mm diameter graphite die and given a spark plasma
sintering (SPS, SUMITOMO COAL MINING
Dr Sinter SPS-1020 apparatus) at 1673K for 1min
under nitrogen atmosphere. The powder X-ray diffrac-
tion (RIGAKU RINT2000) was performed at room
temperature using CuKo radiation. In order to deter-
mine the chemical composition, the SEM-EDX analysis
was performed using HITACHI S-2600H SEM instru-
ment equipped with the energy-dispersive HORIBA EX-
200 system. The oxygen analysis was performed using
HORIBA EMGA-550 to identify the oxygen concentra-
tion of the samples. For measurements of the thermo-
physical properties, appropriate shapes of the samples
were cut from the sintered pellets. The bulk density
of the samples was determined by the geometric
measurement.

The high-temperature powder X-ray diffraction ana-
lysis was performed from room temperature to 1073 K
to study the phase transition and thermal expansion
behavior. The average linear thermal expansion coeffi-
cient was calculated in the temperature range from 300
to 1100 K. The melting temperature was measured by
the thermal arrest method under a reducing atmosphere.

The longitudinal and shear sound velocities were
measured by the ultrasonic pulse-echo method (NIHON
MATECH Echometer 1062) at room temperature in air.
The sintered sample was bonded to a 5SMHz long-
itudinal or shear sound wave echogenic transducer.
From the sound velocities, the elastic moduli and Debye
temperature were evaluated. The hardness was mea-
sured by loading a diamond pyramid-type (with apex
136°) indenter into the surface of the specimen at room
temperature, using the micro-Vickers hardness tester
(MATSUZAWA SEIKI MHT-1).

The specific heat capacities of StHfO3; and SrRuO;
were measured by the differential scanning calorimeter
(DSC, ULVAC) apparatus, in the temperature range
from room temperature to about 1200 K. The apparatus
has a “triple-cell” system and an adiabatic temperature

control system, which was originally developed by
Takahashi et al. [25]. The principle of the apparatus is
briefly summarized in literature. The measurement was
made out in high-purity argon (99.999%) atmosphere
with a flow rate of 100mlmin~'. The accuracy of the
apparatus was checked using an alpha-Al,O5 standard.

The thermal diffusivities of STHfO3 and SrRuO; were
measured by the laser flash method from room
temperature to about 1000K in vacuum (10~*Pa) by
using TC-7000 (ULVAC). The thermal diffusivity at a
temperature obtained during the heating process also
was checked during the cooling cycle.

The thermal conductivity was calculated from the
thermal diffusivity «, heat capacity Cp, and density p,
using the following standard expression:

A= OCCpp.

3. Results and discussion

The powder X-ray diffraction patterns at room
temperature of the samples show that the orthorhombic
[9,26] perovskite type single phase SrHfO3; and SrRuO;
are obtained in the present study. The lattice parameters
of SrHfO; and SrRuO; evaluated from the X-ray
diffraction pattern are a = 0.5790nm, b = 0.5851 nm,
¢=0.8243nm and a=0.5569nm, b =0.5553nm,
¢ =0.7874nm, respectively. The bulk densities of the
samples are 94% of the X-ray density for SrHfO3 and
97% of the X-ray density for SrRuOj;. The chemical
composition of SrHfO; does not deviate from the
stoichiometric composition. On the other hand, the
estimated oxygen concentration in SrRuOj; is slightly
lower than the stoichiometric composition. The sample
characteristics are summarized in Table 1. STtHfO; and
SrRuO; show white and black color, respectively.

The conventional parameter describing the geometric
distortion of the perovskite type compound is defined as
a tolerance factor, t:

_ ra+tro

B \/E(VB —l—i’o)7

where ra, rg, ro are the ionic radii of each atom.
Ordinarily, the value of ‘¢ is within 0.75-1.1 for the
perovskite type oxides. The cubic structure has a value
near 1. As the value of “¢” shifts from 1, the geometric
distortion becomes large. The value of the tolerance
factor ‘¢ of SrHfOz and SrRuQOs are shown in Table 1.
The Shannon’s values of the ionic radius [27] are used in
the present study.

Recently, Kennedy et al. and Chakoumakos et al.
reported high-temperature phase transitions in StHfO3
and SrRuOj; studied by using high-temperature neutron
diffraction and the Rietveld method [9,28,29]. In these
papers, it is reported that StHfO5 undergoes four phase
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Table 1
Sample characteristics and thermophysical properties of StHfO; and SrRuO;
SrHfO; SrRuO;

Crystal system at RT Orthorhombic Orthorhombic
Lattice parameter at RT (nm) a 0.579 0.557

b 0.585 0.555

¢ 0.824 0.787
Relative density (% TD) 94 97
Tolerance factor t 0.958 1.001
Average linear thermal expansion coefficient (K ") o 1.13 x 1073(300-1100K) 1.03 x 1073(300-1100K)
Oxygen concentration o/M 3.03 2.85
Longitudinal wave velocity (ms~") 129 6118 6312
Shear wave velocity (ms~') Vs 3531 3083
Young’s modulus (GPa) E 220 161
Shear modulus (GPa) G 87.9 60.1
Compressibility (GPa™") [ 6.82x 1073 583%x 1073
Debye temperature (K) Op 490 448
Melting temperature (K) T 3200 2575
Vickers hardness (GPa) Hy 9.3 12.7
Heat capacity (Cp=a+bT+cT %) JK "'mol™") a 118 108

b 1.76 x 1072 2.65x 1072

¢ ~8.18 x 10° ~5.19 x 10°
Thermal conductivity at RT (Wm 'K ™") A 4.54 5.72

transitions:  orthorhombic  (Pbnm)— orthorhombic
(Cmem) — tetragonal — (I14/mem)—cubic — (Pm3m),
SrRuO; undergoes three phase transitions: orthorhom-
bic (Pbnm)— tetragonal (14/mcm)— cubic (Pm3m).

In the present study, the phase transitions in StHfO3
and SrRuO; are observed from the high-temperature
X-ray diffraction analysis. STHfO; and SrRuOj; undergo
following phase transitions:SrHfOj:

Orthorhombic (Pbnm) g5y Orthorhombic (Crmem)

Tooox tetragonal (14/mcem),

SrRuOs;:

Orthorhombic (Pbnm) g3 tetragonal (14/mcm)
550 Cubic (Pm3m).

These results well agree with literature data [9,29].

From the high-temperature X-ray analysis, the
temperature dependences of lattice parameters (nm) of
SrHfO5; and SrRuO; are obtained as follows:

SrHfOs3, 300-800 K, orthorhombic (Pbnm):

a=568x10""+6.00x 107°T
—9.53%x10787% +6.36 x 107 73,

h=567x10""+6.00x 107°T
—6.90 x 107872 +2.85 x 1071173,

c=8.15%x10""=1.00 x 10737 4+ 1.18 x 107872,

SrHfO;, 800-1000 K, orthorhombic (Cmcem):
a=161x10""4+220x%x 10T
—2.43x107°7T% +8.95 x 1071073,

b= —479x 107" +4.51 x 107°T

—520x 107°7T% 4+ 1.99 x 1079773,

c=—437x 107" +426 x 107°T

—4.80x 107°7T% +1.81 x 107773,

a=—570x 107" +4.18 x 107°T

SrHfOj3, 10001100 K, tetragonal (74/mcm):

—484x107°7T% +1.82 x 107773,

c=—-390x 107" +427 x107°T

—482x107°T% +1.77 x 107773,

b=554%x10""—-793x 10°°T

SrRu0;, 300-800 K, orthorhombic (Pbnm):

a=>556x10""4+2.15x 107°T +3.58 x 107°72,

+3.04 x 107872 — 1.81 x 1071173,

c=788x 107" =2.00x 107°T

+5.07x 107872 = 3.30 x 10711 73,

a=534%x10""+3.00x 107°T

SrRuO;, 800-950 K, tetragonal (14/mcm):

+2.61 x 107877 —2.96 x 107" 73,

c=857x 107" =5.00x%x 107°T

—1.54 x 1077T* +1.47 x 1071073,
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SrRuO;, 950-1100 K, cubic (Pm3m):

a=331x10""+1.80 x 107*T
—1.69 x 1077T? +5.52 x 1071173,

where T is in Kelvin. The temperature dependences of
lattice volume (nm?) are as follows:
SrHfO3, 300-1100 K:

V =6.66 x 1072 +5.76 x 10°°T
—4.49 x 107°T% +1.93 x 1071273,

SrRuOs3, 300-1100 K:

V=598 x1072+3.13x 10°°T
—2.04 x 107°T% +1.13 x 1071273,

where T is in Kelvin. The temperature dependences of
linear thermal expansion coefficients oy (K~ ") of StHfO,
and SrRuO; measured by the high-temperature X-ray
diffraction are as follows:

SrHfO;, 300-1100 K:

2 =3.88x 1070 +1.75x 10787 —9.49 x 10272,
SrRuO3, 300-1100K:

0 =—416x107°+586x 10787
— 778 x 10711 T? +3.41 x 10714773,

where 7T is in Kelvin. The average linear thermal
expansion coefficients o are 1.13 x 107> K ™' for SrHfO,
and 1.03x 107°K™" for SrRuO; in the temperature
range between 300 and 1100 K.

The melting temperature Ty, of StHfO3 and SrRuO;
is shown in Table 1. The values are 3200 K for SrHfO3
and 2575K for SrRuOj;. The melting temperature of
SrHfO3 and SrRuO; is in good agreement with literature
data [8,30]. The melting temperature of STHfOj; is higher
than that of other perovskites, for example, the melting
temperature of SrTiO; is 2170K [31], and that of
SrZrO; is 2883 K [24].

The relationship between the linear thermal expansion
coefficient and melting temperature for the perovskite
oxides is shown in Fig. 1. In this figure, the data of other
perovskite type oxides are plotted for comparison
[16,17,19,24,31]. It is confirmed that the linear thermal
expansion coefficient varies inversely as the melting
temperature for many substances [32]. For the barium
and strontium series perovskite type oxides, the pro-
ducts of o) and Ty, show approximately the same value
(=0.022).

For an isotropic medium, the Young’s modulus E,
shear modulus G, compressibility f, and Debye
temperature 0p can be written in terms of the
longitudinal sound velocity ¥V and shear sound
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Fig. 1. Relationship between the linear thermal expansion coefficient
oy and melting temperature 7y, for StHfO3 and SrRuOs, together with
the data of other perovskites [16,17,19,24,30].

velocities Vs as follows [33,34]:
pVSBVE —473)

E = ,
(Vi =73)
G=pVg,
1
/3:74>
p(Vf—ngz)

o _ (1 9N 3
P \ks) ldnv (V3 4253

where £ is the Plank constant, kg is the Boltzmann
constant, N is the number of atoms in a unit cell, and
V' is the unit cell volume. The elastic moduli and
Debye temperature evaluated in the present study are
summarized in Table 1. The Vickers hardness is shown
in Table 1. In the present study, the applied load and
loading time were chosen to be 1kg (9.8 N) and 30s.
The measurement was repeated 10 times for a sample,
and the average value was calculated from the data in
which the maximum and minimum values were
excluded.

The Debye temperature Op can be related to the
melting temperature Ty, in K, the molar mass M, and
the molar volume V), by the Lindemann relationship
[35]. The relationships have been reexamined for the
perovskite ty e oxides, and the ratio of 0p to

/(T (MV*)? has been evaluated to be 1.60
[36] Fig. 2 shows this relationship for SrHfO; and
SrRuQOs;, together with the data of other substances
[17,24]. The proportionality constant of SrHfO; and
SrRuO; is almost identical (around 1.60), indicating
typical characteristics of the perovskite type oxides.

The temperature dependence of the heat capacity of
SrHfO3; and SrRuO; determined by the scanning
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Fig. 3. Temperature dependence of the heat capacities for STHfO; and
SrRuO;, together with the data of other perovskites [17,18].

method is shown in Fig. 3, together with the data of
other substance [17,18]. In the temperature range
between 300 and 1300K, the empirical equation for
the Cp of SrHfO; is determined from the experimental
data as follows:

Cp(JK"mol™") =118 4 1.76 x 1072T
—8.18 x 10°/T7.
On the other hand, the empirical equation for the Cp of

SrRuO; is determined from the experimental values as
follows:

Cp(JK " mol™") = 108 4 2.65 x 10727 — 5.19 x 10°/T>.

The peaks from the phase transitions are not observed
in the Cp curves of StHfO; and SrRuOs.

The temperature dependence of the thermal conduc-
tivity of StHfO5 and SrRuQj; is shown in Fig. 4, together

40

T LN LI R R B B R R BN R R BN RN
35 [ SI’HfO3 ] STRUO3 ]
—~ 30 ] O o L SrTiO3 > Bau()3 o] BaMO()3 ]
'x 4 4
“.‘E 25 —- O .
= 20 [SEEEN ]
5 15 © O ]
ER ° %0 3
S 0] ]
ﬁ 1 4
'g W‘? = m N
g n
8 W - ] | |
E 5 - = " . %’ W v 4
o ° . ¥ ¥
= ® o 060 0 0 0 o
o >> D> > D> > D> D>D> D> D

—_— — - — —
200 400 600 800 1000 1200 1400
Temperature, T (K)

Fig. 4. Temperature dependence of the thermal conductivities for
SrHfO; and SrRuOs;, together with the data of other perovskites
[20,22,23].

with the data of other substances [20,22,23]. The thermal
conductivity was corrected to 100% of the theoretical
density by using Schulz’s equation [37]. The thermal
conductivity of SrHfO; decreases with increasing
temperature, which indicates that the phonon conduc-
tion is predominant. On the other hand, the thermal
conductivity of SrRuO; increases with increasing
temperature, which indicates that the electronic con-
tribution is predominant. The thermal conductivities of
SrHfO3 and SrRuO; at room temperature are 5.20 and
597Wm 'K, respectively. These values are too high
to utilize these materials for TBC application. The value
of better TBC materials should have much lower
thermal conductivity (<2Wm™'K™").

4. Conclusion

The polycrystalline high-density samples of strontium
series perovskite type oxides, STHfO3; and SrRuO; were
prepared. The thermophysical properties of StHfO3 and
SrRuO; were measured and the relationships between
the properties were studied. It is confirmed that the
linear thermal expansion coefficient varies inversely as
the melting temperature. The Young’s moduli of
SrHfO3 and SrRuOj; are 220 and 161 GPa, respectively.
The Vickers hardness of SrHfO; and SrRuO; are 9.3
and 12.7 GPa, respectively. In the temperature range
between 300 and 1300 K, the empirical equation for the
Cp of SrHfO3 and SrRuOs is determined as follows:

Cp(JK " mol™") =118 4 1.76 x 1072T
— 8.18 x 10°/T?(SrHfO3),

Cp(JK "mol™") =108 +2.65 x 10T
—5.19 x 10°/T*(SrRu03).
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The thermal conductivities of SrHfO; and SrRuO;
at room temperature are 5.20 and 5.97Wm 'K,
respectively.
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