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Abstract: The elastic properties of 0, 10, 15, and 20 mol% yttrium-doped barium zirconate (BZYO,
BZY10, BZY15, and BZY20) at the operating temperatures of protonic ceramic fuel cells were evalu-
ated. The proposed measurement method for low sinterability materials could accurately determine
the sonic velocities of small-pellet-type samples, and the elastic properties were determined based on
these velocities. The Young’s modulus of BZY10, BZY15, and BZY20 was 224, 218, and 209 GPa at
20 °C, respectively, and the values decreased as the yttrium concentration increased. At high temper-
atures (>20 °C), as the temperature increased, the Young’s and shear moduli decreased, whereas the
bulk modulus and Poisson’s ratio increased. The Young’s and shear moduli varied nonlinearly with
the temperature: The values decreased rapidly from 100 to 300 °C and gradually at temperatures
beyond 400 °C. The Young’s modulus of BZY10, BZY15, and BZY20 was 137, 159, and 122 GPa at
500 °C, respectively, 30-40% smaller than the values at 20 °C. The influence of the temperature was
larger than that of the change in the yttrium concentration.

Keywords: solid oxide fuel cell (SOFC); solid oxide electrolyzer cell (SOEC); proton conductor;
perovskite; defect structure; hydration; oxygen vacancy; Young’s modulus; Poisson’s ratio

1. Introduction

To address the critical issues pertaining to global climate change, the realization of
efficient and environmentally friendly energy utilization and conversion has attracted
increasing research attention. Several devices are being developed to encourage the utiliza-
tion of renewable energy sources and reduce the consumption of fossil fuels and emission
of CO,. In this regard, solid oxide fuel cells (SOFCs) are key representative devices owing
to the associated high efficiency of electrochemical energy conversion (from chemical to
electrical energy) and high fuel flexibility resulting from their operating temperature be-
ing more than 700 °C. Moreover, SOFCs can operate as solid oxide electrolyzer cells that
convert electrical energy into chemical energy; in other words, SOFCs realize reversible
electrochemical energy conversion. However, owing to the high operating temperature,
SOFCs encounter issues pertaining to long-term mechanical and chemical stability. Pro-
tonic ceramic fuel cells (PCFCs) are promising devices that operate at a lower temperature
(400-600 °C) than that of commercially developed SOFCs and thus exhibit a high flexibility
in component materials along with a longer operational lifetime [1,2]. The low operating
temperature of PCFCs is a result of the high protonic conductivity of protonic ceramics,
which is a result of the smaller activation energy required for proton transport [3-5]. Nu-
merous researchers have focused on PCFCs and their applications as highly efficient energy
conversion devices and attempted to develop the associated component materials [6-17].

During the operation of conventional SOFCs, a high mechanical stability must be
ensured. Consequently, the stress conditions and mechanical stability of SOFCs and
constituent materials have been widely examined [18-29]. Although PCFCs operate at
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a lower temperature than that of SOFCs, large thermal stresses are introduced owing to
the several thermal cycles during operations. Moreover, the residual stresses induced in
the fabrication process typically remain in the PCFCs. In addition, proton-conducting
electrolytes, such as yttrium-doped BaZrO3 and BaCeOs, have a lower thermal expansion
coefficient (TEC) than that of oxygen-ion-conducting electrolytes, such as yttria-stabilized
zirconia (YSZ) [30-32]. Furthermore, the lattice volume of protonic ceramics expands
during hydration, which is a type of chemical expansion caused by the changes in the
defect structure [32,33]. Consequently, the thermal stresses in PCFCs are likely considerably
larger than those in SOFCs owing to the more notable TEC mismatch between the proton-
conducting electrolyte and other components, such as the electrodes. This aspect, in
addition to the large chemical stress induced during hydration, leads to differential stress
and deformation in a cell during operation. Moreover, the current PCFC architecture
involves primarily anode-supported or metal-supported cell structures; specifically, porous
metal substrates are introduced in metal-supported cells, whereas anode-supported cells
include thicker anodes in the structure [7,34-37]. As the elastic performance of ductile
metals is different than that of brittle ceramics, the mechanical properties and stress
conditions in these two architectures differs considerably. Therefore, to realize mechanically
and chemically stable cells, it is necessary to evaluate the in situ mechanical stability, stress
conditions, and amount of deformation in PCFCs.

To analyze the stress conditions and deformation in cells, the elastic properties of each
constituent material under various temperatures and environments must be determined
as fundamental mechanical properties to clarify the deformation response to applied
forces. Several PCFC constituent materials have been developed, especially for the proton-
conducting ceramic electrolytes; however, the elastic properties of the proton-conducting
ceramics remain unclear, although certain researchers have attempted to experimentally
clarify these elastic properties [38,39]. In particular, yttrium-doped barium zirconate (BZY)
is a representative perovskite-type proton-conducting electrolyte with a high chemical
stability and reasonable proton conductivity in the temperature range of 400-600 °C [40,41].
Although the electrochemical performance and thermochemical properties of BZY, such
as the TEC, have been reported [32,33], its elastic properties at the operating temperature
remain unclear.

A key challenge in the experimental investigation of BaZrOs-based ceramics is the
preparation of stable samples, as the materials exhibit a low sinterability [42,43]. The fabri-
cation of dense BZY samples by using the solid-state reaction method requires a sintering
temperature that is considerably higher than 1600 °C in the absence of sintering aids, which
makes it difficult to prepare a large sample or a sample with precise dimensions. In this
regard, small samples such as pellets, which are commonly used in electrochemical investi-
gations, can be used to examine the elastic properties. Conventional methods for elastic
properties investigation are classified to static and dynamic tests, respectively. Static tests,
such as tensile, compression, and bending tests, are usually performed using mechanical
testing machines and thus relatively large samples [28,44]. In contrast, in dynamic tests,
such as ultrasonic and resonance tests, small samples can be used to investigate the elastic
properties. The resonance method involves limitations in terms of the sample shape and
the requirement of samples with precise dimensions. The ultrasonic method, however, can
be applied using samples of any size, with none of the sample-related limitations involved
in the resonance method.

In the ultrasonic method, longitudinal and transverse ultrasonic sounds are used.
Four elastic constants—the Young's, shear, and bulk moduli and the Poisson’s ratio—can
be obtained by measuring the sound velocities of the longitudinal and transverse waves.
The velocity of sound in the sample is obtained by dividing the propagated length of the
ultrasonic waves by the propagated time, which is often termed as the time-of-flight (TOF)
and can be measured using the two-probe transmission or one-probe echo method. In the
former method, the TOF is determined by considering the difference in the transmission
and receiving time of two probes that sandwich the samples. In the latter method, the TOF
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is determined by the gap of reflections transmitted by one probe attached to one side of the
samples. Although the same result is obtained using both the approaches, the accuracy
of the measurement using one probe tends to be higher than that of two probes because
multiple reflections can be used for the calculation if the attenuation rate in the samples is
extremely low. This aspect is particularly important/relevant as the attenuation in protonic
ceramics is considerably higher than that in fused silica or stainless steel, which makes the
use of the two-probe approach more suitable than that of the one-probe approach under
high temperature measurement settings.

Furthermore, in the context of high-temperature measurements, the probes must be
protected from the high-temperature samples. In general, approaches for high-temperature
measurements involve rods named buffer rods or waveguides, which are made of heat
resistant materials with a low attenuation rate. These rods connect the probe and the
sample and transmit ultrasonic waves between them [45]. In the one-probe method, the
TOF is measured by considering the reflection return times from both ends of the samples.
However, a preliminary study indicated that the wave intensity of the reflection from the
opposite side of the sample was significantly attenuated owing to the high attenuation
rate in the BZY, whose thickness was limited owing to its low sinterability [42,46], and the
attenuation in the solid-solid interface between the sample and a buffer rod made of a
stainless steel bolt. Specifically, the first reflection waves interfered with the reflection waves
from the probe side surface, and the second reflection waves were hidden by the noise from
the side wall of the buffer rod. Furthermore, samples with a sufficiently large thickness
(more than tens of millimeters) cannot be prepared, and thus, the interference between the
reflection waves from both ends cannot be prevented when using the existing equipment.

In this study, considering this background, the elastic properties of BZYs with different
doping amounts were examined as a function of temperature up to 600 °C. To overcome
the limitations of the existing measurement approach, a novel approach based on the buffer
rod technique to measure high-temperature ultrasonic sound velocities by using a small
pellet and two buffer rods, according to the two-probe method, was developed. We briefly
reported the results of high temperature measurements for doped barium zirconate [47].
After that, we conducted an additional experiment and obtained interesting observations
about the temperature dependence of elastic properties. Therefore, in this paper, we report
the systematic experimental results thus far. To the best of the authors” knowledge, our
study is the first to report on the high-temperature elastic properties of BZY.

2. Materials and Methods

To evaluate the elastic properties of BZY, BZY pellets with various concentrations of yt-
trium were prepared using the solid-state reaction method: BaZrOs (BZY0), BaZr99Y 10035
(BZYlO), BaZr0,85Y0,15O3_(5 (BZY15), and Bazro_goYObz(]O:J,_g (BZYZO) In particular, BaC03
(> 99.99%, Rare Metallic Co., Ltd., Tokyo, Japan), ZrO; (Tosoh Co., TZ-0), and Y,Os3
(99.999%, Nippon Yttrium Co., Ltd., Fukuoka, Japan) powders were mixed in the pre-
scribed mole ratio and milled using a planetary ball mill (Fritsch Co., Idar-Oberstein,
Germany, Pulverisette 6) for 24 h with a mixture of ethanol and isopropanol (Japan Alcohol
Trading Co., Ltd., Tokyo, Japan, AP-7). Subsequently, the dried powders were calcined at
1380 °C for three hours and ball-milled again for 24 h. The BZY powders were consolidated
using a 25 MPa uniaxial press and 220 MPa isostatic press to generate a thin cylinder. The
formed pellets of BZY10, 15, and 20 were sintered in a zirconia high-temperature furnace
(Shinagawa Refractories Co., Ltd., Tokyo, Japan, ZRF-25) at 1800 °C for 20 h in air, and
BZY0 was sintered at 1600 °C for 10 h in air using a conventional electric furnace. The
sintered BZY pellets were polished using diamond pads to remove the outer Ba-evaporated
layer (ca. 500 um), and this aspect was verified via X-ray diffraction (XRD) performed using
an X-ray diffractometer (PANalytical, Malvern, UK, X'Pert Pro). Finally, pellet type samples
with a thickness of approximately 5 mm were obtained. The crystal structure and lattice
parameters were determined by XRD measurement after the completion of the polishing.
The metric densities of the samples were determined by measuring the dimensions and
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mass of the sample, and the values were crosschecked using the Archimedes method. The
details of preparation and characterization was reported elsewhere [4,40,48].

The temperature dependence of the elastic moduli was examined by means of the
ultrasonic method implemented using the apparatus shown in Figure 1. The sample was
fixed between two buffer rods, and the interfaces between the sample and the buffer rod
were connected by applying Ag paste (Aremco Products Inc., New York, USA, Aremco-
Bond 525). A stainless steel bolt ($15 mm, length 150 mm) was used as the buffer rod,
as a threaded plane can suppress the undesirably strong reflection from the side wall
of the buffer rod [49]. Ultrasonic waves were transmitted and received by two types of
ultrasonic probes for longitudinal waves (Japan Probe Co., Ltd., Yokohama, Japan, 2C15N)
and transverse waves (Japan Probe Co., Ltd., Yokohama, Japan, 2Z 10 x 10 SN), controlled
by the ultrasonic pulser-receiver (Japan Probe Co., Ltd., Yokohama, Japan, JPR-10CN). The
frequency of the ultrasonic waves was 2.0 MHz. Ultrasonic probes were placed in secure
contact with the upper and lower buffer rods using a couplant for longitudinal waves
(Olympus Co. Couplant B2) and transverse waves (Taiyo Nippon Sanso Co., Ltd., Tokyo,
Japan, Soni-coat SHN-B25), respectively. The sample was heated using an electric heater,
and the outer ends of the buffer rods were maintained at a temperature less than 40 °C,
which is the upper temperature limit of the ultrasonic couplant, through cooling from
water-cooling jackets during the high-temperature measurement.

Ultrasonic probe

furnace

Thermocouple

Figure 1. Photograph of experimental apparatus. The sample was set between two buffer rods in the
electric furnace to measure the ultrasonic time-of-flight in the sample at high temperature.

The schematic of the measurement approach is shown in Figure 2. The sound velocities
were obtained by considering the sample thickness and TOF in the sample (T's). To obtain
Ts, the compensation of the TOF in the two buffer rods from the total TOF was required.
The ratio of the passing length of the two buffer rods to the thickness of the sample was
approximately 60. Therefore, highly accurate compensation was required to ensure the
accuracy of Ts. At room temperature (20 °C), a simple compensation using the length of
the two buffer rods and the velocity of sound in stainless steel could help realize the highly
accurate measurement of the sound velocity, with the error of the velocities lying within
+2%. However, a preliminary study indicated that the large temperature gradient from
the sample to the probe generated a sound velocity gradient in the buffer rods, because the
sound velocities changed according to the temperature [45]. Furthermore, the reflectance
and transmittance of the interfaces between the buffer rod and the sample connected by
the Ag-bonded layer likely changed at a high temperature owing to the change in the
mechanical properties of Ag. The aforementioned simple method could not compensate
for these changes and was expected to yield a large measurement error.
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Figure 2. Concept of proposed measurement method for small pellet samples. The method is
a combination of the 2-probe transmission method and 1-probe echo method. The transmitted
ultrasonic waves (blue arrow) propagate between two probes, and the ultrasonic echoes (red arrow)
are transmitted and detected by a probe.

Therefore, an alternative compensation process was applied. First, the TOF of ultra-
sonic sound propagating through the two buffer rods and the sample (T ») was measured
using the 2-probe method. Subsequently, the round trip TOFs of the ultrasonic sound
propagating in the upper and lower buffer rods (T and T, respectively) were measured
using the 1-probe method. Assuming T'», T1, and T, could be measured in a reasonably
brief period involving a negligible temperature change, T1 and T, could be considered to
include the influence of the sound velocity gradient caused by the temperature gradient,
and highly accurate Ts could be obtained using Equation (1). The sound velocities V were
calculated as shown in Equation (2), using the measured Tg and sample thickness L:

To=T,- 2112 1)
2
L
V=— 2
= @)

Using this method, the sound velocities of fused silica [50] were measured, and it was
confirmed that the error of the sound velocities was within +5%.

In addition to the effect of the temperature, it was necessary to consider the effect
of the porosity, as BZY is not completely dense as compared with fused silica. In the
applied preparation method, the sample porosity was expected to range from 1 to 5%
and to decrease the sound velocity by a maximum of 5%. Thus, it was necessary to take
into account the influence of porosity to suitably characterize the elastic properties of the
sample. To this end, empirical equations were used to clarify the dependence of the sound
velocities on the porosity P in 8 mol% YSZ (8YSZ) with porosities varying up to 20%, as
shown in Figure S1. Using these values, the longitudinal and transverse sound velocities
V1, and V could be determined using Equations (3) and (4), respectively:

V. = V/(1—0.01034P) )

Vi = V/(1—0.00839P) 4)
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Subsequently, V; and V7 in BZY0, BZY10, BZY15, and BZY20 were measured using
the experimental apparatus shown in Figure 1, according to the aforementioned modified
method. The samples were heated in a furnace from 20 °C to 700 °C in increments of 50 °C.
The actual sample temperature was measured using a K-type thermocouple located near the
samples. As shown in Figure 1, the furnace and sample were exposed to the air-conditioned
laboratory air (20 °C). Therefore, the measurement environment was considered to be that
of noncontrolled low humidified air.

Based on the two velocities, the Young’s modulus E, shear modulus G, Poisson’s ratio
v, and bulk modulus K were calculated using Equations (5)—(8), respectively, where p was
the theoretical density of the prepared samples, calculated from the lattice parameters
determined using the XRD technique:

_ PVF(3VE —4V7)

E 5
VI_V2 ©)
G = pV? (6)
VE—2V2
v= b L @)
2(VE - Vi)
E
K= 3(1—2v) ®

3. Results and Discussion

The obtained BZY0, BZY10, BZY15, and BZY20 samples for the ultrasonic measure-
ments were sufficiently dense and thick, and they remained stable through the high-
temperature measurements. All the peaks in the XRD patterns of all the samples cor-
responded to a cubic perovskite-type structure (Fm-3m), as shown in Figure 3a. The
calculated lattice parameters are listed in Table 1. These lattice parameters were in agree-
ment with the values reported in previous literature [33,48]. Although the employed
sintering temperature (1800 °C) was not the same as that generally employed for BZY (less
than 1600 °C), they can be considered equivalent from the viewpoint of crystal structures.
According to the designed chemical compositions and lattice parameters, the theoretical
density was calculated, and the porosity was obtained by comparing the metric densities
of the prepared samples. The typical microstructure of the prepared samples is shown
in Figure 3b. The surface image taken by a scanning electron microscope (SEM: Hitachi
High-Tech Corp., Tokyo, Japan, SU-70)) of BZY20, chemically etched using a colloidal silica
followed by mechanical polishing, revealed that this sample was dense, and grain was well
connected without the indication of any precipitations at grain boundaries. All samples
showed similar microstructures except for grain size. The grain size of the prepared sam-
ples measured by the line-intercept method was 1.9, 1.7, 2.8, and 6.8 um for BZYO0, 10, 15,
and 20, respectively.

Table 1. Thickness, lattice parameters, theoretical density, porosity, and average grain size of
the samples.

. Thickness Lattice Theore.tlcal Porosity Ave. Grain Size
Abbreviation (mm) Parameter Density %) (um)
@A) (gem9) "
BZY0 4.98 4.194 6.23 54 19
BZY10 5.87 4.207 6.15 6.2 17
BZY15 6.44 4214 6.11 6.1 2.8

BZY20 4.30 4.223 6.05 6.1 6.8
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Figure 3. (a) XRD patterns of sintered BZY0, BZY10, BZY15, and BZY20 samples. Triangles indicate
the 26 of XRD peaks of BaZrOj3 according to JCPDS 00-006-0399. (b) SEM image of BZY20 surface
chemically etched using colloidal silica followed by mechanical polishing. The microstructures in
BZY0, BZY10, BZY15 are similar to those in BZY20 except for grain size.

The sound velocities of the prepared samples were measured at room temperature
(20 °C) by using the two-probe method without the buffer rods to enable a comparison
with the reported values. Figure 4a shows the longitudinal and transverse sound velocities
of the prepared samples as a function of the yttrium concentration with the velocities
of BZY with a yttrium concentration of 1.5, 5.5, 10, and 17.5 mol% reported by Hoedl
et al. [38], who correlated the influence of porosity using a dynamic model. In addition,
the Young’s modulus of nondoped BZY: BaZrOs; (BZY0), reported by Liu et al. [39], is
shown in Figure 4b. The relative density of BZYO0 in the researchers” work was fairly high
(98.9%), and the influence of porosity was estimated to be only 1%. Therefore, the results
of this work and those reported by Hoedl and Liu could be compared, neglecting the
influence of porosity. The experimental results obtained in this work and those obtained in
Hoedl et al. exhibited a same tendency. The sound velocities gradually decreased as the
yttrium concentration increased, and yttrium concentration dependences of velocities for
two results were close within a difference of 5%. The sound velocities of the BZY with a
yttrium concentration of 10 mol% were the same in both the experiments, with a difference
of less than 1%. The similar decrement of Young’s and bulk moduli indicate that BZYs
themselves become softer to outer forces. The thermal expansion coefficient of yttrium-
doped barium zirconates also shows a negative yttrium concentration dependence [33].
The values of BZY10, 15, and 20 in dry Ar atmosphere are 8.78, 9.25, and 10.1 x 10-°
K1, respectively. Therefore, the observed yttrium concentration dependences of elastic
properties and thermal expansion coefficient are explained by the chemical bond being
weakened due to the introduction of oxygen vacancies. In the literature, the values of
hydrated and dehydrated samples were measured [38]. The average value for BZY10
was the same as that obtained in this work, and the extrapolated Young’s modulus for
BZY20 was only 3.6% smaller than that obtained in this study. These results suggest that
BZYs exhibit similar elastic properties, regardless of the materials, synthesis methods, and
sintering method and conditions. Although the elastic modulus is a fundamental material
property determined by the interatomic potential and is thus expected to be the same, this
is the first report that confirms this aspect for low sinterability materials such as BZYs.
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Figure 4. (a) Ultrasonic longitudinal and sound velocities and (b) Young’s modulus at 20 °C as a
function of the doped yttrium concentration. The solid and hollow symbols indicate longitudinal
and transverse sound velocities, respectively. The circles indicate the experimental values of the
as-prepared samples in this study, and the triangles and squares indicate the experimental data of
the as-prepared and dehydrated samples reported in existing studies [38,39]. The dashed lines are
presented as eye guides.

Subsequently, the samples were heated up to 700 °C, and their characteristics were
examined. At 300-400 °C, transverse and longitudinal sound attenuation occurred, and the
attenuation was recovered at higher than 400 °C. The attenuation of transverse sound was
significant and prevented the accurate determination of the TOF. Therefore, the transverse
sound velocities were not used in this range. As the Ag paste became softer as the tempera-
ture increased and was partially shrunk due to the sintering of Ag particles in the paste,
the interfaces between the sample and the Ag paste were peeled off around 300 °C, and the
attenuation occurred around the peeling surface. If an appropriate load could be applied,
as in a power generation test, to maintain the gas seal of the molten glass, we would be
able to prevent this attenuation, but due to the structure of the apparatus, it is difficult to
apply a load greater than the mass of the upper buffer rod. At a temperature higher than
400 °C, the attenuation was recovered, and both sound velocities were again obtained with
high accuracy. The interfaces could be recovered due to the applied force from the upper
rod because the Ag paste became ever softer.

The longitudinal and transverse sound velocities of BZY0, BZY10, BZY15, and BZY20
measured during the heating are shown in Figure 5. A clear difference in temperature
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dependence was observed between doped and nondoped samples. For all doped samples,
the velocities exhibited a weak negative dependence on the temperature; specifically, the
sound velocities decreased as the temperature increased. In addition, at temperatures
higher than 400 °C, the transverse sound velocities for the different samples were con-
siderably different over the influence of the measurement error. By contrast, both sound
velocities of BZY() were almost constant in this temperature range.

10 T T T T T

® DBZYIOL) O BZYIN(T)
A BZYIS(LYy A BZYIS(D)
B Bzy20(L) 0O BZY20(T)

- 8r BZY0 (L) BZYO(T)

E

=

z o ““ﬂ‘ﬁ*ﬁﬁﬁgﬁ}é# :

E

g 4 -ﬁ & -

= A%

Bao  Lofolohod

170 B 8 -

0 1 1
0 100 200 300 400 500 GO0 700
Temperature(°C)

Figure 5. Temperature dependence of ultrasonic longitudinal and transverse sound velocities of
BZY0 (orange inverted triangles), BZY10 (black circles), BZY15 (blue triangles), and BZY20 (red
squares). The solid and hollow symbols correspond to longitudinal and transverse sound velocities,
respectively. Transverse sound velocities in the temperature range of 300-400 °C could not be
measured owing to ultrasonic sound attenuation.

The Young’s, shear, and bulk moduli and Poisson’s ratio calculated using
Equations (5)—(8) are shown in Figure 6. As all the properties are calculated based on
the square of the transverse sound velocities, the differences between doped and nondoped
samples and among the three doped samples at temperatures higher than 400 °C became
significant. The elastic properties, as well as the sound velocities, of nondoped BZY0 were
almost constant. By contrast, the Young’s and shear moduli of doped samples exhibited a
nonlinear dependence on the temperature: as the temperature increased, the two moduli
exhibited different decrement rates. Specifically, the decrement rates under 100 °C and over
400 °C were similar; however, the decrement rate was high between 100 °C and 300 °C.
Consequently, at a temperature higher than 400 °C, the Young’s modulus was several tens
of percentage points smaller than that at the room temperature. Generally, refractory oxides
such as alumina, magnesia, and mullite exhibit a negative linear dependence to the temper-
ature, owing to the nature of the chemical bonds between the atoms at a temperature less
than half the corresponding melting temperatures [51]. For example, the decrement rate of
Al>Oj as the temperature increases from the room temperature to 500 °C is approximately
7%. High-temperature elastic properties for this system were only reported for the Young’s
modulus of BZY0 measured using the impulse excitation method [39]. BZY0 exhibits a
linear decrement in the Young’s modulus with an increasing temperature in the range of
room temperature to 700 °C, with the decrement rate being 7%. Therefore, the observed
constant of the Young’s and share moduli of BZYO0 is considered to result from the nature
of chemical bonds in nondoped barium zirconate.
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Figure 6. Elastic modulus of BZYO (orange inverted triangles), BZY10 (black circles), BZY15 (blue
triangles), and BZY20 (red squares) as a function of the temperature. (a) The Young’s (E) and shear
(G) moduli are indicated as solid and hollow symbols, respectively. (b) The bulk modulus (K) and
Poisson ratios (v) are indicated by solid and hollow symbols, respectively. Some data points in the
temperature range of 300400 °C were removed, as the transverse sound velocities could not be
measured in this range with high accuracy due to the weakling of the adhesive Ag paste.

The decrement for doped BZY10, BZY15, and BZY20 was considerably larger than
that of BZY0. Doped ceramics, which are widely used in the field of solid-state ionics, also
exhibit the same nonlinear temperature dependences as doped BZYs. For example, mixed
electronic and ionic conductors such as Lag ¢Srp.4Co1 -, Fe,O5_s exhibit a large increment
of Young’s modulus over several tens of %, owing to a phase transformation. In fact, even
in the case of 8YSZ, which is not expected to undergo a phase transformation in the short
term, the Young’s modulus first decreases with an increase in the temperature and later
increases [52,53]. The Young’s modulus of 8YSZ decreases as the temperature increases
and exhibits a local minimum at approximately 500 °C. The difference between the values
at the room temperature and the local minimum is more than 30%. The behavior of 8YSZ is
explained by the change in the local crystal symmetry: as 8YSZ has both cubic metastable
and tetragonal stable phases, the metastable phase gradually changes to stable phases in
the intermediate temperature range [53]. Nevertheless, Gd-doped ceria, which has a fully
cubic phase, does not exhibit a nonlinear temperature dependence similar to that observed
for 8YSZ. Hence, it is assumed that the Young’s modulus does not change considerably if
no local change occurs in the crystal symmetry. As BZYO has a stable cubic phase in the
temperature range of 20-700 °C, the observed constant elastic moduli of BZYO0 supports
this estimation.

As doped BZYs involve a stable cubic phase, they were expected to behave similarly
to nondoped BZY0. In contrast, the behavior of the doped BZYs was similar to that of 8YSZ.
This phenomenon likely relates to defect structures that consist of oxygen vacancy and
substituted yttrium and hydration, in which protons are introduced to lattices caused by
the existence of the defect structures. The host lattice of BZYs is BaZrO3, whose tolerance
factor is approximately 1 [54]. However, the lattices in which the tetravalent zirconium is
replaced by a larger trivalent yttrium exhibit a tolerance factor of 0.92, which is close to
the lower limit of the range of cubic crystal symmetry. The relatively negatively charged
yttrium at the Zr site in the lattice is also considered to be preferentially coordinated by
oxygen vacancies with relatively positive charges [55]. Around the oxygen vacancy in
the lattice, lattice volume tends to expand due to the lack of Coulomb force. Hence, it is
reasonable to assume that the lattice involving yttrium tends to have a locally decreased
symmetry, and local symmetry changes as temperature changes. On the other hand,
hydration occurs in perovskite-type proton conductors, such as doped barium zirconate
and strontium zirconate. In the process, barium zirconate reacts with water molecules
in the atmosphere, and two hydrogens and one oxygen are introduced into the lattice.
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Oxygen occupies the oxygen vacancy, and protons are located in interstitial sites near
the oxygen. The hydration causes lattice expansion. As the hydration is an exothermic
process, the progress of hydration depends on the temperature and water vapor pressure
in the atmosphere [33,41,56]. According to previously obtained results, in the case of
well-sintered BZY15, at approximately 800 °C, proton concentration is considered to be
zero under thermal equilibrium conditions. The hydration progresses as the temperature
decreases, and the proton concentration increases. The proton concentration at 500 °C
is 7 mol%, and the value reaches 80% of the yttrium concentration under high humidity
atmospheres (12 mol%). According to the case of BZY15 in Anderson et al., full hydration
(all oxygen vacancy is occupied by oxygen) causes 0.4% lattice expansion, and the expansion
suggests that the lattices in which oxygen vacancy is occupied by hydration are locally
expanded strongly. Both of them are considered to be reasonable explanations for the cause
of a local symmetry change. Therefore, two hypotheses were formed: the first hypothesis
was that the temperature dependence of the elastic properties was a result of the inherent
nature of doped barium zirconate as in the case of 8YSZ and Sc and Ce co-doped ZrO, [53].
Locally decreased symmetry might recover again as the temperature increases. The second
hypothesis was that the temperature dependence of the elastic properties was a result
of the oxygen vacancy occupation caused by hydration. Ultrasonic measurement was
performed under the laboratory air, which includes low humidity, and the samples were
kept at each temperature at least 20 min. Therefore, hydration and dehydration could
occur during the measurement and cause a local symmetry change. However, because
this study used dense and thick pellet shaped samples, it was certain that the rate of
hydration and de-hydration was slower than that in small bars and powders often used for
thermos-gravimetric and electrical conductivity measurements. In fact, the lattice constants
of the sample before and after the measurement did not actually change significantly. If the
hydration progressed during the measurement, protons were introduced into the lattice,
and lattice constants became larger than those before the measurement. Thus, the rate of
hydration during the measurement was considered to be low. At present, the observed
temperature dependences may be due to the nature of doped BZYs and independent to
hydration. However, if we can control the hydration rate and measure elastic properties,
the observed temperature dependence might be expected to differ from the results in this
paper and change as hydration progresses.

4. Conclusions

We examined the temperature dependence of the elastic properties of BZYs with
various yttrium concentrations, which are promising proton-conducting solid electrolytes
for PCFCs. A novel evaluation method for low sinterability materials such as BZYs was
established based on the conventional ultrasonic method using two buffer rods, and
the elastic properties of BZYs at the SOFC operating temperature of 700 °C were deter-
mined by using small-pellet-type samples. The Young’s and shear moduli exhibited a
rapid decrement (30—40%) as the temperature increased from the room temperature to the
operating temperature.

Future work must examine whether the decrement in the elastic properties is a phe-
nomenon peculiar to doped oxides for SOFC materials such as 8YSZ or if it is due to the
influence of hydration, which is specific to proton conductors. As this decrement influences
mechanical stability and reliability, an in-depth examination of the high-temperature elastic
properties of PCFC materials is required.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/met11060968/s1, Figure S1: Dependence of the sound velocity on the porosity of 8YSZ,
determined experimentally.
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