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ABSTRACT

Ionic conductivities measured under GPa-order high pressure provide various information
about ion hopping mechanisms such as the activation volume (AV). Traditionally, anvil cells
have been used for high-pressure measurements. We previously reported a new method for
high-pressure impedance measurements, up to a few GPa, employing an indentation-induced
local stress field. In this method, both mechanical and electrical (Young’s modulus and high
pressure impedance) properties can be obtained simultaneously. However, in this method,
high pressures are induced only around the tip of the indenter, and such stress distribution
should be considered for the estimation of A} accurately. In the present study, employing a
finite element method (FEM) calculation, the stress distribution around the tip of the indenter,

and effects of such GPa-order high pressures on the O* ion conduction are shown.
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1. INTRODUCTION

Electrochemical analysis of conducting and dielectric materials under high pressures
has received considerable attention in view of various interesting properties such as
crystallographic phase transition, shifts of temperatures (Curie point/superconducting
transition) and changes in phonon modes [1-9]. For ionic conductors, conductivity, o, is
expressed as

o= oyexp {-(AE + pAV)/RT}, (1)
where op is a pre-exponential factor [S/cm], AE is the activation energy [J/mol], p is the
pressure [Pa], AV is the activation volume [cm?/mol], R is the gas constant [J/mol-k], and T is
the absolute temperature [k]. The respective derivative forms of AE and AV are

AE = -RT{d(Ino) / d(T")},, (2)

AV =-RT{d(lno) /dp}r. 3)
According to the temperature dependence of conductivity, at a constant pressure (e.g., 0.1
MPa of ambient pressure), AE can be obtained from Eq. (2). The AE is correlated with the
energy barrier for ion hopping from a site to an adjacent site. Similarly, from the pressure
dependence of conductivity at a constant temperature, A}V can be obtained. AV is identified
with local relaxation that accompanies the opening up of sites to admit incoming ions [10-
16]. A solid electrolyte of a-Agl that readily conducts Ag" ions has a relatively small value of
AV (~0.9 cm®/mol) [12], whereas the typical ionic crystal KCI poorly conducts K* ions and
has a reported AV of ~8.0 cm?/mol [10].

Essentially, AE has only positive values, while AV has both positive and negative
values. For example, AV for the rate constant k£ of ammonia synthesis (Haber-Bosch process)
is a negative value, suggesting the rate for ammonia synthesis increases with increasing

pressure. Additionally, AV for electron including small polaron conductions are usually a



negative value [17], and electron conductivity increases with increasing pressure owing to the
overlap of wave functions. It has been reported that some ionic conductors such as Li* ion-
substituted B-Al>O3; have negative AV values, which correspond to an increase in conductivity
with increasing pressure [18]. Evaluations of both AE and AV are thus important to
understand the ion conduction mechanism in detail and also to screen a new type of
electrolyte. However, high pressures of GPa order are usually indispensable for A} analysis
of solid electrolyte, and high-pressure apparatuses such as diamond anvil cells are necessary
for measurement [19,20]. Although the importance of A}V measurements has been suggested
in some literatures [10-16], few papers have reported experimental data for AV, likely
because of the difficulties and limitations associated with conventional high-pressure
methods including the calibration of pressure, sample preparation (involving small sample
sizes of ~0.001 c¢cm®) and temperature increase up to a few hundred °C. In addition,
measurements are often performed under a fixed atmosphere, which does not allow
evaluation of impedance under various atmospheres (e.g., it is difficult to switch the
measurement condition from an oxygen to hydrogen (fuel cell) atmosphere in the case for
utilizing a diamond anvil cell).

We previously reported a new GPa-order high-pressure impedance measurement
based on an indentation technique [21]. Indentation techniques have been widely used for the
analysis of mechanical properties such as the elastic modulus, hardness and viscosity [22-26].
An important point about this method is that the indentation-induced local stress reaches
values scaling with hardness, i.e. of a few GPa, and we have tried to utilize this local stress
field induced around the tip of the indenter for high-pressure impedance measurement. The
value of AV for 10 mol% Y20s-doped zirconia (YSZ) was estimated to be around 3.9

cm?/mol [21]. AV increases with increasing temperature, and a similar behavior was reported



for typical electrolytes [11,12,27], as well as for creep viscosity measurements in glasses and
polymers [28,29].

Employing the above method, AV can be easily and rapidly obtained without any
pressure mediums or pressure calibrations. In this indentation method, however, GPa-order
high pressure is induced only around the tip of the indenter. Thus, the stress distribution
should be considered in order to estimate the effect of high pressure for O* ion conduction
accurately. As such, no physical correlation can be drawn between AV values obtained under
uniform stress (e.g., using an anvil cell) and those obtained under local stress (indentation)
conditions.

In this study, the stress distribution around the tip of an indenter and its effect on the
conduction for O* ion hopping were estimated using a finite element method (FEM)
considering both linear elasticity for the mechanical behavior and Eq. (1) for the conductivity,
and the simulation results were compared with experimental data. AV of YSZ is discussed in

relation to the stress distribution.

2. Experimental

Yttria-doped zirconia (10 mol% Y>03, TOSOH Co., Japan) (10YSZ) was used as the
test material. 10YSZ powder (0.8 g) was pelletized (13 mm in diameter) at 25 kN and room
temperature, and subsequently sintered at 1500 °C for 1 h. The obtained sample was mirror-
polished using a diamond slurry (0.25-pum diamond, IMT Co., Ltd., Japan). The indentation
measurements were performed using a hand-made indentation apparatus [21]. A spherical
Inconel625 indenter was used in the case for the measurement of high-pressure impedance.
As shown in Fig. 1, the Inconel indenter plays the role of a collecting electrode
simultaneously. The curvature radius of the Inconel indenter was 0.5 mm. A gold ring

electrode was sputtered on the 10YSZ. The electrical resistance for O?" ion conduction



between the ring electrode and indenter was measured using an LCR meter (ZM2376, NF
Corporation, Japan) at frequencies ranging from 10 kHz to 20 Hz and 1 V under a nitrogen
gas atmosphere that prevented oxidation of the apparatus.

Finite element simulation software (COMSOL Multiphysics® ver. 5.1 with AC/DC
and structural mechanics modules) was used for the simulation of the stress distribution and
of the resistance according to Eq. (1). Parameters for the simulation are summarized in Table
1. The activation energy for 10YSZ was reported to be =100 kJ/mol and 80 kJ/mol at
temperatures around 500°C and above 800°C, and 100 kJ/mol was substituted into the AE of
Eq. (1) for the FEM calculation [30-33]. An axially symmetric two-dimensional model was
used; the sample geometry is shown in Fig. 2. All sizes of the sample, ring electrode, and
indenter were exactly the same as for the experimental condition of indentation. The indenter
and YSZ constituted a contact pair, and boundary conditions of contact and continuity were
used for structural mechanics and AC/DC modules, respectively. A point load from 1 to 25 N
was applied at P> in Fig. 2. The mesh used for the finite element analysis is shown in Fig. 3.
Triangle and square elements were used in order to reduce the calculation time effectively;

the numbers of element were 10035 and 1736, respectively.

3. Results and discussion
3.1 Hertz’s elastic theory for YSZ

Indentation techniques, measuring the relationship between the load (P) and
penetration depth (%), have been widely used for the analysis of mechanical properties, and
e.g. the elastic modulus, yield strength, hardness as well as time-dependent-viscoelastic
parameters can be obtained [22-26,34]. We have used a spherical indenter in order to vary the
contact pressure easily. Note that the contact pressure changes by changing the indentation

load only in the elastic deformation regime when a spherical indenter is used, since the



contact pressure becomes load independent when a permanent deformation occurs. The
indentation load was stepwise increased from 0 to 25 N, and the load was kept at constant
values (5, 10, 15, 20 and 25 N) for 100 s, and impedance measurement was performed during
the constant loads using an LCR meter.

The relationship between the load (P) [N] and penetration depth (#) [um] at 500°C is
shown in Fig. 4a. The dot-line represents the result of fitting based on the Hertz’s elastic
model. It is clear that the line is well-fitted on the experimental P-4 curve:

P=4/3E r? p3? 4

E'={1-v)/E+(1-v?)/Ei}" 5)
where r is the curvature radius of the spherical indenter (» = 0.5 mm), E” is the effective
elastic modulus, £ and v are the Young’s modulus and Poisson’s ratio, and the subscripts s
and 1 refer to the sample and indenter, respectively. Also, the loading and unloading curves
are exactly overlapped using the spherical indenter at 500°C, suggesting a full elastic
deformation of the 10YSZ under the measurement condition. Thus, the indentation behavior
was analyzed based on the Hertz’s elastic model. No cracks or other damage were seen in
either the 10YSZ or the indenter after the test.

According to the data, the Young’s modulus and Poisson’s ratio of Inconel625 are
~180 GPa and 0.3 at 500°C [35,36]. The Poisson’s ratio of 10YSZ was reported to be =0.3
[37]. By assuming the value of the Poisson’s ratio v = 0.3 for 10YSZ, the Young’s modulus of
10YSZ was estimated to be 150 GPa at 500°C from the equations (4) and (5). Similar values
have also been reported [38]. One big advantage compared with the traditional high-pressure
test (e.g. diamond anvil cell) is that the mechanical and electrical properties can be
simultaneously estimated in our indentation method.

Here it should be mentioned that the yield strength of Inconel625 is depending on

some treatments including the aging temperature and time, and the value was reported to be



less than 1 GPa at 500°C [35,36]. In some cases, the £~ obtained from P-i curve (Fig. 4a)
changed slightly after using the same Inconel indenter several times. A mechanical damage
for the Inconel indenter may occur. The indenter was thus changed frequently. Recently, a
harder material with a good conductivity such as boron-doped diamond has also been used

for indentation/conductivity analysis [39].

3.2 Stress distribution and resistance

In our indentation method, the GPa order high pressure is induced only around the tip
of indenter. The conductivity was previously calculated using the resistance, the contact area
of the indenter, and the distance between the indenter and ring-electrode [21]. The activation
volumes of 3.9 cm*/mol were obtained from the slope of conductivity (log &) vs pressure. In
this calculation, however, we ignored the stress distribution for the calculation of
conductivity, and such stress distribution should be considered for the estimation of AV
accurately. In the present study, we used a finite element method (FEM) to clarify the effect
of the local-induced high pressure for ion conduction. Fig. 4b shows the P-4 curve obtained
using the FEM calculation. The same P-4 curve for Hertz’s elastic model in Fig. 4a is also
replotted. It is clear that these three P-4 curves are in good agreement to each other.

Fig. 5a shows the 2D view of the pressure at Gauss point calculated by the FEM (P =
25 N), and the relationship between the distance (x) from the tip of indenter and the pressure
on the YSZ surface (y = 0 in Fig. 5a) is shown in Fig. 5b (1D view). Note that approximately
5 GPa is induced at the contact region between Inconel and YSZ. The pressure decreases
drastically with increasing the distance x, and the high pressure region disappears over x =
0.05 mm.

We calculated the maximum pressure (Hertz’s pressure, p [Pa]) from the penetration

depth £ as follows:



ac = (r-h)"? (6)

p=3P/2ral? (7
where a. is the contact radius of the indenter [m?]. Relationships between the indentation load
and contact pressure, calculated using the experimentally measured penetration depth (Eq. (6)
and (7)) or FEM calculation, are shown in Fig. 6. It is evident that the FEM calculation is in
very good agreement with experimental results, suggesting a suitable mesh and parameters of
FEM calculation.

The obtained pressure at the Gauss point of each node was substituted into the p of
Eq. (1), and conductivity of 10YSZ was defined as a function of the pressure, followed by the
FEM calculation of the current density [A/m?]. For the FEM calculation, 1 V was applied
between the indenter and ring electrodes. The current [A] was obtained by the integration of

the current density with the area of ring-electrode. Here, op and AV were varied, and we

compared the resistivities between experimental (LCR) and FEM calculation for various oo
and AV.

Typical Cole-Cole plot is shown in Fig. 7. The resistance at a resonant frequency
shown as the arrow (the first semicircle) was adopted. Since our sample was not single
crystal, the resistance is considered to be included both grain and grain boundary resistances.
In this study, we focused only bulk (grain and grain boundary) resistance. Note the bulk
resistance decreases, while the estimated contact area increases with increasing the load from
5 to 25 N. As shown in Fig. 1, the Inconel indenter also plays the role of a collecting
electrode. Since the hopping of O* ions occurs between the indenter and ring electrodes, such
a small high-pressure region should affects on the resistance for O conduction.

Typical results of the resistance of the experimental data and FEM calculation are

shown in Fig. 8. The AV value affects significantly on resistance at higher load. The



differences (J) of resistances between experimental and FEM calculation were estimated as
follow:

0= (Rexperimental — RrEM)? )]
where Rexperimental and Rpem are resistances obtained from experiment and FEM calculation,
respectively. In the case of AV = 0 cm’/mol, the FEM calculation is in agreement with
experimental data in lower loads, whereas a deviation is clearly seen over 15 N
(corresponding to that over ~4 GPa from Fig. 6). A smaller 0 value was obtained for AV =3.5
cm?/mol as compared with the case for AV = 2.0 cm’/mol, suggesting that the AV of 10YSZ
is around 3.5 cm®/mol at 500°C.

In any cases for AV from 0 to 3.5 cm®/mol, the oy was estimated to be around 2000 ~
2300 S/cm. The oy is composed of several terms including the average jump distance
squared, the density of charge carriers and the attempt frequency of the jumping atom etc.
The Meyer-Neldel (MN) rule has been widely studied since its discovery in 1937. The MN
rule can be applied for various activated hopping systems including electron/hole conduction
of semiconductors, ionic conduction as well as thermally activated hopping and so on [40].
According to the NM rule, a linear relationship can be seen between the activation energy and
log oo, and various materials obey the NM rule [40]. The relationship between the logoy and
AE for YSZ measured at various temperatures and compositions (varied the amount of Y>03)
is plotted in Fig. 9. Note that the FEM calculation result (oo = 2300 S/cm at AE = 100
kJ/mol) is in very good agreement with the NM correlation for YSZ, and thus we conclude
the op calculated is also reasonable.

A estimation of the activation volume, AV, can be obtained easily and rapidly by just
fitting the experimentally obtained resistance data based on the Eq. (1), once the stress
distribution around the tip of the indenter is accounted for using FEM for instance. It should

be mentioned, however, the experimental error for the resistance becomes notable in lower
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load (see Fig. 8), maybe due to very small value of the contact area. As shown in Fig. 6, the
pressure increases drastically from 0 up to 5 N. In Fig. 10, the FEM calculation results for the
AV =2.0 and 3.5 cm*/mol in Fig. 8 are replotted for comparison. Note the effect on the local
stress around the tip of indenter become more significant below 10 N. Our experimental and
calculation results suggest that a precise indentation measurement for resistance in the region
0 to 10 N of load is necessary in order to evaluate the AV precisely. Further improvement for
the indentation measurement, especially about the indentation test under lower load-region is
in progress. Also, the comparison of AV obtained under uniform stress (e.g., using an anvil

cell) and those obtained under local stress (indentation) conditions is under studying.

4. Conclusion

The pressure effect on the O* conduction of YSZ was measured by using an
indentation apparatus, and experimentally obtained resistance is discussed in relation with the
FEM calculation. The P-h profile curve was obtained with a good reproducibility and
accuracy, and profile data was well fitted by the Hertz’s theoretical values. The indentation
induced high-pressure stress field can be applied for the estimation of AV, and the AV of 3.5
cm’/mol was obtained by considering the stress distribution around the tip of indenter using
the finite element method. Compared with conventional techniques for the calculation of AV,
the apparatus we developed is very simple, performs rapid analysis, and mechanical and

electrical properties are obtained simultaneously.
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Captions

Parameter Value
Curvature radius of the Inconel
indenter 0.5 mm
Young’s modulus of YSZ 190 GPa
Young’s modulus of Inconel 179 GPa
Poisson’s ratio (Inconel, YSZ) 0.3
Density of YSZ 5.8 g/cm?3
Density of Inconel 9.0 g/cm3
Load 1~25N
Conductivity of Inconel 10°S/m
AE 100 kJ/mol

Table 1. Parameters for FEM calculation.
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Figure 1. Photograph of the indenter and ring electrodes for the high-pressure impedance
test (TC: thermocouple).
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Figure 8. Comparison of the resistance between experimental data and FEM calculation at
different AV from 5 to 25 N. The symbol (@) and line show the results of experimental and
FEM calculations, respectively.
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