
J O U R N A L O F M A T E R I A L S S C I E N C E 3 8 (2 0 0 3 ) 3689 – 3694

Frequency dispersion of the internal friction
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A forced vibration method for measuring the frequency dispersion of internal friction under
cyclic-tensile-compressive stress on the single axis was developed so that various
mechanical tests can be conducted using a specimen having the same shape, machining,
and sintering conditions. With this new method, frequency dispersions of the internal
friction for tetragonal and cubic zirconia polycrystals stabilized with yttria were measured.
The activation energy for the relaxation time was determined. As a result of comparison
with the activation energy for the relaxation time measured by a conventional method, we
conclude that the results of the internal friction measured in this study are valid. The
activation energy for the ionic conductivity was determined, and compared with that for the
relaxation time. The activation energies for the relaxation time in 2.6YSZ, 3YSZ, and the
lower temperature peak of 10YSZ are very similar to those for the conductivity. As a result,
we conclude that the internal friction peaks of 2.6YSZ and 3YSZ, and the lower temperature
peak of 10YSZ are derived from rearrangement of point defects associated with oxygen ion
vacancies. C© 2003 Kluwer Academic Publishers

1. Introduction
Yttria-stabilized Zirconia (YSZ), because of its high
strength and high ionic conductivity, is used as both
a structural material and a solid electrolyte. Recently,
it has been reported that the internal friction in YSZ
is closely correlated with the ionic conductivity [1].
Therefore, to clarify the mechanism of the ionic con-
duction, the mechanical properties and the behavior of
the point defects, it is important to measure and analyze
the internal friction in YSZ.

Conventionally, the internal friction is measured with
the flexural resonance method or a free-decay proce-
dure using an inverted torsion pendulum. However, the
frequency dispersion of the internal friction is impossi-
ble to measure using these methods. Thus, the internal
friction is usually measured as a function of the tem-
perature. However, because a change in the temperature
changes the distribution and the species of the defects
that cause the anelastic relaxation, the frequency disper-
sion of the internal friction must be measured to analyze
the anelastic properties. Nevertheless, the frequency
dispersion of the internal friction for YSZ has never
been reported for a wide range of yttria concentrations
[2].

On the other hand, since forced vibrations appara-
tus using torsion pendulum was developed by Woirgard
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[3], many measurements have been currently performed
at constant teperature as a function of frequency [4].
Moreover, a testing system for measuring the frequency
dispersion of the internal friction under the torsional
loading was developed and recently came onto the mar-
ket [5]. However, because of the required intricate sam-
ple shape, this apparatus is not suitable for ceramics.
Moreover, the relationship between the microstructure
and the anelastic properties cannot be examined due
to the measurement under the torsional loading [4, 5].
In addition to such problems, in these methods many
kinds of specimens, having various shapes, are neces-
sary for examining all the mechanical properties: the
fracture strength, fatigue, and Young’s modulus. The
influence of the difference in machining and sintering
conditions on the mechanical properties cannot be ne-
glected, which makes interpretation of the mechanical
properties complicated. Therefore, all the tests must
be conducted using a specimen having the same shape,
machining, and sintering conditions, under the identical
loading axis. Furthermore, to examine the relationship
between the mechanical properties and the microstruc-
ture, all the experiments should be conducted under a
single axial loading.

In the present study, we developed a forced vibra-
tion method for measuring the frequency dispersion of
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T ABL E I Sintering temperature and density of each specimen

Sintering Sintered density
Specimen (ID) temperature (K) (g/cm3)

2.6YSZ (HSY-2.6W) 1723 6.016
3YSZ (HSY-3) 1723 6.063
10YSZ (HSY-10) 1723 5.770

the internal friction under a cyclic-tensile-compressive
stress on the single axis. The internal friction of tetrag-
onal and cubic zirconia polycrystals stabilized with yt-
tria was measured with this method, and the activation
energy for the relaxation time was determined. As a
result of comparison with the values of the internal
friction measured by conventional methods, we indi-
cate that the results of the internal friction measured
in this study were reasonable. Moreover, the activa-
tion energy for the ionic conductivity was determined,
and compared with the activation energy for internal
friction.

2. Experimental procedure
2.1. Materials
Y2O3 stabilized ZrO2 polycrystals with the following
compositions were used in this study: 2.6 mol% Y2O3-
97.4 mol% ZrO2 (hereinafter called 2.6YSZ, HSY-
2.6W made by Daiichi Kigenso Kagaku Kogyo Co.,
Ltd.), 3 mol% Y2O3-97 mol% ZrO2 (3YSZ, HSY-3
made by Daiichi Kigenso Kagaku Kogyo Co., Ltd.),
and 10 mol% Y2O3-90 mol% ZrO2 (10YSZ, HSY-10
made by Daiichi Kigenso Kagaku Kogyo Co., Ltd.).
Table I shows sintering temperature, and density of each
specimen.

2.2. Measurements of the internal friction
Fig. 1 shows a schematic illustration of the appara-
tus used for internal friction measurement. The closed-

Figure 1 The schematic of the apparatus for internal friction measure-
ment.

loop-type hydraulic test machine was employed for
loading. Ordinarily, the load is measured by a single
load cell installed over the upper specimen chuck. How-
ever, it takes some time for the load to be transmitted
from the specimen to the load cell through the upper
specimen chuck. This time lag between the load de-
tected in the load cell and the load applied to the spec-
imen must be compensated for in this measurement.
For measurements at high frequencies, this time lag is
not negligible. In the present study, two load cells were
installed, one over the upper chuck and one under the
lower chuck, each located equidistant from the speci-
men, as shown in Fig. 1. The accurate load-time relation
applied on the specimen was determined by averaging
the two load-time relations measured from these load
cells. The average value of two data at a certain time can
be regarded as an accurate load-value of the specimen at
the time. The shape and dimensions of the specimen are
the same as those of the specimen used for the tensile
test reported in another paper [6].

The measurement was conducted at atmospheric
pressure, in air. The stress was applied, in the form
of a sine curve with frequencies in the range of 0.0002
to 1.5 Hz, amplitude 200 MPa for 2.6YSZ and 3YSZ,
and 60 MPa for 10YSZ. Measurement of temperature
dependence was from room temperature to 523 K. No
measurements were made for cases of decreasing tem-
perature. Four strain gauges were attached to the four
sides of the specimens to examine the bending compo-
nent of the strain. The bending component of the strain
was always kept below 5% of the average strain. As a
result of the decrease in the bending component, the
background of the internal friction successfully exhib-
ited a significant decrease. These strain gauges were
also used to measure the strain for calculating the in-
ternal friction. The specimen was heated in a mantle-
heater. The variation in temperature was kept to less
than ±3 K of the specified temperature over the gauge
length of the specimen, 10 mm.

The internal friction was calculated by two differ-
ent procedures [7]. The internal friction is defined as
the loss angle by which the strain lags behind the stress
when periodic stress is applied to the specimen. The loss
angle φ was obtained by fitting the stress-time curve and
the strain-time curve to the sine curve with the same
frequency. In another method, the internal friction was
calculated from the ratio of the energy per unit of vol-
ume, dissipated in a full cycle, �W , to the maximum
stored energy per unit volume, W. On the stress-strain
diagram, W and �W are the area under the stress-strain
curve measured during the tensile loading and the area
bounded by the stress-strain curve in a cycle, respec-
tively. Accordingly, we can obtain the internal friction
value Q−1 as tan φ ∼= φ(�W/W )/(2π ).

2.3. Determination of the activation energy
for the conductivity

The DC four-probe technique was used to measure the
conductivity, and the activation energy was determined
from those results. Each sample was a prism measuring
40 mm × 4 mm × 3 mm. The distance between the two
potential probes was 10 mm. All measurements were
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made at atmospheric pressure, in air. Before each mea-
surement, the sample was heated to 1773 K, near the
typical sintering temperature, then cooled to a given
temperature in an electric furnace. This procedure pre-
vented samples from aging during the cooling down
period after sintering and heating [8]. To ensure that
the activation energy was determined without the influ-
ence of aging, the conductivity used to determine the
activation energy must be measured at 1573–1773 K,
that is, at temperatures much higher than the transi-
tion temperature. This avoids the effects of aging dur-
ing measurement [8]. However, in this study, the con-
ductivity used to determine the activation energy was
measured at 1073–873 K, which was the lowest possi-
ble temperature range in the DC four-probe technique.
This was done to reduce the difference in the temper-
ature ranges between internal friction and conductivity
measurements.

3. Results and discussion
Fig. 2a and b show the relationship between the stress
and the strain during a given cycle, for 3YSZ at 313 K
and 0.03 Hz and for 10YSZ at 373 K and 0.035 Hz,
respectively. Both stress-strain responses exhibited a
hysteresis loop, obviously derived from the internal
friction. Fig. 3a–c show the frequency dispersions of
�W/2πW for 2.6YSZ, 3YSZ, and 10YSZ at 313, 323,
343, and 373 K, respectively. The frequency dispersions
of φ exhibited the same tendency as those of �W/2πW

(a)

(b)

Figure 2 (a) Stress-strain response measured at 313 K and 0.03 Hz. A
magnified portion is also shown. (b) Stress-strain response measured for
10YSZ at 373 K and 0.035 Hz. A magnified portion is also shown.

(a)

(b)

(c)

Figure 3 Frequency dispersions of the internal friction at 313, 323, 343,
and 373 K. (a) 2.6YSZ, (b) 3YSZ, and (c) 10YSZ.

shown in Fig. 3a–c. In all the specimens, the peaks of
�W/2πW shifted toward higher frequency as the tem-
perature increased. Because the frequency dispersions
of 10YSZ were too broad to indicate the whole of the
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Figure 4 Temperature dependence of the internal friction measured for
10YSZ at 0.1 and 1 Hz.

internal friction peaks within the frequency range in this
study, temperature dependence of the internal friction
was measured at 0.1 and 1 Hz, as shown in Fig. 4. Tem-
perature dependence of the internal friction for 10YSZ
apparently had two peaks, which seem to overlap.

For the standard anelastic solid, or when the real and
imaginary parts of the dynamic compliance and the in-
ternal friction are expressed by the Debye equations, the
activation energy for the relaxation time in mechanical
relaxation was determined as follows [9]. The relax-
ation time τ generally obeys the Arrhenius equation;

τ = τ∞ exp(H/kT ), (1)

where H is the activation energy, τ∞ is the pre-
exponential factor, k is Boltsmann’s constant, and T
is the absolute temperature. For the case of a Debye
peak, the condition that ln ωτ = 0 at the peak gives

0 = ln ωτ∞ + (H/k)(1/TP), (2)

where TP is the temperature in frequency dependence of
the internal friction or the temperature at the peak top in
temperature dependence, andω is the angular frequency
in temperature dependence or the angular frequency at
the peak top in frequency dependence. According to
Equation 2, when the internal friction peak is expressed
by the Debye equations, the activation energy can be
obtained from the slope of ln ω plotted relative to 1/TP.

However, because the concentration of point de-
fects is very high in any stabilized zirconia, especially
in 10YSZ, the relaxation peaks of 10YSZ are much
broader than the Debye peak, and the relaxation time
clearly indicates continuous distributions. Therefore,
the activation energies can not be determined simply
by the above method using Equation 2. The distribution
function of YSZ is different from the symmetrical func-
tion with respect to the mean relaxation time such as the
Gaussian distribution, the Fuoss-Kirkwood distribution
which are well-known as a distribution function of the
relaxation time, and the box distribution, and is not sym-
metrical. In YSZ, the distribution function is expressed

by the Lévy distribution function [10], which shows ex-
tremely asymmetric distribution [11]. This means that
the creep function of YSZ is expressed by Kohlausch-
Williams-Watts’s equation, which is very famous equa-
tion in dielectric relaxation. Assuming that the distribu-
tion function of the pre-exponential factor is followed
by the Lévy distribution, when the peak fitting was car-
ried out, the simulated peaks completely correspond
with the experimental peaks in all internal friction data
for YSZ. The details of the distribution function are
shown in another paper [10].

However, according to Nowick and Berry, in such
a case, a precise value of the activation energy can be
easily determined without knowing a detailed distri-
bution function and carrying our a complicated peak
fitting calculation, as follows [12]. The occurrence of a
distribution in the relaxation times may reflect the ex-
istence of a distribution in τ∞, in H, or in both of these
quantities, in Equation 1. To know which or both pa-
rameters in Equation 1 contribute to the occurrence of
a distribution, in other words, which parameters show a
continuous distribution, the degree of the temperature
shift with frequency change δ(1/T ) ought to be ex-
amined. As known in Fig. 5, the internal friction peak
shown in Fig. 5 consists of two peaks, and the degree
of the shift with frequency δ(1/T ) is the same over
the entire curve in both lower and higher temperature
peaks, respectively. Therefore, it is clear that only the
pre-exponential factor τ∞ shows a continuous distribu-
tion and this result is characteristic of a unique activa-
tion energy for each peak. A continuous distribution of
times is derived only from a continuous distribution of
the pre-exponential factor τ∞, and activation energies
H are constant in each peak. The degree of the temper-
ature shift with frequency change δ(1/T ) indicate the
difference between the lower and higher temperature
peaks, and this shows that parameters of a continuous
distribution function of the pre-exponential factor τ∞
are different between two peaks.

Therefore, using the method explained by Nowick
and Berry [12], the activation energy can be determined

Figure 5 The internal friction versus 1/T measured for 10YSZ at 0.1
and 1 Hz.
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from Fig. 5 by Equation 3 shown below.

δ

(
1

T

)
= k

H
ln

�2

�1
(3)

This equation has the advantage that a precise value of
the activation energy can be determined withot knowing
a detailed distribution function of the pre-exponential
factor. Therefore, we insist that the accuracy of the ac-
tivation energies of the internal friction determined in
the present study is very high.

2.6YSZ and 3YSZ consist of both the tetragonal and
cubic phases [1]. Thus, the internal friction peaks for
these specimens consist of at least two peaks. However,
because the quantity of the cubic phase in 2.6YSZ and
3YSZ is small, the measured peaks were regarded as
a single peak derived from the tetragonal phase in the
present study. Actually, in temperature dependence of
the internal friction for 3YSZ, the internal friction peak
due to the cubic phase in partially-stabilized zirconia
(PSZ) appears as a slight broadening of the right shoul-
der of the tetragonal peak [1]. As a result of the calcu-
lation, the activation energy of 3YSZ is about 0.854 eV.
This value is very similar to the activation energies for
3YSZ, reported using conventional methods [13, 14].

Therefore, we conclude the following from these re-
sults: Using the method developed in this study,it is
possible to measure the frequency dispersion of the in-
ternal friction for ceramics under single axial loading,
utilizing the identical specimen and test system as those
used in the tensile and fatigue tests.

Table II shows the activation energies for the ionic
conductivity and the relaxation time of each specimen.
Because 10YSZ apparently shows two peaks, the acti-
vation energy was determined for each peak. The activa-
tion energies for the relaxation time in 2.6YSZ, 3YSZ,
and the lower temperature peak of 10YSZ are very sim-
ilar to those for the conductivity. This indicates that the
internal friction peaks of 2.6YSZ and 3YSZ, and the
lower temperature peak of 10YSZ are derived from re-
arrangement of point defects associated with oxygen
ion vacancies.

On the other hand, because the activation energies for
self-diffusion of magnesium and calcium ions in zirco-
nia are 2.95 and 4.35 respectively [15, 16] and the short
range migration is observed in phase transformation
due to cooling, for example c-t ′ phase transformation,
and slight displacement of cations occurs even in a low
temperature range (Though this type of phase trans-
formation is called diffusionless phase transformation

T ABL E I I The activation energies for relaxation time and ionic
conductivity

Activation energy (eV)

Specimen Conductivity Relaxation time

HSY-2.6 0.889 0.821
HSY-3 0.830 0.854
HSY-10 0.938 0.894a, 3.114b

aThe activation energy obtained from the lower temperature peak.
bThe activation energy obtained from the higher temperature peak.

or displacive phase transformation generally, as a mat-
ter of fact, displacement and shuffling of cations occur
necessarily [17–21].), the activation energy for the re-
laxation time in the higher temperature peak of 10YSZ
can be presumed to be similar to that for the diffusion
of the dopant cation.

Therefore, it is likely that the higher temperature peak
is derived from rearrangement of point defects associ-
ated with dopant cations (yttrium ions). However, to
know details of the species and symmetry of the point
defects causing each internal friction peak, analysis of
internal friction spectra, or the decomposition of the
peaks, for single crystalline YSZ and the following ex-
amination of orientation factor dependence of the relax-
ations of the reciprocal torsional torsional or Young’s
modulus are needed [22]. A detailed analysis of the in-
ternal friction for single crystalline 10YSZ is reported
in another paper [10].

4. Summary
In the present study, we developed the forced vibration
method for measuring the frequency dispersion of the
internal friction under the cyclic-tensile-compressive
stress on the single axis so that various mechanical
tests can be conducted using the specimen having the
same shape and machining and sintering conditions,
under the single axial loading. Frequency dispersions
of the internal friction for tetragonal and cubic zirconia
polycrystals stabilized with yttria (2.6YSZ, 3YSZ, and
10YSZ) were measured with this method. For 10YSZ,
temperature dependence of the internal friction was also
measured by the same method. From these results, the
activation energy for the internal friction was deter-
mined. As a result of comparison with the activation
energy for the internal friction measured by a conven-
tional method, we conclude that the results of the inter-
nal friction measured in this study are valid.

The activation energy for the ionic conductivity was
determined, and compared with that for the internal fric-
tion. As a result, we conclude that the internal friction
peaks of 2.6YSZ and 3YSZ, and the lower tempera-
ture peak of 10YSZ are derived from rearrangement of
point defects associated with oxygen ion vacancies. On
the other hand, we think it likely that the higher tem-
perature peak is derived from rearrangement of point
defects associated with dopant cations (yttrium ions).
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