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In order to apply the concept of the dissipation function during the first-order phase transition
(FOPT) in solids, we measured the internal friction Q ~! and shear modulus u for a range of frequencies
of polycrystalline ceramics VO, as the sample passed through a FOPT across the temperature range of
300-420 K. The experiment was repeated for different temperature variation rate 7. We have found
that for each frequency, a maximum of Q ™! and a minimum of u occurred at the same temperature T,
when T was kept constant. The numerical values of the dissipation function AGy plus other FOPT pa-
rameters have been deduced using Q ! data. The general trend of AGg-T and other results are found to

be consistent with known physical aspects.

I. INTRODUCTION

In the first paper of our series,! we derived the equa-
tion of motion of an elementary phase interface (PI) dur-
ing a first-order phase transition (FOPT) of a solid sam-
ple. In fact, the explicit expressions linking the effective
driving force AG’, the dissipation function AGpg, and oth-
er relevant parameters have been derived. The equations
of motion, as they stand, are difficult to solve in general.
By applying a forced vibration on the sample, we can in-
troduce coupling between the oscillatory stress and con-
sequential motion of the PI. The coupling strength func-
tion a(w) is dependent on the forced oscillation frequen-
cy, the velocity of the PI, and hence the effective driving
force of the FOPT. Thus keeping the sample in the
FOPT while the internal friction Q 7! is measured at
different T, we can effectively add more equations to the
mathematical system so that the number of unknowns
balances the number of equations. In other words, our
theory essentially states that the problem of the FOPT in
solids can in principle be solved via suitable internal fric-
tion and shear modulus measurements.

In order to apply this theoretical approach to a realis-
tic system, we measured the internal friction Q ! and
shear modulus p of polycrystalline ceramics VO, while
the pellet sample was undergoing a FOPT. The measure-
ments were carried out with various frequencies of forced
oscillations intermittently across the temperature range
of interest (300—400 K). Using the experimental data, we
report here the successful deduction of the numerical
values of the dissipation function AGy over a range of
temperature and changing the heating rates of tempera-
ture. In the process of analysis, we were able to calculate
the numerical values of two crucial parameters charac-
teristic of the sample material VO,. Moreover, we at-
tempted to check the self-consistency of our result: The
general trends of AGg-T were found to be consistent with
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the known physical aspects of the FOPT.

During the FOPT, the polycrystalline sample VO,
changes its crystalline structure from monoclinic to
tetragonal around 341 K. The transformation represents
also a semiconductor (high-temperature) to insulator
(low-temperature) transformation.? (If the sample forms
single crystal, the transformation is sometimes termed a
metal-to-insulator transition.) In fact, the electrical resis-
tance of our polycrystalline specimen changed sharply by
10® times, while that of a single-crystalline sample would
change by 10°-10® times.®* The R-T hysteresis loop of
our sample was also measured to check the sample
characteristics. The mathematical and numerical analy-
ses reveal that our theoretical consequence and experi-
mental results are consistent, providing a new route to
study the FOPT of solids.

The investigation of the present paper has practical im-
plications also since VO, is a thermosensitive functional
material and has a high potential for industrial usage.*>

II. EXPERIMENTATION
AND EXPERIMENTAL RESULTS

Before we prepared the pellet sample, we needed to
make a VO, powder using the usual chemical reaction
method via the following procedures:® (i) Deoxidizing the
V,05 powder by means of the “hydrochloric acid sink”
approach to obtain the VOCI, solution; (ii) dripping the
VOCI, solution into a NH,COj; solution in a CO, atmo-
sphere for protection against an undesired chemical reac-
tion and a violent precipitation VOCO; was obtained; (iii)
after filtering VOCO; from the solution in an argon at-
mosphere, the precipitate was heated at 350°C until we
finally obtained the VO, powder.

This powder was then pressed into a rectangular pellet
of size ~2X5X 60 mm?>, which was sintered at 1050°C
for 30. min and then furnace cooled to room temperature.
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Since pure VO, is very brittle, we introduced a special
treatment to strengthen the mechanical properties of the
sample by simply heating it at 350°C in air for 30 min.
The surface was polished until the thickness was 1 mm.
We prepared the sample in that way because we antici-
pated that after oxidation (in air), some V,05 would have
been formed on the surface and some oxygen atoms
would have diffused into the interior through crystal
boundaries, providing links to join up the VO, (brittle)
granules. In fact, our x-ray-diffraction analysis revealed
that there was less than 3% in volume of V,0O;s in the
polycrystals of VO, in the fracture cross section.” Such a
portion of a few percent is just about appropriate as the
V,0; layers have a higher degree of toughness and ductil-
ity. When the whole sample was to pass through a
thermal treatment, the V,0s layers could relax the
thermal stress of the VO, granules. The sample would
not break after falling from a height of 2 m to the floor,
and it could endure at least 50 thermal cycles in a tem-
perature range of about 20-150°C.”

In order to confirm the nature of the FOPT, a standard
R-T measurement was carried out using the four-terminal
method. The hysteresis graph of Fig. 1 indicates that a
FOPT has taken place. The internal friction (IF) of the
sample, being represented by the standard quantity Q 1,
was measured by a multifunction inverted torsion pendu-
lum system (model MF/FA-1, manufactured by the Insti-
tute of Solid State Physics, Academic Sinica) in the
manner described in Ref. 8. The shear modulus p was
simultaneously measured. The temperature was raised at
a rate of 77=0.25 K/min from room temperature to
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FIG. 1. Resistance R vs T of the VO, ceramics sample during
the thermocycle of the FOPT.

about 393 K, while Q! and p were measured under
three different frequencies of forced oscillations (0.50,
1.58, and 5.00 Hz) applied alternatively. The whole pro-
cess was repeated for other four temperature variation
rates: 0.5, 1.0, 2.5, and 5.0 K/min. The resolution of the
IF measurement was within about 1%, while that of the
relative shear modulus was 0.5% and the temperature ac-
curacy was within about +0.2 K. The strain amplitude
of the sample was 1X 107> during measurements. The
temperature controller, data storage system, x-y plotter,
printout set, etc., were interfaced with an IBM PC in the
usual way. X-ray-diffraction analyses were performed at
room temperature and also at 373 K to check the nature
of the FOPT using a commercial D max-3A machine.
The transformation enthalpy was measured with a
Perkin-Elemer DSC-2C scanning thermal analyzer. We
wish to remark here that within the temperature range of
interest, there is no phase transformation for V,05 and
about 3% of its presence in the sample would not affect
the accuracies of the relevant quantities for the VO, ma-
terial.’

Referring back to Fig. 1, we note that during the tem-
perature ascending period, a phase transformation oc-
curred at 7,=331 K and was completed at T,=351 K.
During the temperature descending period, a phase trans-
formation began at 7, =345 K and finished at T;=327
K. Since T, > T, obviously there was an overlapping re-
gion in the R-T plot during the transformation of VO,.
We must therefore adopt the definition of equilibrium
temperature for thermal-elastic martensite transforma-
tions, i.e., T0=%(TX+T}) during the temperature as-
cending period and T =1(T{+T,) during the tempera-
ture descending pt:rlod9 Note also that there was a
significant sharp change in resistance, even up to 4000
times during the transformation cycle.

X-ray-diffraction analysis at room temperature re-
vealed that the sample had a monoclinic crystal struc-
ture, while that at 393 K had tetragonal crystal charac-
teristics, with @ =4.55 A ¢=5.70 A. There was some
tiny trace of x-ray lines pertaining to the V,05 compound
in the background, and a rough estimate indicated that
V,0;5 occupied less than 3% in volume of the sample.
There was no indication of any significant change in the
V,0;s lines at the two end points in temperature.7

Figure 2(a)-2(c) show the variations of Q ~! and rela-
tive shear modulus p with respect to a change in temper-
ature for three different heatmg rates 17" as marked. In
each figure, both the Q ~! and u curves for three different
oscillation frequencies (0.50, 1.58, and 5.00 Hz) are
shown. Inspection clearly reveals that a peak of Q ~! and
a minimum of u occur at the same temperature T,; this
feature is the same for all three frequencies. In each
figure, we see that Q ~! decreases when the frequency in-
creases. As the heating rate T is increased, we note that
the amplitude of Q ~! increases also, with a broadening of
the peak form. It is also interesting to remark that the
minimum of the relative shear modulus becomes less
prominent as the frequency is increased, at a fixed heat-
ing rate. Also, as T is enhanced, the minimum of the
shear modulus becomes more remarkable. In the next
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FIG. 2. Q' vs T and shear modulus M vs T of the VO, ceramics sample during a FOPT for (a) 7=0.25 K/min, (b) 1.0 K/min,

and (c¢) 2.5 K/min.

section, we shall use the data measured to characterize
the dissipation function based on the theory derived in
Ref. 1.

III. CHARACTERIZATION
OF THE DISSIPATION FUNCTION

The reader is referred to the details in derivation of the
first paper of this series, and we highlight the important
issues when necessary and simply quote here that the ex-
plicit expressions of Q ! and u and hence the (normal-
ized) maximum relative shear modulus Au /u:

Q7 '=0;1+05", (1a)
Q5 '=aXw)B(Nw , (1b)
Qo =0 AT, TNT /o)"=a*(») A(FT /o)" (1c)
A(T, T)=CC'N ((T,T)B,,ud(T,T)/(7e})
or
A(F)=CC'N 4(F)B,,uA,(F)/(ra}) , (1d)
B(T,T)=2CqN 4(T,T)u/o}
or
B(F)=2CqN 4(F)u/0} , (le)

=f(n)a(w)/¢€, ,

-1 Ap )
0 [ ;

where a(w) and C’ are the coupling functions describing
the interaction between the PI and oscillating stress, re-
spectively, and N ((T,T) is the total area of the moving
PI per unit volume of sample. Note that N ,, 4, B, and
A, are functions of both T and 7. Even at a fixed T, if
the sample is going through the transformation at

different T, then T, T corresponding to each T will not
be the same and the volume fraction F of the product
phase would also be different. Thus as parameters of the
equation of motion, they must be evaluated at a constant
volume fraction F for consistency. In (1), @, is the reso-
nant frequency of the PI, B,, and f(n) are numerical
coefficients arising from integration, while €, is the strain
produced by the FOPT, and 7 is the effective damping
coefficient of the moving PI; C ! is the effective mass
density of the PI. Physically, Al(T,T) or A,(F) is the
effective driving force coefficient, with AG’'= 4 ,(AT)".

Note that Aup/p consists of two parts: One part
(Ap/u)gy is associated with the softening of the phonon
mode (corresponding to 7—0 and independent of T),
and the other part (Au/u)p; is contributed by the motion
of the PI (corresponding to 70). In other words,

y=Q '/(Au/pn)

Ap
M

Ap
)22

+
SM

(3)

Qdyn +Qo /

PI

We can, in fact, obtain directly from the data of Fig. 2
the relation between y and T, taking o as the parameter
for each such curve—we have three curves in Fig. 3.
Clearly, at T=0, Qdyn =0, (A,u/,u)PI—O and the vertical
intercept represents the quantity Q' /( A,u/,u Jsm- When
T is large enough (~5 K/min), the lines in F1g 3 ap-
proach three horizontal lines and Q dy:l >>Qy !, while the
dependence of (Ap/p)p; on T is the same as that of Q dyn
on T. Thus the vertical asymptote for each o represents
Qdy,l, /(Ap/u)p;. Based on Fig. 3, it is easy to see that we
can plot ln[Qdy,,/(A,u/u)PI] versus In(w/w’) in Fig. 4
where o' =1 Hz. Measuring the slope of the line in Fig. 4
and in view of Eq. (2), we arrive at

-0.2

alw)=dw 4)

>
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FIG. 3. Q" '/(AM /M) vs T for the VO, ceramics sample.

where a'=f(n)/€, is a numerical constant. Having
found the functional form of the coupling function a(w),
we shall proceed to find the coefficients n, 4 (F), and
B(F)in (1).

From Egs. (1) and (4) we obtain simply

(Q /") = A(FNT" /&' "")+B(F) ; (5)

there are three ways to ensure at least approximately that
the sample contains a certain fixed volume fraction at
different T and 7. In a phase transformation study, one
usually estimates the fractional volume of the new phase
at a particular T by measuring the fractional change in
electrical resistance at that 7. We have found experimen-
tally that the fraction area under the Q ~!-T curve (in
Fig. 2) at T [i.e., {Q—‘(T')dT'/f?{Q“(T')dT'] is
equivalent to the volume fraction of the new phase as
determined by electrical and differential scanning
calorimetry (DSC) measurements at the same T and 7.
On the other hand, considering a Q ~-T curve for a cer-
tain 7, at a certain T, we can obtain a ratio
r=Q71ly Qp”l, where Qp_l is the peak value of the inter-

o femm,)
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FIG. 4. Dependence of the coupling coefficient a on the fre-
quency o of the IF measurement.

FIG. 5. rms error Ao /o vs n (a) at the IF peak, (b) at + 4 of
the IF peak, and (c) at —  of the IF peak.

nal friction curve. This ratio has been found to be associ-
ated with the following physical meaning: If r for two
Q ~'-T curves (on the same side with respect to the peak)
are the same, the volume fractions of the new phase in
the sample area are the same, irrespective of whatever
values of T and 7. For simplicity in analysis, we have
taken each set of Q ~! data corresponding to the same r
value in all the internal friction curves like those in Fig.
2; for example, we first consider »=0.5, say. Then for
each value of Q ~!, the left-hand side of (5) is fixed. We
now take n as a parameter and plot Q ~!/w®® against
T"/w'*" with the available set of Q ™! data for each r,
and calculate the root-mean-square error Ao /o of the
data points about the straight line which is determined by
a simple least-squares fitting. Following, we plot Ao /o
versus n. Figures 5(a)-5(c) demonstrate that there is a
minimum in each such curve for one particular ratio r
[like r=1, £1, the plus (minus) sign pertaining to the
high- (low-) temperature side with respect to the peak].
Moreover, it is found that the minima of the three curves
correspond to n =0.1. The consistency in the value of n
obtained by our analysis gives (indirect) support to the
validity of the theory.

Substituting n =0.1 into Eq. (5), we can find the slope
A (F) and intercept B (F) for each r, as shown in Figs.
6(a)-6(c). It turns out that B (F) is about equal to (or less

(1)

FIG. 6. (Q " '/w) vs (T /w) with [=0.2, n=0.1.
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than) the background value (=~4X107*%) in the Q ~!-T
curves of Fig. 2, and we can assign such a numerical
value to B(F) or B(T), as B is now practically constant
for a range of T of interest.

We now turn our attention to A (F). First note that
for different ratios r there are different 7 values in general
in Figs. 2(a)-2(c), since for a certain T there is a set of re-
lations between A4 (T) and r (or T), and we can show the
A(T)-T relation in Fig. 7 for fixed T. We obtain five
such graphs from our experimental data and show only
three here.

The dissipation function is expressible as

A(M)

AGr(T)=AGT)— A (T, T(T—T,)", (6a) . . AN
330 340 350 360
where T(K)
. . . FIG. 7. A(T)vs T for different 7.
AT, T)=k"A(T,T)/B(T,T) (6b)
and
Based on the analysis of Sec. III of Ref. 1, we learn that
. , ) AGR(T) has a minimum at 7,. From relation (7) and the
=2m1/(C'B,,0p) - (M condition 8[AGR(T)]/8T|TU=O, k' and T, are related by
J
k'=(AH/Ty)B/{ A(T,\T,—T; )"[d(lnA)/dTITv+n/(T,,—TS)]} . (8)

Starting with an hypothetical value of T,, we can calcu-
late k£’ using (8) and plot the corresponding AGy-T graph
based on (6) with the help of the graph from which T, is
found. Putting this value of 7, into (8), again we can use
an iterative process to obtain the self-consistent values of
k' and T,. Thus we can now plot AG, (normalized to
AH /T,) versus T in Fig. 8 for three different 7 as
marked.

IV. DISCUSSION

We have noted in Ref. 1 that if the sample is in the
range of the FOPT, AT =T —T,#0, and if the FOPT is
proceeding, 7+0. When carrying out the IF experiment,
surely the stress amplitude o 470. Under these three
conditions, the interaction driving force AGY"#0 [see
Eq. (5) of Ref. 1]. The dynamic internal friction Qd_y}, is
then expressible in the form (lc). It means that Qd‘y,l, de-
pends on T and « with different dependence relations ac-
cording to the format o (T /w)"=T"/0"*?. Since
>0, Qd—yrlx is a stronger function of 1/w than that of 7.
We can check such a result using the experimental data
of Fig. 2, and the relevant numbers are listed in Table 1.

We observe that as [ increases by 10 times, Q
changes from 2.44 times (T=0.25 units) to 2.29 times
(T'=2.5 units). On the other hand, as 7" changes by 10
times, Q ~! changes by only 1.35 times (w=0.5 HZ) and
1.43 times (0=5.0 Hz). We remark that we have includ-
ed the first term on the right-hand side of Eq. (1a) only.

1
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FIG. 8. Dissipation function AG(T) during a monoclinic-
to-tetragonal transition.
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TABLE 1. Q! for various w and T with background contri-
butions deducted.

1) (i) (ii)

Column
T 0.5 Hz 5.0 Hz (i)/(i)
(1) 0.25 K/min 3.19X 1072 1.26 X102 2.44
(2) 2.50 K/min 4.33%1072 1.89x 1072 2.29
Roll
(2)/(1) 1.35 1.43

If we take into account of the second term also, where
Q '=Ba¥(w)o=4X10"%0w"% we would find that the
members of the last column and last row of Table I are
practically the same. The above result means that the
agreement of the theory with the experimental results is
excellent. This analysis shows that we need, indeed, to
include the concepts of the interaction driving force
AGg,, and coupling coefficient a(w,v) in studying the
motion of the PI.

In passing, we would note that Fig. 5 depicts that n is
independent of T, T, or F in the VO, samples. Thus n is
a very important index in the FOPT’s of solids; it charac-
terizes the sample material and the nature of the FOPT.
It is worth noting also, from (7), that as »n increases, the
effective driving force increases or the dissipation of ener-
gy decreases; hence, the index »n describes the dissipation
of energy due to PI motion in the process of the FOPT.

(2) From expression (7), we observe that the dissipation
function AG, does not depend on the index /. This [ is
not an intrinsic parameter involved in the FOPT induced
by temperature changing. It plays a different role, how-
ever. The oscillating driving force AG? is expressible in
terms of / (and ) according to (4) of Ref. 1. During an
IF measurement (in the presence of a FOPT), we supply
heat directly to the test sample. Q! describes how
much vibration energy supplied by the IF measuring sys-
tem is dissipated as heat via the motion of the PI. It is
natural that the coupling index / does not appear in the
explicit expression of AGg. If in general v0, from Eqgs.
(5)—(8) of Ref. 1, we know that the coupling coefficient is
expressible in various product forms:

alw,v)=ag(@)ayy,(v)
=a'ow ay,(AG’)
=a'w” IC'AG’ .

According to (7a), (7b), and (8), AG; depends on AG’,
which depends in turn on the coupling function C’. We
can see that the static coupling coefficient ay(w)=a'ew ™’

is related to internal friction, but not related to AGy,
whereas the dynamic coupling coefficient ayy,(v)=C'AG’
is related to both the dissipation function [see Egs. (7a)
and (8) or Egs. (24b) and (27) in Ref. 1] and the internal
friction [see Egs. (1¢) and (1d)].

(3) We shall turn to the special features of the dissipa-
tion function AGr. We observe (Fig. 8) that AG-T has
a minimum at 7=T, in general and a relative maximum
if T is relatively small. As T increases, the whole curve
shifts upwards and toward a larger domain of 7. Inspec-
tion of Figs. 2 and 8 leads us to conclude that T, <7,
consistent with our theoretical prediction in Ref. 1. Note
that when the dissipation is minimum, the average veloci-
ty v of the PI has not yet reached its maximum. v is max-
imum when T = Tp, at which Q‘1 is also maximum.
Such a feature, i.e., the maximum of the effective driving
force AG’, falls behind the minimum of resistance AGp,
is characteristic of the FOPT, and is the origin of hys-
teresis in the FOPT.

When T is small, T, and T, are close and the driving
force [(AH /Ty T;—T,)] is small. During the begin-
ning stage of the FOPT, the driving force may not be
large enough to support the formation as well as the
motion to the PI. A majority of the thermal energy is
used in nuclei formation, and the average velocity is very
small, giving rise to a peak in the dissipation as observed
in our experimentation. When T is large enough, T, be-
comes larger also; at sufficiently large T, the driving
force would be large enough to cause nuclei formation
and PI motion. Such an interesting aspect has been
detected in Fig. 8.

(4) Based on our analysis of the VO, example, it ap-
pears that the theory presented in Ref. 1 can be applied
to analyze the FOPT in solids, leading to the characteri-
zation of the crucial dissipation function involved. It
would be fruitful to study more systems undergoing a
FOPT employing such a methodology, and we hope that
by understanding the general relations between n, /, and
other parameters stated in item (2) of this section, a
reclassification of the FOPT in solids can be introduced
and a new phenomenological theory can be established.
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