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ABSTRACT:

Equations of state were determined separately for the crystalline and amorphous

parts of Form I and II samples of poly(vinylidene fluoride), assuming a linear relation between the
specific volume and the degree of crystallinity. The compressibility data of Form II bulk samples
were obtained by dilatometry, and those of the Form I and II crystals were determined by X-ray
diffraction at high temperature. Ultrasonic sound velocities of Form I and II crystals were obtained
as functions of pressure and temperature, using the logarithmic mixture law for sound velocity. The
pressure dependences of the Griineisen constants y and interchain specific heats C,,,., were derived
for Form I and II crystals at room temperature. Form I crystals had somewhat larger com-
pressibilities than those of Form II throughout the whole range of temperature investigated, and
had a larger y and smaller C,,., at atmospheric pressure, but smaller y at high pressures
above 2000 kgcm 2. The pressure dependences of y and C;,., were stronger in Form I than in
Form II. On the basis of these facts, the difference in behavior of the lattice vibrations of these

two crystals under high pressure is discussed.
KEY WORDS

Equations of State / Poly(vinylidene fluoride) / Thermal

Expansion Coefficient /| Compressibility / Griineisen Constant / Interchain

Specific Heat / Lattice Vibration /

During the last decade, poly(vinylidene fluoride)
(PVDF) has received much attention because of its
extraordinary piezoelectric and pyroelectric proper-
ties and wide practical use. Recently, the ferroelec-
tric nature of PVDF has been reported by several
research groups! ~® through observation of the
switching current and the P-E hysteresis loop. One
very interesting problems that became evident from
these observations is the ferroelectric polarization
reversal mechanism. At our laboratory, the polari-
zation switching current at high pressure was
studied to.obtain a basic understanding of this
mechanism.* For this purpose, changes in the free
volume of the crystalline and amorphous parts with
pressure are the most important quantities that had
to be evaluated. Furthermore, according to the
composite model theory,”> P-V-T equations of state
for the two parts and the pressure dependence of
their dielectric properties should be closely related
to piezoelectric and pyroelectric properties under
high pressure.

PROCEDURE OF ANALYSIS

PVDF is a semicrystalline polymer. To estimate
the specific volumes of the crystalline and amor-
phous parts, it is mandatory to use the following
linear relation between the specific volumes of a
bulk sample V,, the crystalline part V,, and the
amorphous part V, at pressure P,

Vo(P)[ Voo =2V (P)Veo+(1=0)Vo(P) Voo (1)

where y is the degree of crystallinity and the sub-
script zero stands for the corresponding values
under atmospheric pressure at a given temperature.
Vy(P) and V(P) were determined, respectively, by
dilatometric and X-ray diffraction experiments un-
der various pressures. The degree of crystallinity
was determined by hydrostatic weighing. Thus, the
isotherms of the crystailine and amorphous parts
were obtained separately from the experimental
data on a bulk sample crystallized in Form II, using
the relation
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- ( Va.or cH(P) - VaO,or cllO)/ VaO,or clio
= Aa,or cIlP + Ba,or cllP 2 + Ca,or cllP 3 (2)

On the other hand, a bulk sample of Form I was
obtained by melt crystallization under high pres-
sure.® ¥V (P) of Form I was determined from its X-
ray diffraction data.

The Griineisen constant y in the Mie-Griineisen
equation’ P=P_ +yE,/V (P, is the potential pres-
sure and E/V is the vibrational energy per unit
volume) represents the contribution of the thermal
pressure to the internal pressure of a substance and
is a measure of unharmonicity of lattice vibrations.
If the Slater equation® y=—(V/2)(6*P/*V)/
(0P/0V)—2/3 is available for the present system,
the Griineisen constant can be evaluated by the
relation,

y=—BlA*—2/3 3)

However, the Slater equation is based on the as-
sumption that the temperature is sufficiently low
(nearly equal to 0K) and y is small. In general, the
harmonicity of lattice vibrations in crystalline
polymers is very large at room temperature. There-
fore, eq 3 may not be applicable. Another meth-
od® to obtain the Griineisen constant utilizes the
pressure dependence of ultrasonic sound velocity
and gives

y=1/u(0u[0P)¢/Br+1/3 “

where u and B, are the isothermal sound velocity
and compressibility, respectively. To separate the
sound velocities u, and u, of the crystalline and
amorphous parts from the sound velocity u of a
bulk PVDF sample, it is necessary to apply the
logarithmic law for u to Form II bulk samples of
different degrees of crystallinity. The relevant re-
lation is

logu=ylogu.+(1—y)logu, 5

It has shown!? that this law holds for polyethylene.

In polymer crystals, the main contribution to the
Griineisen constant comes from the unharmonicity
of interchain vibrations. Information about the
interchain specific heat, C,,.,, may therefore be
obtained from the Griineisen constant and the
thermal expansion coefficient o using the relation,’

Cin!er =a Vc/’YﬂT (6)
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SAMPLE PREPARATION

Molded discs of a KF polymer kindly supplied
from Kureha Chemical Co. were used as the start-
ing samples.

For the ultrasonic experiments, Form II bulk
samples of various degrees of crystallinity (30—
509;) were prepared by heating these samples to
200°C and then quenching them to various tempera-
tures in silicone oil. Form II bulk samples used for
dilatometric (49.2%) and X-ray diffraction measure-

ments (49.7%,) were prepared by melt crystalli-

zation.

Form I bulk samples for X-ray experiments
(51.0%) were obtained by melt crystallization at
3500 kgem™2. Form I samples for ultrasonic
measurements (51.29;) were prepared by pressure
quenching!! in order to prevent the samples from
thermal decomposition. Thus, a given sample was
melted at 240°C under 2000 kgcm™2 and then
crystallized by increasing the pressure to 4000

kgem™2,

EXPERIMENTAL PROCEDURE

A high pressure X-ray diffraction apparatus
equipped with a PSPC probe was used to measure the
compression and thermal expansion of Form I and
II crystals. We have already reported two types of
high pressure X-ray vessels equipped with Be win-
dows.!2*3 For a simpler setting, a more compact

a
b
c
L-d
78mm e
—~ f
| ~ g
cross section ~ h
<—48mm —

Figure 1. High pressure X-ray diffraction vessel: a,
high pressure pipe; b, high pressure vessel; ¢, sheathed
heater; d, Cu ring; e, incident beam; f, spacimen; g, Be
plug; h, supporting plug; i, sheathed thermocouple.
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and handy apparatus was newly constructed
(Figure 1). This apparatus allowed us to measure
equatorial diffractions at 26=60° on both sides of
the incident beam (e). The vessel (Nimonic 942) (b)
has a Be tapered plug (g) with a small inner hole (1.2
mm¢) for the specimen (f), and its outer diameter
and length are 48 mm and 78 mm, respectively. Its
alignment can be completed simply by mounting it
on the goniometer head. Pressure is applied through
the high pressure pipe (a) from the intensifier. The
PSPC system is connected to a minicomputer

(Melcom 80) whose software system can control
various experimental conditions, such as the du-
ration of photon counting, and intervals of pres-
sure, temperature, and time between successive
data acquisitions. The successive data transferred
from the PSPC system to the minicomputer are
displayed on a CRT and printed out successively
after proper data-processing treatments such as
excluding noises from diffraction data, transform-
ing the channel number of the PSPC probe to the
diffraction angle, searching the diffraction peak

(%) PVDF Form | =
. 15°C
6 o) 50°C
A 100°C
o 150°C
a4l
=4 (a]
o Q
z .
3
far d
[ ]
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(0] | 2 3 ? . 5
Pressure (X10°kg/cm’)

Figure 2.

Isothermal pressure-volume relations of a Form I crystal lattice: @, 15; O, 50; A, 100;

[, 150°C. At each temperature, the volume change is normalized with respect to that at atmospheric

pressure.
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Figure 3. Isothermal pressure—volume relations of a Form II crystal lattice. Symbols are the same as in

Figure 2.
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angles (lattice constant or lattice strains), and, if
necessary, subtracting the base line associated with
the Be window.

The lattice compressive strains of a Form II

crystal were obtained from the (110), (020), and
(100) reflections. V,; was determined from these

data. Those of a Form I crystal were obtained from
the overlapped (200,110) reflection, and ¥V, was

(%)
PVDF
15+~ Amorphous Part
10
>§' s}
N
S 5
Ay
|
1 1 | 1 1
o] | 2 3 4 5

Pressure

(X10%kg/crm?)

Figure 4. Isothermal pressure-volume relations of amorphous part. Symbols are the same as in Figure 2.

Table 1.

Best fitting curves for isothermal pressure—strain (g) and

pressure-volume relations of Form I and II crystal lattices

—AV|Vy(e)=AP+BP?>+CP® (Pressure unit; 10°kgcm~?)

Temperature 15°C 50°C 100°C 150°C
Form II Ax10° 5.93 6.20 7.89 9.95
€100 Bx10* —5.01 —3.38 —8.56 —11.19
Cx10° 2.86 2.17 6.20 6.51
Form II Ax 103 6.04 7.22 7.57 8.88
€020 Bx10* —4.08 —8.29 —6.17 —-17.83
Cx10° 2.29 6.01 2.43 2.54
Form I Ax10° 6.21 8.59 10.38 12.37
£300.110 Bx10* —6.09 —1.45 —17.95 —18.65
Cx10° 7.43 1.64 18.60 15.36
—AVeu/Veyo Ax10? 11.97 13.42 15.46 18.84
Bx10* —9.81 —11.67 —14.73 —19.02
Cx10° 5.16 6.23 8.63 9.05
—AVa/Veo Ax 10 12.42 17.18 20.76 24.74
Bx10* —12.17 —28.98 —35.90 —37.30
Cx10° 14.87 32.78 37.20 30.72
—AV, [V Ax 10 27.25 32.56 45.50 73.41
Bx10* —41.68 —46.58 —69.55 —147.1
Cx10° 27.76 30.92 46.38 123.1

722

Polymer J., Vol. 14, No. 9, 1982



Equations of State for Poly(vinylidene fluoride)

calculated assuming that the compressive strains
along the a- and b-axes are equal. In both cases, the
strain along the c-axis was neglected. Measurement
of the thermal expansion of Form I and II crystal
lattices was carried out by the same method.

A differential transformer type dilatometer re-
ported previously'* was used for the measurement
of V.

Measurement of sound velocities u was perform-
ed with a rapid measurement system provided
with the Time-to-Amplitude Converter (TAC) sys-
tem reported previously.!® The r.f. pulse buffers
method (5 MHz) is suitable for polymers under high
pressure.

RESULTS

1. Compressibilities and Thermal Expansion Co-
efficients
Figures 2 and 3 show the isothermal P vs.

x 4T
o 3
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> |+
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! ] 1
0] 50 100 150
Temperature (°C)
Figure 5. Isobaric temperature-volume curves of a

Form I crystal lattice. At each pressure, the volume
change is normalized with respect to that at room
temperature: O, atmospheric pressure; A, 1000; [,
2000; @, 3000; A, 4000; W, 5000 kgcm 1. The curves,
except at atmospheric pressure, are shifted along the
vertical axis. The arrows denote the « relaxation points.
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AV, [V relations for Form I and II crystal lattices
determined by X-ray diffraction, respectively.
Figure 4 shows the P vs. AV,/V,, relations derived
by eq 1 and the dilatometric results for a Form II
bulk sample (49.29, degree of crystallinity). The
best fits of eq 2 to the P vs. ¢ (¢ is the lattice
compressive strain) and P vs. AV/V, relations were
achieved by the least-squares method; the coef-
ficients 4, B, and C are listed in Table I.

The thermal expansions of Form I and II crystal
lattices at high pressure were measured up to 150°C
under isobaric conditions. The results are shown in
Figures 5 and 6. The arrows in these figures denote
the o relaxation points.

2. Sound Velocities and the Griineisen Constants
The sound velocities of Form II bulk samples of
various degrees of crystallinity were measured un-
der isothermal conditions, and eq 5 was applied to
determine the pressure dependence of u and u,.
The results are shown in Figures 7 and 8, re-
spectively. The pressure dependence of u, derived

Form II

(%)

AVer / Verno

Os_

! ! 1

0 50 100 150
Temperature (°C)

Figure 6. Isobaric temperature-volume relations of a

Form II crystal lattice. Symbols are the same as in Figure

5. The arrows denote the a relaxation points.
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Figure 7. Isothermal pressure-sound velocity curves of

a Form II crystal lattice. Symbols are the same as in
Figure 2.
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Figure 8. Isothermal pressure-sound velocity curves of

amorphous part. Symbols are the same as in Figure 2.

from the values of u, obtained above and those of u
measured on a Form I bulk sample (51.2%, degree of
crystallinity) is illustrated in Figure 9. It can be seen
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Figure 9. Isothermal pressure-sound velocity curves of
a Form I crystal lattice. Symbols are the same as in
Figure 2.

Griineisen Constants
of PVDF

e Form |
O Formll

1 1 L 1 L 1]
(o] | 2 3 4 5
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Figure 10. Pressure dependence of the Griineisen con-

stants of Form I and II crystal lattices at 15°C. @, Form
I, O, Form II.

Pressure

that the sound velocity of the amorphous part has
the greatest pressure dependence.

According to eq 4, the Griineisen constants of
Form I and II crystals may be calculated from the
above mentioned data and the compressibility data.

Polymer J., Vol. 14, No. 9, 1982
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Figure 11. Pressure dependence of the interchain speci-

fic heat C;, of Form I and II crystal lattices at 15°C. A,
Form I; O, Form II.

It should be noted here that Figures 7 and 9 show a
characteristic difference in pressure dependence be-
tween u and u_;. At any temperature investigated,
the pressure dependence of u, was found to be
stronger in the range of low pressure and weaker in
the range of high pressure than that of u. . This
difference reflects directly the difference in pressure
dependence between y and y ;. Figure 10 shows the
pressure dependences of y; and y; at 15°C.

3. Interchain Specific Heat

For a detailed discussion of the lattice vibrational
properties of Form I and II crystals, the interchain
specific heat C,,., was calculated using eq 6, with
the values of 0.507 and 0.520 cm® g~ ! ! chosen for
the specific volumes of Form I and II crystals at
atmospheric pressure, respectively. Figure 11 shows
the pressure dependence of C,,., of Form I and II
crystal lattices at 15°C. The C,,., of Form I is
smaller than that of Form II by about 0.06
Jg~ldeg™! at atmospheric pressure, and exhibits
a greater pressure dependence than that of Form II.

DISCUSSION

1.  Compressibility

Compressibilities of Form I and II crystal lattices
at room temperature were investigated by Ito et
al.'® and Newman et al.,* and their temperature
dependence was reported by Nakafuku.?* Our com-
pressibility data at 15°C are in good agreement with

Polymer J., Vol. 14, No. 9, 1982

those of Ito er al.,'® and their temperature de-
pendence of the Form II crystal lattice is quite close
to that reported by Nakafuku.?* it should be men-
tioned here that our values for coefficient C in eq 2
include fairly large experimental errors due to the
diffuse X-ray patterns of PVDF. An exact de-
termination of this coefficient is not always easy
even for polyethylene which has a much more
perfect crystal structure than PVDF.

The anisotropy of the linear compressibility of
the Form II crystal lattice in the directions of the a-
and b-axes was not recognized throughout the
whole range of temperature, as evident from Table
I. For the Form I crystal lattice, the anisotropy of
compressibility in the ab plane was evaluated
theoretically by Tashiro et al.,!” but was not observ-
ed experimentally.!® We are not in a position to
discuss this anisotropy, since only the overlapped
reflection (200,110) was observed. However, it
should be noted that our value 12.42x107°
cm’kg™! for the volume compressibility of the
Form I crystal lattice at 15°C and atmospheric
pressure, obtained under the assumption &, =g, is
in good agreement with the calculated value
12.48 x 107 cm?kg ™! of Tashiro et al.!’

It is apparent from Table I that the Form I crystal
lattice shows a somewhat larger volume com-
pressibility than the Form II crystal lattice at any
temperature. Kobayashi et al.'® calculated the in-
terchain force constants in both Form I and II
crystals. According to their results, the average of
the force constants in the Form I crystal lattice is
smaller than that in the Form II. This is consistent
with our results.

The amorphous part shows the largest volume
compressibility. For example, when the Form I bulk
sample was compressed, the amorphous part ini-
tially exhibited compressibilities about two and
three times larger than the crystalline part at 15 and
150°C, respectively. These compressibility data are
important for analyzing the switching current be-
havior under high pressure. Using our compress-
ibility data, Matsushige et al.* showed that the
pressure dependence of the polarization switching
time can be well explained by the pressure de-
pendence of the free volume in the amorphous part,
and suggested that the polarization reversal mech-
anism is closely related to molecular motions in
the amorphous part rather than in the crystalline
part. Thus, the polarization reversal begins pref-
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erentially at the boundary between the crystalline
and amorphous parts and/or at the defects in the
sample.

Furthermore, the piezoelectricity and pyroelec-
tricity of PVDF under high pressure can be rea-
sonably well explained with the aid of these com-
pressibility data, as will be reported soon.

2. Thermal Expansion Coefficient and Interchain

Specific Heat C,,,,

Anisotropy in the thermal expansion coefficients
in the ab plane was observed for the Form II crystal
lattice. The thermal expansion coefficient along the
a-axis was larger than that along the b-axis at any
pressure. According to Nakagawa and Ishida'® who
measured the thermal expansion coefficients of the
Form II crystal lattice by the X-ray method at
atmospheric pressure, the lattice constants a and b
increased by about 1.2 and 0.8, respectively, in the
temperature range from 20 to 120°C. Our cor-
responding values were 1.6 and 0.9%, respectively.

As can be seen from Figures 5 and 6, at room
temperature, the thermal expansion coefficients of
the Form II crystal lattice are somewhat larger at
pressures up to 3000 kgcm ™2 and almost the same
at the higher pressures above 4000 kgcm ~2 as those
of the Form I. The thermal expansion coefficient is
proportional to Cy,,, (see eq 6). The data for C,,,.,
are shown in Figure 11. The C,,,, values of 0.095
and 0.155 J g~! deg ™! were obtained for the Form I
and II crystals at atmospheric pressure, respectively.
In consideration of the reduced lattice concept
proposed by Wada et al., the C,,,., in this case may
be described by

C‘inter= 3R/m(g/f)1/2 (7)

where R, m, g, and f are the gas constant, the
molecular weight of the CF,—CH, unit in the orig-
inal lattice, the interchain force constant, and the
intrachain force constant, respectively. The g values
can be estimated from the compressibility data in
Table I to be 8x 10* and 8.4x 10* kgcm™2 for
Form I and II, respectively. The f values were
reported by ‘Sakurada and Kaji?® to be 181 x 10*
and 60x 10* kgcm 2 for Form I and II, respec-
tively. With these, the values of 0.084 and 0.148
Jg~'deg™! were obtained for C;,,, of Form I and
IT crystals, respectively, in good agreement with our
experimental results. On the other hand, the C,,.,
values of Form I and II crystals increased with
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increasing pressure, which is reasonable because an
increase in pressure gives rise to an increase in the
interchain interaction owing to a decrease in in-
terchain distance. Further, Figure 11 shows the
difference in the lattice vibrational property be-
tween Form I and II crystals, which is discussed in
the next section.

The o relaxations were observed at about 75 and
100°C for Form II and I crystals at atmospheric
pressure, respectively (see Figures 5 and 6). The
shifts of these relaxation temperatures due to pres-
sure are about 22 and 14°C per 1000 kgcm 2 for
Form II and I, respectively. The shift of 28°C per
1000 kg cm ™2 was reported for Form II by Tabor et
al.,*! which is close to our value. The o relaxation
was dilatometrically observed for Form II at 90°C
at atmospheric pressure,?> but no other static ex-
periments have yet been reported on Form I pre-
pared by high pressure crystallization.

3. Lattice Vibrations of Form I and II Crystal

Lattices

Our results concerning the physical properties of
Form I and II crystal lattices at room temperature
under high pressure may be summarized as follows.
First, the Form I crystal lattice has a slightly larger
compressibility than the Form II crystal lattice
(Table I). Second, the former has a larger y value at
atmospheric pressure and shows a stronger pressure
dependence than the latter (Figure 10). Third, the
former has a smaller C,,., value and shows a
stronger pressure dependence than the latter. From
these facts, the difference between the lattice vi-
brational motions of Form I and II may be in-
terpreted as follows. The reason for the larger y and
the smaller C,,,., of Form I at atmospheric pressure
is that the planar zigzag chain in the Form I crystal
lattice is allowed to librate with a fairly large
amplitude about the chain axis, and that this li-
brational vibration in Form I is more incoherent
than that in Form II. However, at high pressure,
such librational vibration of Form I has a more
limited amplitude owing to a decrease in the inter-
chain distance, and hence is more harmonic than
at atmospheric pressure. This pressure effect on the
vibrational property may be stronger in Form I
than in Form II, since the compressibility is larger in
the former than in the latter, corresponding to the
greater pressure dependence of y and C,,,., in the
former.

Polymer J., Vol. 14, No. 9, 1982
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CONCLUSION

Equations of state were determined separately for
Form I and II crystalline parts and the amorphous
part of PVDF from compressibility and thermal
expansion data obtained by dilatometric and X-ray
diffraction measurements at high pressure and high
temperature. The compressibility data were used to
explore the ferroelectric polarization reversal mech-
anism in a Form I sample under high pressure.
Further, the equations of state are important for
investigating the piezoelectricity and pyroelectricity
of PVDF at high pressure and temperature.

Ultrasonic sound velocities of Form I and II
samples were determined as functions of pressure
and temperature, and the pressure dependences of
the Griineisen constant y and the interchain specific
heat C,,,, in the crystalline parts of these samples at
15°C were calculated. Form I had a larger y and a
smaller C,,,., at atmospheric pressure, but a smaller
y at high pressure than Form II. The compressibility
and the pressure dependences of y and C,,., Were
greater in Form I than in Form II. It is suggested
from these facts that, at atmospheric pressure, the
librational motion of the planar zigzag chain in the
Form I crystal lattice has a fairly large amplitude
and is more incoherent than the lattice vibration in
the Form II crystal lattice. On the other hand, at
high pressure, the librational motion is more re-
stricted to have a smaller amplitude as a result of a
decrease in the interchain distance and is more
harmonic than the lattice vibration in Form II
crystals.
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