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Many mechanisms have been proposed to explain the piezoelectric response of poly(vinylidene fluoride)
(PVDF), but none of these are adequate to explain why d5, is so much less than d5,. Although it has been
suggested that this difference could relate to the anisotropy of Poisson’s ratios, direct measurement of the
latter show that this explanation is not correct. The other viable explanation is that there are changes in
crystallinity under stress. This possibility is tested in the present investigation using broad-line nuclear
magnetic resonance measurements to estimate the change in crystallinity when drawn oriented samples
are subjected to a tensile stress applied parallel or perpendicular to the draw direction. The results show
that the crystallinity increases for a stress applied parallel to the draw direction and decreases for a stress
applied perpendicular to the draw direction. The crystallinity changes give a positive contribution to ds,
and a negative contributon to d;,, which can explain the relatively low figure for d;, compared with d,.
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INTRODUCTION

There is continuing current interest in the structure and
properties of poly(vinylidene fluoride) (PVDF) and its
copolymers, especially with regard to understanding the
mechanisms that are responsible for its piezoelectric and
pyroelectric behaviour':?. Although there have been
many detailed analyses of the problem, the situation is
still not resolved in a totally satisfactory manner. Work
in this laboratory, where a comprehensive study of
piezoelectric behaviour in PVDF has been combined with
measurements of its anisotropic mechanical behaviour3#,
has led to the conclusion that there was an element
missing from the analysis, which could most probably
be a reversible change in the crystallinity with stress and
temperature. .

Changes in the crystallinity of PVDF with temperature
have previously been proposed? to explain its pyroelectric
coefficient and qualitatively inferred from small-angle
X-ray scattering (SAXS)® studies. Changes in crystallinity
under stress have not been reported for PVDF, but such
changes have been observed in other polymers’~®. The
quantitative assessment of crystallinity change has been
neglected by most experimentalists because of the difficulty
of measuring small crystallinity changes in oriented
stressed specimens.

We have recently shown that broad-line nuclear
magnetic resonance (n.m.r.) techniques can successfully
be used to detect the changes in the n.m.r. rigid fraction
that occur when the sample temperature is changed. We
identified the rigid fraction with the crystallinity and
showed that this change could be an important contri-
bution to the pyroelectric response of PVDF!°. In this
paper we report the results of a similar study of
stress-induced crystallinity changes in PVDF.
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EXPERIMENTAL

N.m.r. measurements were made on oriented samples of
PVDF while the samples were subjected to a tensile stress
parallel to or perpendicular to the draw direction.
Experimental considerations dictated that these two sets
of measurements were made on samples of different
geometries. Measurements on samples stressed parallel
to the draw direction were performed on oriented
monofilament, while those perpendicular to the draw
direction were made on strips cut from wide drawn sheet.

Preparation and characterization of oriented samples

Both the oriented monofilament and the drawn sheet
were prepared from a commercial grade of PVDF (Solvey
et Cie, Belgium, Solef Grade XION, M, =171000,
M, =351000).

Oriented monofilament was produced by melt spinning
to give a product with a very low degree of molecular
orientation, followed by drawing in glycerol at 80°C to
give a final draw ratio of 4:1. This oriented monofilament
showed a very high degree of crystalline orientation, a
very high form I content (>95%) and a Young’s modulus
of 2.3 GPa.

Drawn sheets were prepared by compression moulding
at 215°C to form nearly isotropic sheets, followed by
drawing in air on an Instron tensile testing machine at
89°C at 0.4 mm min~ ' to a final draw ratio of 4:1. This
oriented sheet also showed a very high degree of
crystalline orientation, a very high form I content
(>90%) and a Young’s modulus of 2.5 GPa.

N.m.r. measurements

The n.m.r. measurements were carried out using a
Variant DP60 spectrometer operated at 60 MHz. A time
averaging computer was used to add together the signals
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collected from several successive sweeps through the
spectrum, in order to improve the signal-to-noise ratio.

An initial investigation into the broad-line n.m.r.
behaviour of this material was undertaken by cutting
short lengths of monofilament (~6 mm long) and
packing them, with their draw axes accurately parallel,
into a circular slot machined into 6 mm diameter
polytetrafluoroethylene (PTFE) rod. The orientation of
the draw direction with respect to the static magnetic
field (y) could then be varied by rotating the PTFE rod
in the n.m.r. spectrometer probe.

A simple loading rig was built to enable us to load the
monofilament parallel to the draw direction. The sample
took the form of 30 thicknesses of monofilament (which
gave a bundle approximately 2 mm in diameter) wound
around hooks incorporated into the loading rig. The
sample was wound in such a way that the vertical axis
of the spectrometer probe and the draw axes of the
monofilament bundle were accurately parallel. The
orientation of the sample with respect to the polarizing
magnetic field could not be varied. Measurements were
therefore restricted to just one orientation in which the
sample draw direction and the magnetic field were
perpendicuiar to each other (y=90°).

An equivalent experiment was performed on the wide
sheet samples. Specimens were cut from the wide drawn
sheets with their long dimension perpendicular to the
draw direction. The ends were then cast in epoxy resin
to prevent slippage in the loading grips. The sample was
held in tension so that its long axis was parallel to the
vertical axis of the spectrometer probe and the sample
draw direction was parallel to the magnetic field (y =0°).

It was found that mechanical conditioning of the
sample was essential. Conditioning consisted of successive
loadings and unloadings up to the highest stress level of
interest. Only after this conditioning process were
consistent results obtained. We attribute this to the
gradual lengthening of the more highly stressed strands
resulting in a more uniformly stressed bundle.

THEORY

Calculation of n.m.r. rigid fraction

In order to obtain estimates of the rigid fraction from
broad-line n.m.r. measurements, we have used a method
originally proposed by Pranadi and Manuel!! for
isotropic polyethylene and subsequently developed by
us for oriented poly(vinylidene fluoride) homopolymer!©
and oriented poly(vinylidene fluoride—trifluoroethylene)
copolymer'?. Here we will briefly outline the method
used.

It was assumed that the composite broad-line n.m.r.
spectrum consists of just two components, a broad
component associated with the rigid regions and a
somewhat narrower component associated with mobile
material. The rigid regions give rise to an n.m.r. signal
that can be considered to be a Pake doublet associated
with the proton pair in the -CH,~CF,— chain sequence.
This doublet is broadened by intermolecular and intra-
molecular interactions to give a ‘Gaussian doublet’
lineshape.

The Gaussian doublet lineshape was defined as follows:

a
3 3

It consists of the superposition of two identical Gaussian
lineshapes whose centres are separated by a field interval
2a, and whose individual second moments about their
centres are a3. The area under this composite curve is
(87)2a,a, and the second moment is (SH?>=a2+a?.
This lineshape was fitted to the outer part of the
experimentally determined spectra with a,, a, and a; as
adjustable parameters using a least-squares procedure
with parabolic extrapolation as described by Bevington®?.

RESULTS

Figure | shows the broad-line n.m.r. spectra for the
monofilament at zero stress and at the maximum stress
level of ~83 MPa applied parallel to the draw direction.
(This produced a strain of about 3.5%.)

Figure 2 shows the spectra for the drawn sheet at zero
stress and at the maximum stress level of ~85MPa
applied perpendicular to the draw direction. When
comparing these data with those of Figure 1 it should be
remembered that the unstressed data are for different
samples (monofilament and sheet) in different orientations
(y=90° and y=0°), hence their different appearance.

Two features of these spectra are immediately obvious:
first, they are composite spectra, the simplest interpret-
ation of this being that a narrow singlet is superimposed
on a broad doubiet; and secondly, the relative intensities
of these two components changes as we load the sample.
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Figure 1 The n.m.r. spectra for the drawn monofilament at nominal
zero stress (——) and with a tensile stress of 83 MPa applied parallel
to the draw direction (———-). y=90° in both cases
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Figure 2 The n.m.r. spectra for the drawn sheet at nominal zero stress
(—) and with a tensile stress of 85 MPa applied perpendicular to the
draw direction (———-). y=0° in both cases

The existence of these two distinct components suggests
a structure that consists of a mobile (narrow) component
and a rigid (broad) component. The rigid component
may reasonably be identified as a doublet associated with
the crystalline regions and the mobile component may
be expected to be associated with the amorphous regions.
In a related publication'? we have established that this
is indeed the case by a detailed study of the second
moment anisotropy. We have also established that the
narrower component is associated with a partially
oriented mobile phase.

Figure 1 shows the broad component increasing in
intensity while the narrower component decreases in
intensity, whereas the opposite is the case in Figure 2.
Consequently, we can infer that the fraction of rigid or
crystalline material increases as the sample is loaded
parallel to the draw direction, and decreases when the
sample is loaded perpendicular to the draw direction.

The proportions of rigid and mobile material at each
stress level were determined from the absorption spectra
using the method outlined above. The rigid fraction fy
(using the nomenclature of our earlier papers) is given
by the ratio of the integrated intensity of the rigid fraction
component (the fitted Gaussian doublet) to the total
integrated intensity. The spectra at each stress level were
decomposed as accurately as possible using the additional
information obtained at zero stress as a guide. At zero
stress we were able to measure and decompose the spectra
at a range of orientations: the results at y=0° were
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particularly valuable since the doublet structure is more
highly resolved in this case.

The results of the fitting procedure are tabulated in
Tables I and 2. It is particularly interesting that the rigid
fraction second moment (SH2)»p shows little or no
variation with stress, indicating that the orientation of
the rigid regions does not change appreciably as the stress
level is changed. This is particularly important since it
confirms that the changes observed in the spectra are
principally due to the changes in the relative proportions
of the rigid and mobile components.

The variation of the rigid mass fraction with stress is
shown in Figure 3. It can be seen that, for tensile stresses

Table 1 Fitting parameters for Gaussian doublet, rigid fraction second
moments and rigid fraction values fg. Stress parallel to draw direction,
field perpendicular to draw direction (y =90°)

Stress

a, as (3H?)

(MPa) a (G) (G) (G?) I

0.0 0.031 341 2,96 20.38 0.462
10.1 0.033 351 2.85 20.46 0.472
221 0.033 3.46 292 20.47 0.478
317 0.032 348 2.96 20.86 0.482
42.8 0.034 3.42 2.90 20.12 0.488
64.8 0.035 3.46 2.89 20.32 0.511
83.2 0.036 3.40 3.02 20.68 0.540

Each value quoted above is the mean of five measurements. The
standard error in the mean values of 4,, a, and a; is ~#3% and that
in the mean values of {(6H2) and fz is ~2%

Table 2  Fitting parameters for Gaussian doublet, rigid fraction second
moments and rigid fraction values fy. Stress perpendicular to draw
direction, field parallel to draw direction (y=0°)

Stress a, as {8H?*)

(MPa) a4 (G) (G) (G?) Tr
0.0 0.034 3.60 2.67 20.12 0.458
8.56 0.033 3.51 2.69 19.56 0.456

17.12 0.032 3.46 2.81 19.89 0.454

25.68 0.032 352 2.73 19.86 0.440

34.24 0.032 3.53 2.73 19.94 0.441

42.80 0.032 3.50 2.66 19.32 0.441

51.36 0.033 3.51 2.71 19.68 0438

59.62 0.033 3.52 2.60 19.19 0434

68.48 0.031 3.56 2.70 19.98 0.424

77.04 0.034 3.69 249 19.84 0.430

85.60 0.030 3.51 2.75 19.87 0.424

Each value quoted above is the mean of five measurements. The
standard error in the mean values of a,, a, and a; is 3% and that
in the mean values of (§H?) and fy is ~2%
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Figure 3 N.m.r. rigid fraction versus stress for stresses applied parallel
(A) and perpendicular (A) to the draw direction
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applied parallel to the draw direction, the rigid mass
fraction increases roughly parabolically with increasing
stress, whereas, for stresses applied perpendicular to the
draw direction, it decreases approximately linearly with
increasing stress.

DISCUSSION

Qualitatively, it is clear that the stress causes changes in
the n.m.r. rigid fraction and that these changes are in
opposite directions for stresses applied parallel to or
perpendicular to the draw direction. It remains to
quantify the contribution that such changes would make
to the piezoelectric coefficients assuming that these
changes are due to changes in crystallinity. In order to
illustrate the significance of these observations, however,
we first describe the simplest contribution to dy, and d;,
from changes in the thickness of a sample with deformable
electrodes.

The charge @ on electrodes of area A on a short-
circuited sample of polarization P is given by Q=AP.
The polarization is the dipole moment (M) per unit
volume (V'), hence:

Q=AM/V or Q=M/t

where ¢ is the sample thickness. Changes in thickness
therefore produce a change in the charge on the electrodes
even if the dipole moment of the sample is constant. It

is readily shown!* that this leads to d;; = —Ps,; and
d3, = — Ps3,, where s;; is a mechanical compliance of the
sample.

In general, even in uniaxially drawn sheets, 55, is of
similar magnitude to s;, and this mechanism therefore
predicts that d5, and d;, should be similar in magnitude.
For the drawn sheet used in this study s;; = —0.26 GPa™!
and s;,= —0.25 GPa~'. Taking a typical polarization of
50 mC m~ 2 we would therefore predict dy; =13.0 pC N !
and d;,=12.5 pC N~ from this mechanism.

In fact, the observed values for the drawn sheet are:
dy; =209 pCN~! and d;,=2.0pCN~'. In order to
reconcile this discrepancy, a mechanism is obviously
required that reduces d5, and increases d5,. The reversible
stress-induced crystallinity changes seen here provide
such a mechanism.

To quantify the effects of crystallinity change, we
proceed as follows: We assert that M may be written as
M =V_P_.S;, where V, is the crystalline volume, P, is the
crystal polarization and S, is a shape factor, which
depends upon the shape of the crystallites and the relative
permittivities of the crystalline and amorphous phases.
Hence:

Q=AV.PSeg/V  or  Q=AyPSy

where y is the volume fraction crystallinity.

The contribution from crystallinity change to the
experimental piezoelectric coefficient d; is therefore given
by:

1 0Q 0y P oy
dyy=— _—=PS¢g ~—=—_=
A do; do; y Oo;

The change in crystallinity with stress is readily
deduced for stresses applied perpendicular to the draw
direction since these data show a linear stress dependence.
Unfortunately, the data for stresses applied parallel to
the draw direction do not show a linear stress dependence,

and therefore the coefficient depends upon the fitting
function used and the stress at which it is evaluated. We
have chosen to fit a quadratic to the data and to evaluate
its slope at zero stress, since most experimental piezo-
electric data are obtained at low stresses.

The fractional change in crystallinity with stress
deduced in this manner is 0.6 GPa ™! for a stress applied
parallel to the draw direction (s,) and —0.9 GPa™' for
a stress applied perpendicular to the draw direction (o).
If we again assume P ~ 50 mC m ~? then these data imply
large piezoelectric contributions of +30pCN~! and
—45 pC N~ respectively.

Clearly these coefficients are of significant size and in
the correct direction. They are, however, much too large.
A similar situation occurred when the change in crystal-
linity with temperature was studied'® and the explan-
ations given in that paper are equally applicable here.
The n.m.r. experiment takes an appreciable time to gather
the data, and hence it is an extremely ‘low-frequency’
measurement. Piezoelectric measurements are typically
made at frequencies ~ 1 Hz or higher, and time may not
allow the same crystallinity changes to occur. Also, it is
assumed that the chains that crystallize do so in a
similarly oriented fashion to the existing crystallites (in
effect, that crystallization occurs on oriented nuclei) and
that chains that ‘melt’ do so to a similar degree of
disorientation to that pre-existing in the amorphous
phase. It is quite possible that constraints upon the chains
invalidate these assumptions.

Finally, it should be noted that the n.m.r. ‘rigid
fraction’ is a measure of mass fraction crystallinity
whereas the theory developed above requires the volume
crystallinity. This relatively small correction has not been
made in view of the large discrepancy between the
observed and predicted effects. Also, the change in sample
thickness caused by crystallinity change will contribute
to the observed piezoelectric coefficients. This contri-
bution is more than an order of magnitude smaller than
that discussed above and would be accounted for by the
measured s;;, which include the effects of change in
crystallinity on the sample thickness.

CONCLUSIONS

These data clearly show that significant n.m.r. changes
occur when PVDF is subjected to tensile stresses. The
rigid fraction increases when a stress is applied parallel
to the draw direction and decreases when a stress is
applied perpendicular to the draw direction.

If the rigid fraction is identified with crystallinity, then
the magnitude of the changes is such that a significant
part of the d;, piezoelectric response could arise from
reversible crystallinity change.

In addition, the anomalous low value of d,, is caused
by crystallinity changes nullifying other contributions to
dss.
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