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The influence of molecular weight on the strain-dependent permeability of poly(vinylidene fluoride) (PVDF) is

investigated. Permeability measurements were performed on spherulitic and fibrous PVDF at various
concentration levels of ethyl acetate (EtAc). Rheo-photoacoustic Fourier transform infrared spectroscopy (RPA
FTi.r.) was used as a quantitative measure of the desorption diffusion coefficient. Polymer molecular weight,
crystallite size and the number of tie molecules in the network have a significant effect on the morphological

changes as a result of plastic and elastic deformations.

The head-to-head and tail-to-tail defect content also plays a

significant role on the mechanism of plastic deformation. By reducing the stability of crystallites, higher defect
contents appear to diminish the yield stresses in PVDF which resultin transition to the fibrous morphology without

void formation.© 1998 Published by Elsevier Science

(Keywords: FT i.r.; morphology; poly(vinylidene fluoride)

INTRODUCTION

Owing to the presence of various crystalline structures and
their interconversion, poly(vinylidene fluoride) (PVDF)
exhibits fairly complex polymorphism behaviour. It can
exist in four different crystalline structure$two of which
are most common, and are designatedvaand 8 phases.
Thea polymorph has an orthorhombic unit cell containing 2
polymer chains in a 2helix conformatior, and is obtained
by cooling PVDF from the melt. This phase can be
converted to the3 form by drawing it at 25C*~% The

B phase consists of PVDF chains with atrans
(planar—zigzag) conformations in a monoclinic unit &8l
and exhibits strong piezoelectric properfiéEhe remaining
crystalline polymorphs are designated astteands phases.
The polar y phase is obtained by crystallization at
temperatures greater than 260 and consists of PVDF
chains with T,GT3;G’ conformations in a monoclinic unit
cell®. The (phase is obtained by poling the (form in electric
fields of 1.2 MV cm®®. This phase maintains the same
chain conformation and unit cell as taephasé.

While the mechanism of transformation franto 8 form,
resulting from elongation, has been studied by X-ray
diffraction and i.r. spectroscopy, the influence of small
deformations < 20%) on the transport properties of PVDF
were not considered. In the earlier publicatithd? we
demonstrated the utility of rheo-photoacoustic Fourier
transform infrared spectroscopy (RHAI.r.) to determine
the permeability of fluorinated polymer films by organic
solvents. Low degrees of uniaxial elongation were shown to
result in an increased permeability of PVDF. It was also

Ltd. All rights reserved.

PVDF (150 000 MW). In this study, we expand the scope of
the earlier work, and examine the effect of molecular weight
on the strain-dependent permeability of semicrystalline
PVDF polymers. Because the head-to-head (HH) and tail-
to-tail (TT) defects in a polymer backbone can influence the
polymer crystallinity>** their role on the stress-induced
morphological changes will be also examined.

EXPERIMENTAL

Specimen preparation and spectral measurements

Powdered PVDF samples were obtained from EIf
Atochem Inc. and their properties are listed Table 1
Ethyl acetate was acquired from Aldrich Chemical Co., and
was used without purification. Films 356 20-um-thick
films were prepared by pressure-moulding of PVDF at
220°C, and cooling it in a mould at a rate of ZDmin*.
Dumbbell shaped samples 75 mm long, end width 14 mm,
notch length 25 mm, and notch width 7 mm were cut from
prepared films. Fibrous specimens were obtained by
drawing dumbbell-shaped samples at@5The specimens
were saturated with ethyl acetate (EtAc) by immersing them
for a minimum of 72 h and drying for 30, 60 and 120 min in
order to determine the effect of initial EtAc content.
Samples with a fibrous structure were saturated with
EtAc, following transformation to the fibrous form.

As we established earli¥¥ *2 the utilization of PAFTI.r.
for monitoring diffusion in polymer films involves placing a
diffusant-containing polymer in a photoacoustic cell, cover-
ing the specimen with a ‘photoacoustic umbrella’, and

observed that there is a linear relationship between PVDF’s detection of species diffusing out of the specimen. As

crystallinity and permeability. In an effort to minimize the
complicating effects of molecular weight on film morphol-

diffusant molecules migrate through the polymer network to
the film surface and evaporate, the concentration of vapours

ogy, these studies were performed on a single grade ofin the photoacoustic cell can be accurately determined.

*To whom correspondence should be addressed

Knowing the amount of EtAc in the gas phase allows us to
determine either relative rates of diffusion, or through
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Table 1 PVDF samples used in this study

Mn® HH-TT defectg Crystallinity®  Melting point
(Mol%) (= 2%) (= 71°0)

45000 9-10 55 170

59000 11-12 45 161

150000 9-10 52 168

350000 11-12 47 163

#Determined by high temperature g.p.c. analysis (supplier)
PDetermined by solid stat&F n.m.r. (supplier)
‘Determined by d.s.c. measurements (this lab.)

Strain Direction

—
A
T | i T
IRegion of | Region of 1‘
| |
Stre§s Plastic Strain Elastic Strain
Applied

Fibrous
Neck

Figure 1 Diagram of sample illustrating deformation upon application of
stress: (A) specimen before application of stress; (B) elongated specimen

correlation with independently determined diffusion
coefficients, quantitative measure of the desorption diffu-
sion coefficientDy). A schematic diagram of theTi.r. set-
up was published elsewhéfe PA FTi.r. spectra, which

Optical microscopy

In an effort to determine the expansion of volume which
takes place during the elongation of a PVDF film, the
dimensions of a specimen were determined as a function of
elongation using an Olympus C-35 AD camera, attached to
an Olympus SZH microscope with a magnification 0£60

Differential scanning calorimetry

Differential scanning calorimetry (d.s.c.) measurements
were performed on a DuPont Instruments 910 differential
scanning calorimeter. Measurements of the enthalpy
crystallization and melting point were performed at a
heating rate of 19 min. All thermograms were collected
from 60 to 220°C. A value of 22.2 cal g' was taken as the
equilibrium melting enthalpy of the (polymorph of PVBE
in calculating the degree of crystallinity from d.s.c.
measurements.

Stress—strain measurements

Stress—strain measurements were performed on a MTS
SINTECH Q-Test IV mechanical tester. Film dimensions
were the same as the dimensions used in the RPi.
spectroscopic studies. The tests were performed using a
gauge length of 50mm and a crosshead speed of
100 mm min*.

Diffusion coefficient determination

A half-time of desorptionty,, is defined as the time
required for half of the initial weight of the EtAc to
evaporate from the polymer specimen. This quantity was
determined by measuring a loss of EtAc from saturated
films using an analytical balance with a sensitivity of

represent 70 coadded scans ratioed against a carbon blacl 1 mg. Based on these data, the diffusion coefficient was

background, were collected on a Mattson Sirius 100 i.r.
spectrometer operated at a mirror speed of 0.12 cnis a
similar way to the previous studi¥s'’ the integrated
intensity of the 1768 cm' band, attributed to the €0
stretching vibrations of EtAc, was used as a quantitative

measure of the amount of solvent present in the vapour

phase.

Sample deformation

In an effort to determine the effect of deformation on the
transport properties of the plastically and elastically

deformed regions, specimens with the shapes shown in

Figure 1 were prepared. As a result of elongation, PVDF
forms a ‘neck’. This region experiences non-recoverable,
plastic deformation, while deformations experienced by
other parts of the film are of an elastic nature.

determined using the following relationshfpt’
2
Dg= O.OSL—
ty2

where Dy is the desorption diffusion coefficient, is the
sample thickness, antd,, is the half-time of desorption.
The amount of EtAc sorbed by PVDF was obtained by
subtracting the weight of a sample from that of the same
polymer specimen saturated with EtAc.

)

RESULTS AND DISCUSSION

Before we examine the effect of elongation of PVDF on its
permeability, let us preface our discussion by examining the
anticipated influence of molecular weight on film morphol-

Figure 1Arepresents a non-deformed sample, whereas ogy; specifically, crystallite size dependence on molecular

Figure 1B depicts the film after elongation. In order to
examine the effect of plastic deformation on permeability,

weight, formation of intercrystalline tie molecules and
overall crystallinity. For a typical thermoplastic polymer, as

the sample was loaded into the RPA cell in such a way that themolecular weight increases, the rate of crystallizatfon

neck was formed within a sealed photoacoustic chamber,

allowing analysis within that region. On the other hand,
examination of the elastically deformed PVDF regions was
conducted by allowing a neck formation outside the cell.

Scanning electron microscopy

Scanning electron micrographs of film surfaces and crossinterfere with the crystallization proc
sections were obtained using a JEOL JSM 6300V scanningmaximum

number of chain entanglements and tie molecules bridging
the amorphous regions also incredseAs the rate of
crystallization increases with molecular weight, the forma-
tion of larger crystallites is anticipated. However, for high
molecular weight polymers, an increase in crystallization
rate can be offset by chain entanglements, which often
<0 As aresult, the
rate of crystallization for polyethylene is

electron microscope operated at 7 kV. All samples were achieved for molecular weights of approximately 1.0°,

sputtered with a 60/40 gold/palladium alloy. Micrographs of

Thus, while the number of tie molecules increases linearly

PVDF sample cross sections were obtained from the edgeswith molecular weight, crystallite size and overall crystal-

of samples which had been fractured at liquid, N
temperature.
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Figure 2 Scanning electron micrographs of 150 000 MW PVDF: (A) film surface, 0% strain; (B) cross section taken near film surface, 0% strain; (C) film

surface, 10% local strain; (D) cross section taken near film surface, 10% local strain. The scale bar present in the micrographs represents 5

valid, and typically they decline. If one draws an analogy to
PVDF of an equal chain length, PVDF of 2310
molecular weight would achieve a maximum rate of
crystallization.

With this in mind, let us consider that the crystallite size

through a semicrystalline film owing to the impermeability
of the crystalline phase. A larger crystallite size results in
longer paths for diffusing molecules to reach the film sur-
face, and a smaller value #. Our interest lies in determin-
ing how variations in initial polymer morphology influence

and transport properties of semicrystalline polymers can be permeability changes during deformation.

related through the following relation
D=V¥D, 2)

where D is the diffusion coefficient of a semicrystalline
polymer, D, is the diffusion coefficient of an amorphous
film of the same material, an® is the tortuosity factor.
The value of ¥ is always less than one, and it depends
upon the degree of crystallinity, crystallite size and crystal-
lite orientation. The tortuosity factor is a measure of the

Although our primary interest is in a quantitative analysis
of diffusion, scanning electron microscopy (SEM) enables
gualitative observations of morphological changes which
may occur during deformation of PVDF, and thus may
affect diffusivity. Upon examining the PVDF films by SEM,
it was found that the observable structural features at 0%
strain are independent of molecular weight. The electron
micrographs presented iRigure 2 are of 150000 MW
PVDF, and represent morphological features resulting from

increased path length that a diffusing molecule must take external forces imposed on PVDF. While the micrograph
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Figure 3 Volume expansion experienced by a 150 000 MW PVDF specimen during elongation

shown in Figure 2A illustrates the surface texture, and In addition to the appearance changes, the volume of
indicates a random orientation of crystalline entities, the PVDF films with spherulitic morphology is expected to
micrograph inFigure 2Bwas taken from the cross section increase upon elongation owing to crystallites interfering
near the film surface, and demonstrates that the texturedwith the lateral contraction of the film. In an effort to
morphology visible at the film surface is present throughout demonstrate the volume increase which occurs upon
the film thickness. Thus, the presented micrographs do notuniaxially elongating a PVDF film, the dimensions of a
represent only a surface phenomenon, but PVDF morphol- 150 000 MW specimen were determined by taking mea-
ogy across the film thickness. The individual ‘fibrils’ visible surements from photographs of the film surface and cross
on the film surface inFigure 2A are between 2000 and section at a series of elongations. These measurement were
4000 Athick. While this value is much larger than that of conducted using an optical microscopégure 3illustrates
individual PVDF lamellar crystals obtaingd under similar that the volume appears to increase linearly with the degree
experimental conditions (approximately 2007A the fibrils of deformation. This fact, combined with the non-
shown in Figure 2A may consist of stacks of lamellae, deformable nature of the polymer crystallites, leads one to
which have been observed in poly(ethyletie) conclude that the volume, and therefore the free volume, of
As the 45000 and 150000 MW PVDF specimens are the amorphous phase of a spherulitic specimen increases
deformed from the original spherulitic morphology to the with deformation.
fibrous form, the originally transparent film takes on awhite  Permeability measurements as a function of strain
appearance, especially in the early stages of the transitionprovide useful insights into the morphological changes
In a previous study, we had attributed the whitening to  occurring during the early stages of deformation. In the
microvoid formation, which resulted in a significant previous studie]g'll, we utilized ethyl acetate (EtAc) as a
increase in the transport properties. Agdtigure 2C and molecular probe of permeability. However, when utilizing
D present the surface and the cross-section, respectively, othe rate of exudation of EtAc from PVDF as a measure of
a specimen which experienced 10% local strain, and permeability, it should be kept in mind that the concentra-
exhibited the first signs of whitening. It appears that the tion of EtAc decreases as the experiment proceeidsire 4
microvoids Figure 2Q and the microcracksHgure 2D) demonstrates the variation in the amount of EtAc diffusing
occur throughout the cross-section of the film, and are not from a saturated PVDF sample as a function of time. This
attributed to a surface phenomena. curve can be represented by the following relationship
While SEM provides visual evidence for morphological
changes, which may or may not result in increased PA=Aexgx(—t"%)] (3)
permeability, when the spherulitic morphology undergoes
transformation to a fibrous form, there are two inherent OF
problems in monitoring morphology—permeability relation- 2 ,
ships. First, it is difficult to attain a quantitative measure of In(PA)=In A—xt 3)
permeability changes as a function of strain. Second, thewhere PA is the integrated photoacoustic intensity of the
morphological changes, which occur during the early EtAc carbonyl band at 1768 cm t is the time from
deformation stages are too small to be observed withoutwhich the sample was removed from the solvehtis a
damaging electron-sensitive polymer films. Since rheo- pre-exponential term equal to the PA intensitytatO,
photoacoustic FTi.r. studies can provide quantitative andx is the spectroscopically determined diffusion para-
measurements of strain-dependent permeabiiftis meter. If equation (3 indeed describes the diffusion pro-
even at low degrees of strain, we will utilize this approach cess, plotting the natural log of the photoacoustic intensity
and combined with the SEM measurements, identify versusthe square root of time one would anticipate obtain-
morphological features responsible for the observed trendsing a straight line with a slope of x. Figure 5presents the
in diffusion processes. relationship for a series of PVDF samples between the
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Figure 4 Integrated intensity of the band at 1768 thplotted as a function of time for PVDF saturated with EtAc
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Figure 5 Calibration curve relating the spectroscopically determined diffusion coefficigrb(the desorption diffusion coefficientd §), independently
determined for the same samples

spectroscopically determined diffusion parametér gnd before and after immersion of the specimens for 72 h in
independently measured desorption diffusion coefficients EtAc, respectively. As seen fRigure 6 fibres are oriented
(Dy) determined from equation (1). Such a plot will allow parallel to the strain direction, which is indicated by the
us to measure quantitatively the permeability of polymers arrows.Figure 6AandB indicate that prior to the film being
under constant imposed strains. immersed in EtAc, a significant fraction of unoccupied
As a first step in examining the permeability of PVDF, volume is present. As seen Kigure 5C the plasticizing
quantitative measurements Df were performed on PVDF  action of EtAc enables the fibres to coalesce into a nearly
films for each molecular weight under conditions listed in continuous film, causing the opaque, white fibrous sample to
Table 2 While D4 of PVDF in the spherulitic form was  become transparent. The coalescence of the fibres enables
measured at 0 and 5% elongations, for fibrous PVDF determination of the transport properties of fibrous PVDF
samples,D4 was determined in stress-relaxed films, and which, in the uncoalesced state, would be dominated by the
under a constant stress. transport properties of the unoccupied volume. Following
Before we discuss transport properties of the fibrous coalescence, the application of stress to fibrous PVDF,
PVDF, let us examine the corresponding SEM micrographs, parallel to the fibre axis, results in the lengthening of the
which are presented iRigure 6 and depict the fibrous neck fibrous region through transformation of additional spheru-
region of a 150 000 MW PVDF sample, which experienced litic material to the fibrous form at the ends of the neck, and
local strains greater than 400%igure 6Apresents a cross-  not in the separation of the fibres.
sectional view of the film near the film surface, whereas Let us now return to the main theme and examine the
Figure 6BandC show the surface of fibrous PVDF samples, relationship between polymer morphology and transport
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Table 2 Desorption diffusion coefficient O0g) (X10°cm?min~?)
obtained for various PVDF homopolymer morphologies

MW Morphology
Spherulitic Fibrous
0% Strain 5% Strain Stress relaxed Stre$sed
45 000 1.71+ 0.03 1.79 1.73 1.50
59 000 1.41 1.51 1.54 1.72
150 000 1.36 1.44 1.31 1.07
350 000 1.48 1.44 1.20 1.13

D4 was measured with a constant stress 20 N) applied to sample

properties. In the earlier studi@swe determined that the
permeability of as-received PVDF M= 150000),
increased when a spherulitic sample was elongated by 5%.
However, the fibrous form exhibited a decreased perme-
ability when a constant stress was applied parallel to the
fibre axis. As seen iTable 2 the data for the 45000 and
150000 MW display trends similar to those observed for the
as-received PVDF. The value oby increased from
1.71x 10 °cm?*min™? and 1.36<x10°cm?min™t to
1.79X 10 cm*min~* and 1.44x 10°cm?min~* upon

the 5% deformation of spherulitic 45000 and 150 000 MW
PVDF, respectively. Fibrous 45000 and 150000 MW
PVDF exhibited decreases Dy values from 1.73 and
1.31 to 1.50 and 1.07, respectively. The increased perme-
ability, observed on straining spherulitic PVDF, was
attributed to the increased free volume created in an
amorphous phase, by the interference of crystallites with
lateral contraction of the filth In the case of fibrous PVDF
morphology, tie molecules are pulled taut, limiting the
motion of the amorphous phase material, and thereby
decrease its free volume, which accounts for a lower
permeability of the fibrous 45000 and 150000 MW PVDF
films upon application of stresses.

The results presented rable 2also indicate that PVDF
specimens with 59 000 and 350000 MW do not follow the
above trends. It appears that PVDF with 350000 MW
exhibits a decreasedly value from 1.20x 10~% cm? min !
to 1.13% 10~ cm? min~* upon application of stress to the
fibrous polymorph. This observation is in agreement with
the previous finding$. However, as seen ifiable 2 upon
5% elongation, the specimens with a spherulitic morphol-
ogy experience a decrease of thHgy values, from
1.48x 10 °cm?’min™! to 1.44x 10 °cm®min~ . This
observation indicates a decrease in the amorphous phase
free volume, which is contrary to the behaviour expected for
a semicrystalline polymer, in which the free volume is
expected to increase as a result of crystallites interfering
with the lateral contraction of the film. Since the number of
tie molecules in semicrystalline polymers is linearly related
to molecular weight, the 350 000 MW PVDF should have a
significantly greater number of tie molecules than the other
specimens examined. The large number of tie molecules,
when pulled taut during elongation, reduces the mobility of
the amorphous phase material, and thus counters the effect
of volume expansion and permeability decreases.

While elongating spherulitic 59 000 MW PVDF results in
the expected increased permeabilityDy( equal to
1.41x 10 °cm?*min™! and 1.51x 10 ®cm’min™* at 0
and 5% deformatiorifable 2, stresses applied to the fibrous
spe(_:imens _also result in- the increa-seq mObi“ty of EtAc Figure 6 Scanning electron micrographs of 150 000 MW PVDF after
within the film. As seen inTable 2 this is illustrated by experiencing local strains in excess of 400%: (A) cross section taken near

. . _6
the lncr(i%se 2|n . th(laDd Va_lues, from 1.5& .]:0 to film surface; (B) film surface; (C) film surface following immersion in EtAc
1.72X 107" cm” min~". Relatively low permeability of the  for 72 h. The scale bar present in the micrographs represents 5
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Figure 7 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 45 000 MW experiencing elastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively
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Figure 8 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 59 000 MW, experiencing elastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively

spherulitic form, combined with the low crystallinity values 1768 cmi!, due to vapour phase EtAc, recorded as a
obtained by d.s.c. measurements, suggests that largdunction of strain. Curves A, B and C were obtained from

crystallites are the primary morphological features. A
combination of large crystallites and low molecular
weight would result in few tie molecules bridging the
crystals. Upon application of stress to the fibrous poly-
morph, one would anticipate a disruption of the structure,
with insufficient tie molecules to hinder motion of the
polymer chains in the amorphous phase.

Given the above insight into the structure of PVDF, let us
examine the effect of elastic deformation on PVDF transport

the specimens allowed to dry at °Z5 for 30, 60 and
120 min, respectively, prior to monitoring the permeability
under various strains. Each data point presented in
Figures 7—14represents the average of at least three
measurements.

For analysis of the permeability as a function of
elongation, it should be kept in mind that, when semi-
crystalline polymers are stretched, the entire film experi-
ences deformation at lower degrees of strain. After the yield

properties. As described above, these experiments werepoint is reached, and one region of the film is transformed to
performed with the neck of the film formed outside the RPA fibrous morphology, the stress becomes constant, as does
FTi.r. cell sample compartment. Changes of permeability the degree of deformation in the regions of the film which do
for PVDF samples with MW ranging from 45000 to not experience plastic deformation. As a result, the data
350000, induced by elastic deformation, are shown in presented ifrigures 7—1(are plotted using two strain axes.
Figures 7-10 respectively. The curves ikigures 7-10 The top axis provides the degree of strain experienced by
represent the integrated intensity of the carbonyl band atthe entire specimen, while the bottom axis denotes the local
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Figure 9 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 150 000 MW, experiencing elastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively
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Figure 10 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 350 000 MW, experiencing elastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively

extent of deformation in the region of the film being volume of the amorphous phase, the permeability of the
examined. films with partial spherulitic morphology is expected to

Analysis of the data shown ifigures 7—10indicates increase upon elongation. Curves AFigures 7—%how an
that, in all cases, the amount of EtAc that diffuses to the increased rate of diffusion following 2.4% local strain. The
vapour phase depends upon the length of time allowed for continuous decrease in the rate of EtAc exudation, at local
PVDF specimens to dry prior to the experiment. The strains higher than 2.4%, is attributed to the rapidly
specimens dried for 30 min display significantly higher decreasing concentration of EtAc in the film after 30 min
vapour phase EtAc concentrations during the early stages ofof drying. The increased rate of EtAc diffusion due to the
deformation, than the films exposed for longer times. These increased free volume of the amorphous phase at higher
differences can be attributed to the fact that, after 30 min, elongations is offset by the declining concentration of EtAc
the concentration of the diffusant molecules within the film in PVDF. Therefore, a decreased rate of EtAc exudation at
remains highFigure 4), and the amount entering the vapour strains greater than 2.4% local strain is observed, despite the
phase changes rapidly with time. Allowing the specimen to expected increase in amorphous phase free volume.

dry for 60 or 120 min results in a lower initial EtAc Evidence for the increased free volume at higher local
concentration at the early stages of the experiment, as wellstrains can be observed in curves B and Gigures 7—-9
as diminished time dependence for exudation of EtAc. Upon increase of local strains for initial local strains not

Upon elongation, similar trends are apparent in the PVDF exceeding 4.8%, each specimen exhibits increased
specimens with 45000, 59000, and 150000 MW permeability. The 45000 and 150000 MW PVDF speci-
(Figures 7-9. As we recall, as a result of increased free mens achieve local strains of 4.8%, while the 59 000 MW
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Figure 11 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 45 000 MW, experiencing plastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively

PVDF elongates only 3.6% in the elastically deforming of the film. As a result, it responds by undergoing greater
region. As we recall from the results Figure 3 the film elongations. The accelerated deformation of this region
volume increases by less than 1% at these local strains.is reflected in the strain values on the loweraxis
Using 50% crystallinity as an example, and considering the (Figures 11—1%, which provides the scale for local strains.
non-deformable nature of the polymer crystals, less than 1%As we recall, the micrographs iRigures 2and 6, which
increase of the film volume corresponds to an increase of demonstrated that when 150000 MW PVDF yields to an
amorphous phase specific volume by less than 2%. In spiteimposed uniaxial stress, and begins the transition from a
of the decreased concentration of the diffusant in the film at spherulitic to a fiborous morphology, voids form within the
that point of the experiment, this seemingly small increase film, as spherulites and lamellae are broken up, and polymer
in the specific volume is sufficient to result in the chains move to assume orientations parallel to the draw
enhancement of the EtAc diffusion at 4.8% strain. Once direction. Therefore, morphological transformations should
the yield point is reached, and no further local morphology correspond to significantly enhanced permeability, since
changes occur, the amount of EtAc diffusing from the voids provide unobstructed diffusion pathways.

polymer becomes dependent upon the concentration of Figures 11-14 illustrate permeability plotted as a
EtAc within the film, resulting in the decreased amount of function of elongation for the region of the film which

EtAc diffusing out of the network. experienced plastic deformations. Again, curves A, Band C
The changes in permeability of the 350 000 MW PVDF were obtained from the specimens allowed to dry prior to
resulting from elastic deformation are shownFigure 10 deformation for 30, 60 and 120 min, respectively. As was

Curves B and C indicate that, up to 2.4% elongation, an discussed earlier fafigures 7—10Qthe relative intensities of
increased rate of EtAc diffusion is induced by local strains. curves A, B and C inFigures 11-14result from the
While the strain measurements indicate further deforma- diminished concentration of EtAc over timEigure 4).
tions of this region to 4.8% local strain, the transport  Figure 11lillustrates the integrated intensity of the=O
properties are not enhanced beyond a 2.4% local strain. Thisband, plotted as a function of local and total elongation,
behaviour is consistent with the data presentedable 2 obtained from the plastically deforming region of
where the decreased permeability of the film at 5% total 45000 MW PVDF. As observed in curves B and C of
strain (3.6% local) is observed, and it is likely attributable to Figure 11 increased permeability is detected through 6.7%
the fact that, up to 2.4% local strain, the free volume of the total strain. Similar results were obtained for elastic
amorphous phase increases due to the displacement ofleformations Figure 7). The rate of diffusion increase,
crystallites. Beyond this point, a sufficient number of tie shown in curves B and C dfigure 11is, however, greater
molecules are drawn taut to hinder the freedom of motion of than that for the corresponding data kigure 7. These
the amorphous phase, and thus decrease its free volumeobservations indicate that the larger permeability changes
This behaviour of a high molecular weight PVDF, and its are a reflection of the greater degree of strain in the
lack for lower molecular weight PVDF, can result from the plastically deforming region. In this case, 6.7% total strain
fact that the number of tie molecules depends linearly upon corresponds to 7.6% local strain, as opposed to a 4.8% local
molecular weight®. Therefore, 350 000 MW PVDF should  strain for the regions that experienced elastic deformations.
have many more tie molecules, than the lower molecular Higher permeability of the plastically deforming region is
weight analogs, to be drawn taut and limit diffusion. expected when a larger volume increase is induced at higher
Let us now examine how PVDF with various molecular strains. As seen ifigure 3 7.6% local deformation would
weights and backbone structures respond to plastic be expected to resultin an approximately 3% increase of the
deformations. Prior to the yield point, elongation of the amorphous phase specific volume for a 50% crystalline
film results in elastic deformation along the entire length of polymer.
the film. However, the narrowed region of the filFidure 1) A comparison of the results shown Figures 7and 11
experiences greater stresses per unit area than the remaindedso indicates a significant difference between the
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Figure 12 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 59 000 MW, experiencing plastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively
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Figure 13 Integrated intensity of the band at 1768 thplotted as a function of elongation. Data obtained from PVDF of 150 000 MW, experiencing plastic
deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively

permeabilities of the elastically and plastically deforming macroscopic scale. The maximum rate of EtAc diffusion
regions of the specimen, when elongations greater thanfrom the specimen at 14.2% local strain occurs when the
6.7% total strain are imposed. This behaviour is attributed to specimen volume has expanded less than Biguge 3. As

the fact that, when the yield point of the polymer is passed, shown inFigure 11, at elongations greater than 14.2% local
structural changes no longer occur in the elastically strain, the rate of EtAc entrance to the vapour phase depends
deformed regions of the film. As a result, the decreased upon its concentration in the film, resulting in the decreasing
rate of EtAc diffusion from the film observed for elastic rate of exudation.

deformation is detectedF{gure 7), because the rate While the trends in permeability as a function of strain for
becomes dependent on the EtAc concentration within the 45000 and 150 000 MW PVDF shownhigures 11and13,

film. However, for plastically deformed regions, void respectively, are in agreement with trends observed in the
formation is observed beyond the vyield point, which previous studies, the results presentedFigure 12 for
corresponds to 6.7% total strain, and the permeability of 59000 MW PVDF more closely resemble those obtained
the film appears to increase sharplyigure 11). Void for 350000 MW PVDF. Let us temporarily postpone their
formation continues to increase through a local strain of discussion and first re-visit the results for 45000 and
14.2%, and parallels an increasing rate of EtAc diffusion. 150000 MW PVDF. Curves B and C &iigures 11and13

The number of voids in the plastically deforming region of show an increased permeability through 6.7% total strain,
the film reaches a maximum when the transformation of beyond which they exhibit a rapid increase of permeability.
spherulitic to fiborous PVDF begins at 14.2% strain on a However, while the permeability of the 45000 MW PVDF
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deformation. Curves A, B and C represent films dried 30, 60 and 120 min prior to elongation, respectively

increases steadily with elongationFigure 11), the
150000 MW specimens show two apparent transitions at
1.9 and 5.7% local straingigure 13. These differences in
permeability are attributed to the number and length of tie |
molecules connecting neighbouring crystals. Since the B I
number of tie molecules is expected to increase linearly
with MW?'®, a larger number of tie molecules would be
expected for 150 000 than for the 45000 MW PVDF. Since A B
their role in transferring stresses through a polymer system
is fairly substantial, the tie molecules play a key role in the - -

>

]

|
1

|

g B . .
permeability changes as a function of elongation. "‘ L Mo
Based on the presented data, we are in a position to depict [ | |~_ B
a scenario for the deformations and the resulting volume < e< ]
changes in PVDF. Inthe case of the 150 000 MW PVDF, the | ~ I
increase of the free volume, which occurs upon elongating a C - _—

polymer with a spherulitic morphology, results from an
increase of the volume of the amorphous phase. As crystalsrigure 15 Schematic diagram depicting the effect of variations in tie
are drawn apart, they interfere with lateral contraction of the molecule length on the deformation behaviour of PVDF
amorphous phase, increasing its volume. As the volume
increases, conformational changes become less restricted
for amorphous phase polymer chains, and the free volumeincrease in the amorphous phase free volume and enhanced
increases. In order for crystals to be drawn apart, stressegermeability. However, in the case of 150 000 MW PVDF,
must be applied, which are transferred through a semicrys-longer polymer chains may result in a larger distribution of
talline polymer through pulled taut tie molecul&sgure 15 the tie molecule lengths. During the early stages of
presents a simplified scheme depicting the effect of tie deformation, such a condition would result in a fraction of
molecules on deformation. For the sake of clarity only tie tie molecules being pulled taut while others remain in more
molecules are shown in the amorphous region. While relaxed conformations. This behaviour is depicted in
Figure 15Aillustrates the tie molecules relaxed prior to the Figure 15C and also explains the apparent transitions in
application of stresgrigure 15Bdepicts the same crystals  permeability for 150 000 MW PVDF shown fRigure 13
after sample elongation, when tie molecules have been Referring again to the original dimensions of the samples
pulled taut by the displacement of crystals from their initial in Figure 1A one notes that the region of the film, which
positions. As a polymer film is elongated, and the crystals shall experience plastic strain, and from which the data in
are drawn apart, an increased number of tie molecules areFigure 13was obtained, varies in width by a factor of two.
drawn taut, and cause displacement of other crystals. The narrowed region of the sample experiences the same
The degree to which amorphous phase free volume stresses as the remainder of the film, resulting in greater
increases, depends on the number of displaced crystals andtresses per unit cross-sectional area, and greater deforma-
the extent of their displacement. Owing to its relatively tions per each elongation step. The degree of strain is greater
short chain length, 45000 PVDF is likely to have a small in the narrowed region than the remainder of the film, and it
distribution of tie molecule lengths. This causes all tie is also anticipated to vary over the length of the plastically
molecules that bridge neighbouring crystals to be drawn taut deforming region. This is because relatively large changes
at approximately the same degree of elongation. This isin the specimen width occur in this region. Therefore, after
shown inFigure 15B This behaviour leads to a continuous the first stage of deformation, up to 1.9% local strain, the
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fraction of tie molecules which have been drawn taut is

expected to be highest in the narrowest segment of the |

specimen, and will decrease as the width of the sample

increases. The degree of volume expansion that occurs in a §

segment of the film upon further elongation depends upon %

how this segment of the network responds to the applied
stresses transferred though adjacent segments with differen
widths. If the taut tie molecules are able to resist being

occurs between the crystals, and the volume expansions

occur elsewhere within the network. If, however, there is a

{1

sufficient enhancement of the local stresses to cause partial

unfolding of the tie molecules previously drawn taut, the

distance between neighbouring crystals and the number of 4 4 " 4

stress-bearing tie molecules will increase. This process will

continue until stresses experienced by each taut tie molecule

are insufficient to cause further unfolding. This is
schematically illustrated ifrigure 15CandD.

Thus, the rate of the free volume increase in a plastically
deforming region is a complex function of the number and
length of the tie molecules, their resistance to unfolding
from their anchoring crystals, and the sample width.
Iterative elongation steps may cause initial volume expan-
sions in even wider segments of the specimen, or further
volume increase of already deformed narrower regions. At
this point, however, we are unable to establish which of
these mechanisms dominates the process responsible for th
local maxima in permeability observed at 5.7% local strain
shown inFigure 13

One of the difficulties in interpreting the data presented in
Figures 11and 13 is the degree of strain at which the
maximum rate of EtAc exudation is observed. For the PVDF
specimens of 45000 and 150 000 MW, exudation maxima
of EtAc are detected at local strains of 14.2 and 17.5%,
respectively. This may result from the crystallite size
differences. Although the PVDF specimens exhibit similar

degrees of crystallinity, as revealed by the d.s.c. measure-

ments Table 1), the crystallites of 45000 MW PVDF are
smaller than those obtained from the 150 000 MW PVDF.
This is suggested by the higher permeability values of
45000 MW samples at 0% straimdble 2, as well as
overall MW-crystallite size dependence discussed earlier.
Typically, a smaller crystallite size and a similar degree of
crystallinity result in the presence of a larger number of
individual crystallites per unit volume. This behaviour
would be more anticipated for 45000 MW PVDF than for
150000 MW PVDF. Following the formation of micro-
cracks between neighbouring crystallites, the crystallites
will continue to separate, and expand the crack, until
surrounding crystallites interfere with their movement, at
which point deformation will occur through the formation of
new cracks. The proximity of neighbouring crystals in
45000 MW PVDF hinders the expansion of cracks, leading
to a more rapid formation of new cracks, and the spread of
crazing through a larger volume of the sample. Maximum
diffusion of EtAc from the film is observed when
microcracks and voids have formed throughout the
plastically deforming regionFigure 1), which occurs at
14.2% local strain for 45000 MW PVDF, and 17.5% local
strain in the case of 150 000 MW PVDF.

Let us go back to the analysis of data for PVDF of 59 000
and 350 000 MW shown iigures 12and14, respectively.
As seen, the diffusion of EtAc increases during the initial
stages of deformation, followed by a decreased exudation
with further elongation. The macroscopic observation, that
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Figure 16 Scanning electron micrographs of 59 000 MW PVDF after
experiencing local strains in excess of 400%: (A) film surface; (B) cross
section taken near film surface

these films undergo transformation to a fibrous morphology
with little whitening, suggests that the void formation still
occurs, but is limited. To determine the structure of the
fibrous region of these specimens, the micrographs shown in
Figure 16 were collected from the fibrous region of a
59000 MW PVDF specimenFigure 16A depicts the
specimen surface, with the fibres parallel to the direction
of applied strain. These results agree with those obtained for
the 150000 MW PVDF specimenFigure 6B. The
fractured cross section of the 59 000 MW PVDF specimen,
shown inFigure 16B also exhibits the fibrous structure seen
on the film surface. A comparison of the cross sections of
the 59000 Figure 16B and 150000 Kigure 64 MW
PVDF reveals a significant difference between the specimen
morphology. The cross section of the 59000 MW PVDF
appears nearly continuous, with the presence of only a few
voids. The cross section of the 150 000 MW PVDF exhibits
a great deal of texture, which is attributed to the presence of
a large number of voids in the specimen prior to fracture.
Analysis of the micrographs presentedrigure 16shows
that, while the 59 000 MW PVDF specimen does take on a
fibrous morphology upon uniaxial elongation, the process
does not involve the creation of a significant number of
voids in the network. The failure of these specimens to
exhibit extensive void formation during their transformation
to the fibrous morphology, combined with the relatively low
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Table 3 Stress—strain data acquired from the specimens examined in this Interestingly enough, the 59000 and 350 000 MW PVDF

study specimens melt at 16C and 163C, respectively, while the
Molecular HHTT defects Young’s modulus Yield strengtho, 45000 and 150 OOO_MW PVDF specimens melt at 058
weight (%) E (Nmm™) (Nmm™ and 170C, respectively. These data indicate that the
45 000 9-10 78 0.2 418+ 20 crystals of the 59000 and 350 000 MW specimens are less
59 000 11-12 4.6 36.6 stable relative to those with 45000 and 150 000 MW.

150 000 9-10 7.4 457 However, it should be kept in mind that the melting
350000 11-12 5.5 36.7 temperatures do not reflect how the crystalline phase

stability is affected by external stresses. Therefore, in
degree of strain at which the maximum rate of EtAc order to determine the effect of crystal stability on the
diffusion is achieved, indicates that the formation of a large response of the specimens to deformations, independent
number of voids in the network is a key feature for stress—strain experiments were performeable 3lists the
maximum permeability. Therefore, before continuing values of the Young's modulu€) and yield strengthd),
further analysis of the 59000 and 350 000 MW specimens, obtained from the specimens examined in this study. The
let us identify the factors which contribute to the void 45000 and 150000 MW PVDF specimens haygalues of
formation during uniaxial elongation. 41.8 and 45.7 N mr?, while the oy values of the 59 000

Microcracks and voids are formed when neighbouring and 350000 MW PVDF specimens are 36.6 and
crystals move apart. In order for the crystals to be displaced,36.7 N mm 2. These data indicate that greater force is
stresses must be applied to them by taut tie molecules. If therequired to pull tie molecules from the crystals formed by
force required to displace the crystals is greater than thethe 45000 and 150 000 MW PVDF, relative to the 59 000
force required to unfold tie molecules from their anchoring and 350 000 MW PVDF. This suggests that the crystals of
crystals, limited void formation may be expected during 45000 and 150000 MW specimens have a greater number
transformation from the spherulitic to the fibrous morphol- of intermolecular interactions with the embedded tie
ogy. The amount of stress required to unfold tie molecules molecule segments, which indicates the presence of fewer
from the crystals is anticipated to be a function of the crystal defects in the crystals. The stability of the crystals is also
perfection. The greater the number of intermolecular reflected in theE values. 45000 and 150000 MW PVDF
interactions between the segment of the tie molecule in exhibit E values of 7.77 and 7.39 N mrf, while the E
the crystal and the neighbouring crystalline phase, the values of 59000 and 350000 MW PVDF are 4.58 and
greater the force required to cause unfolding of the tie 5.46 N mm? respectively Table 3. The greater resistance
molecule. Defects in chain structure and irregularities in the to deformation of the specimens with the lower defect
crystal lattice might be expected to reduce the number of content suggests that the tie molecules pulled taut in the
interactions, and therefore, decrease the stress required tearly stages of deformation are more likely to resist being
unfold a tie molecule from the crystal. pulled from their anchoring crystals.

The melting temperature of the crystals may be also In addition to the stability of the crystals, one may argue
expected to be influenced by variations in the crystal size that theE ando, values of the specimens depend upon the
and the crystal perfection. The melting temperatures of the number of tie molecules in the network. While this issue is
specimens examined in this study are presentéichbsie 1 most certainly the case, the number of tie molecules does
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not play a significant role in theE and o, values,

because 45000 MW PVDF, which is expected to have the

smallest number of tie molecules, exhibits a greatgr

(41.8 N mm?) than the 350000 MW PVDF (36.7 N mir),

for which the highest number of tie molecules is anticipated.
According to the data presented imable 3 and

constant stresses. The sensitivity of the photoacoustic
technique to species in the gas phase makes it an ideal
tool suited for determination of desorption diffusion
coefficients, while using volatile diffusants as a probe of
network permeability. Furthermore, RPRTi.r. spectro-
scopy is also capable of determining relative changes in

experimental evidence, it appears that there is a correlationpermeability as a function of specimen elongation.

between the void formation in the network and thendE
values observed during the transition from the spherulitic to
a fibrous morphology. 45000 and 150000 MW PVDF
exhibit higho, andE values Table 3 and the formation of a
large number of voids during the transformation from the
spherulitic to a fibrous morphology, while 59000 and
350 000 MW PVDF exhibit relatively little void formation,
and significantly lower, andE values. These data suggest

The strain dependent permeability in PVDF is affected by
molecular weight and chain defect content in the following
ways: (1) molecular weight affects the size of individual
crystals of the crystalline phase and has a significant effect
on the PVDF permeability; (2) the increased number of tie
molecules in the network for higher molecular weight
PVDF changes the network permeability upon application
of external stresses; (3) while PVDF with 45 000, 59 000 and

that stresses applied to the 59 000 and 350 000 PVDF causé 50 000 MW exposed to 5% deformation exhibit increased
the tie molecules to be pulled from the crystals, before the permeability, the increased content of taut tie molecules in
crystals experience adequate stress to result in displacementhe amorphous phase for 350 000 MW PVDF results in a
sufficient to cause microvoid and crack formation. decrease in permeability; (4) the number of chain defects in
One issue that may result in the decreased perfection andPVDF polymer chains has a significant influence on
lower stability of the crystals in 59000 and 350000 MW plastic deformations. PVDF specimens with the 9-10%
PVDF is the number of defects in the polymer chain. Aswas HHTT chain defect content exhibit yield strengths of
shown inTable 1 the 59000 and 350 000 MW specimens >40 N mm2, while the specimens with 11-12% chain

contain more HHTT defects than the 45000 and
150 000 MW specimens. Although one would not anticipate
that significant changes in the crystal stability may be
caused by relatively small differences in the number of
HHTT defects, their effect on crystallization behaviour of
PVDF should not be ignored. As indicated in the
Introduction, upon cooling from the melt, PVDF is expected
to crystallize in thea crystalline form. However, PVDF
with an excessive concentration of HHTT defects crystal-
lizes in the@ crystalline form. Lovingeret al.** demon-
strated that when PVDF with 11.4 mol% defects was
guenched from the melt, the crystalline phase was the
dominant feature. A 14 mol% HHTT defect content was
sufficient for PVDF to crystallize in thg phase.

Figure 17 schematically depicts how the presence of
HHTT defects may affect chain conformation of PVDF.
Each F and H irFigure 17represents the superposition of
two fluorine or hydrogen atoms. The fact that HHTT defects
would lead to preferential crystallization of PVDF in the
phase results from the relative van der Waals radii of F
(1.35A) and H (1.1-2 A. As seen inFigure 17A the
presence of HHTT defects in the polymer chain should have
a relatively small impact on atrans chain conformations.
This is primarily due to the difference in van der Waals radii
of F and H. However, for TGTGconformations, shown in
Figure 178 introduction of HHTT defects would resultin F
atoms being 2.31 Aapart. Since twice the van der Waals
radius of F is 2.70 Athe presence of HHTT defects should
decrease the possibility efphase crystallization. When the

chains assume TT chain conformations, which is character-

istic of the 8 crystalline phase, they disrupt the phase.
Therefore, a reduction in polar intermolecular interactions
between the nucleophilic F and electrophilic H atoms will
occur, and lower the stability of the crystals. This issue is
particularly relevant for 59 000 and 350 000 MW PVDF.

CONCLUSIONS

RPA FTi.r. spectroscopy was demonstrated to provide
guantitative means of obtaining diffusion coefficients for
PVDF specimens with various molecular weights under
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defect content yield at approximately 37 N mfm
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