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ABSTRACT: The crystalline morphology and microstructure during stretching of polyvinylidene fluoride hard elastic film under room
temperature was followed using wide-angle X-ray diffraction (WAXD), differential scanning calorimetry (DSC), and scanning electron
microscopy (SEM). It was found that an endotherm plateau from the contribution of some new crystals formed during annealing
appeared and some thinner lamellae existed in the annealed film. During stretching, the endotherm plateau disappeared and those thin-
ner lamellae transformed into f-phase. At the same time, some initial pores were observed. With increasing stretching ratio from 20 to
100%, the f-phase content increased, whereas within the strain rate range of 0.003—0.034 s~ ', its content was least under 0.017 s~ '. During
stretching, lamellae separation, crystalline morphology transformation and disappearance of grown crystals formed by annealing coex-
isted. From the viewpoint of pore initiation, less crystalline morphology transformation was beneficial for the lamellae separation.

Higher stretching ratio resulted in the breakage of separated lamellae. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40077.
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INTRODUCTION

Because of its excellent chemical inertness and good physical and
thermal stability, polyvinylidene fluoride (PVDF) as a material has
attracted a great interest in the membrane industry."™ Normally,
PVDF microporous membrane can be prepared based on phase
inversion process® and thermal-induced phase separation.® Com-
pared with these two methods, melt-stretching method has the
advantages such as no solvent usage and less environmental pollu-
tion, which has been successfully used to fabricate polypropylene
and polyethylene microporous membranes.”

Using melt-spinning and stretching method, PVDF hollow fiber
membrane was prepared by Du,” where the samples were firstly
annealed under 140°C for 30 min and then stretched to a ratio of
10-30% under room temperature, followed by a hot stretch with
120% ratio under 80°C. Sadeghi'® prepared PVDF microporous
membrane using cast extrusion and stretching technology, where
cold stretching to 35% strain at room temperature and hot
stretching to 55% at 120°C under the same speed of 50 mm
min
pened during stretching and if there is any relationship between
the crystalline morphology transformation and pore formation.

' were applied. However, it is still unclear what have hap-

As to the crystalline morphology transformation, many works
have proved that when films of PVDF «-phase are mechanically
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stretched or drawn to a certain percent elongation at a given
temperature, the nonpolar crystalline a-phase converts into the
polar f-phase and the f/o ratios are affected by stretching tem-
perature, rate and ratio."" It is already known that stretching at
higher strain rates will result in a more efficient a—f transfor-
mation,'” which is due to that at a higher stretching rate the
relaxation of stress occurring during stretching is lower. As to
the stretching ratio, drawing above 4 brings about the o to f
crystalline phase transformation. Gregorio'”> reported that
stretching at temperatures around 80°C yielded the maximum
conversion to the f-phase. AndreC-Castagnet'* found that dur-
ing stretching below 100°C, the forces could be transmitted on
crystalline lamellae, yielding fragmentation and phase transfor-
mation from o-phase to f-phase. At higher temperatures, poly-
mer chains became more mobile and therefore there was less
conversion. Sencadas'® also reported that the maximum f-phase
content was achieved at 80°C with a stretching ratio of 5.

For stretched PVDF fibers, Mohammadi'® has found that the
f-phase content had an abrupt increase when stretched near
70°C, and then it decreased with increasing stretching tempera-
ture. The highest content of well oriented f-phase, 86.5%, was
achieved during drawing at 50 mm min '. Matsushige'’
reported that for the samples stretched at lower temperatures,
the crystal transformation occurred at the region where necking
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was initiated. Wu'® also found that the alternating necked and
unnecked regions were aligned along the fibers and in necked
regions more o to f§ phase transformation took place than in
unnecked regions.

Normally there are three consecutive stages to fabricate micro-
porous membrane based on melt-stretching mechanism: (1)
production of the precursor film with a lamellar morphology,
(2) annealing of the film to thicken the lamellae, and (3)
stretching of the film at low temperature to create voids and
then stretching at high temperature to enlarge pores. According
to Johnson,' the microvoid morphologies were a consequence
of interlamellar separation. Sadeghi*® summarized that the fol-
lowing phenomena took place simultaneously during cold-
stretching: (1) void formation as a result of chain scission of
short tie chains, (2) slippage of crystal blocks and their reorien-
tation along the stretching direction, (3) stretching of longer tie
chains as shorter tie chains were broken apart, and (4) crystalli-
zation of highly stretched long tie chains. In our previous
work,”"** we have found that during stretching polypropylene
hard elastomer under room temperature, the low temperature
endotherm plateau in the differential scanning calorimetry
curves and the plastic plateau in the stress—strain curves, which
were formed during annealing, disappeared progressively and
their disappearance corresponded to the formation of bridge
structure connecting separated lamellae.

Compared with that of polypropylene microporous membrane,
the preparation of PVDF microporous membrane becomes dif-
ficult and complex, due to the existence of crystalline morphol-
ogy transformation during stretching. Therefore, it is necessary
to make it clear about the crystalline morphology transforma-
tion and pore initiation during room temperature stretching. In
this article, the annealed PVDF film with elastic recovery of
91.5% was stretched under room temperature. The influence of
strain rate and ratio on the crystalline morphology and micro-
structure was investigated.

EXPERIMENTAL

Materials

Extrusion grade PVDF (solef 1010) was supplied by Solvay
(Tavaux, France). The melt flow index was 2 g/10 min (230°C,
2.16 kg load).The melting peak point (7,,) and crystallinity,
obtained from differential scanning calorimetry (DSC; Perki-
nElmer DSC 7, MA) at a rate of 10°C min~ ', were 171°C and
43.0%.

Precursor and Cold-Stretched Film Preparation

The cast film was prepared by cast extrusion through a T-slot
die followed by stretching and thermal-setting. During extru-
sion, the uniaxial (machine direction, MD) stretching was
applied to PVDF melt, which resulted in the oriented crystalline
structures. The die temperature was set at 240°C and the melt-
draw ratio was set at 64. The films were produced under chill
roll temperature of 90°C and the obtained films had a thickness
of 40 um. The prepared precursor film was then annealed at
taut condition for 2 h at 145°C. The stretching of the annealed
film was taken using an Instron 5500R machine equipped with
a heating chamber. The annealed films were stretched under
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Figure 1. WAXD curves of PVDF film stretched to 60% under different
rates. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

room temperature to 20, 40, 60, 80, and 100%, respectively, at a
strain rate of 0.017 s~ '. Also the annealed films were stretched
to 60% under different rate. After stretching, all the films were
heat-set under 145°C for 5 min in order to avoid shrinkage of
the stretched samples after removing the cold stretching load.

Characterization

The engineering stress-strain curve of annealed film was tested
using Instron 5500R machine at a strain rate of 0.017 s~ . The
original length of the sample between the Instron clamps was
50 mm. The true strain is defined as ¢ = (L — L,)/L, where L is
the extended length and L, is the initial length. Assuming the
volume keeps constant in the drawing process, the true stress
can be calculated by the following relation: o,=0 X (1+¢),
where ¢ is the engineering stress.

The thermal behavior was observed using a differential scanning
calorimeter (Perkin—Elmer DSC-7, PerkinElmer). The samples
of about 5 mg were cut from the central area of deformed films.
The cell constant calibration was performed with an indium
standard, and the temperature calibration was obtained with
indium and lead metals. The temperature was raised from 50 to
200°C at a rate of 5°C min~ ' in a nitrogen atmosphere.

The wide-angle X-ray diffraction (WAXD) measurements were
carried out using a Bruker AXS X-ray goniometer (Karlsruhe,
Germany). The generator was set up at 40 kV and 40 mA and
the copper Cu Kua radiation was selected using a graphite crystal
monochromator. The sample to detector distance was fixed at
8 cm.

Surface morphology was characterized by scanning electron
microscopy (SEM, S3400, Hitachi, Japan). All the samples were
sputtered with a platinum ion beam for 300 s before test.

RESULTS AND DISCUSSION

Crystalline Morphology and Microstructure under Different
Room-temperature Strain Rates

To study the crystalline morphology of PVDF films stretched
under different strain rates, the WAXD testing was carried out.
Figure 1 gives the WAXD curves of film stretched to 60% under
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Table 1. The Content of ff-phase under Different Strain Rates

Strain rate (s~ 0.003
39.8

0.01 0.017
33.6 9.8

0.034

B-phase content (%) 26.3

different rates. The peaks at diffraction angles of 17.8°, 18.4°,
20.0°, 26.7°, 33.2°, and 36.0° correspond to (100), (020), (110),
(021), (130), and (200) crystal plane of a-phase.'® It can be
seen for the precursor and annealed film, only a-phase exists.
After stretching, a new weak peak at 20.7° appears. It is known
that the f-phase has only a prominent peak at 20.7° in the
WAXD spectrum attributed to (110/200) planes.23 The WAXD
curves indicate that some content of f-phase is formed and
stretching induces the transformation from «-phase to f-phase.
Using origin peak separation software, the f-phase content was
obtained by calculating the ratio of the crystallinity of f to o
phase and listed in Table I. The results in Table I indicate that
with increasing strain rate from 0.003 to 0.017 s~ ', the content
decreases and then increases again under 0.034 s~ '. This means
that under appropriate rate around 0.017 s~ ', the transforma-
tion from o to f-phase is least. This is in contrary to those
results from other papers,'>** where higher strain rate leads to
higher transformation.

Figure 2 gives DSC curves of PVDF film stretched to 60%
under different rates. Compared with that of precursor film,
after annealing, the pronounced change is the appearance of a
low temperature endotherm plateau around 145°C. This is simi-
lar to that in annealed polypropylene films.”"** Sang-Young
Lee* proposed that at higher annealing temperatures, some
loose tie chain segments probably evolved into crystallites. In
our previous work,”' the plateau existence was attributed to
some crystallization behavior occurrence around initial lamellar
structure. In annealed PVDF fibers, Li attributed it to secondary
crystallization.”® In their view, secondary crystallization corre-
sponded to the progressive formation of a population of unsta-
ble crystals. Under 0.003 s, it is apparent that the endotherm
plateau around 145°C still exists, but it disappears under higher
strain rates. Similar phenomenon has been observed in stretch-

annealed film

0.034s”
0.017s"
0.01s"
0.003s"

precursor film

140 145 150 155 160 165 170 175 180
Temperature/ C
Figure 2. DSC curves of PVDF film stretched to 60% under different
rates. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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ing of annealed polypropylene film under room temperature.*'
The plateau disappearance is related with the lamellae separa-
tion and corresponds to the formation of initial bridge structure
connecting separated lamellae. The plateau existence under
0.003 s~' means that this lower strain rate is not enough to
make the initial lamellae separated. In Table I, the f-phase con-
tent under 0.003 s~ ' is maximum and decreases with increasing
strain rate to 0.017 s~ '. Hence, it can be deduced that the
endotherm plateau does not transform to f-phase during
stretching.

In addition, in Figure 2 there is a weak shoulder around 169°C
for precursor and annealed film. In Sadeghi’s work,'® for PVDF
with low molecular weight, a small shoulder was also seen at
lower temperature. They attributed it to two close lamellae
thickness distributions. The above WAXD results prove that
there is no f-phase in the annealed film. Therefore, the small
shoulder can not come from the f-phase. After stretching under
higher strain rates, the shoulder disappears. The disappearance
of the small shoulder in annealed film during stretching indi-
cates that some blocks of lamellae are torn away from the initial
lamellae. Hence, the weak shoulder in annealed film may be
from some thinner lamellae formed by stress-induced crystalli-
zation during cast extrusion. Combined with the appearance of
f-phase after stretching, it is deduced that these weak crystals
reorganize and recrystallize to form f-phase during stretching.
Similar view has been proposed by Du?’ and they attributed the
phase transformation to the reorganization of some imperfect
crystals existing among the lamellae. To our surprise, after
stretching under 0.003 s ! there is also a shoulder around
169°C, similar to that in annealed film. This may be from the
contribution of higher f-phase content under this strain rate.
As to the melting point of a-phase and f-phase of PVDE, there
are different views in the related works.'"'**® The highest f-
phase cell density provides more packing and higher melting
temperature crystals.”® But Satapathy et al.'**® found that the
melting point of f-phase is less than that of a-phase. In the
sample stretched under 0.003 s~ ', the shoulder temperature is
around 169°C and the main peak temperature is around 171°C.
Under other strain rates, the peak temperatures are around
171°C. The above WAXD result under 0.017 s~ " shows that the
sample is mainly composed of a-phase. Hence, the peak around
171°C is from the o-phase. With increasing f-phase content,
the melting peak from fS-phase becomes pronounced, leading to
the appearance of shoulder around 169°C for sample stretched
under 0.003 s~ .

Figure 3 shows SEM of PVDF film stretched to 60% under dif-
ferent rates. Under 0.003 s~ ', it is apparent that the lamellae
separation behavior is worse, in agreement with the above DSC
result. Under 0.01 and 0.017 s~', apparent pore structure can
be seen. Further increase the strain rate to 0.034 s~ ' leads to
some cracks appearance. Also with increasing strain rate, lamel-
lae deformation becomes pronounced. Contrary to that in
stretched polypropylene film,”' no apparent connecting bridges
can be observed, although some pores have been initiated.

It can be seen that during stretching of annealed PVDF film,
the lamellae separation and the transformation of thinner
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Figure 3. SEM of PVDF film stretched under room temperature with different rates, (a) 0.003 s~ (b) 0.01s7Y (¢) 0.017 s~ %, (d) 0.034 s~ L.

crystals to f-phase coexist. At lower strain rate, the lamellae
separation is not good and the lower rate is not enough to
induce the disappearance of endotherm plateau. At this time
more stress is used to transform the thinner crystals, resulting
in higher content of f-phase. With increasing strain rate to
0.017 s~ ', more stress is used to separate lamellae and better
lamellae separation is obtained, whereas f;-phase content is least.
The formation of initial pore structure competes with the crys-
talline transformation. At a faster strain rate such as 0.034 s ',
the degree of fragmentation and reorganization of thinner crys-
tals induced by stress is large enough to cause a higher f-phase
transformation. At the same time lamellae deformation and
breakage are inevitable.

Crystalline Morphology and Microstructure under Different
Stretching Ratios

Figure 4 gives true stress—strain curve of annealed PVDF film under
room temperature at a strain rate of 0.017 s~ . No typical necking
phenomenon can be observed. After the initial elastic region, a plas-
tic plateau is followed. Then pronounced strain-hardening behavior
is seen. The film shows typical hard elastic behavior. The elastic
recovery when stretched to 80% is up to 91.5%. To follow the crys-
talline morphology and microstructure change during stretching
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under room temperature, the films with strain ratio of 20, 40, 60,
80, and 100%, respectively, were prepared.

Figure 5 gives the WAXD curves of PVDF film stretched to dif-
ferent ratios. Compared with that of annealed film, new peak
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Figure 4. Stress—strain curve of annealed PVDF film under strain rate of
0.017 s~
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Figure 5. WAXD curves of PVDF film stretched to different ratios under
room temperature. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

appears around 20.7° from the contribution of (110) and (200)
plane of f-phase. Using origin peak separation software, the
f-phase content was obtained and listed in Table II. The
content of f-phase increases with increasing strain ratio. Higher
strain ratio induces higher transformation from o-phase to
p-phase. This is similar to the conclusions given by other works
about stretching of PVDF film."" However, even though higher
content of fi-phase is formed under strain ratio to 100%, the
films stretched under room temperature are still mainly com-
posed of a-phase crystals.

Figure 6 gives the DSC curves of PVDF film stretched to differ-
ent ratios under room temperature. After stretching to 20%, the
endotherm plateau formed by annealing almost disappears. As
said above, the disappearance corresponds to the formation of
initial pores in the stretched samples. Also, after stretching to
20%, the weak shoulder in the annealed film disappears and the
melting peak becomes narrower. Upon stretching to 60%, the
maximum melting peak temperature moves to lower value. The
above results indicate that the melting point of f-phase is less
than that of a-phase. With increasing strain ratio from 20 to
60%, more f-phase is formed. The corresponding melting peak
should move to lower temperature. But this effect is very weak
due to the lower content of f-phase. Contrary to this, the sepa-
ration of main lamellae during stretching mainly induces this
change. Further stretching results in the melting temperature to
higher value. Although higher f-phase content under higher
strain ratios should lead the peak temperature to lower value,
some separated lamellae come together again due to the
destruction of pore structure and some thicker lamellae are
formed. Similar phenomenon has also been reported in the
stretching of PP film to higher stretching ratio under room
tempera‘[ure.21

Table II. The Content of f-phase under Different Strain Ratios

100
29.7

Strain ratio (%) 20 40 60 80
B-phase content (%) 5.4 8.6 9.8 23.5
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Figure 6. DSC curves of PVDF film stretched to different ratios under
room temperature. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 7 shows SEM of PVDF film stretched to different ratios
under room temperature. For the annealed film, typical parallel
lamellar structure is observed. When stretched to 20%, few
pores can be seen. Further stretching to 40% initiates some
pores. With increasing strain ratio to 60%, more pores can be
seen. By further increasing to 80 and 100%, the distance
between some separated lamellae increases, but at the same time
lamellae deformation becomes apparent and some big cracks
can be seen. Also some pores are closed.

As shown in Figure 7(a), the stacked lamellar crystals are
formed in hard elastic PVDF film. Between the row-nucleated
lamellae structure, tie chains and entanglement zones exist in
the precursor film. During annealing, the tie chains directly
connecting initial lamellae are included in the crystallization
process, resulting in the appearance of endotherm plateau and
plastic plateau in Figure 4. According to Feng,”” at low tempera-
tures, as the chain mobility was relatively low, the local stress
concentration of the entanglement would be strong. Compared
with the initial row-nucleated crystalline structure in the precur-
sor film, the crystals grown around the initial lamellae during
annealing from the tie chains are weak. Therefore, during the
stretching in the plastic region, these crystals are first stretched
and the stacked lamellae will be separated, resulting in the
appearance of initial pores. After this, the stress—strain curves
moves to the strain-hardening zone. During this stage, the load
is transferred to the residual tie chains and the tie chains may
initiate the fragmentation and tilting of lamellar crystals upon
stretching. The above DSC results show that some thinner crys-
tals among the main lamellae are torn away and reorganized
into f-phase. This is different from the stretching process of
polypropylene hard elastomer, where no crystal transformation
can be observed and the stretching of some lamellae from the
initial lamellae only occurs during the hot stretching process,’
which forms part connecting bridges in the final microporous
membrane. For PVDFE, with increasing strain ratios, the trans-
formation from o-phase to f-phase increases, but higher defor-
mation results in the breakage of the stacked lamellar
structures.
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Figure 7. SEM of PVDF film stretched to different ratios under room temperature, (a) annealed film (b) 20% (c) 40% (d) 60% (e) 80% (f) 100%.

CONCLUSIONS

During the room-temperature stretching of PVDF hard elastic
film, strain rate and ratios show apparent influence on the crys-
talline morphology and microstructure. The lamellae separation,
crystalline transformation from o-phase to f-phase and the dis-
appearance of grown crystals during annealing coexist during
stretching. Under strain rate of 0.017 s~ ' and stretching ratio
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higher than 40%, better initial pore structure is obtained. But
further higher strain rate and ratio lead to deformation and
breakage of main lamellae structure.
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