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ABSTRACT: To select a suitable kind of resin for prepar-
ing films, the melting point (T),,), thermal decomposition
temperature (T,), and stretch property of polyvinyl fluo-
ride (PVF) as a function of the viscosity—average molecular
weight (M,,) were investigated. The results showed that T,
and maximal stretch ratio of extrusion-cast PVF films grad-
ually increase with the increase of M,. T, also increases
when M, is below 400,000, but keeps invariable when M,
is beyond 400,000. Six different kinds of PVF resin samples
in this article were classified into three types, according to
their particle morphologies: (1) loose-structured PVF (PVE-
A and G); (2) tight-structured PVF (PVF-F); and (3) inter-
mediate-structured PVF (PVE-B, E, and H). The effects of
the morphology on the solvent absorbability of PVF were

studied. The results indicated that the loose-structured
PVF has better absorption capacity to solvent than does
tight-structured PVF. The processing temperature can be
considerably reduced when N,N-dimethylformamide (DMF)
as a plasticizer was mixed with PVF, and the diminished
magnitude depends on the absorption capacity of PVF to
DMEF. The evaporation of DMF is influenced by both mo-
lecular weight and particle morphology of PVF, and the
final residue of DMF in the PVF/DMF mixture is depend-
ent on the molecular weight of PVF. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 102: 1780-1786, 2006
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INTRODUCTION

It is well known that polyvinyl fluoride (PVF) has
good properties, such as excellent resistance to out-
door weathering exposures, a high degree of physi-
cal toughness, chemical inertness, transparency, and
retention of properties at both low and elevated tem-
peratures in the film form." PVF has wide applica-
tions in aviation, architectural decoration, anticorro-
sion, agriculture, and food packing, and is a kind of
excellent engineering plastic that is indispensable in
industry.?

Although PVF is one of the thermoplastic poly-
mers, it has high melting point and viscosity. The
melting behavior of PVF is always accompanied by
the partial decomposition of PVF in air. As a result,
the melt processing of PVF becomes quite difficult,
and the PVF film manufacture has been limited to
solvent-extruded method, which requires high boil-
ing point solvents as processing aids.’ By far, a great
deal of researches on the production and properties
of PVF films have been carried out, but only Du
Pont Co. has PVF film products with the brand of
TEDLAR.*
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The difficulties in the film process lead to a limita-
tion in the production and applications of PVF films.
Therefore, it is very significant and meaningful on
how to improve the PVF process technology. The
advanced preparing methods of PVF films were
described in a few of the patents."”® However, it is
a notable fact that the differences of the molecular
weight, particle morphology, and microstructure of
PVF resins, which is due to the diversity of synthetic
conditions,” have the potential influence on the pro-
cessing properties of PVF films. Therefore, the inves-
tigation on the correlation between the characteristics
of PVF resins and film processing properties is not
only theoretically significant, but also beneficial to
optimize the performance of PVF films. Simril and
Curry® have proved that the film prepared by using
high-molecular-weight PVF has provided with more
excellent toughness, higher tensile strength and flexi-
bility, and better resistance to outdoor weathering.
Lu’ studied the particle morphology and microstruc-
ture of PVF resin by SEM. But, there has been little
work toward establishing the relationship between
the molecular weight and morphology of PVF and
the film processing properties.

The present work is aimed at understanding the
effects of the different characteristics of PVF resins
on the film processing properties and finding out the
optimal resin to fit for the film production.
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EXPERIMENTAL
Materials and chemical agents

Six PVF resin samples used in this study were obtained
from Zhejiang Lantian Environmental Protection Ma-
terial Co. (Hangzhou). PVF resin was synthesized by
the suspension polymerization of the fluoroethylene
(VF) monomer in a deionized water medium, with
2-methylpropionamidine dihydrochloride as the ini-
tiator, at the temperature range from 60 to 70°C. The
different characteristics of PVF resins result from the
simultaneous varieties of several technological param-
eters. According to different polymerization conditions,
these six different samples were named as PVF-A,
PVE-B, PVF-E, PVE-F, PVF-G, and PVF-H (white pow-
der), respectively. N,N-dimethylformamide (DMF, the
boiling point of 153°C at 101.3 kPa), with the purity of
99.5%, was used as the solvent in this study.

PVF films’ formation

PVF resins were dried at 85°C for 4 h in a vacuum
oven (DL102, Tianjin) prior to mixing. The com-
pounds of resins and solvents, with the different mass
ratio of resin/solvent, which depended on the solvent
absorbability of PVF, were prepared in a high-speed
mixer (GHI10, Beijing). The mixing conditions were
the same for all samples, with the temperature of 60°C,
rotational speed of the stirring paddles of 1500 rpm,
and mixing time of 10 min. After mixing, the com-
pounds were immediately sealed in glass containers.
Three days were needed to ensure that the solvents
would completely penetrate into PVF resins. Then
the compounds were extruded via a 30-mm Brabender
single-screw extruder (PLD651, Germany) equipped
with a 160-mm wide sheet casting T-die head. The
extruding speed was 30 rpm, and the set temperatures
of the head section varied from 130 to 170°C corre-
sponding to the different kinds of PVF resins. The melt
extrudates were quenched into a water bath at 23°C
to form solvent-containing PVF films. Then the films
were passed from the water bath into a stretching
apparatus, and the tensile force applied on the films
was provided by the clamp force between the first and
second roll of the stretching apparatus. The tensile
direction was parallel to the extrusion direction of
extrudate. Longitudinal stretch ratio can be controlled
by varying the rotational speed of the stretcher. There-
after, the stretched films were dried by subjecting the
films under tension, to restrict any dimensional change
to a stream of air at a temperature of about 160°C for
about 20 min.

Viscosity average molecular weight

The intrinsic viscosities ([n]) of the different PVF res-
ins were determined in an Ostwald viscosimeter
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(model 1840 with a capillary of 0.6-mm inner diame-
ter) at 90°C in DMF solution. The viscosity average
molecular weight (M,) was calculated according to
the following relationshiplo: [n] =6.52 ><1075M%80.

Thermal measurements

Differential scanning calorimetry (DSC, from 30 to
250°C) and thermogravimetric (TG, from 40 to 600°C)
measurements were performed at a heating rate
of 10°C/min under nitrogen atmosphere, by using
the model STA-449C thermal analyser (NETZSCH
Company).

X-ray diffraction analysis

X-ray diffraction (XRD) analysis was used to deter-
mine the degree of crystallization of PVF. XRD pat-
terns of PVF were recorded on a Rigaku D/max-
2500B2+/PCX system, using Cu-Ko radiation (A
= 1.5406) over the range of 5-50 degrees (260) at
room temperature. The generator was operated at
40 kV and 200 mA.

Morphology observations

For the morphology characterization, the preparation
of the samples included the following steps: (1) put
10 mL of 99.5% ethyl alcohol into a class beaker with
1 g of PVF resin and stir via an ultrasonic wave, until it
disperses uniformly; (2) take a few drops of suspend-
ing liquid on the specimen platform with pipette;
(3) after the solvent is completely volatilized, the mor-
phology of PVF samples was observed by using a scan-
ning electron microscope (SEM, JSM-6360LV, Japan).
During the observation, at least 10 particles of each
kind of resin were chosen at random from the speci-
men platform. The magnifications were listed in the re-
spective photomicrographs, and those magnification
factors were calibrated using a grid-spacing standard.

BET surface area measurements

BET surface areas of PVF-A, B, and F particles were
analyzed by a Micromeritics ASAP2020 surface area
and porosity analyzer. The samples were outgassed
at 150°C for 10 h. Nitrogen (99.99%) was used as an
adsorptive. Pore volumes of different samples can be
obtained when P/P, equals to 0.99, from which the
porosity (ratio of the volume of open pores to the
total volume of the solid) can be calculated.
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Figure 1 (a) DSC heating thermograms and (b) melting peak temperatures versus molecular weight of PVF resins.

Solvent absorbability

Referring to the Standard of ISO 4608-1984, the sol-
vent absorbabilities of the different PVF resins were
determined in a centrifuger (TGL - 16G) at room
temperature. Some of the operation steps in the orig-
inal standard had been modified considering the
characteristics of the PVF resins. First, 0.5 g samples
of different PVF resins were put into different cen-
trifugal tubes, followed by dropping excessive DMF
solution into each tube. Twenty minutes later, the
quantity of solvent was adjusted, and the liquid level
was kept at 4 mm higher than the solid level. After
the mixtures were treated in the centrifuger at a
speed of 10,000 rpm for 30 min, the residual solvent
was removed carefully, and then the wall of the
tubes was cleaned. The solvent absorbability could
be calculated from the following relationship:

Solvent absorbability (%) = [(my —m1)/m] x 100

where m, my, and m, represent the weight of original
PVEF, PVF plus centrifugal tube, and solvent-absorbed
PVF plus centrifugal tube, respectively. The final data
were obtained from the averages of three test results.

Solvent evaporation

Ten gram of PVF resin and DMF were mixed with
the mass ratio of resin/solvent 100/120 in the
high-speed mixer. The mixing conditions were the
same as described in the previous films’ formation
part. Place the compounds on the watch glasses uni-
formly and obtain their total weight, then put them

into an air-blast oven at 153°C (boiling point of
DMF). The samples were weighted, until the weight
did not change anymore.

RESULTS AND DISCUSSION

The influence of molecular weight on the film
processing properties

Melting temperatures

The DSC heating thermograms of PVF and the varia-
tion of melting peak temperatures as a function of
M,, were shown in Figure 1. The values of M, and
T,, were listed in Table I. As can be seen from the
DSC curves in Figure 1(a), the melting peak of PVF
resins became sharper and sharper with the increase
of M,. That is to say, the fusion temperature range
of higher-molecular-weight PVF is narrower than
that of lower-molecular-weight PVF.

It can be found in Figure 1(b) that the T,, of PVF
remarkably increased with the increase of M, when
the M, was below 400,000, but they were almost

TABLE I
Effects of Molecular Weight on the Various
Properties of PVF Resins

Samples of PVF

A B E F G H
M, (107%) 28 266 313 320 387 79.0
T, °C) 178.5 180.5 185.3 185.7 200.6 200.3
T, (°C) 379.0 404.5 413.1 4142 4189 421.6
Crystallinity = 2 (%) 54 56 60 60 67 68
Maximal stretch ratio 1.5 2.0 2.7 3.0 4.0 6.0
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Figure 2 TG curves of three kinds of PVF resins with dif-
ferent molecular weights.
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kept invariable when M, was beyond 400,000. This
phenomenon should be in connection with the crys-
tallinity of PVF listed in Table L. It can be found that
the higher the degree of crystallization the higher
was the T, value. This indicates that the higher-mo-
lecular-weight PVF may form more relative perfect
crystals, which led to a narrower melting peak and a
higher melting point. Besides, the broadening of the
melting peaks may also result from a low polydis-
persity index in PVF, and this topic will be dis-
cussed further in our forthcoming study.

Thermal stability

Figure 2 showed the TG curves of three kinds of
PVF resins whose molecular weights were very dif-
ferent. It can be found that the PVF samples heated
in nitrogen showed one-step decomposition thermo-

Figure 3 Three types of particle morphology of PVF resins: a,a’-PVF-A, b,b’-PVF-B, c¢,c’-PVF-F.
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TABLE II
Analytical Data of Six Kinds of PVF Resins

Samples of PVF
A B E F G H

M, (107 228 266 313 320 387 79.0
BET surface area (m?/ g) 2118 1291 - 705 - -
Porosity (%) 20.8 95 - 6.0 - -
Solvent

absorbability = 5 (%) 232 190 196 178 222 192
Processing

temperature (°C) 130 150 155 165 165 170

Final solvent residue® (g) 1.6 20 27 30 39 42

@ The final solvent residue equals the residual weight of
PVF/DMF mixture minus the weight (10 g) of PVF in the
mixture.

gram. This result was similar to the experimental
conclusions described by Rosenberg et al."' They re-
ported that PVF degraded with concurrent hydrogen
fluoride loss and backbone cleavage at a certain tem-
perature. In addition, the thermal decomposition
temperature (T,;) of PVF rose obviously according to
the increment of molecular weight. As can be seen
from Table I, the T, value of PVE-H was 42°C higher
than that of PVF-A. This result indicates that the
thermal stability of the high-molecular-weight PVF is
better than that of the low-molecular-weight PVF.

Stretch ratio

The highly oriented PVF films are better with respect
to the tensile, impact, and burst strengths. The less-
oriented PVF films are better with respect to the tear
strength and lack of shrinkage at high temperatures.'?
Therefore, the stretch ratio is one of the most impor-
tant factors influencing the properties of PVF films.
Besides external temperature, molecular weight of
PVF is also a critical factor that greatly affects the
stretch ratio of extrusion-cast films. Table I showed the
maximal stretch ratio (the stretch ratio of the film at the
breaking point in longitudinal direction) of extrusion-
cast PVF films. It can be found that the maximal stretch
ratio of PVF films significantly increased with increas-
ing molecular weight. This phenomenon mainly arises
from the characteristic of PVF. Unlike many other nor-
mally crystalline thermoplastic polymers, PVF appa-
rently cannot be obtained from the amorphous state by
rapidly quenching at the temperature above its crystal-
line melting point.' Instead, PVF with a certain degree
of crystallization can be obtained. Usually, with the in-
crement of molecular weight of a crystalline polymer,
the amount of engagement chains between crystallites
increases,'® which would retard the break of films at
the same stretching force. Therefore, the high-molecu-
lar-weight PVF had higher maximal stretch ratio.
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The influence of particle morphology
on the film processing properties

Solvent absorbability

According to the accumulated density and form of
primary particles with the size range from 0.15 to
0.25 pm, PVF can be roughly classified into three
types: (1) loose-structure characterized with irregular
and coarse surface of accumulated particles, like
PVE-A and G; (2) tight-structured characterized with
sound and smooth surface of accumulated particles,
like PVF-F; and (3) intermediate-structure, like PVF-
B, E, and H. So PVF-A, B, and F were taken as three
different examples of morphology, and their typical
SEM micrographs were shown in Figure 3.

The surface area and porosity are important pa-
rameters used to characterize the porous structure of
particles. To further verify the differences in the inte-
rior structure and morphology of particles, the BET
surface area and porosity of PVF-A, B and F mea-
sured were given in Table II. As can be seen, the
surface area of loose-structured PVF-A was three
times more than that of tight-structured PVF-F, and
that of intermediate-structured PVF-B was interve-
nient. The porosity showed the same variation tend-
ency as the surface area. It is understandable that
surface area and porosity are comparatively higher
in loose accumulated particles because of more and
bigger pores in both outside and inside of those par-
ticles. The results were consistent with particle mor-
phology, as shown in the SEM micrographs (Fig. 3).

As shown in Table II, the solvent absorbability of dif-
ferent PVF resins did not connect with their molecular
weight, but connect with their particle morphologies.
The solvent absorbability of sample PVF-A, B, and F,
during the same time, was sequentially reduced. Com-
bined with the SEM micrographs, surface area, and po-
rosity data, it can be found that the loose-structured
PVF is adaptive to absorb more solvent, and the rate of
absorption is higher than the tight-structured PVF.

Different states of PVF resins with different solvent
absorbability after mixing with DMF were observed.
In case of sample A and F, as shown in Figure 4, the

Figure 4 Photos of the compounds of PVF-A and PVF-F
with 120 phr of DMF.
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compound of PVF-A and 120 phr of DMF looked like
moist sands and felt a little greasy, but the com-
pound of PVF-F and 120 phr of DMF was like a kind
of dilute paste. This is another evidence for the excel-
lent solvent absorbability of loose-structured PVF.

Processing temperatures

From Table II, though processing temperatures of
PVF resins were still incremental with the increasing
molecular weight, the comparison between the melt-
ing temperatures of PVF and the processing temper-
atures (the set temperatures of head section of ex-
truder) of PVF plasticized with DMF, as shown in
Figure 5, showed that DMF used as the plasticizer
can effectively decrease the processing temperature
of PVF. In case of sample PVF-A and PVF-F, it can
be found in Table II that the processing temperature
of loose-structure PVF-A was 35°C lower than that
of the tight-structured PVF-F. The results indicated
that the loose-structured PVF particles are more
prone to break up and melt than tight-structured
PVF particles, after absorbing a great deal of solvent.
Meanwhile, in the course of processing, PVF-A exhib-
ited better plasticity and pliability, while the melt
viscosity was obviously reduced. However, for the
tight-structured PVF-F, the solvent could not com-
pletely permeate between the PVF molecules, and
most of the solvent was attached to the exterior of
the PVF particles, which led to a decrease in the fric-
tion and shear heat among particles and the increase
of processing temperature.

Solvent evaporation

The swelling behavior of PVF in various solvents
has been investigated by Chapiro et al.'* It was
found that solvents can diffuse and insert between
PVF molecules by virtue of the osmotic pressure,
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Figure 5 Comparison between melting and processing
temperatures of six kinds of PVF resins.
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Figure 6 Residue of PVF/DMF compounds as a function
of time at 153°C.

meanwhile C—F---F—C dipoles are separated and
the “free” C—F dipoles couple with the dipoles of
the solvent. Equilibrium swelling is reached when
the osmotic pressure equals to the sum of all binding
forces between macromolecules. Once the osmotic
pressure disappears, the solvent evaporates rapidly
from the swollen polymer.

As shown in Figure 6, the evaporation curves of
DMF in the mixture of PVF/DMF were separated into
three parts. The first part of the curves (up to about
8 min), which were almost superimposed, repre-
sented the evaporation of the particle-exterior solvent.
Growing solvent loss from ~ 8 to 40 min was related
to the evaporation of the particle-interior solvent. It
can be seen that the elimination of solvent in PVF/
DMF samples was dependent of the particle morphol-
ogy of PVF resins. The solvent loss was faster in the
loose-structured PVF-A than in the tight-structured
PVE-F. The reason is that the volatilization resistance
in high-porosity particles is least, and there is more
free solvent inside the loose accumulated PVF-A par-
ticles. In the third part of the curves, which involved
the evaporation of intermolecular solvent, the weights
of PVF/DMF samples gradually tended to be invari-
able, but the final solvent residues were pretty differ-
ent and in direct proportion relations with the molec-
ular weight of polymers. As can be seen from Table
II, the higher the molecular weight the higher was
the final solvent residue. The phenomenon may result
from stronger intermolecular force and exceeding
entanglement between the molecular chains of high-
molecular-weight PVF, which inhibit the evaporation
of intermolecular solvent.

CONCLUSIONS

From the experimental results, the following results
can be concluded: (1) the DSC and TG results con-
firm that the melting temperature and thermal stabil-
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ity of PVF really depend on the molecular weight,
but the effect of the molecular weight on melting
temperature is obvious only when the molecular
weight is below 400,000; (2) the maximal stretch ratio
of extrusion-cast PVF films, at the same temperature,
is significantly increased with the increment of mo-
lecular weight; (3) SEM and BET results demonstrate
that there is a close correlation between the particle
morphology and the solvent absorbability of PVF.
Furthermore, the particle morphology and the sol-
vent absorbability of PVF highly affect the processing
temperature of PVF films; and (4) the evaporation of
DMF mixed into PVF is correlated with both the par-
ticle morphology and molecular weight of PVF.

The authors thank Zhejiang Lantian Environmental Protec-
tion Material Co. for supplying with PVF resins through
project.
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