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Abstract

Addition of 4 different polystyrenes (PS) with various molecular weights to PVDF matrix has been studied.
Morphology of samples were studied by Scanning Electron Microscopy (SEM) and crystallinity of samples
were tested using FTIR. Melt viscosity and mechanical behavior were examined using rheometric and
tensile was applied to study mechanical properties. All mechanical properties except Young’s modulus
deteriorated in composites for low compatibility between them. SEM micrographs revealed a dispersed
shape for the minor phase of no regular geometrical shape. FTIR spectra showed increase in § phase
crystals upon addition of PS up to 39% compared to that of the neat PVDE. The rheological behavior
was rather unusual and showed PS with mediocre storage and loss modulus has higher 8 phase crystal
content compared to highest storage and loss modulus PS.
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Introduction

Poly (Vinylidene Fluoride) (PVDF) is a semi-crystalline thermoplastic fluoropolymer with
a wide range of applications, due to its unique properties such as chemical, heat, oxidation,
and UV stabilities. PVDF exhibits five distinct crystalline phases (a, 3, v, § and € phase), with
the a being non-polar and 3 phase being a need for the polymeric material’s piezo, pyro-,
and ferroelectric characteristics [1-8]. Regarding applications in sensors and actuators, the
piezoelectric effect of the  phase domain is appealing. It is critical to eliminate the use of lead
and to encourage weight reduction when substituting elements like lead zirconate titanate
in order to monitor the health of composite structures and produce smart materials, among
other applications [9].

The non-polar PVDF a phase contain largest portion of crystals in common PVDF through
market. Additional process steps, such as high-pressure treatment, annealing, ultra-rapid
cooling, mechanical stretching of PVDE, electrospinning, or crystallization from solution, are
needed to obtain PVDF with significant fractions of  phase material. Furthermore, adding
fillers to the PVDF melt or solution promotes the creation of the § phase [10-16]. Similarly,
it has been shown that formation of PVDF domains in § phase is favored in the presence of
a second polymer in a composite or block copolymer [17]. Various crystallization processes
from the solvent or from the melt were reported to enhance the 3 phase fraction of PVDF
in composites with, for example, PMMA or PS. Because PVDF and PMMA have significant
intermolecular interactions, PMMA and PVDF are macroscopically miscible in the melt over
the whole composition range [2,18]. Since PVDF and PMMA establish hydrogen bonds, PMMA
and PVDF are macroscopically miscible in the melt over the whole composition range. The
interactions between the CF, and CH, of PVDF and PMMA, respectively, are expressed by the
Flory-Huggins parameter of x,,=0.125 and are strong interactions. However, in PVDF and PS
have of x,,=0.01 which is lower than that of PMMA and by Flory-Huggin’s interpretation must
have better interactions than of PMMA [19,20].

There were cases that explored the use of PVDF/PS membrane for various applications,
they concluded use of PSin PVDF matrix can improve porosity, surface hydrophilicity, hydration
capacity and protein and bacterial absorption [21-24]. Cao et al. [25] studied the effect of
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hybrid fillers (multiwalled carbon nanotubes/silicon carbide
MWCNT/SIiC) and their localization on PVDF/PS composites.
They concluded adding hybrid fillers would reduce size of PVDF
phase significantly and increase electrical resistivity of composite.
Consequently, by carefully locating the fillers in a desired phase, it
is feasible to lower the percolation threshold and create composites
with high thermal conductivity that are electrically insulating [25].
Zhao et al. [26] investigated the localization of Carbon Black (CB)
in PVDF/PS composite and its effect on dielectric properties of
the composite. The composite prepared using an internal mixer
in 190 °C and 150rpm for different time spans. In localization of
CB in PVDF in PVDF/PS, dielectric constant was higher than that
of localization of PS in same composite and the dielectric constant
of ternary mixture was in middle of those dielectric constants of
localization of CB in PS and CB in PVDF [26].

Shao et al. used ternary mixture of High-Density Polyethylene
(HDPE) /PVDF/PS prepared by melt mixing and studied changes in
their morphology. They observed, there are three phases to stable
morphology as a function of mixing time, a significant number of
PS was initially encapsulated by HDPE, which can be attributed
to the low interfacial tension between PS and HDPE. Next, the
entire number of PS migrated to the interface of PVDF and HDPE,
which may have been caused by the high shear stress. Finally,
a portion of PS migrated to HDPE phase, and that is the stable
morphology [27]. Sultana et al. [27] investigated electromagnetic
interference shielding effectiveness (EMI SE) of MWCNT/PS/PVDF
nanocomposite with different process methods and compositions.
This work finds that, because EMI SE scales linearly with complex
permittivity, complex permittivity is the critical element to produce
larger EMI SE in mix nanocomposites. In terms of electrical
characteristics,ithasbeenfound that PVDF/MWCNT nanocomposite
is superior to PS/MWCNT. However, we are able to produce 70:30
PS/PVDF/MWCNT mix nanocomposites at a significantly reduced
cost employing a unique processing method (premixing MWCNT
in PS). Composite nanocomposite’s increased EMI SE is ascribed to
multiple scattering caused by selective localization and improved
MWCNT dispersion in one phase [28]. Liu et al. [28] observed
the changes in dielectric and morphology of barium titanate BT/
graphene nanoplatelets GNP/PS/PVDF composites. Consequently,
the macro layer structure and spatial continuous structure are built
utilizing the GNP-formed micro electric container structure in the
matrix. The dielectric characteristics are enhanced, and a good
prediction of the dielectric constant is also obtained, thanks to the
synergistic action of conductive filler and dielectric 42 filler [29].

Golzari et al. [30] investigated adding a second polymer by
creating block co-polymers, In order to determine the sort of
crystalline phase that formed, block copolymers of Polyvinylidene
Fluoride (PVDF) with either styrene or Methyl Methacrylate (MMA)
were created and examined. lodine transfer polymerization was
used to create PVDF with iodine end groups (PVDF-I), either in
an emulsion or in solution with supercritical CO,. The results of
the experiments that follow clearly demonstrate that, in the case
of block copolymers, the initial crystalline phase of PVDF-I is
transformed into the crystalline phase. Only phase material was

found for ratios of the VDF block length to the MMA block length
ranging from 1.4 to 5 [30]. It is evident that distinct crystalline
and super-molecular structures may be observed in PVDF/PMMA
mixes, depending on the content, crystallization period, and
temperature. By using X-ray diffraction and infrared spectroscopy,
it has been shown that blending with PMMA occasionally causes
the crystalline p modification to partially crystallize. The relative
quantity of this modification grows as the PMMA level rises. Alpha
and beta modifications must both be present in equal proportions in
blends with 20 weight percent PMMA, while the beta modification
may predominate at higher PMMA content levels [31].

In this work we study of the molecular weight of PS on
crystallinity and rheological behavior of PVDF/PS composites
and study morphological changes with PS content in addition to
mechanical properties of aforementioned composites.

Experimental

Materials

PS 1028, PS 1038, PS 1047 and PS 1077 with MFI of 2.4, 3.1, 4.2
and 7g/10min at 200 °C and 5kg load was provided kindly by Petro
Paak PVDF, Hylar 460 was purchased from Solvay (South Korea)
with density of 1.75g/cm? and Hardness of 80 shore D.

Sample preparation

PVDF and PS were weighted and blended into an internal mixer
for 10min at 60rpm and 230 °C then they were formed into desired
shaped via compression molding using (Mini test press, Toshiko,
Japan). The nomenclature of composites is shown in Table 1.

Table 1: Nomenclature of blends.

Sample PS (wt. %) PVDF (wt. %)

PS 28-100 100

PVPS 28-20 20 80
PVPS 28-30 30 70
PVPS 28-40 40 60
PVPS 28-50 50 50
PS 28-100 100

PVPS 38-20 20 80
PVPS 38-30 30 70
PVPS 38-40 40 60
PVPS 38-50 50 50
PS47-100 100

PVPS 47-20 20 80
PVPS 47-30 30 70
PVPS 47-40 40 60
PVPS 47-50 50 50
PS 77-100 100

PVPS 77-20 20 80
PVPS 77-30 30 70
PVPS 77-40 40 60
PVPS 77-50 50 50
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FTIR spectroscopy

A Bruker FT-IR spectrophotometer (Equinox model, Germany)
in ATR mode was employed to obtain IR spectrum of films and to
calculated beta crystal content of the samples.

Scanning Electron Microscopy (SEM)

The Vega model scanning electron microscope, produced by
Teskan in the Czech Republic, was utilized in this study to examine
the microstructure of polypropylene and the nanocomposites made
from it. This particular type of microscope can apply up to 30Kv of
voltage, which is utilized to accelerate the electron and increase its
energy. The samples were initially shattered in liquid nitrogen for
this test.

Tensile test

At a temperature of 230 degrees Celsius, a press machine was
used to create dumbbell samples. A SANTAM machine with an
extensometer was used to assess the stress versus strain test at
room temperature. 13mm was the gauge length, while 5mm/min
was the tension speed. Each dumbbell is 25 and 2mm in length and
breadth, respectively and has a 1mm thickness. It was carried out in
accordance with ASTM D638.

Rheometry

The Polymer and Petrochemical Research Institute’s Dynamic
Rheometric System (RMS), model 501 MCR by Paraphysical, was
used to analysis the materials’ rheological behavior and viscoelastic
characteristics. The figure shows an illustration of this gadget. At
140 °C, all measurements were made. Parallel plates with a 25mm
diameter were employed in these experiments, and in each test,
the gap between the two plates was 1mm. The linear viscoelastic
area of the molten polymer, which was measured by measuring the
linear region in the melt elastic modulus test against varied strain,
was used for rheological experiments. The tests can be repeated
in this location since the imposed strain is low enough to have no
impact on the material’s rheological behavior.

Gel permeation chromatography (GPC)

GPC chromatogram of the virgin polymers was obtained using
an Agilent-1100 series chromatograph at room temperature. A 1wt

Table 3: Mechanical properties of the blends.

% solution of polymer was made in Tetrahydrofuran (THF) and
tested at 1ml/min flow rate.

Results and Discussion

Gel permeation chromatography (GPC)

GPC results are shown in Table 2 and later would be used to
interpret crystallinity and mechanical results.

Table 2: GPC results for different polystyrenes.

Mn (10°%g/ | Mw (10°g/ | Mz (10%g/
PDI
mol) mol) mol)
PS 1028 1.74 3.37 5.33 0.51
PS 1038 1.43 3.25 5.35 0.44
PS 1047 1.5 2.97 4.83 0.5
PS 1077 1.32 2.7 4.48 0.49

Mechanical properties

Mechanical properties are shown in Table 3 and Figure 1 shows
SEM images of samples with 20% polystyrene and various melt
index inside a PVDF matrix. To etch the dispersed phase, in this
case polystyrene, from the continuous phase, all the samples were
first etched in toluene solvent. Every sample often exhibited matrix
dropletbehavior. whereas samples PVPS 38-20 and PVPS 77-20 have
larger droplets, samples PVPS 28-20 and PVPS 47-20 have smaller
droplets. Finally, sample 20-77 has a more uniform morphology
than sample 20-38 and the matrix forms smaller droplets, it is in
agreement with their molecular weight and expected. Regarding
the tension at the breaking point, the samples PVPS 28-20 and
PVPS 47-20, which contained smaller droplets in the matrix, had
a tension of 4%, whereas the tension of the samples PVPS 38-20
and PVPS 77-20, which have a more non-uniform morphology. They
had 6 and 5% respectively. The modulus of the samples also shows
a behavior similar to the tensile strength at the point of failure. The
difference of modulus of the samples with smaller droplets in the
matrix is higher than that of the samples containing larger droplets.
The modulus of samples PVPS 28- 20 and PVPS 47-20 is 12.8 and
12.11MPa, respectively, and the modulus of samples 20-38 and 20-
77 is 8.66 and 9.38MPa, respectively. The smaller the droplet size,
the higher the contact surface between the droplet and the matrix,
and as a result, the mechanical properties are higher.

Young’s Modulus (MPa) Strain at Break (%) Stress at Break (MPa)
PVPS 28-20 12.8+1.13 4.03+1.06 21.86%2.08
PVPS 28-30 9.25+1.34 2.95#1 16.97+2.74
PVPS 28-40 8.96+0.61 1.34+0.21 7.75%2.33
PVPS 28-50 12.57+1.23 1.37+0.22 13.63+2.34
PVPS 28-100 34.80+3.58 3.07+0.39 81.57+6.21
PVPS 38-20 8.66+1.21 6.12+1.57 19.91+£2.93
PVPS 38-30 12.86+1.45 2.48+0.42 18.83+3.51
PVPS 38-40 12.23+0.73 1.84+0.15 15.14+0.36
PVPS 38-50 12.19+2.36 1.21+0.42 13.32+7.71
PVPS 38-100 31.06+1.38 3.26+0.53 83.28+9.66
PVPS 47-20 12.11+0.75 4.02+£1.1 19.89+£2.86
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PVPS 47-30 6.25+0.31 2.63+0.54 9.42+1.53
PVPS 47-40 13.82+0.77 1.57+0.17 13.67+2.8
PVPS 47-50 10.80+1.35 1.07£0.24 8.82x1.78
PVPS 47-100 32.59+3.17 3.78+0.8 69.61+3.44
PVPS 77-20 9.38+1.23 5.09+1.92 20.55+3.14
PVPS 77-30 14.88+0.59 2.82+0.59 20.50£2.58
PVPS 77-40 18.576+0.97 1.8+0.57 23.78+4.26
PVPS 77-50 9.52+0.46 1.72+0.26 12.76+3.54
PVPS 77-100 29.37+2.78 2.65+0.41 48.86+3.86

Neat PVDF 11.86+1.23 117.39+18.73 33.43+3.22

Figure 1: a) PVPS 28-20 b) PVPS 38-20 c) PVPS 47-20 d) PVPS 77-20.

S0um

-

50U rrt

Figure 2: a) PVPS 28-20 b) PVPS 28-30 c) PVPS 28-40 d) PVPS 28-50 blends.

Polymer Sci Peer Rev ] Copyright © Ali Akbar Yousefi




PSPR].000620. 5(4).2024

Figure 2 is related to the SEM micrographs of samples
containing 28wt% styrene with different percentages of 20, 30, 40
and 50 in the PVDF matrix. As in the previous step, all the samples
were first etched by toluene solvent to separate the dispersed
phase of polystyrene from the continuous phase. According to the
pictures, the most uniform morphology with the smallest size of
scattered droplets is observed in the 20% sample. As the percentage
of polystyrene increases, the homogeneity of the morphology
decreases and the size of the droplets increases, and in the 40%
sample, the morphology gradually changes from the matrix drop
to two continuous phases or very large droplets are formed. The
reason for this is that these two polymers are immiscible and form
a weak interface with each other [29]. To strengthen this interfacial
region, it is better to use a compatibilizer.

The tensile properties of the considered polymer composites
are given in Table 3. The highest tensile strength is related to the 0%
sample, whose value is 21.86MPa. As the percentage of polystyrene
in the mixture increases, the tensile strength decreases. The tensile
strength of the sample containing 50% polystyrene with a 38%
decrease reaches to 13.63MPa. As mentioned in the morphology
section, the mixture of these two immiscible polymers is not
compatible with each other and as a result, the tensile strength will
decrease with increase in the percentage of dispersed phase. This
is also true for the tension at the breaking point and the highest
tension belongs to the 20% sample with a 4% increase in length.
After that, the sample containing 30% polystyrene shows a length
increase of 2.95% and finally, the samples with 40% and 50%
polystyrene in the PVDF matrix have a length increase of 1.34%
and 1.37% respectively. The addition of different nanoparticles to
the PS and PVDF matrix has been mentioned in the references to
reduce elongation to tear [32,33].

According to the obtained results, the modulus of the samples
does not show much dependence on the composition of the
percentage of styrene in the mixture and is in the range of 12 to
12.8GPa. Since the modulus of pure polystyrene is 34.8 and the
modulus of pure PVDF is 11.86, as the amount of polystyrene in the
samples increases, the modulus of the samples should also increase.
However, due to the small compatibility between the two phases,
this does not happen, and the modulus remains almost constant
[34,35]. the rest of samples followed the same patterns and shown
same behavior with increasing styrene content.

Crystallinity

Table 1, the degree of crystallinity of alpha and beta phases
in samples containing PVDF is shown. The amount of beta type
crystals is calculated from formula 1 [36].

P e )
(126 4()) + 4(B)

In the above formula, A(a) shows the absorption rate at the
peak of 763cm™, A(B) shows the absorption rate at 840cm™, and
F(B) shows the percentage of beta crystal (Table 4). Figure 3 show
the ATR spectroscopy spectrum for different samples. In these
Figures, the alpha peaks cm™ (531, 614, 763,796 and 976) and the

5
beta peaks cm? (511 and 840) are in Figure [37].
Table 4: 3 phase crystal content of prepared samples.
Sample F(B)
PVPS 28-20 0.48
PVPS 28-30 0.51
PVPS 28-40 0.51
PVPS 28-50 0.5
PVPS 38-20 0.64
PVPS 38-30 0.58
PVPS 38-40 0.63
PVPS 38-50 0.62
PVPS 47-20 0.61
PVPS 47-30 0.58
PVPS 47-40 0.64
PVPS 47-50 0.61
PVPS 77-20 0.52
PVPS 77-30 0.52
PVPS 77-40 0.52
PVPS 77-50 0.53
Neat PVDF 0.46
P
28-50
2 "
— 28-40 !
g
;% 28-30
28-20
| Neat PVDF
2400y 'I:l'rﬁJ(J IZIIKJ‘ LN

Wavenumber ( 1/em)

Figure 3: FTIR graphs of PS 1028 with PVDF and neat
PVDF.

The peaks in this range are used to determine the relative
percentage of crystalline phases. As it was mentioned before, the
amount of beta phase is effective in determining the piezoelectric
behavior of the polymer and increasing the amount of beta phase
increases the piezoelectric behavior of the material. But it is never
mentioned in the references that there is a direct relationship
between these two. But the mechanical process of stretching the
samples turns the alpha phase into beta, and this change is well
visible in the infrared spectra [38-40].

Rheological properties
Table 5 shows power-law parameters and crossover point and
slope of storage modulus in plateau region
* 7]71
5" =K|ql
In this formula K and n are power-law constant and w is
frequency.
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Table 5: Flow parameters of the blends.

Sample n Power Law (£1%) Cross Over Point Frequency (Hz) Slope of Pla(tf; (:/lo ;{ egion of ¢
PVPS 28-20 0.365 Solid-like* 0.56
PVPS 28-30 0.42 Solid-like* 0.59
PVPS 28-40 0.443 Solid-like* 0.63
PVPS 28-50 0.561 53.466 0.64
PVPS 38-20 0.457 Solid-like* 0.67
PVPS 38-30 0.457 0.3177 0.67
PVPS 38-40 0.49 6.706 0.73
PVPS 38-50 0.564 32.646 0.78
PVPS 47-20 0.366 Solid-like* 0.59
PVPS 47-30 0.42 0.0144 0.65
PVPS 47-40 0.433 0.0103 0.62
PVPS 47-50 0.56 53.423 0.64
PVPS 77-20 0.425 0.2734 0.66
PVPS 77-30 0.442 0.0164 0.53
PVPS 77-40 0.491 10.39 0.52
PVPS 77-50 0.522 37.49 0.56

PVDF neat 0.361 0.0325 0.62

By checking (Figure 4), it is possible to check the mixed
viscosity and storage modulus for sample 1028. In this diagram, by
adding polystyrene to PVDF, it causes the chains to slide, and the
chains rotate more easily on each other, and ultimately reduces the
friction between the PVDF chains. As a result, the modulus of the
chain and composite should be reduced because of softening in the

PVDF chains [41-43]. It can be seen in (Figure 4) that the polymer
composites follow the same process. The samples with polystyrene
1028 have the best performance in storage and mixed modulus,
and then 1047 performs better among the polystyrenes. This is in
agreement with their molecular weight.

1wt
. T
- = g g f [
10° - <<t og@¥ H;;i:‘
n L] i. e
e = | L] i : i - m O i 'I
10° - .l'-."‘:" l...l.:t B
- & & ™ &
a® g S - " T
o) W= P 5 * = A oo$ o
By i ®  _ * B . ¥ ‘E
EJ 2 L & & - “} :'.
£ O
) * = PVPS 2820 o ®  PVPS 28-20
109 n " PVPS 28-30 % PVPS 28.30
* 4 PYPS 28-40 * A4 PVPS2840 | g
. * T PVPS 28-50 » v PVPS Z8-50
101 o + PVPS 28-100 * PVYPS 28-100
d Neat PVDF Neal PVDF
10° . T e TR, ! v vy rrveen t 10
10 i’ 1 10’ iy i 10 10 [ 10 1
wm (s ™) wig")
Figure 4: Storage and loss modulus of PVDF with PS 1028 composites with different percentage.
Conclusion at a temperature of 230 °C and 60rpm for 15 minutes. The Young’s

In this research work, by adding PS to PVDF with various
molecular weight, the piezoelectric properties were measured in
relation to the Rheology and 8 phase crystals of the PVDF. In this
research, the samples were mixed and prepared in an internal mixer

modulus did not change significantly in the PS/PVDF composite
samples, but the tensile strength and elongation at break were
clearly reduced, which indicated the incompatibility of the two
polymers, and this did not change significantly with the change in
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molecular weight, although in the weight Lower molecular weight
showed better mechanical properties.

In the crystallization study of the prepared sample, the best
performance in the formation of the beta phase and the percentage
of the beta phase belonged to the mixture containing PS 1047,
which has a lower molecular weight than PS1028, which can
indicate the slowing down of the chain movement in very high
molecular weights. In the rheological studies, Power-law constant
in PVPS 28-20 is the closest to pure PVDF, but overall, this number
has decreased in all composites. After the mentioned mixture, the
lowest Power-law constants belong to PVPS 47-20 and PVPS 47-30
which have shown highest crystallinity between samples prepared
which shows higher viscosity to some degree helps creation of f3
phase crystals.
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