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Abstract Polyvinylidene fluoride (PVDF)/Polymethyl-
methacrylate (PMMA)/Titanium dioxide (TiO,) composite,
and its films was prepared and studied in detail. The
structure, morphology, crystalline behavior, thermal, and
mechanical properties of PVDF/PMMA/TiO, film were
investigated through FT-IR/ATR, SEM, XRD, DSC, TGA,
and Py-GC/MS, respectively. The results showed that the
blended material and its film have favorable thermal and
mechanical properties. The TiO, particles finely dispersed
in the composite featured by crystalline regions of PVDF
and homogeneous amorphous regions consisted of PVDF
and PMMA, resulting in an advantageous properties and
improvement of tensile strength and elongation at break of
the PVDF/PMMA film. However, the TiO, can greatly
narrow the thermally stable margin of PVDF in PVDF/
PMMA/TiO, composite for at least 100 °C with catalysis
decomposition effect.

Introduction

Fluoropolymer is a well-known class of polymers that
presents excellent protecting properties, and is widely used
as protective materials such as coating and protective films.
Poly(vinylidene fluoride) (PVDF), for example, exhibits
good stability to rigorous temperatures, UV exposition,
aggressive chemical environments, and excellent mechan-
ical properties [1]. These characteristics, in combination
with its shiny appearance and resistance to graffiti [2],
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render it an interesting candidate as protective materials.
However, the high cost has been a limitation for its
widespread applications.

Today, polymer blending is a versatile and widely used
method for optimizing the cost—performance balance and
increasing the range of potential applications [3], espe-
cially for fluoropolymer. PVDF is often blended with
amorphous polymers, among which Poly(methyl methac-
rylate)(PMMA) has been the most studied compatible
polymer with PVDF owing to cost, optical properties, and
performance advantages [4, 5]. Previous reports [6—11]
have indicated that PVDF and PMMA are molecularly
miscible in the amorphous state, and the blends have been
studied extensively by thermal analysis [12, 13], Fourier
transform IR (FTIR) spectroscopy [10], simultaneous DSC/
FT-IR measurement [14, 15], and X-ray scattering [9, 16].
The properties of the blend are highly dependent on
PMMA content; however, increasing the PMMA content
results in an increase in the glass transition temperature and
a decrease in the melting temperature of PVDF. Mechan-
ical properties of PVDF such as impact strength [17] and
tensile strength [18] also dramatically decrease along with
the addition of PMMA. A composition containing 70% of
PVDF and 30% of PMMA is found to have optimal
physical and optical properties: gloss, hardness, and solvent
resistance [19].

As we know, incorporating inorganic particles into
polymer matrix is a practicable way to obtain advanced
materials of composite [20]. In recent years, organic/inor-
ganic composite materials have attracted considerable
attention in both scientific and industrial circles, because
they offer attractive potential for diversification and
application of traditional polymeric materials [21]. As an
inorganic material, TiO, has received the most attention
because of its excellent properties: long-term stability,
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nontoxicity, and its resistance to discoloration under UV
light. Cao et al. have proved that the incorporation of TiO,
particles had strong effect on the performance of PVDF
films [22]. Smillie and Lenges [23] disclosed the PVDF/
PMMA composite as a protective film with TiO, as a
pigment in a patent to vary the kind of the film and get
opaque films. Therefore, in order to improve the perfor-
mance of PVDF/PMMA film and broaden its application
field, TiO, particles may be workable. However, there are
few detailed investigations on the structure and property of
PVDF/PMMA/TiO, composite film. Moreover, presence of
TiO, may have strong negative effect on the thermal
stability of PVDF/PMMA because of its catalytic decom-
position character. Previous research has reported the effect
of TiO, on the thermal stability of PEN [24], PIS [25], and
PMMA [26], but its effect on PVDF in PVDF/PMMA
blend still needs to be studied. In this article, PVDF/
PMMA/TiO, composite films were prepared by melt-
extrusion. The structure and property of PVDF/PMMA/
TiO, composite films were investigated in detail. The
catalytic role of TiO, on the decomposition of PVDF was
also studied by Py-GC/MS.

Experimental
Materials

PVDF powder (FR902), was supplied by Shanghai 3F Ltd.
China. PMMA resin (HR1000L) was obtained from
Kuraray Co., Ltd. (Japan). Rutile TiO2 particle (primary
diameter 260-300 nm) was purchased from Meidilin
Nanometer Material Development Co. Ltd. (Gansu, China).

Film preparation

PVDF/PMMA/TiO, composite films containing 0, 2, 5, and
10 wt% TiO, particles were prepared via a Brabender
single-screw extruder (PLD651, Germany), and the com-
position of PVDF/PMMA was fixed as 7:3 of weight ratio.
Composite materials were first pelletized and then extruded
into films. The extruding speed was 30 rpm, and the set
temperature of the head section was around 240 °C. The
thickness of the films was about 40 pum tested by thickness
gauge.

Scanning electron microscopy (SEM) observation

The morphologies of the cross section of PVDF/PMMA
and PVDF/PMMA/TiO, samples was observed using a
scanning electron microscope (SEM, JSM-6360LV, Japan)
with an accelerating voltage of 15 kV. The cross section
was obtained by fracturing the sample in liquid nitrogen. It
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was then vacuum-dried, coated with gold particles, and
attached to a sample holder with the aid of conductive
copper tapes.

X-ray diffraction analysis

X-ray diffraction (XRD) analysis of the films was per-
formed to disclose the crystalline phase of the films. XRD
patterns of PVDF were recorded on a Rigaku D/max-
2500B2/PCX system. The radiation source (Cu Ko X-ray)
was operated at 40 kV and 200 mA, with the scanning
angle over the range of 5-50° (26) and the scanning
velocity of 4°/min at room temperature.

Infrared analysis (IR)

Attenuated total reflection (ATR)-infrared spectra were
recorded using a FT-IR spectrophotometer (Bruker, Tensor
27), at the resolution of 1 cm_l, number of scans = 32.

Thermal measurements

Thermogravimetric (TG) measurements were performed on
TGA Q50 under nitrogen atmosphere to measure thermal
stability of the materials. Samples of extruded neat PVDF
and PMMA, as well as blend pellets were examined from
40 to 800 °C at a heating rate of 10 °C/min.

Differential scanning calorimetry (DSC) was used to
study the thermal properties of the PVDF/PMMA/TiO,
composites on the model STA-449C thermal analyzer
(NETZSCH Company) under nitrogen atmosphere. Appro-
priate films sealed in aluminum pans were first melted to
200 °C (heating I), then cooled to —50 °C, and again rehe-
ated to the melting point (heating II), with both the heating
and cooling rates set at 10 °C/min. Melting temperatures and
enthalpies were determined at the maximum of the peaks
and from the peak areas, respectively. The PVDF crystal-
linity X. was evaluated by Eq. 1 [27]:

X, _ M/
AH;

(1)

where AH{ = 104.5 J/g [7] is the melting enthalpy for a
100% crystalline PVDF, AH; the melting enthalpy of the
mixtures measured in DSC, and ¢is the weight fraction of
PVDF in PVDF/PMMA blends.

Py-GC-MS

The Py-GC-MS experiments were performed with a PY-
2020 pyrolyzer coupled with GCMS-QP2010 equipped with
a DB-5 capillary column (30-m length, 0.25-mm diameter,
0.25-mm film thickness). The GC oven was set to 40 °C for
the first 3 min, then heated with a rate of 10 °C/min up to
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280 °C and held for 25 min. Mass selective detector oper-
ating in the electron impact mode at 70 eV energy. The
source and interface were held at 200 and 300 °C, respec-
tively. The mass scanning range was 26-800 amu. The
carrier gas used was helium at constant flow (0.8 mL/min).
Polymer samples weighing 1-2 mg were flash pyrolyzed at
370, 410, and 500 °C.

Mechanical testing procedures

Before determining mechanical properties, samples were
machined and given accurate dimensions in order to be
tested in conformity with the standards specified in the
different tests. Tensile strength and elongation at break
point of the films were measured according to GB/T1040-
92, using a universal mechanical tester (Instron, model
4301, UK) at room temperature (25 °C). The deformation
rate was 25 mm/min, and the distance was 24 mm between
grips. Five specimens were studied in each case and the
results reported below pertain to averages.

Water absorption

Water absorption experiment was conducted according to
ASTM D570-98. The dry weight before immersion, my,
was used as the initial weight of the specimen. After
immersing in a deionized water bath at 23 °C for 24 h, the
specimen was removed from the water, gently wiped with
soft absorbent paper, and weighed (m;).Water absorption
was calculated using Eq. 2:
. mi — ny
Water absorption (%) = 100 x ———— (2)

mg

Results and discussion
Structure and morphology

In this section, FTIR-ATR (attenuated total reflection)
spectra were employed to identify the chemical structure of
PVDF/PMMA/TiO, composite films of various composi-
tion ratios. As shown in Fig. 1, PVDF polymer spectrum
presents absorption peaks at 880, 840, 764, and 750 cm™!
according to literature data [28-30].The presence of the
absorption band at 1729 cm ™", ascribed to the stretching of
the carbonyl group, suggests the existence of PMMA in the
blend [31]. The bands at 2925 and 2957 cm ™', attributed to
—CH, stretching mode of PMMA, exhibits noticeable
changes in position as well as intensity which varies with
the content of TiO,, probably due to the interaction
between PMMA and TiO, [32]. On the other hand, it can
be seen clearly that the intensity of the band at 765 cm™'
which is characteristic of o crystalline phase of PVDF
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Fig. 1 FTIR spectra of PVDF/PMMA and its composites with
different TiO, weight contents

deceases with the increase of TiO, content, implying the
interaction between PVDF and TiO,.

For organic/inorganic composite materials, dispersion
level of inorganic particles in organic bulk is of great
importance to the properties of composite materials. So
microscopic investigation of the cross section of various
composites was conducted using SEM. Figure 2 shows
SEM micrographs of PVDF/PMMA (Fig. 2a) and its
composites with different TiO, weight contents (Fig. 2b—
d). We can see that during crystallization of PVDF/PMMA
and PVDF/PMMA/TiO, from melt-extrusion, obvious
phase separation is absent and cross section of each sample
is characterized by a uniform pattern. Also, pristine TiO,
particles disperse homogeneously in the polymer matrix at
the content of 2-5 wt% as shown in Fig. 2b and c, as the
TiO, content increases to 10 wt%, the film surface becomes
rugged and the aggregates of particles are partially
observed in Fig. 2d. Moreover, there is no aperture on the
cross section, which indicates that all the films with dif-
ferent TiO, contents are dense and homogeneous.

Thermal properties

Thermal analyses using differential scanning calorimeter
(DSC) and thermogravimetric (TGA) were performed in
order to observe the effect of the addition of TiO, particles
on the melting behavior and thermal stability of PVDF/
PMMA film. The first and second run of the heating curves
for films with different TiO, content are shown in Figs. 3
and 4, respectively. Thermal behavior of PVDF/PMMA/
TiO, films with various weight ratios presents similar profile
with that of PVDF/PMMA film, and peak shifts at melting
and crystallization temperature are slight (Table 1). It
is clear that irrespective of the TiO, content, the main
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Fig. 2 The SEM micrograph of
cross section of PVDF/PMMA
blend (a) and PVDF/PMMA/
TiO, blends: b 2 wt% TiO,; ¢ 5
wt% TiO,; d 10 wt% TiO,

endo
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29%TiO,

Heat flow

PVDF/PMMA

T+ 1 T 1 7 1T T 17T
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Tempreture ('C)
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Fig. 3 DSC thermograms of PVDF/PMMA/TiO, with different TiO,
weight contents at first (I) heating scan

endothermic peaks assigned to the melt points are almost
same as 154-155 °C in the two heating curves.
Furthermore, it is noteworthy that all the samples pres-
ent a small endothermic response around 50 °C in Fig. 3.
Cebe and Chung [33] attributed this phenomena to both the
rate of quenching through the glass transition and the
length of time the samples were hold at room temperature
before scanning. Amorphous blends show an “aging” peak
when stored below their glass transition temperature. If the
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Fig. 4 DSC thermograms of PVDF/PMMA/TiO, with different TiO,
weight contents at second (II) heating scan

original cooling rate is less than the subsequent heating
rate, an endothermic peak develops near the glass tem-
perature [34]. However, after a cooling, the endotherm
around 50 °C is greatly weakened in the second heating
run. The very weak peak between 50 °C and 60 °C shown
in Fig. 4 is assigned to the glass transition temperature of
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Table 1 Thermal properties of PVDF/PMMA/TiO, composites

Samples T, (°C) AH, (J/g) X (%) Tc(°C) Tn(°C)
PVDF/PMMA 15522  26.08 35.65 12446  154.81
2 wt% TiO, 154.59 28.12 38.44 124.41  154.57
5 wt% TiO, 154.62  26.17 35.78 122.48 154.12
10 wt% TiO, 155.50  24.66 33.71 126.54 155.42

T, Melting temperature, 7, Crystalline temperature, " The first heat-
ing, " The second heating

PVDF/PMMA composite according to early investigations
[35], and it is rarely changed by the addition TiO,.

TGA results of pure PVDF, PMMA pellets, and the
composite materials are displayed in Fig. 5. The tempera-
ture at which the weight loss was 5% from its original
weight is used as a weight loss “onset” temperature to
evaluate the thermal stability. The onset temperatures of
PVDF and PMMA are respectively 438 °C and 336 °C
indicating the higher thermal stability of PVDF. The two-
step weight loss of PVDF/PMMA blend which is propor-
tional to the weight fraction of PMMA and PVDF is due to
the individual degradation of PMMA and PVDF, respec-
tively. Thermal stability of PMMA is enhanced by the
presence of PVDF in PVDF/PMMA composite. With
regard to the incorporation of TiO, particles, Fig. 5 indi-
cates that the composites present lower thermal stability
compared to the PVDF/PMMA blend, and the onset tem-
perature decreases with the increase in the weight content
of TiO, in the composites. The 10 wt% composite has an
onset temperature of 327 °C, which decreases by about
32 °C, compared to that of PVDF/PMMA blend up to
359 °C. Although the composites are thermally stable
above 300 °C, thermal degradation of PMMA chain would
occur above 200 °C processing temperature [36], and so

100
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T E— 10% TiO,
=
o0
‘S 40 - S
= O
20 PVDF/PMMA
o4 PMMA
T T T T T T T T v T v T T T T
0 100 200 300 400 500 600 700 800

Tempreture ('C)

Fig. 5 TGA thermograms of PVDF, PMMA, and its composites with
different TiO, weight contents

the processing temperature and extruding speed should be
controlled to avoid the decomposition in film processing.

With regard to the residual portion, for temperatures
between 500 and 800 °C, PMMA decomposes completely
while PVDF has a high residual production of 26%. Res-
idue of the composite increases with the TiO, weight. The
composite with 2 wt% TiO, content has a 32% residue at
800 °C, compared to the 22% residue of PVDF/PMMA
polymer. This might be occurring due to the decomposition
paths of PVDF and PMMA. From the peaks given by
Py-GC/MS in Fig. 6, it is indicated that HF is the major
decomposition product of PVDF; HF formation further
leads to the introduction of unsaturation in the polymer
backbone which is difficult to decompose completely,
resulting in a high amount of char in PVDF and PVDF/
PMMA decomposition. Residual portion further increases
after the introduction of TiO,, which may be attributed to
the reaction between the chelating ligands of titanium ion
and the production of fluoride during backbone homolysis
in the PVDF decomposition which could result in new
products that are hard to decompose.

Moreover, PVDF/PMMA/TiO, composites present typ-
ical weight loss curves which only show one-step weight
loss compared to the two-step weight loss of PVDF/PMMA
blend, and the decomposition has a much higher speed than
that of PVDF/PMMA blend. Since TiO, is very stable and
no decomposition takes place below 600 °C [37], the pos-
sible reason for the decrease in thermal stability might be
the presence of metal oxide-catalyzed oxidative decompo-
sition pathways in the composite [38, 39], which is due to
the catalytic effect of TiO, in the decomposition of PVDF
and PMMA.

Py-GC/MS was employed to further analyze the cata-
lytic effect of TiO, on the decomposition of PVDF/PMMA
composite. Figure 6 displays Py-GC/MS results of PVDF/

MMA
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PVDF/PMMA/TIO, 370°C
0407 T v T T T T T T 1
2.0x10 7
SiF MMA
Lo, T [\89.4% o
S 71% PVDF/PMMA/TiO, 410°C
z 0.0 1 -
% - T T T T 1
2
=i 7 - MMA
= 20x10°9 SF, e 165019
29.25% 3859, PVDF/PMMA/TiO, 500°C
0.0 T - T T T T T T 1
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2.0x10 Ma  192.3%
6.8% PVDF/PMMA 500°C
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T v T T T T T 1
2 4 6 8 10

Retention time (min)

Fig. 6 Py-GC/MS results of PVDF/PMMA and PVDF/PMMA/TiO,
composites results
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PMMA and PVDF/PMMA/TiO, (5 wt% TiO,) composites.
The assignment of the peak and peak area is recorded next
to the peak. For PVDF/PMMA/TiO, composite at the low
temperature of 370 °C, only PMMA decomposes with
MMA monomer (retention time between 3 and 5 min) as
the major decomposition product (peak area: 97.3%). At
the pyrolysis temperature of 410 °C, PVDF decomposes as
indicated by the low amount of SiF;. When the pyrolysis
temperature reaches 500 °C, the main decomposition
products of PVDF/PMMA/TiO, are not changed, butonly
proportions vary with more HF product (29.25%). How-
ever, at this temperature, PVDF is still stable in PVDF/
PMMA blend. The data suggest that addition of TiO, did
not change the decomposition products of PVDF and
PMMA. During decomposition of PVDF/PMMA/TiO,,
PMMA undergoes decomposition first followed by that of
PVDF, but presence of TiO, significantly lowers the
decomposition temperature of PVDF.

Crystalline property

Crystalline property of the composites can be indicated by
X_ calculated from AH! of DSC result in Table 1. After the
incorporation of 2 wt% TiO,, the crystallinity is enhanced,
but it decreases along with the addition of TiO, particles.
This could be attributed to the fact that at low loading level(2
wt%), TiO, acts as a nucleation site in the crystallization and
promotes nucleation of PVDF crystalline phase, but at
higher loading level, TiO, functions as filler and prevents
rearrangement of PVDF macromolecular chain to form
crystals [40]. This has been re-examined by the result of
mechanical properties, which will be discussed later.

XRD was employed to further investigate the change in
crystallinity due to the addition of TiO, particles in the
PVDF/PMMA film. X-ray diffraction patterns of TiO,,
PVDF/PMMA blend and its composites with different TiO,
weight contents are shown in Figs. 7 and 8, respectively.
The characteristic peak at 27.55 in Fig. 7corresponds to
(110) plane of the larger rutile TiO, particles. When the
amount of TiO, increases in PVDF/PMMA composite, the
intensity of the peak in 27.55° increases quickly as shown in
Fig. 8.

It is well known that PVDF has two main crystal
phrases, namely, o and f crystalline. As illustrated in
Fig. 8, PVDF/PMMA film shows four main characteristic
peaks, peaks at 20 of 18.30, 19.90, and 26.56 are assigned
to o crystalline, and 20.26 ascribed to f§ crystalline [41, 42].
Both o and f crystallines exist in PVDF/PMMA and
PVDF/PMMA/TiO, composites, and the corresponding
peaks all shift toward left or right, a little. When 2 wt%
TiO, is added, the peak around 20° splits into two apparent
peaks, but the presence of TiO, in PVDF/PMMA does not
change the crystalline phase of PVDF.
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Fig. 7 X-ray diffraction pattern of TiO,
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Fig. 8 X-ray diffraction patterns of PVDF/PMMA and its composites
with different TiO, weight contents

Mechanical properties

The mechanical properties of the composite films such as
tensile strength and elongation at break as a function of
weight fraction of TiO, are displayed in Fig. 9. PVDF/
PMMA film shows excellent mechanical properties as
engineering plastics. Changes in mechanical properties are
evident with increasing fraction of TiO, in the composite
films. Introduction of TiO, particles increases the values of
the tensile strength, and the increase of the elongation at
break is more prominent. Compared to that of PVDF/
PMMA blend, tensile strength of the film with 2 wt% of



J Mater Sci (2009) 44:2977-2984

2983

50
—l—Tensile‘st:ength J 140
-— \ ----- Elongation at break
= E {120 §
= 5
@ =3
L 304 } -------------- 2
17 B __ . A1loo ,g
_ﬂ,‘) e <
3 4 &
5] 2
& 20- {80 =
10 T T T T T T 60

0 2 4 6 8 10
TiO, content (wt. %)

Fig. 9 Tensile strengths and elongations at break of PVDF/PMMA
and its composites with different TiO, contents

TiO, increases by 12.67%, while the elongation at break
increases by 54.41%.

For the tensile strength, there is an increase in the value
from 0 to 2 wt% TiO, in the composite, followed by a
decrease beyond 2 wt%. This result agrees well with that of
the composite containing 2 wt% TiO, particles, which
possesses an optimum level of dispersion seen from SEM
image (Fig. 2) and the highest crystallinity (Table 1).
When the additive TiO, reaches a certain critical value,
tensile strength decreases because of the reduction of the
crystallinity. Also, the increasing amount of TiO, particles
makes it more difficult for dispersion, and easier for par-
ticles’ “agglomeration”. Since agglomerated particles
make it possible to generate defects in the composites,
stress concentration would likely occur within PVDF/
PMMA, resulting in a decreased tensile strength.

With regard to the elongation at break, after the incor-
poration of TiO, particles, all the values are higher than
that of PVDF/PMMA blend. Enhancement in the values is
probably due to the fact that some TiO, particles func-
tioned as physical junctions in the films during the drawing.
The values decrease beyond 2 wt% along with the reduc-
tion of crystallinity, because film with lower crystallinity
would break at a smaller stress, resulting in the decrease of
the elongation at break.

Water absorption

Water absorption represents the value for water saturation.
Organic polymeric materials will absorb moisture to some
extent resulting in swelling, dissolving, leaching, plasti-
cizing, and/or hydrolyzing, events which can result in
discoloration, loss of mechanical and electrical properties,
lower resistance to heat and weathering, and stress crack-
ing. Therefore, for the protective films used in outdoor
environment, low water absorption value is necessary.

From the test results, we find that all the water absorption
values of the composites films are below 0.1%, implying
the low-moisture transmission.

Conclusion

The composite films of PVDF/PMMA/TiO, with favorable
thermal and mechanical properties were prepared by melt-
extrusion. Their structure and property were investigated in
detail. Fine phase dispersions of TiO, particles in the com-
posite were realized at TiO, low loading levels (2 and
5 wt%), and slight interactions occur among PVDF, PMMA,
and TiO,. As for thermal stability of the composite, the
degradation temperature of the composite is still high,
although the presence of TiO, catalyzes the decomposition
of PVDF. Crystallinity of PVDF increases when 2 wt% of
TiO, is added to the PVDF/PMMA system, which results in
maximum value of the tensile strength and elongation at
break of the PVDF/PMMA/TiO, composites (45.76 MPa,
106.42%). The films also show very low water absorption.
Hence, all the results indicate that the addition of low content
(2 wt%) TiO, particles can improve the mechanical prop-
erties of PVDF/PMMA film while basically maintaining its
intrinsic good thermally stable properties. Considering the
excellent comprehensive properties and good cost—perfor-
mance balance, this kind of film has a promising future
forapplication in industry.
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