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ABSTRACT: A polymer composite of polyethylene (PE) and polydimethylsiloxane (PDMS) was prepared using supercritical carbon
dioxide despite the two polymers usually being immiscible and possessing a phase-separated morphology. This article reports in detail
the preparation, microstructure, crystallinity, and mechanical properties of the resulting PE/PDMS composite. The formation mecha-
nism of the PE/PDMS composite consisted of supercritical impregnation of an octamethylcyclotetrasiloxane (D4) monomer and an
initiator into a PE substrate followed by in situ polymerization within the substrate. Differential scanning calorimetry, wide-angle X-
ray diffraction, and small-angle X-ray scattering measurements showed that PE and PDMS were blended at the nanometer level. The
PDMS generated in the amorphous region of PE did not affect its crystallinity. Dynamic viscoelastic analyses and tensile tests were
used to measure the mechanical properties of the composites including storage and Young’s modulus, fracture stress, and strain.
These properties were found to depend on the composition of the composite. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:
000-000, 2012

KEYWORDS: polyethylene; polysiloxanes; composites; microstructure; mechanical properties

Received 1 December 2011; accepted 5 February 2012; published online 00 Month 2012
DOI: 10.1002/app.37541

INTRODUCTION Using scCO, as a swelling agent, Watkins and McCarthy devel-
oped a synthetic method to produce new polymer composites.”
Both the monomer and initiator were dissolved in scCO,,
impregnated into the polymer substrate, and subsequently poly-

merized. Using this method, we have already succeeded in

Recently, a great deal of attention has been paid to supercritical
carbon dioxide (scCO,) as a solvent for small molecules' and/or
swelling agent for polymer processing.”” However, it is a very
poor solvent for most polymers even under extremely high pres-
sures.* The density of supercritical fluids (SCFs), and thus their
solvent strength, is tunable from gas- to liquid-like by changing
pressure and temperature. This provides the ability to control the
degree of swelling of polymers as well as the partitioning of small
molecules penetrating between swollen polymer and fluid
phases.>® The low viscosity and near-zero surface tension of

obtaining microphase-separated polymer composites of polyeth-
ylene (PE)/poly(vinyl acetate) (PVAc) and polypropylene (PP)/
poly(methyl methacrylate) (PMMA), even though these poly-
mers are immiscible and cannot be obtained using conventional
methods.>® The PE/PVAc composite features a biocompatible
surface and can be used to fabricate medical devices. The PP/

SCFs allow for rapid mass transfer into a swollen polymer. scCO,
has been used to impregnate polymers with different additives.
Because CO, is a gas under ambient conditions, the removal and
recovery of solvent from final products are extremely facile.

© 2012 Wiley Periodicals, Inc.
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PMMA composite was blended at the nanometer level, and
thus, favorable mechanical properties are expected. Polystyrene
(PS) composites of semicrystalline and glassy polymer substrates
such as PE, bisphenol-A polycarbonate, poly(oxymethylene),
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nylon 66, poly(4-methyl-l-pentene), and poly(chlorotrifluoro-
ethylene) have also been successfully synthesized.”'®'" Kung
et al. reported that mechanical properties such as Young’s mod-
ulus and the yield stress of high-density polyethylene (HDPE)/
PS composites obtained using scCO, could be controlled by
composition.’? In addition, they showed that the mechanical
properties of a HDPE/PS composite prepared using scCO, were
superior to a HDPE/PS blend prepared using the conventional
melt-mixing process. Ultra-high molecular weight polyethylene
(UHMWPE)/methacrylate polymer composites prepared with
various hydrophobic methacrylate monomers featuring alkyl side
chains of varying lengths instead of styrene, and the controlled
preparation of copolymer blends of alkyl methacrylates within an
UHMWPE substrate have also been reported.">"> UHMWPE
was also successfully blended with biodegradable polymers
including polycaprolactone.'® Moreover, semi-interpenetrating
polymer networks of UHMWPE with PMMA-co-poly(ethylene
glycol) dimethacrylate were prepared via scCO,-facilitated
impregnation of methyl methacrylate and ethylene glycol dime-
thacrylate monomers into UHMWPE."” The mechanical proper-
ties of polymer composites prepared using scCO, can be con-
trolled through the combination of substrate and monomer.

PE is considered the most important and widely used thermoplastic
because of its low cost, good processability, and wide range of tech-
nical properties. However, PE has some disadvantages such as low
surface energy, lack of chemical functionality, difficulty in dyeing
and poor compatibility with synthetic polar polymers. Moreover,
when a polymer composite of PE and other polymers is prepared,
phase separation occurs, and a macro domain structure is formed
because of the crystal growth of PE from the melt or soluble state.'®

Polydimethylsiloxane (PDMS) is an inorganic polymer possess-
ing good thermal stability and dielectric properties, and it is an
excellent flame retardant. It is also exhibits extremely low glass
transition temperature, high flexibility, and hydrophobic surface
properties.'”>* These properties make PDMS suitable for use in
different industries.”>>” Blending PE and PDMS should allow
new and useful polymer products that possess specific proper-
ties from the base polymers to be fabricated.

Several studies have investigated the phase behavior of PE/
PDMS composites.”®*® These studies reported that PE and
PDMS are immiscible because of their structural dissimilarity,
lack of specific interaction, and differences between their surface
energies. Kiran et al. prepared a PE/PDMS composite by direct
impregnation and blending of PE and PDMS in scCO,.** How-
ever, this method is limited by the molecular weight of PDMS,
and requires high temperatures and pressures. In our previous
article, we prepared a PE/PDMS composite by in situ polymer-
ization of octamethylcyclotetrasiloxane (D4) using scCO,, and
determined the surface properties and performed a depth analy-
sis of the resulting PE/PDMS composite.”’ The hydrophobicity
of PE was improved by incorporating PDMS, and the structure
of the PE/PDMS composite could be controlled by varying the
polymerization time of D4. However, the microstructure and
mechanical properties of PE/PDMS were not evaluated.

In this article, a PE/PDMS composite was fabricated using the
technique described above. The reaction behavior of this system
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and microstructure of PE/PDMS were examined. If the poly-
merization temperature is lower than the melting temperature
of the PE crystal, the polymerization of D4 should be confined
to the amorphous regions of the substrate. Consequently, we
expect interesting mechanical properties from composites with
such kinetically trapped microstructures. We report the results
of a detailed study of the synthesis of these systems and their
dynamic viscoelasticity, Young’s modulus, fracture stress and
strain. In addition, we examine how the addition of PDMS to
PE alters the mechanical properties of PE/PDMS composites.

EXPERIMENTAL

Materials

A linear low-density PE substrate was prepared from a commercial
pellet (M,, = 7.2 x 10%, M,/M, = 3.3, Mitsui Chemical, Tokyo,
Japan) by hot pressing at 170°C. The substrate was cut into pieces
with dimensions of 20 x 20 x 0.5 mm?>, extracted with chloroform
for 24 h in a Soxhlet extractor, and dried in vacuo at room tempera-
ture. D4, hexamethyldisiloxane and sulfuric acid were purchased
from Tokyo Chemical Industry, Japan; Acros Organics, France; and
Kanto Chemical, Tokyo, Japan, respectively, and used without fur-
ther purification. Carbon dioxide (CO,) with a purity of 99.5% was
provided by Tomoe Shokai, Tokyo, Japan, and used as received.

Preparation of the PE/PDMS Composite Using scCO,

The apparatus used to prepare the PE/PDMS composite con-
sisted of a 50 mL stainless steel vessel, magnetic stirrer, constant-
temperature air bath (Model SCF-Sro, JASCO, Tokyo, Japan),
thermocouple, and pressure gauge. The pressure gauge com-
prised a transducer (PTX1400, Druck, Tokyo, Japan) and an in-
dicator, and had a precision of £0.2% over the pressure range
0-40 MPa. The PE substrate, D4 (5 g), hexamethyldisiloxane
(0.006 g) as a chain transfer agent, and sulfuric acid (one drop:
0.02 g) as an initiator were placed in the vessel and sealed. Air in
the vessel was replaced by CO, at atmospheric pressure. After the
system reached thermal equilibrium (35°C), the vessel was pres-
surized to a CO, pressure of 6.0 MPa using a CO, delivery pump
(SCF-Get, JASCO, Japan). The PE substrate was soaked in sub-
critical CO, for 1 h. The vessel was then repressurized up to 6.0
MPa (to compensate for the drop in pressure caused by dissolu-
tion of the monomer and initiator) and heated to 80°C for a spe-
cific time. After completion of the reaction, the vessel was cooled
to 10°C in an ice bath and gradually released to ambient
pressure. The PE/PDMS composite was dried in vacuo at room
temperature after extraction with chloroform for 24 h at 50°C
using a Soxhlet extractor to remove unreacted reagents and the
PDMS generated on the surface of the PE/PDMS composite. The
PDMS that generated outside of PE was dissolved in chloroform.
Then the solution was rotary evaporated to isolate the PDMS.

Characterization
Gravimetric Analysis. Gravimetric data were obtained by the
following equation:

Wi —W,
— X
0

Mass gain (wt%) = 100 1)

where W is the initial weight of the PE substrate and W, is
the weight of the PE/PDMS composite sheet after drying. The
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measurement accuracy was *=0.2%. The reported weight of
the sample was the mean value of five repeat measurements.

Differential Scanning Calorimetry. The thermal behavior of
the composite was measured using differential scanning
calorimetry (DSC) (Seiko Instruments, DSC6100, Japan). The
sample (2-3 mg) was packed into aluminum DSC sample pans
with the lid tightly crimped. Measurements were taken between
—100 and 200°C at a scan rate of 10°C/min under a flow of
nitrogen gas. The degree of crystallinity was determined using a
standard heat of fusion value of 293 J/g.*?

Wide-Angle X-ray Diffraction. Wide-angle X-ray diffraction
(WXRD) experiments were performed at 20°C using a Panalyti-
cal X’Pert Pro diffractometer (The Netherlands). Cu Ko radia-
tion (wavelength, 4 = 0.154 nm) was generated at 45 kV and
40 mA. All samples were scanned at a rate of 3°/min between
10° and 50° in transmission mode. The crystallinity was deter-
mined by assuming that the total diffraction within a certain
region of reciprocal space was independent of the state of aggre-
gation of the material. The crystallinity, X, expressed as the
mass fraction of the crystalline component, is then given as:

Ac
X =
¢ Ac+ Aa

@)

where 4, is the area under the peaks corresponding to the
amorphous region and A, is the area remaining under the
crystalline peaks.®?

Small-Angle X-ray Scattering. The microstructure of obtained
PE/PDMS composite was investigated by small-angle X-ray scat-
tering (SAXS). The X-ray beam was from synchrotron radiation:
beam line BL-10C at the High Energy Accelerator Research
Organization (KEK), Tsukuba, Japan (Photon Factory).34 The
storage ring was operated at an energy of 2.5 GeV with a ring
current of 300-450 mA. SAXS employs point focusing optics
with a double flat monochromator followed by a bent cylindri-
cal mirror. The intensity of the incident beam with a wavelength
1.488A was monitored in an ionization chamber to correct the
minor decrease in the intensity of the primary beam during the
measurement. The scattering intensity was detected with a one-
dimensional position sensitive proportional counter (PSPC)
with 512 channels, and the distance between the sample and the
PSPC was about 2 m. The geometry was checked using chicken
tendon collagen, which gives a set of sharp diffractions corre-
sponding to a Bragg spacing of 653A.

The scattering intensity, I(q), was corrected for background
scattering after a smoothing procedure. Smoothing of the exper-
imental scattering data was performed using a binomial calcula-
tion. The scattering intensity from thermal fluctuations was
subtracted from the SAXS profile I(q) by evaluating the slope of
I(q)q"* versus q* plots®™ at wide scattering vector g, where q is
(4n/2) sin O, and A and O are the wavelength and scattering
angle, respectively.

Mechanical Properties. The dynamic viscoelastic properties of
the composite were measured in tensile mode using a dynamic
viscoelastic analyzer (DVA-220, IT Keisoku Seigyo Company,
Japan) with a chuck distance of 10 mm and a frequency of
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Figure 1. Effect of polymerization time on the mass gain of PDMS into
PE substrate and the pressure after polymerization (triangles: mass gain;
circles: pressure).

10 Hz. The storage modulus (E'), loss modulus (E”) and loss
tangent (tan J) were measured as a function of temperature
using a heating rate of 5°C/min.

Tensile tests were carried out using a screw-driven tensile
machine (IM-20ST, Intesco, Japan) with a grip interval of
10 mm. All samples were deformed at 20°C at a strain rate of
100%/min.

RESULTS AND DISCUSSION

Gravimetric Analysis

Figure 1 shows the effect of polymerization time on the percent-
age mass gain of PDMS in the PE substrate and the pressure af-
ter polymerization. As expected, an obvious mass gain by suc-
cessive addition was observed until 3 h, and then it remains
almost constant. Under these conditions (P < 10 MPa, T =
80°C), PDMS does not dissolve in scCO,.**?” When PDMS is
generated on the exterior of the PE substrate, the pressure
increases so that the volume of the gas phase in the vessel
decreases. The polymerization process can be divided into three
stages. In the primary stage of polymerization (polymerization
time < 3 h), the mass gain and pressure increase with polymer-
ization time. Therefore, PDMS was polymerized both in the in-
terior and exterior of the PE substrate. The formation mecha-
nism of the PE/PDMS polymer composite is thought to be as
follows (Figure 2): the monomer and initiator dissolve in scCO,
and impregnate the amorphous interlamellar regions of the PE
substrate; after reaching the polymerization temperature, the
monomer polymerizes within the amorphous interlamellar
regions of the PE substrate. Polymerization of the monomer
leads to an imbalance in the partition coefficient of the mono-
mer within and outside the PE substrate. The monomer outside
the PE substrate then permeates into the amorphous regions of
the PE substrate, and polymerization continues. As a result, PE
and PDMS were effectively blended at the nanometer level. In
the secondary stage (3 h < polymerization time < 10 h), only
the pressure increases as polymerization progresses. Therefore,
PDMS is only polymerized outside the PE substrate. A possible
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Figure 2. Formation mechanism of the PE/PDMS composite [M: monomer (D4) P: Polymer (PDMS) I: Initiator (H,SO,)].

reason for PDMS not being polymerized in the interior of the
PE substrate is that the PDMS formed on the surface of the PE
substrate prevents impregnation of the monomer and initiator.
In the third stage (polymerization time > 10 h), the mass gain
and pressure do not increase with polymerization time. This
indicates that polymerization is complete.

Figure 3 shows the effect of polymerization time on monomer
conversion inside and outside PE. Monomer conversion inside
the PE substrate increases initially and reaches a plateau after 3
h, while monomer conversion outside PE becomes saturated af-
ter 10 h. This is consistent with the polymerization process
being divided into three stages.

It is necessary to increase the mass gain of PDMS because it
affects mechanical properties such as storage and Young’s moduli,
fracture stress and strain (described in “Mechanical properties”
section). To increase the mass gain, the amount of monomer
inside the PE substrate should be increased. This could be real-
ized by changing the initial pressure or soaking time. It is consid-
ered that increasing the initial pressure will increase the solubility
of the monomer in scCO,.**™*" The amount of impregnated low-
molecular weight components also depends on the soaking time,
where an equilibrium value is obtained after a certain time.*’
The soaking time results in an equilibrium of the monomer con-
centration inside and outside the PE substrate. Thus, the concen-
tration of polymer in the substrate can be further enhanced by
changing the initial pressure and soaking time.

In addition, the impregnation of scCO, starts on the surface of
the substrate and then gradually progresses to the inner sub-
strate. The role of scCO, is then to dissolve D4 and H,SO, and
to carry the monomer and initiator into the amorphous regions
of the PE substrate. The swelling kinetics of CO, in the polymer
matrix depend on the temperature and pressure.*>** Therefore,
controlling the penetration depth of PDMS can be achieved by
controlling the diffusion and solubility of scCO, according to
temperature and pressure.
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Characterization of PE/PDMS Composite

Figure 4 shows WXRD patterns of the original PE, PE treated
with scCO,, and PE/PDMS composites, which exhibit charac-
teristic peaks of the (110) and (200) planes. The angular
positions of the diffraction peaks of crystalline PE are almost
identical in original PE, PE treated with scCO,, and PP/
PDMS composites, indicating that the crystal forms do not
change upon scCO, treatment or addition of PDMS. How-
ever, the amorphous region of the PE/PDMS composite
increases as the mass gain of PDMS increases, which indi-
cates that the overall crystallinity decreases as the mass gain
of PDMS increases (Figure 5). The reduction in sample crys-
tallinity is caused by dilution as a result of formation of
PDMS in the amorphous regions of PE and the resultant
increase in the size of these regions. The percentage crystal-
linity in PE, Xpg, was calculated as follows:

0.35 pr—Tr—r—Tr—r-rTr—TrrTTrrTr—rrrr 100
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Figure 3. Effect of polymerization time on the monomer conversion
inside and outside the PE (triangles: inside the PE; circles: outside
the PE).
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Figure 4. WAXD patterns of original PE, PE treated with scCO, and PE/
PDMS composites.
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®)

where Xpg is the crystallinity of PE/PDMS composite that is
assumed to be dependent only on the crystalline regions of
PE, Xpg/ppms is the crystallinity of the entire PE/PDMS com-
posite, and Wpg is the weight fraction of PE. Xpr does not
change although Xpg/ppms decreases as the mass gain of
PDMS increases. The total amount of crystalline PE remains
unchanged. These results indicate that D4 polymerizes solely
within the amorphous regions of PE.

Figure 6 shows DSC thermograms of the original PE, PE treated
with scCO,, and PE/PDMS composite with a mass gain of 9.09
wt %. The DSC thermogram of PE treated with scCO, changed
without increasing the degree of crystallinity compared with the
original PE. This result implies that the swelling of scCO, at a

37 AL A B B S B B B S S B B R
i 4 Crystallinity in PE
36 = e Crystallinity in PE/PDMS composite -
" J s
£ 3sF : 4
£ i ;
E 34 - -
S
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Mass gain of PDMS (wt%)

Figure 5. Relationship between crystallinity and mass gain in PDMS.
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Figure 6. DSC thermograms of PE, PE-treated with scCO,, and PE/PDMS
composite (mass gain: 9.09 wt %).

treatment temperature of 80°C produces the same effect as iso-
thermal crystallization.*> In the PE/PDMS composite, a strong
PE melting endotherm was observed. The melting endotherm
reveals that the composite does not affect the crystalline region
of the PE substrate. The degree of crystallinity of the original
PE and PE/PDMS composite was found to be 35.2 and 32.5 wt
%, respectively. The reduction in sample crystallinity is entirely
because of dilution by the addition of PDMS to the amorphous
PE regions. The total amount of crystalline region of PE
remained unchanged. In addition, it was found that the DSC
traces of the PE treated with scCO, and PE/PDMS composite
exhibited a second low T,, endothermic peak as well as from
the main crystalline melting peak. This means that small crystals
were present in the PE treated with scCO, and PE/PDMS
composite.

PE/PDMS 8.96 wt%
e
PE/PDMS 2.88 wt%

l(q)q2 (arbitrary units)

Scattering vector q (nm™)

Figure 7. Lorentz-corrected SAXS profiles of original PE, PE treated with
scCO,, and PE/PDMS composites.
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Microstructural Analysis of the PE/PDMS Composite

The effect of formation of PDMS in the amorphous regions of
the PE substrate on its microstructure was investigated by
SAXS. Figure 7 shows the Lorentz-corrected SAXS profiles of
original PE, PE treated with scCO,, and PE/PDMS composites.
In the spectrum of original PE, the scattering vector g of the
peak top was 0.397 nm ™' (calculated using a Bragg spacing of
15.8 nm). This peak was caused by the long period of the la-
mellar structure.*®*” The positions of the peak in the PE treated
with scCO, was the same as that in the original PE. However,
the peak of the PE treated with scCO, was sharper. This implies
that a small crystal of PE grew, which is consistent with the
DSC results. In the PE/PDMS composite, the peak from long
period shifted slightly toward lower g. This change was not
observed for the CO,-treated PE. The extent of this change
depended on the mass gain of PDMS. This result is consistent
with the generation of small-angle scattering from extensive dis-
ruption of the crystalline lamellar upon incorporation of PDMS
into the polymer composites. The results of DSC and WAXD
measurements indicate that the total amount of crystalline
region of PE and the crystal structure of PE do not change.
Therefore, these SAXS measurements indicate that PDMS
formed in the amorphous regions between the crystalline lamel-
lar of PE, and that PE and PDMS were blended at the nanome-
ter level.

Mechanical Properties

The dynamic viscoelastic behavior of PE and the PE/PDMS
composites is represented as a function of temperature in Figure
8. At a lower temperature than the glass transition temperature
of PDMS (Tgppms) at ~123°C,*8 the storage modulus of the
PE/PDMS composite was larger than that of PE. Furthermore,
at temperatures higher than Typpys, the storage modulus of
the PE/PDMS composite was smaller than that of PE. This
change in the storage modulus of the PE/PDMS composite
depends on the mass gain. This occurs because, at temperatures
lower than T,ppms, the chain mobility of the amorphous

9 1 1 1
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«  PE/PDMS 2.58 wt%
~ 5F = PE/PDMS 8.84 wt% 1
a s
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z 3F
=
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o «‘:;ﬂa‘oca
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Figure 8. Temperature dispersion curves of the storage modulus (E') for
original PE and PE/PDMS composites.
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Table I. Results of the Tensile Tests at 20°C
Young's Fracture Fracture
modulus stress strain
Sample name (MPa) (MPa) (%)
RE 130 9 922
PE/PDMS (5.76 wt %) 70 7.6 836
PE/PDMS (8.84 wt %) 57 5.6 738

regions of PE is retarded by the glassy PDMS that is generated
in the amorphous regions. The decreased mobility of the amor-
phous PE chains increases the storage modulus of the PE/
PDMS composite so that is larger than that of PE. Above
Tgppms, the amorphous regions of the PE/PDMS composite
increase more than that of PE because of the micro-Brownian
motion of PDMS.

Table 1 lists the results of tensile testing at 20°C above Tgpps.
Because the amorphous regions of the PE/PDMS composite
increase more than that of PE because of the micro-Brownian
motion of PDMS at 20°C, the Young’s modulus, fracture stress
and strain of the PE/PDMS composite decrease as the mass gain
of PDMS increases. This is consistent with the results of DVA.
Therefore, the nanometer-sized PDMS generated in the amor-
phous regions significantly affects the mechanical properties of
the PE/PDMS composite, which can be controlled through the
mass gain of PDMS.

CONCLUSION

We prepared PE/PDMS composites by in situ cationic polymer-
ization using scCO,. PDMS formed in the amorphous regions
between the crystalline lamellar of PE, which did not affect its
crystallinity. PE and PDMS were blended at the nanometer
level. The presence of PDMS in the amorphous regions signifi-
cantly affects the viscoelasticity and mechanical properties of
the PE/PDMS composite. The storage modulus of the PE/
PDMS composite changes at Tgppps. Below Tgppwms, the chain
mobility of the amorphous regions of PE is retarded by the
glassy PDMS, and the storage modulus of the PE/PDMS com-
posite is larger than that of PE. Above Tgppums, the amorphous
regions of the PE/PDMS composite increase more than that of
PE because of the micro-Brownian motion of PDMS, so the
storage modulus of the PE/PDMS composite is smaller than
that of PE. Mechanical properties such as Young’s modulus, ten-
sile strength, and elongation at break of the PE/PDMS compos-
ite can be controlled by the mass gain of PDMS. Also, PDMS
formed on the surface of PE improved its hydrophobicity. Thus,
new materials with desirable mechanical and surface properties
can be formed by tuning conditions such as the ratio of blend-
ing polymer, and the type of polyolefin and blending polymer.
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