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ABSTRACT: Two types of silicone oil, poly(dimethyldi-
phenyl siloxane) (PDMDPS) and poly(dimethyl siloxane)
(PDMS), were added to polycarbonate (PC), and the mor-
phological, mechanical, rheological, and thermal changes
of the PC/silicone oil were investigated. A scanning elec-
tron microscope showed that the dispersed droplets of the
silicone oils in the PC matrix and the size of the dispersed
phases were enlarged with increasing amounts of silicone
oil. A transition from brittle to ductile failure was observed
with increasing PDMDPS. The impact strength of neat PC
at —30°C was 8 kgr cm/cm, which increased to 52 kgr cm/
cm with the addition of PDMDPS. It appears that, at low
temperature, the phenyl group in PDMDPS is more effec-
tive for toughening. A higher decomposition temperature

and the bulkier molecular structure of PDMDPS, compared
to PDMS, resulted in a smaller increase in the melt flow
index of PC/PDMDPS than for PC/PDMS. The glass tran-
sition temperature, initiation temperature of thermal
weight loss, and heat distortion temperature of PC/sili-
cone oil systems were decreased with an increase in the
silicone oil. The blending of PC with PDMDPS provided a
practical way to develop a combination of high tensile
strength and impact strength at a low temperature with
applicable comprehensive properties. © 2008 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 109: 3439-3446, 2008
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INTRODUCTION

Polycarbonate (PC) is an engineering plastic widely
used in the automotive industry, for data storage, in
electronics and in construction. Most commercialized
polycarbonates are bisphenol-A  polycarbonate,
which has the advantageous properties of superior
heat resistance, transparency, dimensional stability
and self-extinction. The Young’s modulus and
strength of PC is comparable to other engineering
plastics, and its impact strength is very high. The
impact strength of PC without a notch is one of the
highest among engineering plastics at ambient tem-
perature, whereas the impact strength at low tem-
peratures lessens and sharply decreases as the radius
of a notch decreases.'™ Generally, the application of
PC, particularly in the automotive industry, is lim-
ited by the impact strength at low temperatures.
There have been many studies on the impact
toughening of PC by blending it with other poly-
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mers. Many of these studies have focused on rubber
blends.>” Tt has been shown that the addition of a
small amount of acrylonitrile-butadiene-styrene
(ABS) and core-shell rubbers to PC can improve
impact strength.

Silicone oils are with high thermal stability, excel-
lent weather resistance, fine electrical insulation, and
good stability at low temperatures.*’ Si—O is a
main chain of silicone oil; the Si atom-attached
chemical groups rotate around the Si—O chain and
occupy more space. The additional space makes
interaction forces between surrounding molecules,
and the silicone oil decreases. The larger groups con-
nected with the Si atom, the more the organic nature
of molecules is displayed. The most common groups
attached with the Si atom are methyl and phenyl.'

We used two silicone oils: polydimethyldiphenyl
siloxane (PDMDPS) and polydimethyl siloxane
(PDMS). PDMDPS has a higher decomposition tem-
perature than PDMS."''* The bulky rigid phenyl
groups attached to the Si atom in PDMDPS are re-
sponsible for the differences in thermal proper-
ties.'?

In this study, PDMS and PDMDPS were added to
PC, and tensile strength and impact strength at low
temperatures were investigated. Also, the effect of
silicone oil on morphology, melt flow index, and
thermal properties in PC/silicone oil were dis-
cussed.
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EXPERIMENTAL mens for mechanical tests were injection molded af-

Materials

The unmodified PC resin used in this study was
Trirex 3022A (Samyang, Korea) with a glass transi-
tion temperature of 151°C. The silicone oils used
were PDMDPS and PDMS (Shin-Etsu, Japan). The
structures and properties of the PC and silicone oils
are shown in Table I.

Sample preparation

To enhance the mixing of the PC and silicone oil,
granule type PC was used. The PC and silicone oil
were mixed using a Henzel mixer at 60 rpm for
6 min. PDMDPS and PDMS were added up to 10 wt
%, and the mixture of PC/silicone oil was fed
into an extruder.

A twin screw extruder (SM-Tech, Korea) with a di-
ameter of 35 mm was used to mix the PC and sili-
cone oil. The processing temperature was 265°C, and
the rotational speed of the screw was maintained at
150 rpm. The mixed PC/silicone oil were subse-
quently quenched in water and palletized. Speci-
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ter drying the pellets at 130°C for 4 h.

Physical measurements

A field emission scanning electron microscope (FE-
SEM), Jeol JSM-6700F, was used to examine the
extent of phase separation in the blends by examin-
ing the fracture surfaces of the blends. Fractured
samples at room temperature and at —30°C by
impact test were coated with platinum and used for
morphology observation.

Mechanical properties were measured by a univer-
sal test machine (Zwick, England). Impact strength
was measured at —30°C and at ambient temperature
(25°C) based on ASTM D256 using an impact tester
from the Tinius Olsen Company. The size of the
impact test was 3.18 mm X 12.66 mm X 6.3 mm.

Melt flow index is defined by the weight of a
polymer extruded through a standard cylindrical die
at a standard temperature in a laboratory rheometer
carrying a standard piston and load in 10 min. The
melt-flow index was measured using an MP600 from
the Tinius Olsen Company at 300°C at 1.2 kg of
load.



EFFECT OF SILICONE OIL ON THE PROPERTIES OF PC

3441

Figure 1 Fracture surfaces of PC/silicone oil at room temperature (X2000). (a) PC control, (b) PC/PDMDPS (1 wt %),
(c) PC/PDMDPS (5 wt %), (d) PC/PDMS (0.3 wt %), (e) PC/PDMS (5 wt %), and (f) PC/PDMS (10 wt %).

To study the thermal stability of the blends, a ther-
mogravimetric analyzer (Scinco, Korea) was used. A
10-15 mg sample was used under nitrogen atmos-
phere at a heating rate of 10°C/min from room tem-
perature to 700°C. Differential scanning calorimetery
(using Model: DSC 2010, TA, USA) thermograms
over a temperature range of —150 to 250°C were
used to measure the glass transition temperature.
The nitrogen gas was circulated at a flow rate of
60 mL/min, and the heating rate was 10°C/min.

A three-point loading fixture was used for heat
deflection temperature measurements on injection-
molded bars. The heat deflection temperature was
measured at a load of 18.6 kg¢/cm” and heating rate
of 2°C/min (Model: 3M-2, Toyoseiki, Japan).

RESULTS AND DISCUSSION

The fractured surface of the impact-tested specimen
was observed using FE-SEM. Figure 1 shows the
fracture surfaces of neat PC and PC/silicone oil sys-
tems, which were tested at room temperature. Neat
PC showed a smooth and characteristic wavelike
ductile fracture, whereas PC/PDMDPS showed a
microheterogeneous phase separation. The silicone

oil droplets were dispersed in the continuous phase
of PC. The degree of phase separation and the num-
ber and size of droplets increased as the silicone oil
content was increased. The uniform fracture surface
was observed at 1 wt % of PDMDPS, whereas the
distinctive droplets of 5 um diameter were observed
at 5 wt % of PDMDPS. The number of droplets
induced from the silicone oil increased, and the
droplets were enlarged, which was not observed in
the neat PC. Increasing the fraction of the dispersed
phase resulted in an increase in the size of the coa-
lescing particles.’® The phase separation of the PC/
silicone oil was more distinctive in PDMS than in
PDMDPS. A clear phase separation was observed,
even at 1 wt % of PDMS. A similar separated do-
main was observed in the PC/liquid crystal poly-
mer; the uniformly dispersed phase indicated good
dispersion."” The T,s from the differential scanning
calorimetry (DSC) and the sharp decrease of impact
strength are related to the phase separation of the
silicone oil. The chain mobility of silicone oil at low
temperatures and the rough fracture surfaces are the
main reasons for the increase in impact strength and
tensile strength.

The number and size of droplets increased as the
PDMS increased, and ~ 10 um of domains were
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Figure 2 Morphology of fractured surface at —30°C (X2000). (a) PC/PDMDPS (1 wt %), (b) PC/PDMS (1 wt %), (c) PC/

PDMDPS (5 wt %), and (d) PC/PDMS (5 wt %).

observed. Figure 2 shows the fractured images of
PC/PDMDPS and PC/PDMS at —30°C. Rough sur-
faces at room temperature changed to smooth surfa-
ces by brittle-type failure at —30°C. The main mecha-
nism of toughening in PC is matrix shear yielding,
and it is related to the rough surfaces.® The PC/
PDMDPS showed rougher surfaces, and the PC/
PDMS showed brittle failure and a smooth surface.

PC/PDMS systems in Figure 2(b,d) showed many
droplets, and they had lower impact strength,
whereas the PC/PDMDPS in Figure 2(a,.c) had a
higher impact strength. The higher chemical affinity
of phenyl groups between PC and PDMDPS, and the
smaller number of droplets in the PC/PDMDPS than
in the PC/PDMS, with the same amount of silicone
oil, suggests a higher impact energy.

Tensile strengths of PC/silicone oil systems
obtained by increasing the fraction of PDMDPS and
PDMS are shown in Figure 3. At varied tempera-
tures, the tensile strengths were different, which cor-
responded to different material characteristics. At
room temperature, the tensile strength of neat PC
was 680 kgg/cm?, and it decreased gradually with an
increase in the amount of silicone oil. The tensile
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strength of PC/PDMDPS was 600 kgg/cm® at 10 wt
% of PDMDPS. At —30°C, neat PC had a tensile
strength of 550 kgr/cm?® and the maximum tensile
strength of PC/PDMDPS was 620 kgg/ cm? at 5 wt %
of PDMDPS. This decreased to 500 kgy/cm” at 10 wt
%. With a large amount of PDMDPS loading, injec-
tion-molded samples delaminated at the surfaces, and
these samples had lower tensile strength. The phase
separation may be related to the lower tensile strength.

Tensile strength with various amounts of PDMS is
shown in Figure 3(b). By increasing the PDMS con-
tent, the tensile strength of PC/PDMS at room tem-
perature was similar to that of the PC/PDMDPS;
however, the tensile strength of the PC/PDMS was
higher up to 5 wt % of PDMS at —30°C. The addi-
tion of silicone oil with the lower glass transition
temperature induced toughening during tensile load-
ing at a low temperature, and tensile strength
increased. The lower T, of PDMS, compared to that
of PDMDPS, led to the higher tensile strength of
PC/PDMS at low temperatures. The tensile strength
of the PC/PDMS at 10 wt % of PDMS at —30°C was
not measurable due to the severe delamination of
the injection-molded sample.
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Figure 3 (a) Tensile strength as a function of PDMDPS, and (b) tensile strength as a function of PDMS. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]

Notched Izod impact strengths of the PC/
PDMDPS at room temperature and at —30°C are
shown in Figure 4. The impact property of PC
showed a significant drop by decreasing the test
temperature. The impact strength of neat PC was 97
kgr cm/cm and 8 kgy cm/cm at room temperature
and at —30°C, respectively. As the PDMDPS
increased, there was a slight decrease in the impact
strength at room temperature, but there was a sharp
increase in impact strength to 60 kgf cm/cm at
—30°C. In particular, at —30°C, adding less than
2 wt % made the PC/PDMDPS blends ductile with-
out any significant sacrifice in other properties.
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Figure 4 Notched Izod impact strength of PC/PDMDPS
blends. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

There was a transition from brittle to ductile failure
as the silicone oil was increased. Figure 5 shows the
notched impact strength as a function of PDMS. The
impact strength decreased to 50 kgr cm/cm when
the amount of PDMS was increased to 5 wt % at
room temperature. The impact strength of PC/
PDMS was less than 20 kgr cm/cm, even at a higher
loading of PDMS at —30°C, and it was lower than
the impact strength of PC/PDMDPS. The large dif-
ference in impact strength between PC/PDMS and
PC/PDMDPS, especially at —30°C, may be due to
the structure of silicone oil. The rigidity and a chem-
ical affinity between PC and PDMDPS due to the
phenyl group made the PC/PDMDPS much tougher
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Figure 5 Notched Izod impact of PC/PDMS blends.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 6 Comparison of melt flow index. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

than the PC/PDMS at low temperatures. It is
hypothesized that the phenyl group in the PDMDPS
produced the higher impact strength in the PC/
PDMDPS than in the PC/PDMS at low temperature
and induced a small decrease in impact strength at
room temperature.

As the amount of PDMDPS and PDMS to PC was
increased, the melt-flow index also increased, as
shown in Figure 6. The melt-flow index of neat poly-
carbonate was 10.8 g/10 min. It increased to 18.8 g/
10 min and 33.5 g/10 min at 10 wt % of PDMDPS
and PDMS, respectively.

The smaller side groups of PDMS compared to the
bulky phenyl groups in PDMDPS may be a reason
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Figure 7 DSC traces of PDMDPS and PDMS. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

for the higher melt flow index. The lower decompo-
sition temperature, lower T,, and the side groups of
PDMS that were smaller than those of PDMDPS
caused the higher melt flow index of PC/PDMS
with a small addition of PDMS.

DSC results of two silicone oils are shown in Fig-
ure 7. The glass transition temperature of PDMS was
—123°C, and melting peaks were observed at —47°C
and —36°C. The PDMDPS showed T, at —65°C, and
it showed melting peaks at 9.2°C and 18.6°C. The
higher thermal properties of the PDMDPS imply that
PC/PDMDPS has higher heat resistance properties
than PC/PDMS.
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Figure 8 DSC traces of PC phase with silicone oil content in (a) PC/PDMDPS and (b) PC/PDMS. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 9 TGA graphs of PC/silicone oil. [Color figure can be viewed in the online issue, which is available at www.
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DSC graphs of PC with silicone oil are shown in
Figure 8. PC shows T, at 151.1°C. A slightly lower
T, was shown as the PDMDPS was increased. The
glass transition temperatures of the PC phase in PC/
PDMDPS and PC/PDMS at a silicone oil content of
10 wt % were 147.6°C and 147.1°C, respectively. This
indicates the solubilizing effects of low molecular sil-
icone oils in a PC matrix. The small change of T,
supports the observation that PC and silicone oil are
not miscible with each other. The reason for the
larger peak shift of Tgs to a low temperature in the
PC/PDMS is due to the T,s of PDMS that are lower
than those of PDMDPS.

Figure 9 shows the weight loss of PC/silicone oil
systems at 1 and 5 wt % of silicone oil, measured up
to 700°C at a heating rate of 10°C/min. It is known
that PC starts to degrade at 430°C.! PC/silicone oil
showed weight loss from about 400°C. The initial
temperatures of weight loss were 350, 380, 400, and
410°C for PC/PDMPS (5 wt %), PC/PDMPS (1 wt %),
PC/PDMS (5 wt %), and PC/PDMS (1 wt %), respec-
tively. The weight losses at 450°C were 7, 9, 12, and
13% for PDMDPS (1 wt %), PDMDPS (5 wt %), PDMS
(1 wt %), and PDMS (5 wt %), respectively.

In the same amount of silicone oil, the thermal
degradation temperature and the amount of weight
loss increased as the silicone oil increased. The lower
viscosity of PDMDPS, 400 cst, was more compatible
to that of PC/PDMDPS, as opposed to that of PMDS
with a higher viscosity at 1000 cst. The PDMS

showed more weight loss than PDMDPS at 450°C.
This is due to the lower thermal stability of PDMS."

Figure 10 shows the decrease in the heat deflection
temperature of PC/silicone oil as a function of sili-
cone oil. The heat deflection temperature of neat PC
was 137°C, and it was lowered to 128°C and 120°C
at 10 wt % of the PDMDPS and the PDMS, respec-
tively. The bulky phenyl groups and higher T,s led
to the higher heat deflection temperatures of PC/
PDMDPS than PC/PDMS.
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cm?. [Color figure can be viewed in the online issue, which
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CONCLUSIONS

Silicone oils were added to PC, and their effects on
the morphology, mechanical, rheological, and ther-
mal properties were investigated. FE-SEM analysis
showed a phase separation of silicone oil in a PC
matrix, and it was also confirmed by thermal charac-
terization. Fracture surfaces of PC/PDMDPS and
PC/PDMS showed a rough surface at room tempera-
ture and a relatively smooth surface at —30°C. The
impact strength of PC at low temperatures was
increased from 8 to 60 kgem/cm by adding 10 wt %
of PDMDPS. However, in PC/PDMS, the impact
strength was not increased at low temperatures. The
stability of the PDMDPS at low temperatures and its
higher chemical affinity with PC, due to its phenyl
groups, may be the reasons for the higher impact
strength of PC/PDMDPS compared to PC/PDMS.
The melt flow index increased with an increase in
the silicone oil content. The PC/PDMDPS showed a
little increase in the melt flow index due to the bulky
structure and heat stability of PDMDPS, compared
to PC/PDMS, which had small methyl groups
attached on the Si-atom in PDMS.

By adding silicone oil to PC, the glass transition
temperature, starting temperature of thermal
weight loss and the heat deflection temperature of
the PC/silicone oil systems were shifted to lower
temperatures. The PC/PDMDPS showed higher
heat resistance than the PC/PDMS. The higher
chemical affinity and rigidity of the phenyl group
in the PDMDPS led to the high impact strength of
the PC/silicone oil systems at low temperatures
with no significant decrease in other polycarbonate
properties.
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