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ABSTRACT: Thermoplastic composites of polycarbonate (PC)/acrylonitrile-butadiene—styrene copolymer (ABS) alloys reinforced with
recycled carbon fiber (RCF) were prepared by melt extrusion through a twin-screw extruder. The RCF was first cleaned and activated
with a concentrated solution of nitric acid and was then surface-coated with diglycidyl ether of bisphenol A as a macromolecular cou-
pling agent. Such an approach is effective to improve the interfacial bonding between the fibers and the PC/ABS matrix. As was
expected, the reinforcing potential of the RCF was enhanced substantially, and furthermore, the mechanical properties, heat distortion
temperature, and thermal stability of PC/ABS alloys were significantly improved by incorporating this surface-treated RCE. The com-
posites also obtained a reduction in electrical resistivity. The morphologies of impact fracture surfaces demonstrated that the RCF
achieved a homogeneous dispersion in the PC/ABS matrix due to good interfacial adhesion between the fibers and the matrix. In
addition, the introduction of RCF into PC/ABS alloys also resulted in an increase in the storage moduli of the composites but a
decrease in the loss factors. It is prospective that, with such good performance in mechanical data, heat resistance, and electrostatic
discharge, the RCF-reinforced PC/ABS composites exhibit a potential application in industrial and civil fields as high-performance

and lightweight materials. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 3502-3511, 2013
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INTRODUCTION

The plastic alloys based on polycarbonate (PC) and acryloni-
trile-butadiene—styrene copolymer (ABS) are a
well-known commercial engineering plastic blends with good

class of

comprehensive properties due to a unique combination of the
high thermal stability and impact toughness of PC and the easy
processability and economical benefits of ABS."* PC/ABS alloys
have been widely used in automotive, electrical, and electronic
fields covering the personal consumption and industrial produc-
tion.”™ Although promising, however, insufficient mechanical
strength and heat resistance of the PC/ABS alloys have often
hindered their potential application in a broad range of indus-
trial fields.>” Therefore, the development of carbon-fiber-rein-
forced PC/ABS alloys over the past years has brought a great
competitor to traditional glass-fiber-reinforced PC/ABS compo-
sites. Compared to the PC/ABS alloys reinforced with glass fiber
or the other inorganic fibers, the carbon-fiber-reinforced PC/
ABS composites feature the improved tensile strength and mod-
ulus, flexural strength and modulus, and retention of physical
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properties in humid environments.>® They also offer a reduced
coefficient of thermal lower mold shrinkage,
increased thermal conductivity, improved creep resistance, supe-
rior wear resistance, and outstanding toughness.'” Moreover,
such composites can gain the high thermal resistance to the
heat generated from the engine, superior mechanical properties
against external vibrations and impacts, good electromagnetic
interference (EMI) shielding characteristics, and light-
weight.”'"'> Considering that the automotive industry has
made great efforts to develop lightweight vehicles for the
achievement of low fuel consumption, the carbon-fiber-rein-
forced engineering plastics as substitute materials have been
developed for the manufacture of many automotive parts to
replace conventional steel parts.'>'* These features have made
the carbon-fiber-reinforced PC/ABS composites a good candi-
date for the manufacture of many automotive parts and devices.
Huang and Wu' reported an investigation on PC/ABS/nickel-
coated carbon-fiber composites and found that this composite
material achieved good EMI shielding effectiveness and high

expansion,
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mechanical strength as well as good processability. Jeon et al.’
developed a series of PC/ABS based composites with a mixture
of carbon fiber, metal fiber, and glass fiber. These composites
obtained a good balance of mechanical stiffness and strength,
high EMI shielding effectiveness, good injection moldability,
and reduced weight, and therefore, they were adapted for the
manufacture of complex-shaped car audio chassis.

It is no doubt that carbon fiber is an excellent reinforcement
material for the most of polymer-based composites and has cre-
ated many structural composite materials.'®'® Carbon-fiber-re-
inforced composites are now used in a widening range of appli-
cations and in growing content in most of them. The aircraft
industry is an impressive example, with the new Boeing 787
and Airbus A350 having up to 50% of their weight in carbon-
fiber-reinforced composites and military aircraft showing a sim-
ilar trend."” According to statistics of “The Carbon Fibre Indus-
try Worldwide 2008-2014” published by Materials Technologies
Publications, UK, the worldwide demand for carbon fiber
reached approximately 35,000 tones in 2008, and this number is
expected to double by 2014, representing a growth rate of over
12% per year.'” However, as the worldwide amount of carbon
fiber used for composite materials grows, there is concern about
the potential tonnage of waste from manufacturing processes
and end-of-life products. The waste related to carbon-fiber-rein-
forced products will quickly reach a significant level to become
an important environmental issue since such products are not
biodegradable. In addition, the raw carbon fiber is extremely ex-
pensive because of the high consumption of energy in its manu-
facture.”®?! Such a high consumption of energy also keeps away
from the trend of green chemistry, and therefore, manufacturers
will need to identify ways to comply with legislation on sustain-
ability.”? In recent years, there is a strong interest in developing
processes for recovering and recycling of carbon fiber from
waste materials. Several methods have been developed for the
carbon-fiber recovery from carbon-fiber-reinforced thermoplas-
tic and thermoset waste. A recovery process for composite
materials has been developed based upon a fluidized bed pro-
cess.”>** The process provides high quality, clean fibers with
good mechanical property retention.”> Consequently, it maybe
arise up new interest and opportunity to study the reusing of
the waste carbon fiber recycled.”*° A few studies have been
reported on the thermoplastic composites with recycled carbon
fiber (RCF). Akonda et al.’® studied the reinforcing effect of
RCF on polypropylene and showed that, for composite speci-
mens containing 27.7% RCF by volume, the average values
obtained for tensile and flexural strength were 160 and 154
MPa, respectively. McNally et al.*" investigated the polyethylene-
based composites with RCF prepared through melt compound-
ing and found that both the tensile strength and Young’s modu-
lus increased with increasing RCF loading. Wong et al.”?
reported the development of an EMI shielding material using
RCE, which was transformed to a non-woven veil molded into a
thermoplastic plaque. It was found that the shielding effective-
ness and performance increased with veil areal densities as well
as the degree of fiber dispersion. Wong et al.*® also investigated
the effect of coupling agents on reinforcing potential of RCF for
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polypropylene-based composite. The results showed that the
reinforcing potential of the recycled fiber was increased by
improving the interfacial adhesion between the fiber and matrix
with the addition of maleic anhydride-grafted polypropylene
coupling agents. Pimenta and Pinho®® investigated the effect of
recycling on the mechanical response of carbon fiber and its
composites and answered the question how good can the per-
formance of recycled composites be. It was convinced that, with
such mechanical properties improved, the thermoplastic compo-
sites made from RCF can be used as low cost materials for
many nonstructural applications, and the recovery and reusing
of RCF to reinforce the engineering plastics can offer sound
economic benefits.

In this study, we employed the carbon fiber recycled from the
waste thermosetting resin-based composites to prepare the RCF-
reinforced PC/ABS thermoplastic composites via a simple melt
extrusion using a conventional twin-screw extruder. An inten-
sive investigation was also carried out focusing on the mechani-
cal properties, heat resistance, electrical conductivity, morphol-
ogy, and thermal stability, so that a high-performance and
lightweight composite material can be developed based on the
results of this work. As aforementioned, carbon-fiber-reinforced
PC/ABS composites have showed the superiority in outstanding
mechanical properties as well as their lightweight characteristics.
Therefore, it is prospective that the importance and novelty of
RCF reused for reinforcing PC/ABS composites will offer a cost-
effective means to achieve the properties similar to raw carbon
fiber and also provide high-performance and lightweight com-
posite materials that would find widespread use in automotive,
electric and electronic, and civil engineering applications.

EXPERIMENTAL

Materials

PC (Panlite® L-1250Y) with a specific gravity of 1.2 and a melt
flow index of 9.6 g/10 min was purchased from Teijin Chemicals,
Tokyo, Japan. ABS resin (Polylac® PA-757) with a specific gravity
of 1.05 and a melt flow index of 1.8 g/10 min was purchased
from Chi Mei Corp., Tainan, Taiwan. The RCF was kindly
supplied by Weiyuan Chemical Fibre Co., Xiamen, China. It was
recycled from the waste carbon-fiber-reinforced thermosetting
products through the thermooxidative decomposition upon
fluidized bed process to remove the organic resins. Diglycidyl
ether of bisphenol A (DGEBA), used as a coupling agent for the
surface treatment of RCE was commercially obtained from
BlueStar New Chemical Materials Co., Wuxi, China.

Preparation of Composites

The RCF was firstly immersed in a concentrated solution of ni-
tric acid for 2 h to clean and polarize the fiber surfaces. After
washed to neutrality with deionized water, the activated RCF
was further surface-treated with a solution of DGEBA in ace-
tone at a concentration of 8 wt % for 5 h. Then, the RCF with
the saturated absorption of the coupling agent was baked under
a vacuum at 90°C for 2 h.

The raw PC and ABS were dried at 85°C for 12 h to ensure
the moisture content is enough low to prevent degradation.
The PC/ABS composites with various weight percent of

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39105

3503


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/

3504

ARTICLE

surface-treated RCF were blended through melt extrusion using
a corotating twin-screw extruder (d = 30 mm, L/D = 40,
Nanjing Rubber & Plastics Machinery Plant Co., Nanjing,
China) with a screw configuration adapted to fiber/thermoplas-
tic reinforcement. The temperatures along the barrel from feed-
ing zone to die were set at 240, 245, 255, 260, 260, 255, 250,
and 245°C, and the rotating speed of the screw was 180 rpm.
The extrusion parameters were slightly varied from one compo-
sition to another. The melting extrudate was cooled in a water
bath and subsequently pelletized. The resulted pellets were dried
under vacuum at 85°C overnight and then were stored in the
sealed aluminum foil bags.

Characterization

Mechanical Performance Test. All the samples were dried at
110°C for 8 h prior to injection molding and were then injec-
tion-molded into the test bars with the different shapes required
for mechanical and heat-resistant measurements. The tensile
and flexural properties were measured with a SANS CMT-4104
universal testing machine using a 10,000 N load transducer
according to ASTM D-638 and D-790 standards, respectively.
Notched Izod impact strength was measured with a SANS ZBC-
1400A impact tester according to ASTM D-256 standard. The
thickness of notched Izod impact bars was 1/8 in., and impact
energy was 2.75 J. All the tests were done at room temperature,
and the values reported reflected an average from five tests.

Heat Distortion Temperature Test. The specimens for heat dis-
tortion temperature (HDT) testing were first prepared via injec-
tion molding. The HDTs of virgin PC/ABS alloys and their
composites with various RCF loadings were measured with a
SANS ZWK-1000 Heat distortion & Vicat softening temperature
testing machine under a load of 1.82 MPa according to ASTM
D-648 standard, and all the HDTs represented the average val-
ues over the five measurements.

Electrical Resistivity Test. The specimens for volume resistivity
and surface resistivity tests were prepared through injection
molding. The surface resistivity and volume resistivity of the
RCF-reinforced PC/ABS composites were measured with a PC68
digital teraohmmeter under a voltage of 500V according to
ASTM D-257 standard, respectively. The data reported were
obtained by the average values of the five tests for each sample.

Scanning Electron Microscopy. Scanning electron microscope
(SEM) images for the morphologies of RCF surface and fractog-
raphy of RCF-reinforced PC/ABS composites were taken on a
Zeiss Supra 55 SEM. The fracture surfaces obtained from
impact test bars after impact measurement were made electri-
cally conductive by sputter coating with a thin layer of gold—
palladium alloy. The images were taken in high vacuum mode
with 20 kV acceleration voltage and a medium spot size.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA)
was carried out in a nitrogen atmosphere using a TA Instruments
Q50 thermal gravimetric analyzer. Samples were placed in a plati-
num crucible, and ramped from room temperature to 700°C at a
heating rate of 10°C/min, while a flow of nitrogen was maintained
at 50 mL/min.
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Dynamic Mechanical Analysis. The dynamic mechanical
behaviors of the RCF-reinforced PC/ABS composites were meas-
ured on a TA Q-800 dynamic mechanical analyzer under a dual
cantilever mode. The test was run during the temperature range
from —50°C to 220°C with a heating rate of 5°C/min and a
strain amplitude of 10 um at a frequency of 1 Hz.

RESULTS AND DISCUSSION

Mechanical Properties

The tensile and flexural test results of RCF-reinforced PC/ABS
composites are presented in Table I. An intuitive trend of these
mechanical properties can be clearly observed with the variation
of RCF loading as well as PC/ABS weight ratio. The RCF dis-
plays a very significant reinforcing effect on PC/ABS alloys. The
introduction of only 5 wt % of RCF can lead to approximate
60% and 35% improvements in tensile and flexural strength,
respectively. Such an increasing trend was well maintained with
increasing the RCF loading, and the composite achieved an
around 150% increase in the two mechanical parameters when
20 wt % of RCF was incorporated. Meanwhile, compared to vir-
gin PC/ABS alloys, their composites with RCF also gained a sig-
nificant increment by more than five times in tensile and flex-
ural moduli. The significant enhancement in the mechanical
parameters of PC/ABS composites is mainly ascribed to good
interfacial shear strength between fibers and PC/ABS matrix.””
As aforementioned, the RCF was surface-treated with DGEBA
epoxy resin, which has a similar molecular segment with PC.
Therefore, this epoxy coupling agent is thermodynamically mis-
cible with PC, and an interfacial adhesion can be enhanced
between the fibers and the matrix by the bridging effect of
DGEBA. 1t is believed that the good interfacial interaction may
offer an efficient load transfer to the polymer matrix, and thus,
a mechanical interlocking was established between the fibers
and matrix. Such a process can prevent the crack growth from
passing through the interfacial boundary between the fibers and
matrix and make the composites withstand more test stress. As
a result, the composites achieved much higher reinforcement
effect in comparison with the results previously reported by the
literature.'>'> Herein, the DGEBA macromolecular coupling
agent evidently supplied the major bonding effect to enhance
the interfacial adhesion between the fibers and the matrix. It is
also notable that the RCF exhibited a slight different reinforcing
effect on PC/ABS alloys at different weight ratios of PC and
ABS. In most case, the lower fraction of ABS the alloys have,
the higher mechanical strength and modulus the composites
achieved. These results are consistent with the mechanical na-
ture of virgin PC/ABS alloys at different weight ratios.

Table I also reveals the notched Izod impact strength of the
composites with different RCF loadings. It is amazingly noted
that the RCF also demonstrated a toughening effect on PC/ABS
alloys, and incorporating only 5 wt % of RCF resulted in an
increase in impact strength by about 30%. Although the impact
strength was increasingly improved by increasing the RCF load-
ing, it reached a maximum at 15 wt % of RCF loading and,
afterward, decreased with an increasing addition of RCFE. Such a
decline in impact toughness can be explained by the transfor-
mation mechanism of fracture. Generally, there are two factors
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impact strength (J/m)

Notched Izod
137.52 + 5.58

modulus (MPa)

Flexural

strength (MPa)

Flexural

modulus (MPa)

Tensile

strength (MPa)

Tensile

Table I. Mechanical Properties of RCF-Reinforced PC/ABS Composites

Sample

ol
Mk s

CIENCE

179.24 + 6.08
201.63 = 7.94
249.40 = 8.97
221.58 = 8.12
151.31 £ 6.52
190.33 = 6.93
194.79 = 7.24

2265 = 212
7158 = 449
10,638 = 503
13,910 = 671
15218 = 745
2316 = 160
6335 =+ 387
8859 = 475
11,764 = 594

89.08 = 4.61
140.04 = 7.35
161.84 + 8.28
197.69 + 9.89
219.08 = 10.27

85.87 = 4.36
132.07 = 6.48
152.21 =+ 8.19

2818 = 122
8731 = 406
12,597 + 439
16,974 + 678
18,638 + 745
2754 =139
7022 + 384
9428 + 377
14,862 + 594

55.01 = 2.65
90.50 = 3.32
106.13 = 3.78
129.33 £ 3.89
1359 = 4.04
5733 249
87.65 = 3.48
103.97 = 4.58

oy + 5 wt % RCF
oy + 10 wt % RCF
oy + 15 wt % RCF
oy + 20 wt % RCF
oy

oy + 10 wt % RCF
oy + 15 wt % RCF
oy + 20 wt % RCF

oy + 5 wt % RCF
oy

oy

251.50 * 6.65

189.42 + 8.56

127.39 = 499

16,984 + 671 196.08 + 9.76 13,689 = 679 21522 = 7.20

129.74 £ 476

85.31 + 3.86 2202 = 217 15495 + 6.47
131.75 = 6.57

2667 = 106

5715 + 2.86

197.82 + 5.79

5970 + 273

87.81 + 3.51 5977 + 196

102.73 £ 411

oy + 5 wt % RCF

208.16 = 6.51

9161 + 449
11,245 = 584

1547 =712
173.18 = 7.69

6249 + 249
12,216 + 418

oy + 10 wt % RCF
oy + 15 wt % RCF
oy + 20 wt % RCF

262.54 = 8.29

124.86 = 4.60

16,654 + 485 189.91 + 8.84 12,295 =+ 683 219.65 = 6.34

131.09 = 4.84

PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
PC/ABS
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dominating the impact toughness of fiber-reinforced compo-
sites.”®® The first one is that new stress concentrations are
formed around the fiber ends, area of poor adhesion, and
region of fiber aggregation. The second one is that the fibers
can enhance the impact toughness through reducing the crack
propagation rate by forcing cracks around the fibers. The practi-
cal effects of fibers on impact toughness of composites depend
on the competition of these two factors. In the case of the RCF-
reinforced PC/ABS composites, it is anticipated that the reduc-
ing effect of RCF on crack propagation rate of composites dom-
inates crack initiation through forming new stress concentra-
tion, and the RCF restricts the crack propagation rate so as to
alleviate the fracture of the composites. The energy required to
generate a new fracture surface increases with the fiber volume
fraction, leading to an increase in impact strength. Furthermore,
the fiber pulling-out and fracture, interfacial debonding, and
matrix deformation also made contributions to the improve-
ment in impact performance of PC/ABS composites. However,
the aggregation of RCF in the case of high loading may occur
and, thus, leads to locally destroy the continuity of matrix. This
directly results in the decrease of crack propagation capability
and the severe matrix deformation. Moreover, the agglomera-
tion of RCF also causes the stress concentration in the PC/ABS
matrix and prevents efficient load transfer to the matrix. These
results will be confirmed by the morphological observation for
the impact fracture surface of RCF-reinforced PC/ABS
composites.

Heat Distortion Temperature

HDT is defined as the upper limiting temperature of the dimen-
sional stability of thermoplastics in service without significant
physical deformations under a normal load and thermal effect,
so it can estimate the elevated temperature performance of engi-
neering materials in service environment and can provide the
important information for material design as well.”> The HDTs
of virgin PC/ABS alloys and their composites with various RCT
loadings are summarized in Table II. Each of the HDTs reported
here represents an average value of five tests. The virgin PC/
ABS alloys are observed to give the HDTs ranging from 50 to
57°C at weight ratios from 60/40 to 80/20. Such low HDTs
restrict the application of PC/ABS alloys as structural engineer-
ing materials in the most industrial and civil areas. It is antici-
pated that the HDTs have been improved significantly by incor-
porating RCF into PC/ABS alloys. The composite achieved a
high HDT of around 100°C with the addition of only 5 wt %
RCE. The composite further exhibited a much higher HDT of
about 145°C when 20 wt % of RCF was incorporated. It is evi-
dent that the general trend is that the higher RCF loading can
impart higher HDT to the composites. As mentioned previ-
ously, the high RCF loading in the composites tended to
improve the flexural strength and modulus. Many studies
reported that the HDT was associated with the mechanical
behavior of thermoplastic composites like flexural proper-
ties.">"! In the HDT measurements, the ability of a thermoplas-
tic material to retain stiffness with increasing temperature is im-
portant for the achievement of a high HDT. Generally, the
introduction of inorganic fibers or fillers can make it possible
for the thermoplastic composites to maintain moderate
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Table II. HDTs and Electrical Resistivity of RCF-Reinforced PC/ABS Composites
Volume Surface

Sample HDT (°C) resistivity (Q m) resistivity (Q)
PC/ABS (80/20) alloy 57.5 2.78 x 10** 8.9 x 10*3
PC/ABS (80/20) alloy + 5 wt % RCF 102.4 4.7 x 108 9.4 x 108
PC/ABS (80/20) alloy + 10 wt % RCF 1136 3.9 x 107 6.7 x 107
PC/ABS (80/20) alloy + 15 wt % RCF 132.6 3.1 x 107 41 x 107
PC/ABS (80/20) alloy + 20 wt % RCF 147.6 2.7 x 107 3.8 x 107
PC/ABS (70/30) alloy 53.3 2.45 x 10 6.3 x 102
PC/ABS (70/30) alloy + 5 wt % RCF 98.33 3.4 x 108 6.9 x 108
PC/ABS (70/30) alloy + 10 wt % RCF 109.6 3 x 107 45 x 107
PC/ABS (70/30) alloy + 15 wt % RCF 121.6 2.5 x 107 3.8 x 107
PC/ABS (70/30) alloy + 20 wt % RCF 135.5 2.4 x 107 2.9 x 107
PC/ABS (60/40) alloy 50.9 1.82 x 10** 51 x 103
PC/ABS (60/40) alloy + 5 wt % RCF 97.3 2.4 x 108 6 x 108
PC/ABS (60/40) alloy + 10 wt % RCF 101.2 2.1 x 107 42 x 107
PC/ABS (60/40) alloy + 15 wt % RCF 115.8 2 x 107 3.4 x 107
PC/ABS (60/40) alloy + 20 wt % RCF 132.6 1.9 x 107 2.8 x 107

modulus and high temperature stiffness with increasing temper-
ature. This was also contributed to the enhancement of the
HDTs of these composites. Consequently, the improvement in
the HDTs of the composites resulted from their enhanced flex-
ural modulus as well as the increased ability to retain high stiff-
ness induced by the fibers or fillers. Nielsen and Landel** pro-
posed that the variation of the HDT was related to the flexural
behaviors, especially the flexural modulus of polymer com-
pounds with various fillers. In this work, the significant
improvement of HDT may be due to the continual increase in
the modulus of PC/ABS composites with increasing RCF load-
ing. To achieve a high HDT, the ability of a thermoplastic com-
posite to retain stiffness and modulus with increasing tempera-
ture is highly necessary. The incorporation of RCF makes it
possible for PC/ABS alloys to maintain a high modulus as well
as a high stiffness with an increasing of testing temperature.
And the higher the RCF loading, the higher the flexural modu-
lus when set at a high temperature. Thus, such an enhancement
of flexural modulus results in an achievement of high HDTs for
PC/ABS composites. This result is in good agreement with Niel-
sen’s prediction. Additionally, the RCF acts as a heterogeneous
network in the matrix, which can limit the motion of the mac-
romolecular chains and thus prevent the elastic and plastic
deformations of the matrix at a higher temperature.

Electrical Resistivity

Considering the excellent electrical conductivity of carbon fibers
in nature, it is desired that the incorporating RCF can create a
type of conducting thermoplastic composites based on PC/ABS
alloys. The volume resistivity and surface resistivity of PC/ABS
composites were measured and are summarized in Table II. A
steep decrease in electrical resistivity can be observed for the
composites at a RCF loading of 5 wt %. Both volume resistivity
and surface resistivity are further reduced with increasing the
RCF loading, and however, such a decrement is not so signifi-
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cant. These results indicate the formation of intrinsic fibrous
structure throughout the PC/ABS matrix. Since the percolation
threshold does not appear for the composites with the RCF
loading up to 20 wt %, the conductivity mechanism still
belongs to tunneling or hopping of charges between separated
fibers."> In addition, it is noteworthy that the electrical resistiv-
ity is also influenced by the fraction of ABS in the alloys, and
the higher the ABS content, the lower the volume and surface
resistivity. As is well known, PC has a high melt viscosity. The
higher fraction of ABS imparts a much better fluidity for the
melts, which favors the dispersion of RCF in the polymer ma-
trix. Consequently, more homogenous distribution of RCF in
the matrix enhances the conductivity of the composites. Sum-
marily, the significant decrease in electrical resistivity provides
electrostatic discharge for the PC/ABS thermoplastic composites.
Furthermore, the RCF-reinforced PC/ABS composites are also
well balanced in respect to the electronic and mechanical prop-
erties due to the notably reinforcing effect of RCE

Morphology of Fracture Surface

Figure 1 shows the SEM micrographs of the fracture surface
obtained from the notched impact tests of PC/ABS composites.
These composites are observed to display a great amount of
broken fibers as well as a few holes due to the fiber pull-out.
With increasing the RCF loading, the fracture surfaces seem to
present a feature of major fiber breakage with a few fibers pull-
ing out as shown in Figure 1(c-h), indicating that the impact
energy was dissipated mainly by the fiber breakage as well as
the partial fiber pull-out. It is interestingly observed from the
close-up view that some of fibers are well covered with the
polymeric resins in the local area of the fracture surface as seen
in Figure 2. The surfaces of these fibers look like roughness and
seem to be trapped by an irregular resin layer with linking the
fiber surface to the matrix. Such a characteristic morphology is
also an indication of the good interfacial bonding between RCF
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Figure 1. SEM micrographs of impact fracture surfaces for RCF-reinforced PC/ABS composites: (a) PC/ABS (80/20) composites with 5 wt %,
(b) 10 wt %, (c) 15 wt %, and (d) 20 wt % of RCF; (e) PC/ABS (70/30) composites with 15 wt % and (f) 20 wt % of RCF; (g) PC/ABS (60/40)

composites with 15 wt %, and (h) 20 wt % of RCE

and PC/ABS matrix, and thus, the better stress transfer can be
expected. Additionally, it is also found from the SEM micro-
graphs that ABS is homogeneously dispersed in the PC domain
as a very small particle, and most of fibers are well dispersed as
individual ones in the matrix. This phenomenon implies that
the RCF is mainly distributed in the PC phase, and the coupling
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agent causes a better wetting of RCF through the PC domain.
Such an enhanced interfacial adhesion leads to a significant
improvement in tensile and flexural properties. It should also be
noted in the SEM micrographs that most of the fibers on the
fracture surface were orientated in the flowing direction of
injection molding. This indicates that composites have higher
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Figure 2. SEM image as a close-up view for the impact fracture surface
of PC/ABS (70/30) composites with 15 wt %.

degree of fiber orientation, which results in a higher fiber-effi-
ciency factor and, hence, higher mechanical strength. On the
other hand, the impact energy could also be dissipated effi-
ciently via fiber pulling-out, interface debonding, and matrix
deforming. It is clearly observed that, in most cases, the fibers
are finely dispersed in the PC/ABS matrix; however, a slight
aggregation occurs for the composites with high RCF loading as
displayed in Figure 1(c—g). In addition, the local matrix defor-
mation occurring near the fibers can be observed in Figure 1,
suggesting that the matrix continuity was destroyed; thus, the
crack propagation was inhibited. This also leads to a significant
improvement in impact toughness of RCF-reinforced PC/ABS
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Thermogravimetric Analysis

TGA was used to investigate the thermal stabilities of RCEF-
reinforced PC/ABS composites. The characteristic degradation
parameters obtained from TGA are summarized in Table III.
The PC/ABS alloys and their composites are all observed to
reveal a typical one-step degradation during their thermal
decompositions, indicating that the random scission of the
main chains of PC and ABS resins occurred in the close temper-
ature range as the prevailing decomposition reaction. The virgin
PC/ABS alloys display the variable initial decomposition tem-
peratures ranging from 370 to 397°C at a weight loss of 3 wt
%, which is defined as a onset decomposition temperature (T,
set) and, furthermore, taken as an index of thermal stability. The
main degradation of these PC/ABS alloys started at a maximum
decomposition temperature (T,,,) around 427-447°C, at which
the weight loss occurred at a maximum rate. These two charac-
teristic temperatures are associated with the essential thermal
stability of the alloys determined by the weight ratio of PC and
ABS in the compounding composition and, afterward, indicate
a better thermal stability for the PC/ABS alloy at a weight ratio
of 70/30 due to the intrinsic compatibility feature of two phases.
It is interesting to note that the PC/ABS composites show
slightly lower T,ss than virgin PC/ABS alloys as shown in
Table III. This result may be due to the poor thermal stability
of the DGEBA resin coated on the surface of RCF. However, all
of the composites exhibit higher Tj,.s than the virgin alloys,
indicating the enhancement of thermal stability by the addition
of RCE. Furthermore, the RCF at a high loading level can
effectively act as physical barriers to hinder the transport of
volatile decomposed products out of the PC/ABS composites
during thermal decomposition; thus, the composite containing

composites. 20 wt % RCF exhibits a much higher decomposition
Table III. Thermal Analysis Results Obtained from TGA Measurements for the PC/ABS Alloys and Their Composites with RCF
Characteristic temperature Char yield at

Sample Tonset™ (°C) Trnax” (°C) 750°C (wt %)
PC/ABS (80/20) alloy 380.8 437.6 9.48
PC/ABS (80/20) alloy + 5 wt % RCF 377.5 440.5 25.15
PC/ABS (80/20) alloy + 10 wt % RCF 369.8 441.6 30.79
PC/ABS (80/20) alloy + 15 wt % RCF 379.2 4453 33.61
PC/ABS (80/20) alloy + 20 wt % RCF 378.4 443.6 38.92
PC/ABS (70/30) alloy 3971 447.3 1535
PC/ABS (70/30) alloy + 5 wt % RCF 396.3 449.8 20.51
PC/ABS (70/30) alloy + 10 wt % RCF 395.6 450.2 28.25
PC/ABS (70/30) alloy + 15 wt % RCF 398.1 452.6 37.19
PC/ABS (70/30) alloy + 20 wt % RCF 392.5 451.3 42.90
PC/ABS (60/40) alloy 371.6 427.8 9.73
PC/ABS (60/40) alloy + 5 wt % RCF 370.2 426.9 16.01
PC/ABS (60/40) alloy + 10 wt % RCF 368.4 428.3 25.95
PC/ABS (60/40) alloy + 15 wt % RCF 369.8 428.5 30.71
PC/ABS (60/40) alloy + 20 wt % RCF 367.7 429.2 39.15

®The onset decomposition temperature, at which the sample undergoes 3 wt % of weight loss.
The characteristic temperature, at which the maximum rate of weight loss occurs.
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temperature than the other composite samples. In addition, the
char yields of the PC/ABS composites with high RCF loadings
are much higher than those with low ones. This result is
ascribed to the flame retardancy and carbonization of RCF to-
ward the PC/ABS matrix.** Similarly, the RCF also has a good
barrier effect on the thermal degradation process, leading to the
retardation of the weight loss of thermal degradation products
as well as the thermal insulation of the PC/ABS matrix. Conse-
quently, a high char yield was obtained at the end of the ther-
mal decomposition of the RCF-reinforced PC/ABS composites.

Dynamic Mechanical Properties

The dynamic mechanical properties of the RCF-reinforced PC/
ABS composites were investigated by dynamic mechanical analy-
sis (DMA), which also reflected the viscoelastic behaviors of
these composites in the different compounding compositions.
Figures 3 and 4 demonstrate the temperature dependence of
storage modulus and loss factor (tan 6) for PC/ABS alloys and
their composites with RCEF, respectively. The dynamic mechani-
cal behaviors of neat PC and ABS resins are also presented as
references in these two figures. The PC/ABS alloys were
observed to exhibit slightly lower storage moduli than either PC
or ABS at three different weight ratios. However, the incorpora-
tion of RCF into PC/ABS alloys significantly improved the stor-
age moduli of the PC/ABS composites. This result is consistent
with the tensile and flexural moduli and, thus, can be attributed
to the stiffening effect of RCF and the enhanced interfacial
interaction between the fibers and the matrix. These two factors
may contribute together to the improvement in resilience of the
PC/ABS composites.*>*® Therefore, the PC/ABS composites
achieved a successive improvement in storage modulus with
increasing the RCF loading. It is also noteworthy that the incre-
ment of storage modulus is dependent on the weight ratio of
PC and ABS, and the PC/ABS composite at a weight ratio of
60/40 displays a greater increment in storage modulus than the
other two composites. This phenomenon is due to the fact that
the increase of fraction of ABS enhances the viscoelasticity of
PC/ABS matrix because of the much more flexible chains of
ABS resin than PC.

The loss factor was found to present a maximum value when all
of the samples were heated through the glass transition region
in DMA tests as shown in Figure 4. The temperature at the
peak corresponding to the maximum tan ¢ is considered as a
glass transition temperature (T,). Furthermore, the appearance
of single tan ¢ peak of the PC/ABS alloys is an indication of the
miscible compounding systems. It is also found that the Tis of
PC/ABS alloys decrease slightly with increasing the fraction of
ABS. However, the temperature at the tan J peak seems not to
be significantly affected in the presence of RCE and the T, of
the PC/ABS matrix seems only to shift to a slightly higher tem-
perature compared to those of virgin PC/ABS alloys. This result
can be explained by the fact that the RCF as a rigid filler dis-
tributed in the matrix confines the motion of PC and ABS
chains. Meanwhile, it is also noted that the presence of RCF in
PC/ABS alloys results in a reduction in the height of tan ¢
peak. It is understandable that the damping in the glass transi-
tion zone measures the imperfection in the elasticity and that
much of the energy expended for the deformation of a material
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Figure 3. Temperature dependence of storage modulus for RCF-reinforced
PC/ABS composites at weight ratios of (a) 80/20, (b) 70/30, and
(c) 60/40. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

during DMA testing is dissipated directly into heat.*” This indi-
cates that the molecular mobility of the composites decreases
with the addition of RCF, and thus mechanical loss to overcome
inter-friction between molecular chains is reduced. Generally,
the damping of the polymer is much greater than that of the
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Figure 4. Temperature dependence of loss factor (tan J) for RCEF-

reinforced PC/ABS composites at weight ratios of (a) 80/20, (b) 70/30,

and (c) 60/40. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

fibers. The introduction of inorganic fibers into polymer matrix
will increase its elasticity and reduce its viscosity, and thus, less
energy will be consumed to overcome the friction forces
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between molecular chains.”® As a result, the loss factor of PC/
ABS matrix decreases in the presence of RCF.

CONCLUSION

RCF-reinforced PC/ABS thermoplastic composites were pre-
pared by melting extrusion through a twin-screw extruder.
The significant reinforcement effect was achieved for these
composites on the basis of the surface treatment for RCF using
DGEBA coupling agent, which effectively improved the interfa-
cial bonding between fibers and PC/ABS matrix. As a result, the
mechanical properties including tensile strength and modulus,
flexural strength and modulus, and notched impact strength
were improved significantly. Moreover, the HDT and thermal
stability also displayed a prominent improvement by incorpo-
rating the surface-treated RCF; meanwhile, the electrical
resistivity presented a notable reduction. The SEM micrographs
confirmed the fine dispersion of RCF in the PC/ABS matrix and
the good interfacial interaction between the fibers and the
matrix. In addition, the incorporation of RCF into PC/ABS
alloys also led to an increase in the storage moduli of the com-
posites but a decrease in the loss factors. It is prospective that,
with such good performance in mechanical data, heat resistance,
and electrostatic discharge, the RCF-reinforced PC/ABS compo-
sites exhibit a potential application in industrial and civil fields
as the high-performance and lightweight materials.
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