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ABSTRACT: Recycled poly(ethylene terephthalate)/
bisphenol-A polycarbonate/PTW (ethylene, butylacrylate
(BA), and glycidylmethacrylate (E/nBA/GMA) terpoly-
mer) were blended in different sequence through low
temperature solid state extrusion (LTSSE) was studied.
R-PET/PC blends were toughened by PTW, resulting in
the improvement of impact strengths. In tensile test, the
(PC/PTW)/r-PET blends made by mixing r-PET with the
preblend of PC/PTW had noticeable strengthening effect
on its tensile properties, which was not impaired by the
rubber content due to its strain-hardening occurred follow-
ing its necking at the constant load. Morphological study
by scanning electron microscopy (SEM) was in conformity
with the mechanical result. For the (PC/PTW)/r-PET

blends, the PC particles were well embedded in the PET
matrix and the smooth morphology exhibited. The DSC
thermographs for heating and cooling run indicated that
the crystallinity of PET rich phase was affected by differ-
ent blending sequence. In the FTIR test, the different
absorption intensity of PC aromatic carbonate carbonyl
band was clearly illustrated. The results indicated dif-
ferent blending sequence led to different blending
effect. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 109: 483–
491, 2008
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INTRODUCTION

As important engineering plastics, both poly(ethyl-
ene terephthalate) (PET) and polycarbonate (PC)
have been widely industrialized for many years. Ho-
mogeneous PET is popular thermal plastics widely
used in manufacturing of commercial products, such
as PET soft drink bottles. With an ever-growing mar-
ket, the amount of post consumer PET is accumulat-
ing rapidly and becoming an environmental issue.
Crystalline PET has excellent chemical resistance
and good electronic properties, and amorphous PC
possesses high impact toughness, excellent optical
properties, and good dimensional stability. Theoreti-
cally, recycling of postconsumer PET by blending
with PC can be a value-added technique, through
which alloys with property combinations of high
impact toughness, good dimensional stability from
the PC, and excellent solvent resistance and elec-
tronic properties from the PET can be made.

PET/PC blends have been extensively studied
over the past two decades.1–20 Paul, Barlow and their
coworkers1–3 stated that, in melt-mixed PC/PET

blends, PC and PET were completely miscible in the
amorphous phase for PET-rich compositions (70 wt %
of PET), whereas PC-rich blends separated into two
amorphous phases showing two glass transitions.
By means of differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), and
infrared spectroscopy (IR), Chen and Bireley4 con-
cluded that PC/PET was immiscible over the whole
composition range. The extruder-mixed blends had
inhomogeneous phase. Thus, simple molten blend-
ing of PET and PC in a mixer most probably pro-
duced a phase-separated PET/PC mixture with low
mechanical strength. The important issues in PET/
PC blending were to improve the compatibility
between the PET and PC with a third component.
The compatibilizers for PET/PC blends can be di-
vided into two groups: the one is called as homoge-
nous phase compatiblizers,20–24 which promote the
miscibility between two immiscible blends through
transesterification.20 The other is called micro-phase
separated compatiblizers.25–33 To improve the impact
properties of the blends, toughening by incorpora-
tion of rubber or other elastomers, like SEBS,31,32

known as microphase separated compatiblizers was
often required.

Furthermore, the reactive compatibilizers have
been increasingly introduced into blends in the past
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10 years.24,28,29,31–33 Reactive compatibilization can
also provide for a degree of control over morphol-
ogy development in multiphase polymer blends, via
manipulation of the interfacial energies within the
system,34–36 which allowed the formation of a com-
posite dispersed phase during a melt blending pro-
cess via encapsulation of one dispersed phase by
another. With chemical reaction occurring between
the functional group and the blends, the interfacial
adhesion would be greatly increased and the interfa-
cial tension would be sharply decreased. However,
the reactivity between functional groups were differ-
ent, the way to optimize the compatiblization was
needed.

The processing of PET involves hydrolysis and py-
rolysis of polymer chain, which reduces not only the
intrinsic viscosity and the molecular weight, but also
the mechanical properties of recycled materials. Hy-
drolysis and pyrolysis of PET can be greatly reduced
by low temperature solid-state extrusion as the
extrusion temperature is between glass transition
temperature and cold-crystallization temperature of
PET. Modification of recycled PET by low tempera-
ture solid state extrusion is an interesting method, it
not only provides recycled PET scraps an easy way
to recycle by blend processing, but also can form the
novel structures such as orientation, crystallization,
and the network in the alloy.37 Therefore, low tem-
perature solid state extrusion is introduced, in which
the blending process is performed under high shear
strength and low processing temperature to elimi-
nate the influence of pyrolysis and the effect of
transesterification.

The effect of blending sequence on the heat prop-
erties, morphologies, and mechanical properties with
adding the terpolymer consisting of polyethylene, n-
butyl acrylate (nBA) and glycidyl methacrylate
(GMA) were studied in this work. The objective of
the research project is to further optimize the blend-
ing effect of recycled PET and PC for satisfying
with the requirement of mechanical properties and

acquiring a deeper understanding on the blending
and modifying mechanism of the recycled PET and
PC in order to facilitate the development of the
value-added recycling technique for recycling PET.

EXPERIMENT

Materials and blend preparation

R-PET: Recycled polyethylene terethphalate bottle
scraps (Mn 5 3.85 3 104 and Mw 5 11.9 3 104, h 5
0.71 dL/g) were purchased from Zijiang Bottle Ltd.
(Shanghai, RP China).

PC: Polycarbonate (Mn 5 20,000) was provided by
Teijin Co., Ltd. (Japan).

PTW: Terpolymer of ethylene, butylacrylate (BA)
and glycidylmethacrylate (E/nBA/GMA) was sup-
plied by Dupont Co., Ltd (USA), with nominal
weight of grafted glycidyl methacrylate 5 0.4%. The
chemical structure of PTW was shown in Figure 1.

The viscosity versus shear rate curves of r-PET,
PC, and PTW were measured at 2408C by Haake
rotating rheometer, which was shown in Figure 2.
The viscosity of PC is higher than r-PET and PTW.
Once blended, PC would be dispersed in the matrix
of r-PET and PTW.

r-PET/PC: the blends made by mixing r-PET and
PC.

(r-PET/PTW)/PC: the blends made by mixing PC
with the preblend of the r-PET/PTW.

r-PET/PTW/PC: the blends made by mixing
r-PET, PC, and PTW.

(PC/PTW)/r-PET: the blends made by mixing
r-PET with the pre-blend of the PC/PTW.

Prior to blending, recycled PET bottle scraps, and
PC pellets were dried at 1208C in a dehumidifying

Figure 1 Chemical structure of PTW.

Figure 2 Comparison of melting viscosities at 2408C of
r-PET, PC, and PTW.
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dryer for at least 4 h. PTW was dried in a vacuum
dryer for 12 h. Then, the blending was carried out in
a co-rotating twin-screw extruder, TEX-30 with F 5
35 mm, L/D 5 45 manufactured by Nanjin Ruiya
Polymer Machine Co., Ltd (China). Blend compo-
nents were manually premixed then compounded
using a screw speed of 100 rpm, the temperature
profile from hopper to die, detailed as 100, 100, 100,
100, 200, 200, 230, and 2408C, respectively. The feed-
ing capacity was kept at 8 kg/h. The blends were
extruded as triple laces of 4 mm diameter, which
were hauled into a quenching water trough prior to
being palletized. Dried blends were molded to form
tensile and impact specimens using a QS-100T injec-

tion molding machine manufactured by Shanghai
Quanshen Polymer Machine Ltd. (China). The barrel
temperature profile was set from 1908C (hopper) to
2308C (nozzle) and mold temperature was main-
tained at 408C.

Characterization

According to the standard of GB/T1040-1992 (Ten-
sile strength and elongation at break), GB/T9341-
2000 (flexural strength and flexural modulus), GB/
T1043-1993 (Charpy Impact Strength), the mechani-
cal properties was performed by WSM-20KN univer-
sal testing machine by Chang Chun Mechanical
Properties Testing Machine Ltd. (China).

The viscosity versus shear rate curves of r-PET,
PC, and PTW were measured by Thermo Haake
Rheotress 600 rotating rheometer. The measuring
temperature was set at 2408C which confirmed with
the extrusion temperature.

Differential scanning calorimeter (DSC) was per-
formed on NETZSCH DSC PC 200 (German). Speci-
mens of 10.0 6 0.2 mg in weight were taken from
the core region of injection molded tensile test pieces
and was heated from 30 to 2808C at 108C/min and
maintained at 2808C for 5 min to erase the thermal
history, and then cooled to 1008C at the speed of
2108C/min in a nitrogen atmosphere.

Attenuated total reflection (ATR) FIIR spectra were
performed by using a Bruker Vector 22 instrument
with 1 cm21 resolution. The specimens were etched in
chloroform to remove PC before being investigated.

Scanning electron microscopy was performed by
using a Jeol JSM-35CF (SEM) at accelerating voltage

Figure 3 Impact strengths and flexural modulus of
r-PET/PC/PTW blends with different PTW content (j-
impact strength, &- flexural modulus).

Figure 4 Mechanism for interfacial reaction that occured during reactive blending of r-PET, PC, and PTW.
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of 15 kV. All the specimens were impact-fractured at
ambient temperature of 258C, and the fractured sur-
face was gold-coated.

RESULTS AND DISCUSSION

Preliminary test

As the semicrystalline polymers, PET and PC had a
high craze stress and modulus; however, with a
notch, they nearly all fracture in a brittle manner. It
was an efficient way to toughen these materials with
incorporation of rubber content. At the same time,
these materials will usually be softened with the
incorporation of rubber content, which lead to weak-
ening in strengths or modulus. It was important for
us to consider the balance between toughness and
modulus, and determined the optimum level for fur-
ther investigation. Figure 3 showed the relationship
between toughness and modulus with the PTW con-
tent increased from 0 to 25 phr, in which the compo-
sition of r-PET/PC was kept at the constant ratio of
75/25. Through the comparison between the impact
strengths of the blends with or without PTW, it was
showed that the impact strengths increased nearly
300% with the incorporation of PTW (from 8.33 kJ/
mol (PTW content 5 0 phr) to 31.22 kJ/mol (PTW
content 5 20phr)). When PTW came to 25 phr, the
impact strength was decreased. Thus, it seems that
20 phr content of PTW was the critical point. Other-
wise, PTW will be depleted by GMA self-reacting, as
shown in Figure 4. And this would bring the effect
on the homogeneity of the blends. For binary blends
or ternary blends, the properties of material will be
greatly influenced by the homogeneity of the blends.
Through establishing the relationship between the
impact strength and modulus, the content of PTW
was chosen at 10 phr for investigating the effect of
blending sequence.

Mechanical test

Impact, tensile, and flexural characteristic of the r-
PET/PC, the (r-PET/PTW)/PC, the r-PET/PC/PTW,
and the (PC/PTW)/r-PET blends were tested and

their results were listed in Table I. In the result of
impact strengths, a substantial increase in impact
toughness was shown with the addition of PTW.
The energy dissipated by the rubber content resulted

TABLE I
Mechanical Testing Results of (a) r-PET/PC, (b) (r-PET/PTW)/PC, (c) r-PET/PC/PTW, (d) (PC/PTW)/r-PET

Mechnical properties a b c d

Impact strength (kJ/m2) 8.3 (0.4) 20.65 (1.57) 23.11 (1.73) 23.18 (1.99)
Tensile strength at yielding point (MPa) 52.17 (1.21) 41.01 (2.34) 40.09 (1.03) 44.2 (1.45)
Tensile strength at break (MPa) 48.12 (1.78) 36.5 (2.62) 36.94 (0.88) 52.96 (1.32)
Elongation at break (%) 207.2 (2.8) 133.8 (8.6) 220.4 (5.3) 251.9 (5.1)
Flexural strength (MPa) 72.72 (3.5) 55.09 (1.08) 57.79 (1.89) 63.91 (2.66)
Flexural modulus (GPa) 2.055 (0.1) 1.514 (0.065) 1.618 (0.061) 1.777 (0.036)

Sample standard deviations in parentheses.

Figure 5 (a) Strain curves of the blends of r-PET/PC, (r-
PET/PTW)/PC, r-PET/PC/PTW, and (PC/PTW)/r-PET,
(b) Strain curves of the blends of r-PET/PC, (r-PET/
PTW)/PC, r-PET/PC/PTW, and (PC/PTW)/r-PET (strain
from 0 to 15%).
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in the increase of impact strengths (from 8.33 kJ/mol
to more than 20 kJ/mol). Moreover, (PC/PTW)/
r-PET blends had the better impact results than the
r-PET/PC/PTW and (r-PET/PTW)/PC blends. How-
ever, it is not enough to show the effect of different
blending sequence in the impact test. More mechani-
cal tests are needed for further investigation.

From the results of tensile test, the (r-PET/PTW)/
PC blends and the r-PET/PC/PTW blends had the
loss in their yield strengths. This was caused by rub-
ber content of PTW. However, the situation is differ-
ent for the (PC/PTW)/r-PET blends which exhibited
remarkable tensile properties with much higher
tensile strength and elongation shown in Table I.
Generally, in the tensile test of semicrystalline ther-
moplastics, beyond the maximum (the engineering
yielding point sTY, where the subscript TY donates
tensile yield),38 they formed a neck. The neck
extended in both directions at the constant applied
load, until it occupied the whole of the gauge length

and meets the shoulders of the specimen. At this
point, the load rose; the strain-hardened materials in
the neck then extended further and finally broke.
Figure 5(a,b) showed the stress–strain curves of the
blends made by different blending sequence. For the
r-PET/PC/PTW and (r-PET/PTW)/PC blends, their
breaks occurred before or at the beginning of strain-
hardening, thus, the highest stress was at yielding
point, which corresponded with 40.09 and 41.01 Mpa,
respectively. Although the r-PET/PC blend broke
before its strain-hardening, it has a high value at yield-
ing point which was due to its not added with rubber
content. By comparison, the yielding tensile strength of
the (PC/PTW)/r-PET blends was only 44.2 Mpa.
However, its tensile strength at break has come to
52.96 Mpa, which was due to its further rising load
during the strain-hardening and the blends finally
exhibited the pronounced tensile property.

The flexural strengths were slightly higher than
the tensile strengths. The flexural strengths and

Figure 6 SEM micrographs in low magnification (32000), (a) r-PET/PC, (b) (r-PET/PTW)/PC, (c) r-PET/PC/PTW, (d)
(PC/PTW)/r-PET.
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modulus of the (PC/PTW)/r-PET blend were not as
high as that of the r-PET/PC blend, though it is
higher than that of the r-PET/PC/PTW and (r-PET/
PTW)/PC blends. Generally, injection molding was
the preferred method for preparing test samples, lev-
els of molecular orientation were high in the surfaces
of both flexural and tensile test bars. However, in
flexural test, cracks were necessarily initiated in the
outer fiber, where the imposed stresses were at a
maximum. By contrast, in tensile samples, the first
evidence of crazing and fracture was usually seen in
the core region of the molding, where molecular
orientation was low. The tensile strengths of the
blends were lower than the corresponding flexural
strengths. Furthermore, since the yielding behavior
of the samples was measured in the flexural test, the
flexural strengths corresponded with its yielding
behavior. Therefore, the flexural strength of the (PC/
PTW)/r-PET blends was not as high as that of the r-
PET/PC blends.

Morphology

Modification of PET/PC blends with PTW by low
temperature solid state Extrusion was shown in Fig-
ure 6(a–d) and Figure 7(a-d). In Figure 6(a), the pho-
tomicrographs of the r-PET/PC blends displayed
clear phase separation morphology with PC particles
(white point) coarsely dispersed in the continuous
PET phase, which would attribute to high interfacial
tension and poor adhesion between phase bounda-
ries. It was well known that blends based on immis-
cible polymer pairs were characterized by great
interfacial tension which made the dispersion during
the blending operation difficult, and contributed to
unstable morphology and poor adhesion. The phase
distribution of the r-PET/PC/PTW blends and the
(PC/PTW)/r-PET blends shown in Figure 6(c,d) was
improved by the addition of PTW. However, for the
phase of (r-PET/PTW)/PC blends shown in Figure
6(b), the PC particles could be easily identified and
the phase boundary seemed to be impaired.

Figure 7 SEM micrographs in high magnification (310,000), (a) r-PET/PC, (b) (r-PET/PTW)/PC, (c) r-PET/PC/PTW, (d)
(PC/PTW)/r-PET.
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To clearly deserve the morphological difference,
SEM micrograph in high magnification (10,0003)
was shown in Figure 7(a–d). The r-PET/PC blends
had a plain phase with PC particles clearly distin-
guished. The (r-PET/PTW)/PC blends had the
severe phase separation and its particles size was
shown to be larger than r-PET/PC. By comparison,
the PC particles in the r-PET/PC/PTW and the (PC/
PTW)/r-PET blends shown in Figure 7(b,c) were
partially or mostly mounted in the PET phase and
the adhesion between the phases was greatly
improved. Especially for the (PC/PTW)/r-PET
blends, in which its PC particles were mostly em-
bedded into the PET matrix, displayed the smooth
morphology [shown in Fig. 7(d)]. As a result, the re-
markable elongation property and strain hardening
behavior of the (PC/PTW)/r-PET blend were mostly
due to its stable morphology. By contrast, the poor
straining property of the (r-PET/PTW)/PC blend
was due to its unstable morphology and poor phase
distribution.

Thermal analysis

DSC analysis was made to study the crystallization
of PET phase in the blending system. The heating
curve was shown in Figure 8(a), which indicated
that the cold crystallization temperature (Tcc) of PET
rich phase increased and melting temperature (Tm)
PET rich phase decreased with adding PTW. The
corresponding crystallinity was relatively lower than
the r-PET/PC blend. From the change of Tcc, Tm,
and crystallinity of PET rich phase shown in Table II,
we expected that the chemical bonding inhibited
the crystallization of PET, which lead to increasing
in the values of Tcc and decreasing in the values of
crystallinity.

Furthermore, more detailed data shown in the Ta-
ble II indicated that crystallization of the samples
added with PTW varies with the blending sequence,
especially for the blends of (PC/PTW)/r-PET with
the much higher value of Tcc and the lower value of
Tm as compared with blends of r-PET/PC/PTW and
(r-PET/PTW)/PC. On the other hand, the trending
for areas of cold crystallizing peak and melting peak
referred as DHcc and DHm were in conformity with
that of Tcc and Tm.

In the curve of DSC cooling run which was shown
in Figure 8(b), the crystallization peak and crystalli-
zation temperature Tc of PET was in conformity
with the trending in the DSC heating run, which
attributed to PET crystallization inhibited by chemi-
cal bonding. From the analysis mentioned earlier, we
expected that the crystallizing capacity of PET rich
phase was (r-PET/PTW)/PC > r-PET/PC/PTW >
(PC/PTW)/r-PET. These results implied that the dif-

ferent chemical reaction occurred among PET, PC,
and PTW.

FTIR spectrum

Since the epoxy group can react with hydroxyl and
carboxyl group, as a reactive compatilizer, PTW
would react with PET and PC through reacting with
the functional groups mentioned earlier.

Figure 8 DSC (a) heating and (b) cooling thermographs
of the blends of r-PET/PC, (r-PET/PTW)/PC, r-PET/PC/
PTW, and (PC/PTW)/r-PET.
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Figure 9 showed the FTIR spectrums of r-PET/PC,
(r-PET/PTW)/PC, r-PET/PC/PTW, and (PC/PTW)/
r-PET blends itched by chloroform to remove PC.
1773 cm21 stretching band representing the PC aro-
matic carbonate carbonyl band was observed in r-
PET/PC/PTW and (PC/PTW)/r-PET blends, which
implied that PC was grafted onto PET. By compari-
son, the absorption peak of 1773 cm21 stretching
band was hardly observed in (r-PET/PTW)/PC
blend, and only 1720 cm21 stretching band repre-
senting the PET aromatic carbonyl band was
observed in r-PET/PC blend, which demonstrated
that the reaction between PET and PC hardly
occurred in these two blends.

Proposed mechanism

(a) r-PET/PC blend: Since PET was almost immis-
cible with PC, the interaction at the interfacial
boundary between PET and PC was weak
when they were blended in the twin screw ex-
truder directly. The obvious micro-dispersing
morphology of r-PET/PC blend was observed
in the Figure 6(a).

(b) (r-PET/PTW)/PC blend: For (r-PET/PTW)/PC
blend, it was prepared by mixing the PC with
the pre-blend of r-PET/PTW. Since the viscosity
of r-PET was close to PTW, the r-PET was dis-
persed well in PTW and reacted firstly with the
epoxy group on PTW. On the other hand, the vis-
cosity of PC was higher than that of r-PET and
PTW, it is difficult for PC to disperse well in the
r-PET/PTW pre-blend and the reaction between
PC and PTWhardly occurred.

(c) r-PET/PC/PTW: It was prepared by mixing r-
PET, PC and PTW and the reacting competi-
tion between the PET/PTW and PC/PTW
occurred. Some PC was grafted onto PET
through PTW and the grafted product was
located at the interfacial boundary between
PET and PC. On the other hand, since the flu-
idity of PC was lower than that of PET, PET
was more likely to react with PTW, which lead
to partial PC particles dispersed in the matrix
of PET without the transition phase between
them.

(d) (PC/PTW)/r-PET: The PC and PTW were pre-
blended and the PC particles would be dis-
persed into the PTW matrix in the PC/PTW
blends before adding r-PET. The PC particles
in the PC/PTW blends were well wrap by
PTW. When r-PET was mixed with the PC/
PTW blends, it is more easily for PTW located
between the interfacial boundaries between
PET and PC to form the stable morphology
and lead to an outstanding strengthening
properties exhibited.

CONCLUSION

In this research, PTW played a role of toughening
through blending with PET/PC in a series of compo-
sition. The composition of r-PET/PC was kept at 75/
25 and 10 phr content of PTW was considered as the
optimizing formulation by balancing the toughness
and modulus. When compared with r-PET/PC/
PTW, (r-PET/PTW)/PC blends, the (PC/PTW)/r-
PET blends exhibited remarkable tensile and flexural
properties. The morphology study revealed that the
outstanding tensile behavior of the (PC/PTW)/r-PET
blends was due to well embedded PC particles and

TABLE II
Corresponded DSC Data of (a) r-PET/PC, (b) (r-PET/PTW)/PC, (c) r-PET/PC/PTW, (d) (PC/PTW)/r-PET

Tcc (8C) Tm (8C) DHcc (J/g) DHm (J/g) Crystallinity (%) Tc (8C) DHc (J/g) DTc (8C)

a 130.3 253.0 9.10 29.75 14.3 186.7 26.31 66.3
b 131.7 252.0 11.80 26.30 10.0 182.9 23.33 69.1
c 132.2 250.5 12.13 22.83 7.4 176.9 20.16 73.6
d 136.2 249.5 16.34 22.62 4.3 171.4 18.60 78.1

Crystallinity 5 DHm�DHcc

DH�
m

3 100%, in which DH�
m 5 144.664 J/g.

Figure 9 Infrared spectrums of the blends of r-PET/PC,
(r-PET/PTW)/PC, r-PET/PC/PTW, and (PC/PTW)/r-PET
(Arrows indicated the 1773 and 1720 cm21 band peaks.)
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smooth phase morphology in the (PC/PTW)/r-PET
blends. From the DSC analysis, the crystallizing
capacity of PET rich phase can be expected as (r-
PET/PTW)/PC > PET/PC/r-PTW > (PC/PTW)/r-
PET. This result indicated that different chemical
reaction occurred among PET, PC, and PTW. The
FTIR spectrum showed that PC absorption peak was
not observed in r-PET/PC blend and the intensities
of PC absorption peak were different in the (r-PET/
PTW)/PC, r-PET/PC/r-PTW, and (PC/PTW)/r-PET
blends.

For the (r-PET/PTW)/PC blends, the preblending
of r-PET and PTW was difficult for the high viscos-
ity of PC particles dispersed in the matrix. By com-
parison, it is more easy for the (PC/PTW)r-PET
blends to locate PTW in the interfacial boundaries
and to form the stable morphology by preblending
PC with PTW and blending PC/PTW blends with r-
PET later. As a result, the outstanding strengthening
properties of (PC/PTW)/r-PET blend exhibited.
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