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In this work, PC/PP alloys were respectively prepared by eccentric rotor extruder (ERE) and twin screw
extruder (TSE). By analyzing the mechanical properties, morphology, rheological behavior and thermal
properties of PC/PP alloys, the effects of processing methods on the two-phase structure and properties
of PC/PP alloys were studied. The results showed that the size of the dispersed phase of PC/PP alloys
was smaller and its distribution was more uniform under the elongational flow field provided by ERE.
Compared to the typical sea-island phase structure provided by the shear flow field, the morphology of
the alloys showed a “sea-island-fiber” phase structure under the elongational flow field. Compared to
the TSE, the notched lzod impact strength of the PC/PP alloy prepared by ERE increased by 31.0%. ERE
played a stronger effect on the dispersion and distribution of PC/PP alloys, which was also confirmed in
the results of dynamic rheology analysis and differential scanning calorimetry. The blending method
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1. Introduction

Polycarbonate (PC) has several advantages, such as good
mechanical properties, thermal stability, weatherability and
creep resistance, but it also suffers from high density (1.18-
1.22 g cm ), easy stress cracking, bad solvent resistance and
high processing temperature. In order to improve its properties
and reduce costs, other polymers are always blended with PC to
prepare PC alloys, such as PC/acrylonitrile butadiene styrene
alloy and PC/polyester alloy. However, these alloys still have
high density, so they cannot meet the application needs in light
weighted large parts." Polypropylene (PP) is one kind of widely
used polymeric materials that possesses outstanding proper-
ties, such as low density (0.90 g cm?), easy processing and low
cost. It is of great value to prepare a PC/PP alloy with easy pro-
cessing and low density.

However, the solubility parameters of PC and PP are 9.5-10.6
J em™)** and 7.0-8.0 (J cm )", respectively. Thus, they are
thermodynamically incompatible materials. The differences in
the processing temperature and shrinkage of these two poly-
mers lead to the obvious incompatibility between PC and PP in
the blending process, so it is difficult to prepare a PC/PP alloy
with excellent properties by conventional blending methods.

In order to improve the compatibility of PC with PP, a third
phase, such as compatibilizers, fillers or other polymers, was
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dominated by the elongational flow field could prepare PC/PP alloys with better properties.

always added. Yang et al.” and Li et al.’* improved the interface of
PC/PP alloy by adding a self-made compatibilizer. The results
showed that the tensile strength and the apparent viscosity of
the alloy increased significantly and the sensitivity of the shear
stress decreased with an increasing compatibilizer content. Li
et al., Jang et al., and Alireza et al. improved the mechanical
properties of the PC/PP alloy by adding different proportions of
a self-made compatibilizer, meanwhile, the cost of the alloy was
reduced by adding nano calcium carbonate™® or styrene-
ethylene-butylene-styrene block copolymer.®

In addition to formula studies on the PC/PP alloy, recently,
extensive studies concerning different blending processing
methods were also applied to the PC/PP alloy. Favis et al. found
that the micro morphology of the PC/PP alloy was closely related
to its mass ratio, viscosity ratio and processing shear rate of PC
and PP. The distribution of the dispersed phase in the PC/PP
alloy became wider when the mass ratio between PC and PP
got close to each other. Moreover, the tensile structure was
easier to form in the process with the condition of high shear
and high viscoelastic ratio between the two phases.” Li et al.
studied the crystallization behavior and morphology of PP/PC
alloys and found that both PP and PP/PC (80/20) alloys had
maximum crystallization rates.’® Kim et al."* studied the influ-
ence of the molecular weight of PC on the blending process in
a high shear rate equipment, and obtained the most suitable PC
molecular weight and processing conditions under high shear
rate equipments.

Guo et al.” found that the rigidity of PC/PP alloy increased
with the increase in the PC mass fraction, and the smaller
dispersed phase size as well as the better mechanical properties

This journal is © The Royal Society of Chemistry 2019
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of PC/PP alloy could be obtained by using intermeshing co-
rotating twin screw extruder instead of a single screw.

Wang et al. designed a vibration blending rheometer and
investigated the effect of vibration blending on the morphology
of the PC/PP alloy.*® All of the above studies were focused on the
classical blending processing equipment dominated by a shear
flow field. According to the polymer rheology, the uniaxial
extensional viscosity of the polymer is three times higher than
the shear viscosity, and the dispersion efficiency under elon-
gation flow field is better than the under shear flow field.**

Qu et al.**" invented a new type of eccentric rotor extruder
(ERE) based on the volume elongation flow field. They used ERE
to study UHMWPE,**** PP/MWCNT composites,* PLLA/OMMT
nanocomposites,” PLA/TiO, composite®® and the phase
morphology and rheological properties of the PP/PS alloy with
fillers of different dimensions.*® The above studies showed that
the elongation flow shield played a special role in the polymer
blending process. However, the study of the PC/PP alloy is still
blank under the elongation flow shield.

In this work, we prepared PC/PP alloys with different
formulations by using ERE and TSE. The effects of the shear
flow field and elongation flow field on the morphology and
physical properties of PC/PP alloys were investigated by ana-
lysing the morphology, mechanical properties, dynamic rheo-
logical properties and thermal properties of PC/PP alloys. The
purpose of this study is to provide better processing methods
for incompatible polymers and polymers with large processing
temperature differences.

2. Experimental
2.1 Materials

Polypropylene (K8003) was purchased from Sinopec (Maoming,
China) with a melt flow index (MFI) of 2.62 g/10 min (230 °C).
Polycarbonate (PC 1300-10) was purchased from LG Chem with
MFI 10 g/10 min (300 °C). Elvaloy AC resin 1125 (ethylene
methyl acrylate copolymer) was purchased from DuPont China
with MFI 0.5 g/10 min (190 °C).

2.2 Processing devices

The schematic diagram of the Siiico ERE-30 (GDXL Precise
Machinery CO., LTD, China) is shown in Fig. 1. The core of ERE
consists of a stator, an eccentric rotor disposed in the inner
cavity of the stator and a die. The stator and rotor have a special
topological geometry, which is composed of alternating straight
segments and helical segments. The rotor is eccentric in the
inner cavity of the stator, and its stroke in 1 cycle is 4 times of
the eccentricity e. During material processing, the rotor rotates
around its own axis at the speed of w1 and revolves in the cavity
of the stator at the speed of w2, but in the opposite direction.
The material undergoes axial and radial periodic changes in the
material cavity formed by the rotor and stator. Based on the
volume elongation rheology theory, the material undergoes
periodic volume deformation during the process to obtain
energy, thereby completing the plasticizing, mixing and
conveying processes dominated by the elongational flow.”® The
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Fig.1 The schematic diagram of the eccentric rotor extrusion system.

dispersion efficiency under the elongation flow field is better
than that under the shear flow field, so more elongational flow
fields are expected in the polymer blending process. However,
in a continuous polymer blending equipment, the elongational
flow field is more difficult to achieve than the shear flow field
and may more easily cause extrusion flow fluctuations. In this
study, by adjusting the lead of the spiral segment, the length of
the straight segment and alternating the combination of the
two, a certain compression ratio could be obtained, and the
material was compressed while being conveyed so that the flow
rate at the end of the device was more stable. The twin screw
extruder ZE30 UTX was supplied by KraussMaffei Berstorff with
a screw diameter of 30 mm and a length/diameter ratio of 40 : 1.

2.3 Preparation of PC/PP alloys

PC was firstly dried at 100 °C in an oven for 6 hours, and PP was
dried at 80 °C in an oven for 4 hours. PC and PP were then added
into a high speed mixer (SHR-100A) for mixing for 2 minutes
according to formulations shown in Table 1.

The mixed PC and PP were respectively added into TSE and
ERE to prepare PC/PP alloy pellets. Both processing methods
were used at the same barrel temperature, which ranged from
230 °C to 250 °C. The screw speed of TSE was 300 rpm and the
rotor speed of the ERE was 120 rpm. The prepared PC/PP alloy
pellets were firstly dried at 100 °C in an oven for 6 hours, and
then used to prepared standard mechanical samples by an
injection moulding machine (160-750 CX, KraussMaffei).

2.4 Characterization of the PC/PP alloy

Morphology of the PC/PP alloy. To investigate the phase
structure of PC/PP alloys, the morphology of extruded strips and

Table 1 PC/PP alloy formulations

Samples PC (Wt%) PP (Wt%) AC 1125 (wt%)
95:0 95 0 5
80:15 80 15 5
65:30 65 30 5
50: 45 50 45 5
35:60 35 60 5
0:95 0 95 5
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injection moulded samples were observed using a scanning
electron microscope (SEM, S-3400 N, Hitachi, Japan) with an
accelerating voltage of 10 kV. The test samples were taken from
the cross-section in the middle of the extruded strips and
injection moulded samples, which were fractured after being
stored in liquid nitrogen for 30 minutes. To confirm the phase
composition, a portion of the samples was immersed in
dichloromethane (DCM, HPLC grade, =99.9%, MACKLIN) for
60 minutes and then dried in an oven at 60 °C for 80 minutes.
Then the surfaces of the fractured samples were sputter coated
with gold prior to observation.

Mechanical measurements. Tensile tests were performed
using an electronic universal testing machine (Z010, ZWICK,
Germany) at a crosshead speed of 10 mm min~" according to
the ISO527-2 standard. The bending properties were tested
using the electronic universal testing machine (span = 64 mm)
at a bending speed of 2 mm min~' according to the ISO 178
standard. Notched lzod impact strength was measured using
a digital impact tester (IT504, Tinius Olsen, USA) according to
the ISO 180 standard. All values were determined as an average
of five individual repeats.

Dynamic rheological measurements. Rheological measure-
ments were carried out at 240 °C using a rotational rheometer
(Gemini200, Bohlin, England) with 25 mm parallel plate
geometries to analyze the dynamic viscoelastic properties. The
measurements used dynamic oscillation mode with an oscilla-
tion amplitude of 0.01, and the scanning frequency ranged from
0.01 to 100 rad s~ .

Differential scanning calorimetry. Melting behaviours of the
samples were investigated by differential scanning calorimetry
(Netzsch 214F1 Polyma, Phoenix, Germany). The samples with 6
to 10 mg were heated from room temperature to 300 °C at
a heating rate of 10 °C min " and the first heating curve was
selected to preserve the thermal history of the samples.

3. Results and discussion
3.1 Effect of ERE on the morphology of PC/PP alloys

Fig. 2 showed the morphology of the extruded strips of the PC/
PP alloys prepared by ERE and TSE. PC is soluble in DCM, while
PP is insoluble in DCM, so the extruded strips of the PC/PP
alloys prepared by ERE and TSE were immersed in DCM for
60 minutes to confirm the phase composition. Fig. 3 showed the
morphology of the extruded strips of PC/PP alloys prepared by
ERE and TSE immersed in DCM for 60 minutes. As shown in
Fig. 2(a1-a4), the shape of the dispersed phase in PC/PP alloys
prepared by TSE were mainly ellipsoid and globular and the size
of dispersed phase increased with increase in the PP content,
and the structure of PC/PP alloys was typical sea-island struc-
ture. Meanwhile, as shown in Fig. 3(a1-a4), the mass ratio of the
80:15 and 65:30 PC/PP alloy samples showed structural
collapse. It was due to fact that the continuous phase of 80 : 15
and 65 :30 PC/PP alloys was PC, which was completely dis-
solved in DCM.

When the PP content was close to the PC content, PC
transformed from a continuous phase into a dispersed phase
gradually.”” As shown in Fig. 2(b1-b4), with the approximation
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Fig. 2 SEM micrographs (x2000) of extruded strips prepared by
different processing methods. (al) TSE-80 : 15 (a2) TSE-65: 30 (a3)
TSE-50: 45 (a4) TSE-35:60 (bl) ERE-80:15 (b2) ERE-65: 30 (b3)
ERE-50 : 45 (a4) ERE-35: 60.

of the two phase composition in PC/PP alloys, strip-like and
stretched dispersed phases appeared obviously in the phase
structure of PC/PP alloys prepared by ERE. Meanwhile, as
shown in Fig. 2(a1-a4) and 3(b2, b3, c2 and c3), the dispersed
phase size of PC/PP alloys prepared by ERE was smaller than
that of the PC/PP alloys prepared by TSE. This was because the
size of the dispersed phase decreased, the interface increased
and the fusion probability of the dispersed phase increased
with the approximation of the proportion, and the elongational
flow field could achieve continuous dispersion in a smaller
phase size.

Fig. 3(b1, b2, c1 and c2) showed the SEM micrographs of the
PC/PP alloys with the mass ratio of 50 : 45 prepared by TSE and
ERE after etching by DCM for 60 minutes. As shown in Fig. 3(b1,
b2, c1 and c2), a large amount of PC in PC/PP alloys was etched
away, and the remaining PP phase contained the PC dispersed
phase.

Being a classical blending process equipment, TSE could
provide a procedure dominated by the shear flow field.
Compared to the TSE, ERE could provide a procedure domi-
nated by the elongational flow field. The difference in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM micrographs of extruded strips etched by DCM. (al) TSE-
80 : 15 and TSE-65: 30 etched by DCM 0 min (a2) etched by DCM
60 min (a3) ERE-80 : 15 and ERE-65 : 30 etched by DCM 0 min (a4)
etched by DCM 60 min (bl) and (b2) TSE-50 : 45 etched by DCM
60 min (b3) TSE-35: 60 etched by DCM 60 min (cl) and (c2) ERE-
50 : 45 etched by DCM 60 min (c3) ERE-35: 60 etched by DCM
60 min.

processing force field also lead to the difference in the two-
phase structure of PC/PP alloys.

Fig. 4 depicted the mechanism of the 2-plate model in the
shear flow field and the 3-plate model in the elongational flow
field. Fig. 4(a) was the model for the TSE dominated by the shear
flow field. Under the drag effect of the moving plate, the velocity
gradient direction of the shear force field was perpendicular to
the moving direction and the material mainly suffered from the
effect of shear deformation. The dispersed phase was gradually
elongated and fractured under the shear flow field, which made
the size of the dispersed phase to decrease gradually. When the
size of the dispersed phase decreased to a certain size, the shear
stress could not continue to act, and the final shapes of the
dispersed phase were fixed to micro ellipsoid and globular.

Meanwhile, Fig. 4(b) showed the 3-plate model for the ERE
dominated by the elongational flow field. Because the occu-
pying space of PC/PP alloys was periodically changed under the
synergy of the moving plate and the sliding plate, PC/PP alloys
mainly underwent pulsed volume deformation, and the velocity
gradient of the elongation flow field was the same as the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Schematic diagram of the dispersion process for PC/PP alloys
prepared by TSE and ERE.

direction of motion, which could effectively reduce the size of
the dispersed phase. At the same time, the elongation flow field
made PC/PP alloys to continuously undergo the process of
stretching and fracturing under the process of periodical
volume deformation provided by ERE, which could lead to the
formation of the sea-island-fiber two phase structure including
the ellipsoidal dispersed phase, strip dispersed phase and
continuous phase.

3.2 Effect of ERE on the size of the dispersed phase of PC/PP
alloys

In addition to the shape, the size of the dispersed phase also
had an important influence on the properties of the alloys. As
mentioned above, the morphology of the dispersed phase
mainly included fibrous, ellipsoid and spherical. The size of the
fibrous dispersed phase was difficult to measure, but the size of
the ellipsoidal and spherical dispersed phases could be char-
acterized by equivalent diameter. The average equivalent
diameters of more than 100 dispersed phases of each area were
randomly selected for statistical analysis. As shown in Fig. 5,
compared to the TSE prepared PC/PP alloys, the average
equivalent diameter of the dispersed phase in ERE prepared PC/
PP alloys decreased by 44%, 57%, 69%, 26% with an increasing
content of PP in the alloys. The equivalent diameter distribution
of dispersed phases was concentrated in the range of 0-3 um,
which was much smaller than that of the TSE prepared PC/PP
alloys. At the same time, the difference became more obvious
when the contents of two components started to be approxi-
mate. These also confirmed that the elongational flow field
provided by ERE could provide the material with a stronger

RSC Adv, 2019, 9, 41248-41255 | 41251
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Fig.5 SEM micrographs of extruded strips prepared by ERE and TSE and the statistical charts of the particle size of the dispersed phase. (al) TSE-

80 : 15 (a2) TSE-65: 30 (a3) TSE-50 : 45 (a4) TSE-35: 60 (b1) ERE-80 :

ability to resist the agglomeration of dispersed phases, thus
obtaining a more uniform two-phase structure with a smaller
size of the dispersed phase.”®

3.3 Mechanical property analysis

Fig. 6 showed the results of the mechanical properties of PC/PP
alloys prepared by ERE and TSE. As shown in Fig. 6(a), the
tensile strength of PC/PP alloys decreased with the increase in
the PP content, and the elongation at the break of PC/PP alloys
decreased at first and then increased with the increase in the PP
content. As shown in Fig. 6(b), the bending strength and
modulus of PC/PP alloys decreased with the increase in the PP
content. As mentioned above, compared to the TSE prepared
PC/PP alloys, the average equivalent diameter of the dispersed
phase in the ERE prepared PC/PP alloys was smaller, and the
particle size distribution was narrower, avoiding the large size
dispersed phase to act as a defect point of the material.
Therefore, the tensile and bending properties of the ERE
prepared PC/PP alloys were higher for the same formulation.
When the mass ratio of PC : PP was 65 : 30, the tensile and
bending strength increased by 16.3% and 13.9%, respectively.
Fig. 6(c) was the notch lzod impact strength on PC/PP alloys
prepared by ERE and TSE. As shown in Fig. 6(c), the notch lzod
impact strength of PC/PP alloys increased first and then
decreased with the increase in the PP content. When the mass
ratio of PC: PP was 50 : 45, the PC/PP alloy had the highest
notch 1zod impact strength. The dispersed phase could act as
a stress concentrator in alloys and induce craze or shear band to
consume energy when subjected to impact force. Moreover, it
could also play an important role in terminating the craze
instead of developing into destructive cracks, leading to the
improvement of the notch lzod impact strength. It could be
seen from Fig. 6(c) that the notch 1zod impact strength of the
ERE prepared PC/PP alloys increased by more than 20% when
compared to the TSE prepared PC/PP alloys, with an increase of
31% when the mass ratio of PC/PP was 50 : 45.

In summary, compared to TSE, ERE could improve the
tensile strength and the blending strength, and especially

41252 | RSC Adv, 2019, 9, 41248-41255

15 (b2) ERE-65 : 30 (b3) ERE-50 : 45 (b4) ERE-35 : 60.

impact the strength of PC/PP alloys. The samples, prepared by
ERE and TSE, with the highest notch 1zod impact strength were
selected for the morphology analysis. Fig. 7 showed the SEM
micrographs of the injection moulded samples of PC/PP alloys
(50 : 45) prepared by ERE and TSE. The elongation flow field
provided by ERE could not only make the size of the dispersed
phase in PC/PP alloys (50 : 45) smaller and the distribution
narrower, but could also make the partial dispersed phase to
show a fibrous morphology, exhibiting a sea-island-fiber struc-
ture as mentioned above. Meanwhile, compared to the extruded
strips, as shown in Fig. 2(a3 and b3), the morphology of the PC/
PP alloys changed after injection moulding. The dispersed
phase of injection moulded samples prepared by TSE and ERE
was aggregated and the size increased. The shape of the
dispersed phase of injection moulded samples prepared by ERE
still showed fibrous morphology. It showed that the sea-island-
fiber structure of ERE prepared PC/PP alloys was still main-
tained after the injection moulding.

Fig. 8 depicted the simulated schematic diagram of the
fracture path in PC/PP alloys prepared by ERE and TSE under
impact force. As shown in Fig. 8, different from the PC/PP alloys
prepared by TSE, the sea-island-fiber structure in ERE prepared
PC/PP alloys provided a more tortuous crack growing path
under impact force.*® Therefore, compared to the traditional
sea-island structure, the sea-island-fiber structure could
consume more energy, leading to higher notch lzod impact
strength of PC/PP alloys.

3.4 Dynamic rheological measurements

It is well known that dynamic rheology can indirectly be used to
characterize the morphology of polymer alloys. Fig. 9(b) showed
the curves of the storage modulus of PC/PP alloys prepared by
ERE and TSE versus the scan frequency. As shown in Fig. 9(b),
the storage modulus of PC/PP alloys prepared by ERE or TSE
increased with increasing PP content in the low-frequency area.
In this study, copolymer PP K8003 was used and the elastic
phase in it was of a high molecular composition, which
contributed to the storage modulus. As shown in Fig. 2, the size

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Curves of mechanical properties versus mass ratio for PC/PP
alloys by ERE and TSE (a) tensile strength and elongation(b) bending
strength and modulus (c) notch lzod impact strength.

of PP as a dispersed phase in the PC matrix increased with the
approximation of the PC and PP proportion, which limited the
displacement of the dispersed phase,* and especially the
response was more lagging under low-frequency shear condi-
tions, which was represented by a stronger elastic response and
an increase in the storage modulus with the increase in the PP
proportion. Similarly, as shown in Fig. 9(a), the complex
viscosity increased with the PP proportion of PC/PP alloys.
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Fig.7 SEM micrographs of injection moulded samples of PC/PP alloys
(50 : 45) prepared by ERE and TSE. (a) x500-TSE (b) x1000-TSE (c)
x2000-TSE (d) x500-ERE (e) x1000-ERE (f) x2000-ERE.
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Fig. 8 Schematic diagram of the fracture path of PC/PP alloys
prepared by ERE and TSE under impact force.

Compared to the TSE, the difference in the storage modulus
of the PC/PP alloys prepared by ERE was relatively small in the
low-frequency area because the PP dispersed phase had a more
uniform particle size distribution and a smaller size of the
dispersed phase and more sensitive response in the condition
of the low-frequency shear.

Fig. 9(c) showed the curves of the loss modulus of PC/PP
alloys prepared by ERE and TSE versus the scan frequency. As
shown in Fig. 9(c), the difference in the loss modulus between
PC/PP alloys prepared by ERE and TSE was small and the loss
modulus increased with an increase in the scan frequency,
which meant that the plasticity of PC/PP alloys prepared by ERE
and TSE was basically the same.
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Fig. 9 Curves of the dynamics rheology of PC/PP alloys prepared by
ERE and TSE. (a) n*-w curve (b) G'-w curve (c) G"-w curve.

3.5 DSC properties

Fig. 10 showed the DSC curves of PC/PP alloys prepared by ERE
and TSE. In the process of testing, the first heating curve was
selected to preserve the thermal history of the samples. As
shown in Fig. 10, neat-PP had a melting peak at 169.8 °C, and
the glass transition temperature of neat-PC was 151.6 °C. With
the increase in the PP content of the alloys, the melting peak of
the alloys increased gradually. When the ratio of PC : PP was
80 :15, the two peaks were still not fully fused. With the
increase in the PP content, the heat absorbed by the PP melt
became higher and higher, and gradually changed from double
peaks to a single peak. Compared to the PC/PP prepared by TSE,
the fusion speed of the PC/PP alloy prepared by ERE was higher.
When the ratio of PC : PP was 80 : 15, the two peaks of the alloy
prepared by ERE had a tendency to fuse, while the alloy
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Fig. 10 DSC curves of PC/PP alloys prepared by ERE and TSE.

prepared by TSE had a higher degree of separation. When the
ratio of PC:PP was 65:30, ERE-65:30 showed basically
a single peak, while TSE-65 : 30 still had two peaks.

4. Conclusions

In this study, PC/PP alloys with different contents of PP were
prepared by ERE and TSE. SEM results showed that compared to
TSE, ERE could provide PC/PP alloys with a smaller dispersed
phase size, a more uniform dispersed phase distribution, and
a “sea-island-fiber” two-phase three-morphology structure. The
results of mechanical tests showed that PC/PP alloys prepared
by ERE could have better mechanical properties. The results of
the dynamic rheology showed that the complex viscosity and the
storage modulus of PC/PP alloys prepared by ERE were lower
than those of the PC/PP alloys prepared by TSE under a low
frequency shear. The fusing of the melting peak of PP and the
glass transition step of PC in the DSC also confirmed that ERE
could provide PC/PP alloys with a more uniform dispersed
phase. It could be concluded that PC/PP alloys with good
compatibility could be obtained by using ERE.
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