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Effect of Copolymerization Time on the Microstructure
and Properties of Polypropylene/Poly(ethylene-co-propylene)

In-Reactor Alloys

By Yandi FAN," Chunyu ZHANG,? Yanhu XUE," Wei NIE," Xuequan ZHANG,?

Xiangling J1,"* and Shugin Bo"*

Three Polypropylene/Poly(ethylene-co-propylene) (PP/EPR) in-reactor alloys produced by a two-stage slurry/gas
polymerization had different ethylene contents and mechanical properties, which were achieved by controlling the
copolymerization time. The three alloys were fractionated into five fractions via temperature rising dissolution fractionation
(TRDEF), respectively. The chain structures of the whole samples and their fractions were analyzed using high-temperature gel
permeation chromatography (GPC), Fourier transform infrared (FT-IR), '*C nuclear magnetic resonance (!3*C NMR), and
differential scanning calorimetry (DSC) techniques. These three in-reactor alloys mainly contained four portions: ethylene-
propylene random copolymer (EPR), ethylene-propylene (EP) segmented and block copolymers, and propylene
homopolymer. The increased copolymerization time caused the increased ethylene content of the sample. The weight
percent of EPR, EP segmented and block copolymer also became higher. The more EPR content indeed improves the
toughness of the alloy but lowers its stiffness. Increasing the ethylene content in the EPR fraction and EP segmented and
block copolymer, as well as the suitable content of EPR, is believed to be the key factors resulting in the excellent toughness-

stiffness balance of in-reactor alloys.
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Isotactic polypropylene (iPP) is a thermoplastic material
widely used as it offers interesting combinations of good
mechanical performance, heat resistance, and fabrication
flexibility. However, it has relatively poor impact resistance,
especially at low temperatures. Its toughness could be
improved by a variety of elastomers,'~> by adding a nucleating
agent that reduces the average dimensions of the spherulites.*
The toughness could also be improved by copolymerization of
propylene with ethylene or other olefins,”'° among which the
copolymerization with ethylene is one of the most useful and
effective methods. Polypropylene/poly(ethylene-co-propylene)
(PP/EPR) in-reactor alloys have been industrialized on a large
scale.

The in-reactor blending technology was developed by
Montell Company, hence opening up new horizons for
polyolefin materials. The technology involves bulk polymer-
ization of propylene and gas-phase copolymerization of ethyl-
ene and propylene using spherical superactive TiCly/MgCl,
based catalyst systems.!!”'* The use of a spherical catalyst
allows a wider range of rubber content in the alloy and better
control over phase structure to be achieved. The resulting
spherical granules can be directly processed, eliminating the
need for pelleting.

The mechanism of the two-stage in-reactor blending
technology is very complicated, depending on the nature of

active species in the catalysts and polymerization process. Xu
et al. had proposed that the iPP with active center still can
copolymerized with propylene and ethylene in the second
stage.® A previous investigation of the composition and chain
structure of the PP/EPR in-reactor alloy showed that it is a
multiphase copolymer system,'>!¢ consisting of an ethylene-
propylene random copolymer (EPR), a series of ethylene-
propylene segmented copolymers with different sequence
lengths of polyethylene (PE) and polypropylene (PP) segments,
and a propylene homopolymer. In comparison to iPP and EP
copolymer alloys formed by mechanical blending, alloys
prepared by in-reactor blending techniques exhibit very good
impact-resistant property due to the unique microstructure.'>!’
Some researchers proposed that ethylene-propylene (EP)
segmented copolymers with long sequences might behave as
a compatibilizer that enhances the interfacial adhesion between
the random copolymer and propylene homopolymer.!3!>!7 In
such studies, the synergistic effects between the random
copolymer portion and the segmented copolymer portion were
found to have played an important role in enhancing the impact
property of the alloy at low temperatures. The content and
composition of different components have a key influence on
the properties of the PP/EPR alloys. If the alloy contains more
than 10wt % of EPR with very low modulus, this kind of
toughened PP suffers from a significant drop in flexural
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modulus as compared to PP homopolymer. However, For
applications of the alloy as a high-performance structural
material, further improvement in the balance between tough-
ness and stiffness is a must.

Temperature rising elution fractionation (TREF), a tech-
nique that fractionates semicrystalline polymers according to
their solubility-temperature relationship, has been widely used
to characterize the compositional heterogeneity of polyole-
fins.!8:19 Recently, thermal fractionation methods, such as
stepwise isothermal crystallization (SIC) and successive self-
nucleation and annealing (SSA) by differential scanning
calorimetry (DSC), have been developed to analyze the
structural heterogeneity of molecular chains.?*-?2 SSA is based
on the sequential application of self-nucleation and annealing
steps to a polymer sample. After thermal conditioning, a final
DSC heating run reveals the distribution of melting points.
These melting points were induced by SSA treatment as a
result of the heterogeneous nature of the chain structure of the
polymer. SSA is performed at a substantially shorter time than
SIC, SSA also has better resolution.?® Therefore, applying SSA
to obtain detailed information on the structure of alloy fractions
should be possible.

In this paper, three PP/EPR in-reactor alloys produced by a
two-stage slurry/gas polymerization procedure, with different
ethylene contents and mechanical properties by controlling the
copolymerization time, were fractionated into five fractions,
respectively. The microstructure of these three alloys and their
fractions were studied by GPC, FT-IR, '3C NMR and DSC.
The investigation the influence of copolymerization time on
both the microstructure and properties will be helpful to
elucidate the relationship between the microstructure and
properties, and further produce the alloys with a good balance
between toughness and stiffness.

EXPERIMENTAL

Materials

The four samples used in this study were synthesized in our
institute and were coded as samples A, B, C, and D,
respectively. A two-stage polymerization procedure was
adopted using high-activity TiCly/MgCl, catalyst. The iso-
tactic polypropylene (iPP) homopolymer particles (sample A)
were first produced in bulk slurry at 80°C for 1h under high
pressure. The second stage ethylene—propylene copolymeriza-
tion was performed in gas phase for 30, 60, and 90 min
corresponding to samples B, C, and D, respectively. The
ethylene contents of B, C, and D were 3.4, 12.1, and
30.3mol % from the NMR results, respectively. The mechan-
ical properties of the samples are listed in Table I. The impact
strengths (Notched Izod) of alloys B, C, and D at 23 °C were
10.9, 39.1, and 55.8 kJ/mz, which were higher than that of
sample A (4.4kJ/m?). Meanwhile, the flexural moduli of the
alloys were 1.33, 1.11, and 1.05GPa for B, C, and D,
respectively; these figures were lower than that of A
(1.40GPa). It should be mentioned that sample D had a
9.4kJ/m? impact strength at —20°C. Sample D had an

Table 1. The chemical composition and mechanical properties of samples

Notched Izod

Cs MFI Flexural Flexural )
Sample Impact Strength (kJ/m
P (mol%) (g/10min) Strength  Modulus p gth (kd/m?)
(MPa) (GPa) 23°C —20°C
A 0 0.45 50.3 1.40 4.4 —_
B 3.4 0.95 46.9 1.33 10.9 —
C 121 1.69 38.0 1.1 39.1 —
D 30.3 1.08 32.1 1.05 55.8 9.4

excellent balance of stiffness and toughness based on the
property data.

Temperature Rising Dissolution Fractionation

About 10g of polymer was placed into 2L of flask; 1L of
xylene was added to obtain 1% solution (w/v) at 135°C.
1 x 1073 g/mL 2, 6-di-tert-butyl-4-methylphenol (BHT) was
added to xylene as antioxidant. The mixture was heated for
about 3h at 135°C. The solution was then cooled to room
temperature at a rate of 2°C/h and was kept at room
temperature for 24 h; finally, it was separated into two phases:
the concentrated phase and the dilute phase. The concentrated
phase was filtered and washed with xylene. Fraction 1 was
obtained after concentrating the dilute phase, hence precipitat-
ing the polymer, washing with acetone, and drying the fractions
in vacuum. The concentrated phase was placed into a
cylindrical container made of nickel net; it was then put into
a similar cylindrical glass bottle, and about 250 mL of xylene
was added. The bottle was maintained at 80 °C for 24 h. After
12 h, the solution in the bottle was removed and was replaced
with hot xylene. Finally, the net with insoluble polymer was
taken out and washed with hot xylene (80°C). The solutions
collected twice in this step were mixed together, cooled,
precipitated with twice the volume of acetone, and filtered. The
obtained polymer, named fraction 2, was then dried in vacuum.
Fractions 3 and 4, soluble at 100°C and 115 °C, respectively,
were obtained following the same procedure for fraction 2. The
polymer insoluble at 115 °C, named fraction 5, was washed by
acetone and dried in vacuum.

Characterization of Samples and Fractions

The molecular weight and molecular weight distribution
(MWD) of the samples and their fractions, were determined by
a PL-GPC 220 high-temperature gel permeation chromatog-
raphy (Polymer Laboratories Ltd) at 150 °C. The columns used
were three PLgel 10um mixed-B LS columns (300 mm x
7.5 mm). The eluent was 1,2,4-trichlorobenzene with 5 x 10~4
g/mL BHT as antioxidant, it was filtered with a 0.2 um pore-
size membrane before use. The injection volume was 200 uL,
and the flow rate was 1.0 mL/min. Calibration was made by
polystyrene standard EasiCal PS-1 (PL Ltd.).

Fourier transform infrared spectra were recorded on a
Bruker Vertex 70 spectrometer. The thin films of the polymer
prepared by hot pressing were used as samples.

13C NMR spectra were measured at 130°C on a Varian
Unity 400MHz NMR spectrometer. Polymer solutions were
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prepared with 70-75mg of polymer in 0.5mL of deuterated
o-dichlorobenzene at 130 °C.

Differential scanning calorimetry (DSC) scans were record-
ed on a TA Instrument model DSC Q100. About 5 mg of the
sample was sealed in an aluminum sample pan, it was initially
heated from 20 to 200 °C at a rate of 10 °C/min, held at 200°C
for 5 min to remove its thermal history, then cooled from 200 to
20°C at 10°C/min, held at 20 °C for 1 min, and finally heated
again to 200°C at 10°C/min. Temperature calibration was
performed using indium. The successive self-nucleation and
annealing (SSA) method used was presented in the original
paper of Miiller et al.’® The annealing time was kept at 5 min;
heating and cooling were done at a rate of 10°C/min. In all
the measurements, the first 7 temperature was chosen from
predetermined values (167°C, 164°C, 160°C, and 155°C)
based on the final melting temperature from the DSC curve.
This ensures that all the steps (peaks in the melting curve)
would coincide in the different measurements and that the
comparison of measurements would be easier. In all cases, the
first Ty was in domain II as defined by Fillon et al.,** which is
essential to the self-nucleation process. The melting temper-
ature of the SSA measurement was taken from the largest peak
in the melting curve.

RESULTS AND DISCUSSION

Characterization of the Whole Samples

Table II provides a summary of the molecular weight and
molecular weight distribution (MWD) of all the samples. From
samples A to D, the weight-average molecular weight increas-
ed gradually from 426000 to 498000 g/mol, while the MWD
became broader. The table shows that sample D has a higher
M,, of 498000 g/mol and a broader MWD of 8.62 than any of
the other samples.

Table III shows the isotacticity, ethylene content, and triad
sequence distributions of the original samples. The ethylene
contents of samples B, C, and D are 3.4, 12.1, and 30.3 mol %,
respectively. With increased content, i.e., from samples B to C,
then C to D, the isotacticity [mm] decreased from 91.9% to
86.7%, 79.7%, and the triad PPP content decreased. Mean-
while, the EEE, PPE, EEP, EPE, and PEP contents increased
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Figure 1. IR(1300-600cm~") spectra of samples.

gradually; the number-average sequence length of the ethylene
segments (ng: 3.4, 3.7 and 4.0) became very slightly longer,
and the number-average sequence length of the propylene
segments (np: 96.6, 27.1 and 9.4) were significantly shorter.
This shows that the ethylene units inserted into the PP chains
shortened the PP sequence length and lowered the isotacticity.
It can be seen that sample D, with the highest ethylene content,
has a relatively homogeneous triad sequence distribution and
the lowest isotacticity.

Figure 1 shows the FT-IR spectra for the original samples.
Samples B, C, and D present a doublet at 720-730 cm~!, which
means that these samples had crystalline PE segments.'> The
bands at 998 and 841cm~!, which represent crystalline PP
segments, are presented for these four samples. Sample A is
an iPP homopolymer, so there was no band at 720 and
730cm™!, but the bands at 998 and 841 cm™~! were very strong.
Obviously, the bands at 720 and 730cm™" were stronger with
increasing ethylene content.

However, the analysis on average values of the micro-
structure for the original samples is not sufficient to explain the
different microstructures and properties completely. Informa-
tion concerning the microstructure distribution of PP/EPR
alloys is necessary in order to elucidate the effect of
copolymerization time on microstructure and properties. This
can be obtained via fractionation and subsequent character-
ization of fractions by GPC, FT-IR, NMR, and DSC character-
ization.

Table Il. The molecular weight data of samples Fractionation Results

Sample My (1074 M, (107%) Mo/ M, Samples B, C, and D were fractionated into five fractions,
A 406 9.83 4.33 respectively, according to a procedure stated in the exper-
B 46.7 7.53 6.20 imental part (fractions 1 to 5). Table IV lists the fractionation
C 46.9 6.88 6.82 results and the molecular characterization data. It shows that
D 498 5.78 8.62 these fractions were not separated according to molar mass.

Table lll. The content of the ethylene monomer, triad sequence distributions and isotacticity of samples B, C and D

Sample E PPP PPE EPE PEP EEP EEE np nNg mm
B 0.034 0.946 0.015 0.005 0.007 0.009 0.018 96.6 3.4 0.919
C 0.121 0.835 0.031 0.013 0.017 0.032 0.072 271 3.7 0.867
D 0.303 0.594 0.058 0.045 0.033 0.085 0.186 9.4 4.0 0.797
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Table IV. The fractionation results and molecular characterization data

Sample Fraction wt% M, (10~%) M, (107%) My/M, Cz (mol%)

B1 6.0 31.6 3.93 8.04 30.0
B2 3.9 23.3 2.69 8.68 23.2

B B3 4.9 14.0 2.81 4.97 3.7
B4 14.5 16.4 5.98 2.73 0.4
B5 70.7 55.6 19.7 2.83 0
C1 11.8 25.6 3.24 7.90 43.0
c2 5.2 28.5 4.27 6.67 45.0

C C3 4.5 26.4 3.72 7.10 16.8
C4 18.7 23.5 8.16 2.88 1.7
C5 59.8 52.9 18.8 2.81 15
D1 19.9 22.6 2.30 9.83 57.8
D2 10.8 35.6 2.73 13.0 67.0

D D3 6.7 26.7 2.48 10.7 65.8
D4 44.3 53.6 15.3 3.50 2.1
D5 18.3 56.7 15.6 3.63 1.1

Fraction 1: soluble at room temperature; fraction 2: soluble at 80°C;
fraction 3: soluble at 100°C; fraction 4: soluble at 115°C; fraction 5:
insoluble at 115°C.
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Figure 2. Molecular weight distribution profiles of sample B (a), C (b) and D
(c) with the weighted distributions of the fractions and their sums.

For all samples, fraction 5 has the highest M. The fraction
distribution is quite different for the three samples. With
increasing copolymerization time, the contents of fractions 1,
2, 3, and 4 increased, while that of fraction 5 decreased.
Sample D exhibits a broader composition distribution. The
major part of the alloys, i.e., fractions 4 and 5, is collected
above 100°C. Sample B has the highest content of 85.2 wt %
for above 100°C fractions.

Figure 2 shows the original samples along with the weighted
GPC curves of the fractions and their sums. The sum of the
GPC curves of the fractions agrees well with the GPC curves of
the unfractionated samples, hence suggesting that the fractio-
nation method used in this work was efficient, and that no
degradation happened.
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Figure 3. IR spectra (1300-600cm~") of fractions of samples B, C and D:

(a) fraction 1; (b) fraction 2; (c) fraction 3; (d) fraction 4; (e)
fraction 5.

FT-IR Analysis

Figure 3 shows the FT-IR spectra of the fractions. A single
band at 722 cm™! occurred in the spectra of fraction 1 and was
stronger than the original sample. The bands at 998 and
841 cm™! were very weak, especially for D1. This shows that
the ethylene content was higher than that of the original sample
and that E segments were too short to crystallize. It also shows
that the P segments were crystallizable, but the crystallinity
was very low. Fraction 1 seemed to be an ethylene-propylene
random copolymer.

For fractions 2 and 3, the doublet bands at 720-730cm™!
were clearly seen, indicating crystallizable PE segments;
nevertheless, these bands in B3 became very weak because
of low ethylene content. Meanwhile, the PP crystalline bands
were also visible. On the basis of the relative intensities of the
characteristic IR bands of PE and PP, we considered that the
fractions D2 and D3 contained more ethylene units than did the
corresponding fractions in samples B and C, and the ethylene
content in fractions D2 and D3 were higher than the propylene
content.
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Table V. The content of the ethylene monomer, triad sequence distributions and number-average sequence length of the comonomer blocks

Sample Fraction E PPP PPE EPE PEP PEE EEE np Ng mm
B1 0.300 0.481 0.153 0.066 0.085 0.110 0.105 5.0 241 0.388
B2 0.232 0.671 0.075 0.022 0.038 0.046 0.148 12.7 3.8 0.617
B B3 0.037 0.932 0.031 0 0.010 0.005 0.022 68.8 26 0.800
B4 0.004 0.993 0.003 0 0.002 0 0.002 398.6 1.4 0.942
B5 0 1 0 0 0 0 0 — — 0.977
o] 0.430 0.311 0.170 0.089 0.094 0.171 0.165 3.2 2.4 0.339
c2 0.450 0.432 0.080 0.038 0.040 0.088 0.322 6.5 5.4 0.531
o} C3 0.168 0.807 0.020 0.005 0.007 0.010 0.151 72.4 14.6 0.810
c4 0.017 0.983 0 0 0 0 0.017 — — 0.960
C5 0.015 0.985 0 0 0 0 0.015 — — 0.976
D1 0.578 0.150 0.156 0.116 0.103 0.233 0.242 3.4 26 0.251
D2 0.670 0.166 0.085 0.076 0.046 0.143 0.484 2.8 5.7 0.425
D D3 0.658 0.292 0.026 0.027 0.012 0.059 0.584 8.9 15.9 0.704
D4 0.021 0.973 0.005 0.001 0.001 0.002 0.018 279.7 10.5 0.968
D5 0.011 0.985 0.003 0 0 0.002 0.010 494.5 11.0 0.969
The spectra of both fractions 4 and 5 showed very strong
crystallizable PP segments. The bands at 720 and 730cm™!
became very weak. This indicates that the ethylene content and
the content of the long ethylene segment were very low for
fractions 4 and 5, and they were nearly pure PP homopolymers.
NMR Analysis
To study the chain structure of the different fractions further,
13C NMR spectra were recorded; the calculated results are _.JL _ A
shown in Table V, which also includes the ng and np. 50 40 30 20 10
The ethylene contents of B1, C1, and D1 were 30.0, 43.0,
and 57.8 mol %, respectively. In fraction 1, both ethylene and 5 (ppm)
propylene sequence distributions in all triads were relatively Figure 4. '3C NMR spectra of the fraction BS.

homogeneous, while both ng and np were very short. This
confirms that fraction 1 was a random ethylene-propylene
copolymer.

For fraction 2, both propylene and ethylene sequence
distributions in all triads were evidently heterogeneous; the
PPP + EEE contents in B2, C2, and D2 were 0.819, 0.754 and
0.650, respectively, and both np and ng became relatively
longer than in fraction 1, except for the np of D2. The FT-IR
results of fraction 2 indicate that some of the ethylene and
propylene segments were long enough to crystallize. These
results prove that fraction 2 was an EP segmented copolymer.

For fraction 3, the ethylene contents of B3 (3.7 mol %) and
C3 (16.8mol %) were much lower than those of B2
(23.2mol %) and C2 (45.0mol %), respectively. D2 and D3
had approximate ethylene content, about 66 mol %. Both the np
and ng of fraction 3 were longer than that of fraction 2, except
for the ng of B3 that had only 3.7mol % ethylene. The
PPP + EEE contents in B3, C3, and D3 were 0.954, 0.958, and
0.876, respectively, which are much higher than those of the
other triads. We then combined the above results with further
DSC data and obtained clear composition information.

In fractions 4 and 5, the ethylene content was very low, and
the isotacticity [mm] was higher than 0.942. Therefore,
fractions 4 and 5 were composed of highly isotactic PP, which
was interrupted by small amounts of long PE segments.

Definitely, B5S was a pure PP with very high isotacticity as
shown in Figure 4. The molecular weight and isotacticity of
fraction 5 were higher than those of fraction 4; this was due to
the coincidence of molecular weight and isotacticity, as well as
the intermolecular isotactic heterogeneity of different molecu-
lar weights PPs. This is consistent with the results found in the
related literature.>>%’

With increasing fractionation temperature, the ethylene
content decreased, and np increased for the fractions from
samples B and C. However, for sample D, the ethylene content
in D1, D2, and D3 was 57.8, 67.0, and 65.8 mol %, higher than
that of the propylene content of 42.2, 33.0, and 34.2mol %.
Moreover, D2 had the highest ethylene content (67.0 mol %) in
all of the fractions. For the fractions collected at the same
fractionation temperature, the fractions from sample D, except
D5, had the highest ethylene content compared with the others;
in addition, the fractions from sample B had the lowest
ethylene content. In the fractions of B2, C2, and D2, np
decreased from 12.7 to 6.5, 2.8, while ng increased from 3.8 to
5.4, 5.7. Fraction 3 had the same case. All these results show
that a long copolymerization time leads to a longer crystalliz-
able ethylene sequence length and a shorter crystallizable
propylene sequence length.

1102 (©?2009 The Society of Polymer Science, Japan
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Figure 5. SSA melting curves of all fractions in samples B (a), C (b) and
D (c).

Thermal Analysis

A thermal analysis of the fractions was also conducted to
verify the microstructure of the different fractions. The results,
through SSA measurement, are presented in Figure 5.

The typical DSC melting curves from fraction 1 without
SSA treatment showed tiny peaks in the range of 30-90 °C; this
was due to the melting of PE crystals with considerable
imperfection. Interestingly, B1 showed a weak peak at
approximate 162°C close to the melting temperature of the
PP homopolymer. This means that fraction 1 was mainly an
amorphous EP random copolymer along with a few PP
homopolymers soluble in xylene at room temperature because
of the low molecular weight.

Fraction 2 showed multi-melting peaks below 130°C and
some tiny peaks above 130 °C. The peaks above 130 °C can be
ascribed to PP sequences. However, those peaks lower than
130°C had a complicated composition. Combining the FT-IR
and NMR data, the multi-melting peaks came from the
segmented EP copolymers with PP and PE segments long
enough to form crystalline lamellae. The lengths of the PP and
PE segments were relatively short and had a rather broad
distribution, so fraction 2 showed a low melting temperature
and a broad melting range.

Fraction 3 had longer ethylene and propylene blocks than
that in fraction 2, so the multi-melting peaks fell mainly
between 100-180°C. B3, with only 3.7mol% ethylene,
showed that the multi-melting peaks fell mainly between
130-180°C, corresponding to the melting of PP segments with
different crystalline sequence lengths. As compared to the
ethylene content of B3, those of C3 and D3 increased from 16.8
to 65.8 mol %, hence showing that more multi-melting peaks
fell between 100-130°C. Combining the FT-IR and NMR
analysis, we concluded that most of the peaks below 130°C

were from the PE blocks with different crystalline sequence
lengths; moreover, the multi-melting peaks above 130°C
resulted from the PP blocks with different crystalline sequence
lengths. Both C3 and D3 were EP block copolymers with a
broad distribution.

It should be noted that B3 and D4 had approximate ethylene
content, but B3 can be dissolved in xylene at 100°C, which
was lower than 115 °C of D4. B3 had a high triad PPP reaching
0.932; this shows that it was composed of PP homopolymer.
However, a broad thermogram with multiple melting peaks
shows a rather broad sequence length distribution of PP. B3
had a slight vibration at 720-730 cm™!, indicating the presence
of crystalline ethylene segments (n > 4). Thus, B3 was
composed of a PP homopolymer with a very low content of
crystalline ethylene segments.

Fractions 4 and 5 had two main melting peaks in the region
of 150-180 °C from the longer crystalline propylene sequences.
Meanwhile, the triad PPP from NMR data was above 0.973,
and the isotacticity [mm] was above 0.942 for fractions 4 and 5,
implying there were only a few compositional defects and
steric defects in the polymer chains. Definitely, these two
melting peaks were segregated not only by the molecular chain
defects but also by some contribution from the melting-
recrystallization-remelting process during heating.'3

By combining the results of FT-IR, NMR, and DSC
analysis, we obtained a clear map for the chain structure and
structure distribution of these PP/EPR in-reactor alloys. In
these alloys, the ethylene-propylene random copolymer was
available at room temperature fraction (fraction 1), and the PP
homopolymer with a very low content of ethylene was included
in over 100 °C fraction (fractions 4 and 5), these three fractions
totally occupied more than 80 wt % of the alloy. The fractions
at 80 °C (fraction 2) and 100 °C (fraction 3) were an ethylene-
propylene segmented and block copolymer, respectively,
except for B3. B3 was composed of a PP homopolymer with
a very low content of crystalline ethylene sequences. In this
paper, the fractionation technique TRDF was very similar to
TREF?® in terms of fractionation mechanism. The extraction
temperature was mainly determined by the chemical compo-
sition and crystallizability of the fraction.

The fractionation results and the characterization of the
fractions also indicate that the ethylene content in the alloys, in
the EPR, the EP segmented and the block copolymer increased
with the copolymerization time. The weight percent of EPR,
the EP segmented and block copolymer also increased with the
copolymerization time. Sample D with 30.3mol % ethylene
had more than 50% ethylene units in its EPR fraction and EP
segmented copolymer fraction, respectively.

The three-dimensional wire surface plots of the TRDF-GPC
cross fractionation of samples B, C, and D are shown in
Figure 6. Each region on the surface gives the relative amount
of species with a given molecular weight and composition.
Although only five fractions were collected here, it still clearly
shows the great heterogeneity and difference in the micro-
structure distribution of the three alloys in both composition
and molecular weight. It is also shown that the weight percent
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Figure 6. The 3D Wire Surface plots of the fractionation-GPC analysis of
samples B (a), C (b) and D (c).

of fractions below 100°C (EPR, EP segmented and block
copolymer) increased, and the weight percent of above 100°C
fraction (PP homopolymer) decreased with the copolymeriza-
tion time.

CONCLUSIONS

Three PP/EPR in-reactor alloys produced by a two-stage
slurry/gas polymerization procedure, had different ethylene
content and mechanical properties through controlling the
copolymerization time. The three PP/EPR in-reactor alloys
included four portions: ethylene-propylene random copolymer,
i.e., EPR, ethylene-propylene segmented and block copolymer,
and propylene homopolymer.

With the increasing copolymerization time from 30 to 60,
then 60 to 90 min, the ethylene content in the alloys, in the
EPR, and EP segmented and block copolymer became higher,
while the weight percent of EPR, EP segmented and block
copolymer also increased.

Since sample B, with the shortest copolymerization time of
30min and only 3.4mol % ethylene content, contained 6.0%
EPR and 3.9% EP segmented copolymer, its toughness could
not be enhanced significantly. For the copolymerization time of
60 min, Sample C with 12.1 mol % ethylene units had 11.8%
EPR, 5.2 wt % EP segmented copolymer and 4.5 wt % EP block
copolymer. Definitely, Sample C had an improved impact
strength almost 7.7 times higher than that of sample A.
Sample D had the longest copolymerization time of 90 min
and 30.3mol % ethylene units. The sample had 19.9% EPR,
10.8 wt % EP segmented copolymer, and 6.7 wt% EP block
copolymers. The ethylene content in EPR, segmented and
block copolymers was about 58%, 67%, and 66%, respectively.
Sample D possesses an excellent balance of stiffness and
toughness.

Finally, an increase in the ethylene content in EPR, EP
segmented and block copolymer, and a suitable weight percent

of EPR are believed to be the key factors in the excellent
toughness-stiffness balance for in-reactor alloys.
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