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Abstract

A series of polypropylene/poly(ethylene-co-propylene) (PP/EPR) in-reactor alloys were synthesized by the homopolymerization of propylene
in the first stage, after that it switches to gas-phase ethylene—propylene copolymerization and gas-phase homopolymerization of propylene in
a circular mode. The alloys were characterized by FTIR, DSC, PLM, TEM and SEM. Changing switch frequency had hardly any influence on
the EPR content of the PP/EPR in-reactor alloys. However, as the switch frequency increased, the catalyst efficiency evidently increased. Mea-
surement of mechanical properties shows that increasing the switch frequency has a positive effect on both the impact strength and flexural
modulus. Although the content of EPR was almost similar to each other, as the switch frequency increased, the size of EPR phase decreases
and the size distribution in the PP matrix trend to be more uniform that forms strong interfacial adhesion between PP phase and EPR phase.
The simultaneous improvement of both impact strength and flexural modulus of the alloy can be mainly attributed to changes in its phase

morphology as a result of fast circulation between homopolymerization and copolymerization.
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1. Introduction

The properties and applications of polyolefin have been
extensively expanded by scientists and enterprisers [1—3].
Catalyst and process technology have played the major role:
improvement of catalyst chemistry and control of particles
morphology have allowed simplified processes, with low
investment and operating costs and reduced environmental
impact, as well as improved polymer properties. It has been
actually for properties expansion, particularly in polypropyl-
ene but also in polyethylene, that process development has
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pursued the route of multi-stage process. It has been demon-
strated that polymer properties could be definitely expanded
by conducting polymerization in two or more successive steps,
generating in each step a different polymer in terms of molec-
ular weight, chemical composition, and crystallinity. Polypro-
pylene/poly(ethylene-co-propylene) (PP/EPR) in-reactor alloy,
a widely used thermal plastic material with higher toughness
than PP, is just such an example. It is now mainly produced
by a two-step sequential polymerization process, in which
the first step is propylene homopolymerization and the second
step is ethylene—propylene copolymerization. The product is
a heterophasic material with PP as the continuous phase and
EPR as the dispersed phase. Since the 1990s, a main progress
in the production of PP/EPR in-reactor alloy has come from
the use of spherical Ziegler—Natta catalyst [4—7]. PP/EPR
in-reactor alloy synthesized by the catalyst is in the form of
regular spherical granules, which allow higher EPR content
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without risk of reactor fouling than the polymer produced by
conventional irregular Ziegler—Natta catalyst.

In previous works, we have reported the synthesis, structure
and properties of PP/EPR in-reactor alloy with a superactive
spherical Ziegler—Natta catalyst [8]. The in-reactor alloys
show much improved impact strength, but the flexural modulus
becomes lower than that of the PP homopolymer. For
applications of the alloy as high-performance structural mate-
rials, it is necessary to further improve the balance between
toughness and rigidity. Recently Basell developed a new pro-
cess for producing PP in-reactor alloy based on multizone
circulating reactor (MZCR) [2,9,10], in which the polymer
granules are rapidly circulated between a reaction zone
containing ethylene—propylene mixture and a reaction zone
containing pure propylene. This means that during the poly-
merization process each polymer/catalyst particle undergoes
switching between propylene homopolymerization and
ethylene—propylene copolymerization for many times. It was
reported that the alloy shows much improved toughness—rigid-
ity balance than PP/EPR alloy by the conventional two-step pro-
cess. However, the mechanism of this improvement is still not
clear. One possibility is that polypropylene-b-poly(ethylene-
co-propylene) block copolymer is formed during the rapid
switching and help enhancing the properties. Another factor is
spacial distribution of the rubber phase in the PP matrix. In na-
scent granules of PP/EPR alloy produced by a two-step process,
the EPR phases are formed in one batch, which may become
rather large as the copolymerization goes for long time. In
a MZCR process the EPR phases may become very small
because they are formed in very short reaction time. Reduction
in EPR phase size may also greatly influence the properties
of alloy.

In this article, we report the synthesis, morphology and me-
chanical properties of a series of PP/EPR in-reactor alloys,
which are prepared by multi-stage sequential gas-phase homo-
polymerization of propylene and gas-phase ethylene—propyl-
ene copolymerization in a circular mode. By shortening the
reaction time in each stage while keeping the total polymeri-
zation time unchanged, alloys resembling the PP/EPR product
from a MZCR process were prepared. The experimental re-
sults show that both toughness and rigidity of the PP/EPR
alloys increase as the circulation rate increases. Mechanism
behind the phenomena is discussed.

2. Experimental
2.1. Synthesis of the PP/EPR alloy

The PP/EPR in-reactor alloy was synthesized in a multi-
stage subsequential polymerization process. In the first stage,
or the prepolymerization stage, the slurry polymerization of
propylene was conducted in a well-stirred glass reactor for
30 min. A high yield spherical Ziegler—Natta catalyst, TiCl,/
MgCl,-ID (where ID is an internal donor), kindly donated
by BRICI, SINOPEC (Beijing, China), was used in the poly-
merization. The catalyst had a Ti content of 3 wt%.
Al(C,Hs); (Fluka) was used as the cocatalyst (Al/Ti = 60),

and Ph,Si(OCHj), was used as the external donor (Al/
Si = 25). n-Heptane was used as the solvent. Propylene pres-
sure in the prepolymerization stage was 1 atm and the temper-
ature was 50 °C. A catalyst efficiency of about 30 g of PP per
gram of catalyst was obtained in the prepolymerization stage.
After the prepolymerization, the slurry containing the prepoly-
merized catalyst was transferred to a Biichiglasuster 0.5 L
jacketed autoclave. Propylene was added to the autoclave to
0.6 MPa. Propylene homopolymerization was carried out for
60 min at 60 °C. At the end of this stage, propylene and sol-
vent were removed by evacuation to 5 mmHg for 3 min, and
a circular reaction mode began. An ethylene—propylene mix-
ture of a constant composition (propylene/ethylene = 1.5) and
constant pressure (0.4 MPa) was continuously supplied to the
autoclave at 60 °C. After ethylene—propylene copolymeriza-
tion for a designed time, the ethylene—propylene mixture
was removed by evacuation to 5 mmHg for 3 min, and propyl-
ene of constant pressure (0.6 MPa) was continuously supplied
to the autoclave at 60 °C. After propylene homopolymeriza-
tion for a designed time, the polymerization was switch to
ethylene—propylene copolymerization and subsequently pro-
pylene homopolymerization at the same conditions as above.
The circular reaction mode was carried out for 80 min and
illustrated in Scheme 1.

In this work, the sample EP20P60 was synthesized by eth-
ylene—propylene copolymerization for 20 min and then pro-
pylene homopolymerization for 60 min, namely, the switch
number of this sample was 1. The sample EP10P30 was syn-
thesized by ethylene—propylene copolymerization for 10 min
and then propylene homopolymerization for 30 min, namely,
the switch number of this sample was 2. Analogically the
switch number of EPSP15 and EP2.5P7.5 was 4 and 8, respec-
tively. The sample EP20 was synthesized by ethylene—propyl-
ene copolymerization for 20 min without subsequent
propylene homopolymerization.

2.2. Separation of random poly(ethylene-co-propylene)
from the PP/EPR in-reactor alloys

About 2.5 g of every PP/EPR in-reactor alloy sample was
dissolved in n-octane at 125 °C in 2 h, then cooled to room
temperature (25 °C) in 24 h. The solution was filtered and
the insoluble part was washed with n-heptane and dried in vac-
uum. Since the isotacticity of the PP catalyzed by the used
spherical catalyst is more than 98 wt%, the amount of atactic
PP which is solved in n-octane is very small. Therefore, the
weight percentage of the soluble part was used as a measure
of the random copolymer content in the blend.

2.3. Thermal analysis

Differential scanning calorimetry (DSC) analysis of the
fractions was made on a Perkin—Elmer Pyris 1 thermal ana-
lyzer under a high purity nitrogen atmosphere. About 5 mg
of each sample was sealed in an aluminum sample cell, melted
at 180 °C for 5 min, and then successively annealed at 140,
130, 120, 110, 100, 90, 80, 70 and 60 °C, respectively, each
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Scheme 1. Polymerization process of PP/EPR in-reactor alloy.

for 12 h. Finally the samples were cooled down to room tem-
perature. Then the melting endotherm of the sample was
recorded at a heating rate of 5 °C/min from 30 to 180 °C.

2.4. Morphology analysis

Samples for polarized light microscope observation were
prepared by fusing small piece of the polymer placed between
two cover glasses. After melting at 230 °C for 2 min, they
were kept in quasi-isothermal state at 130 °C for 36 h. Photo-
graphs were taken using an Olympus BXS51 polarized light
microscope.

The morphology and dispersion state of EPR phase in the
PP matrix was investigated using a transmission electron mi-
croscope (JEOL JEM-1200EX). The TEM samples were pre-
pared as follows: strips of the polymer were prepared as
described in Section 2.6, and the surface for TEM analysis
were prepared by cryoultramicrotomy.

The morphology and dispersion state of EPR phase in the
nascent PP/EPR in-reactor alloy particles were observed by
TEM (JEOL JEM-1200EX). For TEM observation, thin sec-
tions (ca. 50—100 nm thick) prepared by ultramicrotomy of
the particles were transferred onto copper grids and then
stained with RuO, vapour for 7 h at 30 °C.

The morphology and dispersion state of EPR phase in the
PP matrix were investigated using a scanning electron micro-
scope (JSM-T20). The SEM samples were prepared as fol-
lows: strips of the polymer were prepared as described in
Section 2.6, and were fractured in liquid nitrogen. The frac-
tured surface was dipped into toluene at room temperature
and etched by toluene under ultrasonic for 5 min. Then the
fractured surface was coated with gold and observed by SEM.

The morphology and dispersion state of EPR phase in the
nascent PP/EPR in-reactor alloy particles were observed by
SEM. The SEM samples were prepared as follows: the alloy
particles were mixed with epoxy resin and filled in a section
of rubber tube. After solidification of the mixture, the strips
of the mixture were fractured in liquid nitrogen. The fractured
surface was dipped in toluene at room temperature and etched

by toluene under ultrasonic for 5 min. Then the fractured
surface was coated with gold and observed by SEM.

The morphology of the impact fracture surface of PP/EPR
in-reactor alloys was observed by SEM. The samples for
impact test were prepared as described in Section 2.6.

2.5. Porosity measurement

An AutoPore IV 9500 Porosimeter (Micromeritics Instru-
ment Co.) was used for the mercury intrusion measurement.
The apparatus has an available pressure range of 0—
30,000 psi (absolute). The porosity, average pore sizes and
pore size distribution of PP/EPR in-reactor alloys can be ob-
tained from the data on intruded volume versus applied pres-
sures. The samples were dried in vacuum at 50 °C for 12 h
before the measurement.

2.6. Measurement of mechanical properties

The notched Charpy impact strength of the polymer
sample was measured on a Ceast impact strength tester ac-
cording to ASTM D256. The flexural modulus was measured
following ASTM D790 on a Shimadzu AG-500A electronic
tester. The polymer granules were heat-molded at 170 °C
into sheets, which were than cut into pieces, put into
a 150 x 100 x 4 mm mold, and pressed under 14.5 MPa at
180 °C for 5 min. The sample plates were then slowly cooled
to room temperature in the mold. Sample strips for the tests
were cut from the plate following ASTM. For each test point,
five parallel measurements were made and the average values
were adopted.

2.7. Fractionation with preparative TREF

Preparative temperature rising elution fractionation (TREF)
apparatus was used to collect a sufficient amount of polymer
fractions. About 2 g of polymer was dissolved in xylene at
a concentration of 0.005 g/mL at 130 °C. This solution was
deposited on an inert support, sea sand (particle diameter:
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0.3—0.6 mm) packed in a steel column. The length and the in-
ternal diameter of the column were 1.0 m and 40 mm, respec-
tively. The column was cooled to room temperature at a rate of
1.5 °C/h. Then the deposited polymer was heated stepwise and
eluted with xylene at different temperatures. The polymer
fractions were recovered by evaporating the xylene solvent
and drying in a vacuum oven. Because a small amount of an-
tioxidant 1010 had been added, the total recovery of polymer
was slightly higher than 100 wt%.

2.8. 3C NMR measurement

3C NMR spectra of the fractions were measured on a
Varian Mercury 300 Plus NMR spectrometer at 75 MHz.
o-Dichlorobenzene-d, was used as the solvent to prepare
a 20 wt% polymer solution. The spectra were recorded at
120 °C, with hexamethyldisiloxane as the internal reference.
Broadband decoupling and a pulse delay of 3 s were em-
ployed. Typically, 3000 transients were collected. The ethyl-
ene content of the samples was determined on the basis of
the peak area.

3. Results and discussion

3.1. Morphology and porosity of PP/IEPR in-reactor
alloys

Analyzed by mercury porosimeter, the parameter of poros-
ity of sample EP20P60 and EP2.5P7.5 is shown in Table 1 and
Fig. 1. It shows that the porosity of these two samples is al-
most the same. But there are more small pores (1—30 um)
in sample EP2.5P7.5 than that in sample E20P60.

Fig. 2 displays the TEM photographs of the morphology
and dispersion state of EPR phase in the nascent PP/EPR in-
reactor alloy particles. Since the EPR phase will be stained
readily than the semicrystalline polypropylene matrix, it ex-
hibits dispersed dark regions in Fig. 2. In sample EP20, as
shown in Fig. 2, the transverse section of the agglomerate
EPR (as indicated by the arrow) seemed to be strips (ca.
1.2 x 0.2 pm) which indicated that EPR did not finely disperse
in the PP matrix. The situation in sample EP20P60 was similar
to that of sample EP20, except that the phase size of agglom-
erate EPR in the former was little smaller than that in the

Table 1

The parameter of porosity compare of the samples

Sample EP20P60 EP2.5P7.5
Sample weight (g) 0.4051 0.4715
Total intrusion volume (mL/g) 0.3720 0.3431
Total pore area (m?/g) 15.611 16.02
Median pore diameter (volume) (um) 75.3753 49.9075
Median pore diameter (area) (Lm) 0.0103 0.0104
Average pore diameter (4V/A) (um) 0.0953 0.0857
Bulk density at 0.53 psia (g/mL) 0.6548 0.6639
Apparent skeletal density (g/mL) 0.8656 0.8597
Porosity (%) 24.3581 22.78
Stem volume used (%) 39 42
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Fig. 1. Pore diameter distribution of samples: (a) EP20P60 and (b) EP2.5P7.5.

latter. But in samples EP10P30, EP5SP15 and EP2.5P7.5, as
the switch frequency increased, the phase size of EPR became
smaller and the shape of the agglomerate EPR tended to be
globular. In sample EP2.5P7.5, the EPR phase was closely
globular and less than 0.6 pm. It indicated that, in the nascent
PP/EPR in-reactor alloy particles, the dispersion of the rubber
phase became more and more uniform as the switch frequency
increased.

Fig. 3 displays the TEM photographs of the morphology
and dispersion state of EPR phase in the PP/EPR in-reactor al-
loy strips. In samples EP20 and EP20P60, the phase size and
shape of EPR were irregular. In samples EP10P30 and
EP5P15, the shape of the agglomerate EPR tended to be glob-
ular and the phase size of EPR became smaller (most of them
were less than 1 pm). Especially in sample EP2.5P7.5, the in-
terface between PP phase and EPR phase became ambiguous
which illustrated that the compatibility between PP phase and
EPR phase was very well.

Fig. 4 displays the SEM photographs of the cryogenically
fractured surface of nascent PP/EPR in-reactor alloy particles
etched by toluene. The EPR phase, which is soluble in toluene
at room temperature, was removed by toluene etching and
small cavities were left on the surface. In sample EP20, the
fractured surface looked rather smooth, besides some large
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(€) EriOP30

() FP2.5P7.5

(b) EP20P60

Fig. 2. TEM photographs of the morphology and dispersion state of EPR phase in the nascent PP/EPR in-reactor alloy particles: (a) EP20; (b) EP20P60; (c)

EP10P30; (d) EPSP15; (e) EP2.5P7.5.

holes or hollows that are larger than 5 um. There were al-
most no cavities smaller than 2 um in the view. It could be
said that the rubber phase in sample EP20 was not uniformly
dispersed in the PP matrix, as most of the cavities were
larger than 2 pm. As the switch frequency increased, more
small cavities on the fractured surface became observable.

When the switch frequency was raised to 8 times (sample
EP2.5P7.5), the shape of the small cavities tended to be glob-
ular indicating the dispersion of the rubber phase became
rather uniform.

Fig. 5 displays the SEM photographs of the cryogenically
fractured surface of PP/EPR in-reactor alloy strips etched by
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f(b) EP20P60

(d) EP5PL5

Fig. 3. TEM photographs of the morphology and dispersion state of EPR phase in the PP/EPR in-reactor alloy strips: (a) EP20; (b) EP20P60; (c) EP10P30;

(d) EP5P15; (e) EP2.5P7.5.

toluene. In the pictures, biphasic structure can be clearly seen.
In sample EP20, the cavities’ dispersion was rather disordered.
In sample EP10P30, the cavities’ dispersion was more uniform
than that of sample EP20, with an average cavity diameter less
than 1 pm. When the switch frequency was raised to 8 times
(sample EP2.5P7.5), the average diameter of the cavities

was markedly decreased to about 0.5 um and the cavities’
dispersion became more uniform. It shows that as switch
frequency increases, the compatibility between PP phase and
EPR phase increases. Only a limited number of studies on
PP/EPR or high impact PP morphology have been published
[11—14], and because of the complexity of the problem, no
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Fig. 4. SEM photographs of cryogenically fractured surface of the nascent PP/EPR in-reactor alloy particles etched by toluene at 50 °C: (a) EP20; (b) EP20P60;
(c) EP10P30; (d) EP5P15; (e) EP2.5P7.5.
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Fig. 5. SEM photographs of fractured surface of the PP/EPR in-reactor alloys after etched by toluene at 50 °C: (a) EP20; (b) EP20P60; (c) EP10P30; (d) EP5P15;

(e) EP2.5P7.5.

model satisfied completely the growth and morphology of
these particles. Recently Chen et al. [15] reported that the
iPP particle exhibits a tertiary architecture consisting of
many secondary subglobules with the diameter of from several
to hundreds of microns. The subglobule in turn is formed by
a great deal of primary globules ca. 100 nm in diameter. The
large macropores between the subglobules and the finely dis-
tributed micropores within the subglobule constitute a network
of pore inside the iPP particle. There is a fine distribution of
catalyst fragments in the iPP particle, which are active for
the copolymerization of ethylene and propylene to occur.
The ethylene—propylene comonomers can diffuse into the
macro- and micropores and copolymerize on the catalyst ac-
tive sites located on the periphery of the pores, forming the
elastomer phase inside. Based on this consideration, a
hypothetical model of morphology of the PP/EPR in-reactor
alloy granules prepared by multi-stage sequential polymeriza-
tion is shown in Scheme 2. In Scheme 2, white section

represents PP phase, grey section represents EPR phase and
the black dot represents the active center. The shortcomings
of the three-stage processes (sample EP20P60) can be seen in
the model. After ethylene—propylene copolymerizing for
a long time (20 min), tiny pores in the primary globules of PP
homopolymer were largely filled with the copolymer. In the sub-
sequent homopolymerization of propylene, the diffusion limita-
tion will prevent propylene monomer from contacting with the
active center. As a result, the catalyst efficiency of sample
EP20P60 was low and the rubber phase became larger and
more disordered. However, in sample EP2.5P7.5, as each copo-
lymerization took place only for a short time (2.5 min), only
small amount of copolymer will be formed around the active
center. As a result, the tiny pores in the primary globules, acting
as the channel for propylene monomer to contact with the active
center, would not be occluded. Hence, the subsequent homopo-
lymerization of propylene could be carried out effectively and
show high catalyst efficiency. Due to the insertion of crystalline
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Scheme 2. The model of morphologies of the PP/EPR granules.

PP into the rubbery EPR phase, most of the tiny pores (1—
10 um) can be remained.

3.2. Influence of switch frequency on the composition
and polymerization rate of PP/IEPR in-reactor alloys

In a previous study [16], we found that there are many fac-
tors, such as monomer pressure and feed ratio of ethylene—
propylene mixture, affect the copolymerization rate strongly.
As the amount of ethylene in the ethylene—propylene mixture
increased, the EPR content in the product increased. To avoid
such effect, in the copolymerization stage, the ethylene—pro-
pylene mixture was supplied at a constant ratio and at constant
temperature and pressure. As shown in Table 2, increasing the
switch frequency had a strong effect on the catalyst efficiency,
but hardly on the EPR content in the product. The catalyst effi-
ciency can reflect the polymerization rate. As the switch
frequency increased, the polymerization rate increased. How-
ever, EPR content in all the products were about 16 wt%.
This phenomenon can be explained by the diffusion limitation
to polymerization in the particle. As the polymer particle con-
sists of primary globule [15], the tiny pores between the primary
globules in the PP granule will be gradually filled with ethyle-
ne—propylene copolymer as the copolymerization proceeded,
and the monomers had to diffuse through the solid polymer

Table 2

layer before reaching the active sites. In sample EP20P60, after
along time (20 min) of copolymerization most of the tiny pores
will be filled with copolymer, and in the subsequent stage it lim-
ited the monomer to contact with the active sites. However, in
sample EP2.5P7.5, copolymerization continues only for a short
time (2.5 min) and only a small amount of ethylene—propylene
copolymer will be filled into the tiny pores between the primary
globules. In the subsequent stage, propylene monomer will be
able to diffuse through the tiny pores easily. After a short
time (7.5 min) of propylene homopolymerization, more tiny
pores may be formed or the original tiny pores may be enlarged,
owing to the insertion of crystalline PP into the soft EPR phase.
As a result, the polymerization rate of sample EP20P60 was
much lower than that of sample EP2.5P7.5.

3.3. Thermal analysis

The DSC heating scanning curves of the n-octane insoluble
part of the samples are shown in Fig. 6. The melting curve of
all four samples obviously shows two melting peaks at 167
and 175 °C. It means that the n-octane insoluble part of all
four samples was mainly composed of pure PP. In the range
of 60—120°C there are several weak endothermic peaks.
They are mainly caused by the melting of the PE lamella of
relatively short thickness [17].

Influence of switch frequency on the catalyst efficiency and mechanical properties of the PP/EPR in-reactor alloys

Sample Switch frequency Catalyst efficiency n-Octane soluble Impact strength Flexural modulus
(times) (gPP/gcat-h) part (wt%) (kJ/m?) (Mpa)

EP20P60 1 899.6 15.8 3.9 770.68

EP10P30 2 1016.2 17.8 11.1 852.61

EP5P15 4 1026.3 15.3 11.6 856.38

EP2.5P7.5 8 1316.7 17.5 13.6 915.68
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Fig. 6. DSC curves of the annealed n-octane insoluble part of the samples
EP20P60, EP10P30, EP5P15 and EP2.5P7.5.

3.4. Crystalline morphology

The crystalline morphology of the isothermal crystallized
PP/EPR in-reactor alloys was studied by polarized light micro-
scope. As shown in Fig. 7, switch frequency markedly influ-
enced the crystalline morphology. In the alloy sample with
only one switch, relatively large spherulites of PP were found,
but when the switch number was increased to 8, many small
and irregular spherulites can be observed. This means that
the crystallization of PP was more strongly influenced by
the copolymer in sample EP2.5P7.5. This caused significant
phase mixing between the PP phase and the EPR phase as

indicated by the very small size of the latter [as shown in
Figs. 3(e) and 5(e)]. Such high degree of phase mixing could
hinder the formation of large and regular spherulites.

3.5. Chain structure of PP/EPR in-reactor alloys

Fig. 8 shows the results of TREF fractionation of the sam-
ples EP20P60 and EP2.5P7.5. Although there is difference in
the amounts of the fractions eluted higher than 100 °C, the dis-
tribution of fractions eluted lower than 100 °C was almost the
same for the two samples. As characterized by '*C NMR, the
content of propylene unit of samples EP20P60 and EP2.5P7.5
was 92.1 and 90.4 mol%, respectively. '*C NMR spectra of the
fractions from sample EP2.5P7.5 were recorded. The spectrum
of the 25 °C fraction is a typical spectrum of a random ethyl-
ene—propylene copolymer. This random copolymer was
mainly produced in the stage of ethylene—propylene copoly-
merization. In the spectra of fractions eluted at temperature
lower than 100 °C (e.g., 60 and 80 °C fractions), there was
a strong signal of long PE sequences. Meanwhile, there are
several peaks corresponding to the PPP sequence, such as
Pgg at 20.0 ppm, Tgg at 26.8 ppm, and S, at 44.6 ppm, mean-
ing that there were long PP segments in the polymer chain.
The peaks at 35.7—36.0 (S, and S,,), 31.3 (Ts;), 25.4
(Sps), 22.9 (Spp), and 18.1 ppm (Ps;) indicate that there
were also sequences such as PPEE, EEPEE, and PEP in the
polymer chain [18]. This shows that the fractions eluted at
lower than 100 °C were segmented copolymers of ethylene
and propylene. The '*C NMR spectra of the fractions eluted

Fig. 7. PLM photographs of the isothermally crystallized PP/EPR in-reactor alloy samples: (a) EP20P60; (b) EP10P30; (c) EP5P15; (d) EP2.5P7.5.
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at higher than 100 °C show that they are pure polypropylene.
The results of '*C NMR and TREF show a clear map of
the chain structure and structure distribution of the PP/EPR
in-reactor alloys synthesized by multi-stage sequential poly-
merization. Pure PP constituted more than 70 wt% of the alloy.
The content of ethylene—propylene random copolymer was
about 20 wt% of the alloy, and the remaining fraction was eth-
ylene—propylene segmented copolymer. As the two samples
have similar content of these three components of alloys, we
can conclude that the chain structure and structure distribution
of the alloys are scarcely influenced by the switch frequency.

3.6. Mechanical properties of the PP/IEPR in-reactor
alloys

Properties of polymer alloy are mainly dependent on their
phase structure under given measurement conditions,

Fig. 9. SEM photographs of the impact fracture surfaces of PP/EPR in-reactor alloys fractured at room temperature (28 °C): (a) EP20; (b) EP20P60; (c) EP10P30;

(d) EP5P15; (e) EP2.5P7.5.
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especially the interfacial morphological structure between the
matrix and the dispersed phase. The morphology of PP-rubber
blends is closely related to the compatibility between the con-
tinued phase and the dispersed phase [19]. Wu [20] demon-
strated a direct relationship among chain structure, phase
morphology, and toughness in polymer—rubber blends: the
dispersed rubber toughens a polymer—rubber blend mainly
by promoting energy dissipation of the matrix, and the tough-
ening efficiency correlates with morphology of the rubber
phase and chain structure of the matrix. The shape, content,
size, and size distribution of dispersed phase are important fac-
tors determining the toughening effect of the rubber phase,
which are related to the micro-morphological structure of
the materials. Jang et al. [21] collected information on rubber
particle size using transmission electron microscopy (TEM)
and computer-aided image analysis, and observed the effects
of rubber particle size on crazing in the PP matrix. The results
showed that PP blends with smaller rubber particles are
tougher and more ductile than those with larger particles. On
the other hand, the larger the rubber particle size, the easier
it will be for the cavitation to take place [22]. Therefore, there
is a best particle size for optimum toughening effect. In gen-
eral, besides the properties of the matrix, the toughening
mechanism of polymer—rubber blends has a close relation
with interfacial adhesion between the filler and the matrix.
For a blend system with strong interfacial adhesion, multiple
crazing is favored, while for a blend system with poor interfa-
cial adhesion, shear yielding is favored [23].

To see the effects of switch frequency and morphology on
mechanical properties of PP/EPR in-reactor alloys, we have
measured the notched Charpy impact strength and flexural mod-
ulus of the samples synthesized with different switch frequency
(see Table 2). As shown in Table 2, both the impact strength and
the flexural modulus of the samples increased as the switch
number was increased. It is clear that PP/EPR in-reactor alloys
synthesized by multi-stage sequential polymerization have
good balance between toughness and rigidity. It is well known
that the morphology of a material’s impact fracture surface is
closely related to its impact property. Fig. 9 shows the SEM pic-
tures of the impact fracture surface of PP/EPR in-reactor alloys.
The impact fracture surface of samples EP20 and EP20P60
(Fig. 9(a) and (b)) is quite smooth, reflecting their poor tough-
ness. In contrast, Fig. 9(b)—(d) shows ductile and coarse fashion
of the fractured surfaces. Moreover, on the impact fracture sur-
face of sample EP10P30 (Fig. 9(c)) there were many disordered
globule cavities formed by pulling EPR phase out from the sur-
face. Comparatively, there were much less globule cavities on
the impact fracture surface of sample EP5P15 (Fig. 9(d)), and
its size of globule cavities were smaller. However, there were al-
most no globule cavities on the impact fracture surface of sam-
ple EP2.5P7.5 (Fig. 9(e)), but there were strip-like protrusions
on the surface. Such fine pleats have not been found in
PP/EPR blends prepared by mechanical blending. This

phenomenon should be directly related to the excellent compat-
ibility between PP phase and EPR phase that markedly im-
proved the mechanical properties of PP/EPR in-reactor alloys.

4. Conclusions

In this research work, we used the process of multi-stage
sequential polymerization to improve the morphology and me-
chanical properties of PP/EPR in-reactor alloys. A series of
PP/EPR in-reactor alloys with good balance between tough-
ness and rigidity were synthesized by spherical Ziegler—Natta
catalyst in a circular reaction mode. Although increasing the
switch frequency does not change the chain structure and
structure distribution of the alloys in a detectable level, the
size of EPR phase decreases and its size distribution becomes
more uniform when the switch frequency is increased. The
simultaneous improvement of both impact strength and flex-
ural modulus of the alloy can be mainly attributed to changes
in its phase morphology as a result of fast circulation between
homopolymerization and copolymerization.
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