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ABSTRACT: The functions of crystallizable ethylene-
propylene copolymers in the formation of multiple phase
morphology of high impact polypropylene (hiPP) were
studied by solvent extraction fractionation, transmission
electron microscopy (TEM), selected area electron diffrac-
tion (SAED), nuclear magnetic resonance (*3C-NMR), and
selected reblending of different fractions of hiPP. The results
indicate that hiPP contains, in addition to polypropylene
(PP) and amorphous ethylene-propylene random copoly-
mer (EPR) as well as a small amount of polyethylene (PE), a
series of crystallizable ethylene-propylene copolymers. The
crystallizable ethylene-propylene copolymers can be further
divided into ethylene-propylene segmented copolymer
(PE-s-PP) with a short sequence length of PE and PP seg-

ments, and ethylene-propylene block copolymer (PE-b-PP)
with a long sequence length of PE and PP blocks. PE-s-PP
and PE-b-PP participate differently in the formation of
multilayered core-shell structure of the dispersed phase in
hiPP. PE-s-PP (like PE) constructs inner core, PE-b-PP forms
outer shell, while intermediate layer is resulted from EPR.
The main reason of the different functions of the crystalliz-
able ethylene-propylene copolymers is due to their different
compatibility with the PP matrix. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 123: 13021309, 2012
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INTRODUCTION

High impact polypropylene (hiPP) produced by a
multistage polymerization process is a type of com-
plex multicomponent blending system, consisting of
a polypropylene (PP) matrix, amorphous ethylene-
propylene random copolymer (EPR), crystallizable
ethylene-propylene copolymers, and a small amount
of polyethylene (PE) homopolymer.''® The inter-
chain continuity and intrachain polydispersity are
two characteristics of the copolymers. However, thus
far, the understanding of crystallizable ethylene-pro-
pylene copolymers is widely contradictory. It seems
that there is no doubt regarding the existence of eth-
ylene-propylene segmented copolymers (PE-s-PP)
with short sequence length of PP and PE segments
in hiPP. However, the view of ethylene-propylene
block copolymer (PE-b-PP) with long crystallizable
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PP and PE sequences is still controversial. Some
researchers believe that the ethylene-propylene block
copolymer can be formed during the second stage of
the copolymerization in the production of hiPP,**1
whereas other research groups believe that the possi-
bility of forming an ethylene-propylene diblock
copolymer is questionable."''? The structure similar-
ity between the block copolymer and PE/PP blend
as well as the poor purity of the block copolymer
may be the main factors that affect identification of
the block copolymer. In addition, the different sour-
ces of the materials should be another reason giving
rise to the controversy since different methods of
polymer synthesis may result in intrinsic structural
difference of the materials.

The complex chain structure of hiPP must result
in a complicated multiple phase morphology,
whereas the multiple phase morphology is the key
factor that makes the material possess excellent
mechanical properties, with both high rigidity and
high toughness.>**'>7'% Tt is generally believed that
the dispersed phase in hiPP exhibits a core-shell
structure with PE core and EPR shell.'®" This core-
shell structure has proven to be efficient for the
toughness-rigidity balance of the material. However,
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the understanding of the phase morphology of hiPP is
far from perfect. Although one can obtain some infor-
mation about the phase structure of hiPP bulk with
the help of cryoultramicrotomy, staining, and surface
etching techniques,>*>*"*™ it is very difficult to gain
the structural details of the phase morphology of the
material. The corresponding relationship between the
complicated chain structure and phase morphology
has not been completely established. Especially, the
effect of crystallizable ethylene-propylene copolymers
on the formation of the multiple phase structure has
not been clearly revealed to date. There is no report
about the role of ethylene-propylene segmented copol-
ymer with short length of ethylene and propylene
sequences in the multiple phase morphology forma-
tion. Although one does not doubt that the ethylene-
propylene block copolymer (or ethylene-propylene
segmented copolymer with long sequence length of
PE and PP segments, as mentioned in some literature)
can be considered a compatibilizer enhancing the
interface adhesion between the PP matrix and the EPR
dispersed phase,®”'” direct evidence of the distribution
of the block copolymer in the interface is still lacking.

More recently, a multilayered core-shell structure
of the dispersed phase of hiPP in both the bulk and
the solution-cast film was observed for the first time
in our work.2?! However, because of the small size
of the dispersed phase and subsequent limitations of
the current characterization methods, the structural
details of the multilayered core-shell structure have
not been completely understood. The objective of
this study is to examine the functions of crystalliz-
able ethylene-propylene copolymers (including both
PE-s-PP and PE-b-PP) in the formation of the multi-
layered core-shell structure of the dispersed phase in
hiPP on the basis of precise characterization of the
chain sequence structure and to establish a relation-
ship between chain structure, phase morphology,
and mechanical properties of the material.

EXPERIMENTAL
Materials

The hiPP sample used in this work is a commercial
product in pellet form (AW191, made in Singapore),
synthesized in a multistage gas/gas polymerization
process. The flexible modulus of the material is
0.989 GPa, and the notched Izod impact strength at
23 and —20°C are 205 and 79.6 J/m, respectively.
The ethylene content is 19.8 mol %, as measured by
C-NMR.

Sample preparation

Four fractions of hiPP were prepared by successive
solvent extraction fractionation. hiPP was completely
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TABLE 1
Contents of Fractions of hiPP
Fractions F, (RT) F,(80°C) F.(100°C) F, (>100°C)
Contents (wt %)  25.7 4.8 6.7 62.8

dissolved in xylene at 130°C, and then, the solution
was gradually cooled to room temperature. The pre-
cipitate was separated from the solution by filtration.
Solvent in the remaining clear solution was evapo-
rated, and a rubbery component was obtained as
fraction F,. The filtered precipitate was extracted
successively by xylene at 80 and 100°C, respectively,
the dissolved components were obtained as fractions
F, and F., whereas the undissolved part at 100°C
was obtained as fraction F;. The weight contents of
the fractions were listed in Table L

Thin films of hiPP and its fractions were prepared
by casting 0.1 wt % xylene solution of the samples
onto a carbon-coated mica surface at a temperature
range of 100-130°C. After solvent evaporation, the
films were cooled to room temperature and then
vacuum-dried at the temperature for 24 h. Thin sec-
tions of the bulk sample were prepared by cryoultra-
microtomy of the hiPP pellet with a Leica Ultracut R
microtome (Vienna, Austria) operated at —80°C and
a cutting speed of 1 mm/s.

Transmission electron microscopy (TEM)

For TEM observation, the thin films were transferred
onto the surface of water and then collected on cop-
per grids. A JEOL 1011 transmission electron micro-
scope operated at 100 kV was used. Bright field (BF)
electron micrographs were obtained by defocusing
the objective lens. The camera length of the electron
diffraction measurement was calibrated with Au.

RESULTS AND DISCUSSION

Composition and chain structure identification of
hiPP fractions

To determine the functions of crystallizable ethyl-
ene-propylene copolymers in the formation of multi-
ple phase morphology of hiPP, we must precisely
identify the composition and chain structure of the
material first, on the basis of fractionation. Gener-
ally, >C-NMR, FTIR, WAXD, and DSC have been
combined to measure chain structure of fractionated
samples of hiPP. However, since each fraction is not
a pure single component and these methods gener-
ally give an average result, it is difficult to distin-
guish some subtle structural differences. In this
work, in conjunction with ">C-NMR analysis, trans-
mission electron microscopy (TEM) and selected
electron diffraction (SAED) techniques have been

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 (a) TEM BF image of a solution-cast film of fraction F, of hiPP; (b) SAED pattern of gray lines in (a).

effectively used for the first time to characterize the
composition and chain structure of various fractions
of hiPP.

Figure 1(a) displays a TEM BF electron micro-
graph of a solution-cast film of fraction F,, which is
dissolved in xylene at room temperature. Clearly, in
addition to a small amount of dispersed gray lines,
no typical morphological feature could be observed
in the thin film of F,, and combining with the results
of NMR (in later part), we conclude that this fraction
should be mainly composed of EPR. Election diffrac-
tion result of the gray lines [Fig. 1(b)] confirms that
the gray lines are o-form PP crystals.

Figure 2(a) shows TEM BF image of a solution-
cast film of fraction F;, which is soluble in xylene at
80°C. In addition to loosely distributed PP crystals
(the gray lines), there are some larger dark regions.
Unambiguously, the strong contrast of the dark
regions results from PE crystals. Selected area elec-
tron diffraction (SAED) of the dark regions exhibit
two kinds of different diffraction patterns. One is
typical orthorhombic reflections of (110) and (200)

planes of PE crystals [Fig. 2(b)], which indicates the
existence of some PE homopolymer in F;,. The other
shows, in addition to (110) and (040) reflections of
PP crystals, a set of six symmetric reflection spots
with d spacing of 4.22 A [Fig. 2(c)], which coincides
well with the d value (4.33 A) of the hexagonal crys-
tal form of PE.*> The symmetric six reflection spots
are attributed to (100) reflection of hexagonal phase
of PE, which was recently found in ethylene-propyl-
ene copolymers.”®>*° The explanation proposed in
the literature for the formation of PE hexagonal
phase at atmospheric pressure is that the defects in
the form of side groups stabilize the PE hexagonal
phase at ambient conditions. The result implies that
the dark regions in fraction F;, which produce hexag-
onal reflection of PE should consist of crystallizable
ethylene-propylene copolymer.

Figure 3(a) is the TEM BF electron micrograph of
a solution-cast film of fraction F., which is the solu-
ble fraction in xylene at 100°C. The dispersed dark
regions with strong contrast represent PE crystalline
phase, while the gray areas with weak contrast are

Figure 2 (a) TEM BF image of a solution-cast film of fraction F;, of hiPP; (b), (c) SAED patterns of different dark regions in (a).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (a) TEM BF image of a solution-cast film of fraction F. of hiPP; (b) SAED pattern of dark regions in (a).

PP crystals. We can see that PP crystals are always
located in the periphery of PE phase. To prove
whether these gray areas are PP homopolymer or
copolymer, i.e.,, whether there exists a chemical
bonding between PP and PE, we performed the dif-
fraction. Analysis using SAED of the dark regions
indicates that the PE crystals in these regions also
exist in the hexagonal phase [Fig. 3(b)], which
implies that PE in fraction F. is not a homopolymer,
but existing in a form of crystallizable ethylene-pro-
pylene copolymer. No electron diffraction pattern of
PP homopolymer can be seen which further proves
that PP is mainly in the form of copolymers and so
F. is composed of crystallizable ethylene-propylene
copolymer.

Figure 4(a,b) show TEM BF images and correspond-
ing electron diffraction pattern of a solution-cast
film of fraction F, respectively, which display the
morphological characteristic of PP homopolymer.

To further clarify the composition and chain struc-
ture of the four fractions of hiPP, especially the differ-
ence of crystallizable ethylene-propylene copolymers
in both the fraction Fj, and the fraction F., ">*C-NMR

was utilized. The sequence distributions and the
number-average sequence length of the blocks of PE
and PP were derived from the calculation methods
reported by Randall.”’ The results are summarized in
Table II. For the fraction F,, which is soluble in xylene
at room temperature, both propylene and ethylene
sequence distributions in all triads are relatively
homogeneous (or broad) and their number-average
sequence length is very short. These also demonstrate
that the fraction F, consists mainly of EPR. For the
fraction F,, which includes the soluble components in
xylene in the temperature range of 80-100°C, both
propylene and ethylene sequence distributions in all
triads are very heterogeneous (or narrow). The
amount of PPP and EEE is very high, whereas the
number of transition segments (EPE and PEP) is
much less. The molar contents of EPE and PEP are 0.2
and 0%, respectively. In addition, the number-average
sequence length of propylene (1, = 337.0) and ethyl-
ene (ng = 63.0) sequences is much longer.
These results, combined with the above morphologi-
cal characterization, are convincing evidence that
the fraction F. is mainly composed of crystallizable

(110)PP

(040)PP

Figure 4 TEM BF image of a solution-cast film of fraction F; of hiPP (a), and corresponding election diffraction pattern (b).

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Composition and Chain Sequence Distribution of hiPP and its Fractions Based on "*C-NMR

Molar Number-average

composition (%) Molar composition of the triads (%) sequence length

Samples p E PPP PPE EPE EEE PEE PEP np ng
F, 53.2 46.8 25.1 19.3 8.8 194 17.3 10.1 2.8 2.5
Fy 55.0 45.0 47.1 49 3.0 36.4 6.3 2.3 10.1 8.2
F. 84.3 15.7 83.3 0.8 0.2 15.2 0.5 0 337.0 63.0

Fq 100 0 100 0 0 0 0 0 - -
ethylene-propylene block copolymer (PE-b-PP)  disperse uniformly in the PP matrix. The dispersed

though the block copolymer is not very pure. With
respect to fraction F,, which is the dissolved
components at 80°C in xylene, the chain structure
characteristic, including sequence distributions and
number-average sequence length of PP and PE seg-
ments, is between that of fraction F, and fraction F.. In
conjunction with the result of the above morphologi-
cal characterization, we can draw a conclusion that
the crystallizable copolymer in fraction F, should be
defined as ethylene-propylene segmented copolymer
(PE-s-PP) with relatively short sequence length of PE
and PP segments. With respect to fraction F, the
insoluble part in xylene at 100°C is almost pure PP
homopolymer.

Combining the morphological characterization
results and the '>C-NMR analysis, the composition
and chain structure of various fractions of hiPP can
be finally determined (Table III). Clearly, the high
impact polypropylene used here contains at least
five identifiable components, i.e., PP, EPR, PE-b-PP,
PE-s-PP, and PE.

Relationship between chain structure and multiple
phase morphology of hiPP

The complicated composition and chain structure
must result in multiple phase morphology of hiPP.
It is generally believed that the dispersed phase in
hiPP exhibits a typical core-shell structure with PE
core and EPR shell.""” More recently, we observed
a multilayered core-shell structure of the dispersed
phase of hiPP in both the bulk and the solution
cast film.**?!

Figure 5 shows the TEM BF electron micrograph
of hiPP solution-cast film. Well-defined disperse
phase particles, with diameter of ~ 0.2-0.5 pm,

TABLE III
Material Composition of Various Fractions of hiPP
Fraction Composition
F, (RT) EPR, PP
F, (80°C) PE, PE-s-PP, PP
F. (100°C) PE-b-PP
F; (>100°C) PP

Journal of Applied Polymer Science DOI 10.1002/app

phases clearly demonstrate a multilayered core-shell
morphology with inner core, intermediate layer, and
outer shell (the dark ring).

Now the key point is how to identify the material
composition of the multilayered core-shell structure
of the dispersed phase in hiPP. Because of the limi-
tations of small size and complex composition of the
dispersed phase as well as current characterization
method, it is very difficult or almost impossible to
obtain structural details of the dispersed phase only
from the dispersed phase itself. In this work, on the
basis of chain structure characterization of various
fractions, an unusual approach of selective remixing
of different fractions of hiPP was adopted to clarify
the material origin and composition of the multilay-
ered core-shell structure of the dispersed phase, i.e.,
the different fractions of hiPP were selectively
remixed by almost the same proportion compared
with that of the original material.

Figure 6 shows the TEM BF electron micrographs
of solution-cast films of the blends of different

Figure 5 TEM BF image of a solution-cast film of hiPP,
showing multilayered core-shell structure of the dispersed
phases.
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Figure 6 TEM BF images of solution-cast films of the blends of different fractions of hiPP: (a) F,/F,/F; = 26/5/69, (b)
F,/Fp/F./F; = 26/5/7/62. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

fractions of hiPP. For F,/F,/F; = 26 : 5 : 69 ternary
blend [Fig. 6(a)], only a “simple” core-shell structure
of the dispersed phase was observed. Clearly, the
dark cores with strong contrast are polyethylene
crystals resulting from PE and PE-s-PP in fraction F,
and the bright shells with weak contrast come from
EPR in fraction F,. Examining the phase morphology
carefully, it is found that some of the dark cores
with relatively small size are connected with PP
crystals (the gray lines), as shown by the arrows in
Figure 6(a), which should be PE crystals resulting
from PE-s-PP in fraction Fj,, whereas the other dark
cores of relatively large scale without connecting PP
crystals represent the crystals of PE homopolymer.
SAED provides further evidence that the dark
regions exhibit two kinds of reflection patterns (the
reflection patterns are omitted), corresponding to the
reflections of orthorhombic and hexagonal phases of
PE, respectively, as in the case of net fraction F; (Fig.
2). This indicates clearly that, in the ternary blend,
PE and PE-s-PP existing in fraction F, form, respec-
tively, individual cores. For F,/F,/F./F;4 =26 :5:7:
62 tetrad blend [Fig. 6(b)], the dispersed phase in so-
lution-cast film displays clearly a multilayered core-
shell structure similar to that of unfractionated hiPP

PP
PP FPR
EPR PEH-PP
PE-sPP

—_—
PEb-PP
PE

sample. Unambiguously, the outer shell of the multi-
layered core-shell structure is PE crystals resulting
from long PE blocks of PE-b-PP in fraction F.. In this
way, the material origin and composition of the mul-
tilayered core-shell structure of the dispersed phase
in hiPP were clarified finally, i.e., the inner core is
composed of PE-s-PP and PE, the intermediate layer
is EPR, and the outer shell consists of PE-b-PP.
Clearly, in addition to EPR and PE, the crystallizable
ethylene-propylene copolymers, including PE-b-PP
and PE-s-PP, play quite different roles in the forma-
tion of multiple phase morphology of hiPP.

The formation of the multiple phase morphology
of hiPP results from the complexity of composition
and chain structure as well as miscibility differences
between various components in hiPP. For solution-
cast films, during the solvent evaporation and film
formation processes, the phase separations of PE
and PE-s-PP as well as EPR took place first due to
their immiscibility with PP matrix, which resulted in
a simple core-shell structure formation of PE/EPR
and PE-s-PP/EPR, as in the case of F,/F,/F; ternary
blend [Fig. 6(a)]. This is similar to ordinary PP/
EPR/PE ternary blend in which a core-shell mor-
phology of PE core encapsulated by EPR shell is

Figure 7 A schematic showing the formation process of the multilayered core-shell structure of the dispersed phase in
hiPP. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 TEM BF image of a thin section of a hiPP pellet
after melted at 200°C, showing multilayered core-shell struc-
ture of the dispersed phase. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

usually formed.”®>° Theoretical models based on
interfacial Gibbs function and spreading coefficient
can well explain this core-shell morphology forma-
tion.>*%? In other words, interfacial interaction (or
interfacial tension) between phases is a major factor
that controls the phase structure.”> The dominant
morphology is the type with the lowest interfacial
Gibbs function. However, the presence of PE-b-PP in
hiPP made the phase structure of hiPP more compli-
cated than that of simple PP/EPR/PE ternary blend.
Because of the long PP block in PE-b-PP was highly
miscible with the PP matrix, the PE-b-PP component
in hiPP could not separate from the matrix at the
early stage of the film formation. With further evap-
oration of the solvent and crystallization of the ma-
trix PP, the long PE block in PE-b-PP, which was
completely immiscible with PP, must be rejected
from the matrix resulting in further phase separation
of PE-b-PP with the PP matrix. Because the PE
blocks in the block copolymer are compatible with
the PE segments in EPR, the rejected PE-b-PP would
be located at the periphery of previously formed
PE/EPR (including PE-s-PP/EPR) core-shell dis-
persed phase, resulting in the formation of the
outer-shell of the multilayered core-shell morphol-
ogy of hiPP. Figure 7 is a schematic showing the
formation process of the multilayered core-shell
structure of the dispersed phase in hiPP.

It should be pointed out that a similar multilay-
ered core-shell morphology of the dispersed phase
in hiPP bulk was also observed. Figure 8 shows a
TEM BF electron micrograph of a thin section of a

Journal of Applied Polymer Science DOI 10.1002/app
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hiPP pellet (The arrows indicate the dispersed phase
particles with multilayered core-shell structure). It
implies that this multistage phase separation process
between different components of hiPP occurred in
the melt processing process.”® The fact that the two
different preparation processes of solution-cast film
and melt processing produce similar multilayered
core-shell phase morphology is not a coincidence as
the principle of phase separation and phase reorgan-
ization in the two processes are similar.
Unambiguously, the performances of hiPP are
closely related to the multilayered core-shell struc-
ture of the dispersed phase. The soft intermediate
layer EPR increases toughness, whereas the hard
core and outer shell (mainly composed of PE crys-
tals) can maintain high rigidity of the material ** It is
known that interfacially active ethylene-propylene
block copolymer can play the role of compatibilizer
to enhance the interfacial adhesion between the EPR
and PP phases.®”"” Thus, the outer shell of the mul-
tilayered core-shell morphology of the dispersed
phase in hiPP can be considered a compatibilizing
layer bridging the EPR phase (the intermediate
layer) with the PP matrix. In summary, it is the mul-
tiple phase morphology that makes the material
have both the high toughness and the high rigidity.

CONCLUSIONS

The crystallizable ethylene-propylene copolymers,
including PE-s-PP and PE-b-PP, play different and
important roles in the formation of the multilayered
core-shell structure of the dispersed phase of hiPP.
PE-s-PP forms a hard inner core, which increases the
rigidity of the dispersed phase. PE-b-PP results in a
hard outer shell, which not only increases the rigid-
ity of the dispersed phase but also enhances the
adhesion between the dispersed phase with the PP
matrix, making the material possess the mechanical
properties of rigidity-toughness balance.
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