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ABSTRACT: Heterophasic copolymers comprised of poly-
propylene (PP) matrix and ethylene-propylene copolymer
(EPC) dispersed phase were investigated with respect to the
dispersed phase composition, i.e., ethylene/propylene ratio.
The rheological properties, morphology, as well as thermal
and mechanical relaxation behavior were studied to describe
the structure evolution and phase interactions between the
components of the PP copolymers. Decrease of the ethylene
content of the EPC leads to a higher matrix-dispersed phase
compatibility, as evaluated by the shift of the glass transition
temperatures of EPC and PP towards each other. At ethylene
content of EPC of 17 wt %, the glass transition temperatures
of the both phases merged into a joint relaxation. The effect
of the EPC composition on the internal structure of the
dispersed domains and on the morphology development of
the heterophasic copolymers was demonstrated. Decreasing

ethylene content was found to induce a refinement of the
dispersed phase with several orders of magnitude down to
0.18 pum for propylene-rich EPC. Optical microscopy obser-
vations showed that the dispersed propylene-rich phase is
preferably rejected at the interlamellar regions of the spheru-
lites and/or at the interspherulitic regions, while the ethyl-
ene-rich domains are engulfed within the PP spherulites.
Both of these processes impose an additional energetic bar-
rier and influence the spherulite growth rate of the het-
erophasic materials. © 2006 Wiley Periodicals, Inc. ] Appl Polym
Sci 101: 2825-2837, 2006
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INTRODUCTION

Polypropylene (PP) exhibits (along with a variety of
useful properties) intrinsically brittle behavior under
mechanical loading even above its glass transition
temperature (T,) and especially at low temperatures
and high loading rates. Impact modification via down-
stream copolymerization of ethylene and propylene at
a certain ratio of the components directly in a reactor
cascade is a commercially effective practice to improve
the toughness of PP." So-produced heterophasic co-
polymers are also designated as reactor blends or
impact modified PP. In comparison to the mechanical
blends, the structure of the reactor blends was shown
to be rather complex and its quantification involves an
utilization of fractionation techniques such as temper-
ature rising elution fractionation® © or appropriate sol-
vent fractionation” and a subsequent characterization
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of the fractions. It has been demonstrated that besides
the PP matrix and the amorphous ethylene—propylene
copolymer (aEPC), the reactor blends could comprise
also an apparent spectrum of crystallizable copoly-
mers of ethylene and propylene (cEPC). The presence
of a cEPC fraction is favored both at high ethylene and
high propylene containing EPC exhibiting a PE-like
and PP-like crystallinity, respectively. The composi-
tion heterogeneity of the EPC phase in the reactor
blends is assumed to be caused by the different reac-
tivity of the monomers towards the diverse types of
active sites existing in the Ziegler—Natta catalysts.® In
fact, this heterogeneous structure can be considered
advantageous for the interfacial adhesion and phase
interactions between the components of the reactor
blend, because of the compatibilization effect that
some propylene-rich fractions may perform.”~'!

The dispersed phase composition is recognized as a
main parameter governing the matrix-dispersed phase
interaction and the interfacial adhesion of blends of PP
and ethylene-a-olefin copolymers. Yamaguchi et
al.'*'3 reported that an increase of the comonomer
content from ~30 to ~60 mol % leads to a significant
enhancement of the matrix-dispersed phase compati-
bility in PP/ethylene-1-hexene and PP/ethylene-1-
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TABLE I
Material Characteristics
MFRBIer\d [,n] EPC
Materials MFR™" (g/10 min) (g/10 min) XS (wt %) (dL/g) EEPC (wt %)
PP ~20 20.0 — 1.5 —
PP/EP82 ~20 4.7 20.4 34 82
PP/EP70 ~20 8.1 20.5 2.4 70
PP/EP50 ~20 9.4 20.3 2.5 50
PP/EP30 ~20 11.1 19.2 24 30
PP/EP17 ~20 9.7 252 1.6 17

butene blends. It was suggested that the comonomer-
rich copolymers are miscible with iPP in the melt as
well as with the amorphous region between the PP
lamellae in the solid state. This suggestion was sup-
ported by rheological investigations, the raise of the
long period as well as by the merging of the glass
transition temperatures of the components.

The thermodynamic miscibility of blends of PP with
propylene-rich EPC was investigated'*'> by means of
small angle neutron scattering. Lohse'* reported that
these blends are immiscible also in the melt (200°C),
even when the ethylene content of the copolymer is as
low as 8 wt %. On the other hand, Seki et al."> quoted
that blends of PP and metallocene-catalyzed EPC con-
taining 19 mol % as well as 47 mol % of deuterated
ethylene units form a homogeneous mixture in the
melt. However, phase separation was commonly ob-
served by moderate cooling of the blend below the
crystallization temperature of PP.'*'° The effect of
copolymer composition on the phase structure and
mechanical property profile of PP/EPC has been the
subject of several studies.'®™*!' However, a systematic
variation of the EPC ethylene content in mechanical
PP/EPC blends over a wide concentration range was
performed only by Greco et al.'">'” and most recently
by Nitta et al.*! The disadvantageous form of the high
comonomer containing ethylene-a-olefin copolymers
(sticky or even resinous mass) permits only a discon-
tinuous blending process performed in internal mix-
er'®” or by solution blending.*! On the other hand,
the in reactor blending technique offers a very effective
and commercially relevant alternative. Proper control
of the polymerization process enables the production
of PP/EPC materials over a wide range of EPC com-
position directly in the reactor cascade. Some of the
properties of PP/EPC in situ blends as influenced by
the EPC composition are revealed by Van der Ven.”
However, there is a lack of systematic investigation in
this area.

The present work encompasses the effect of EPC
composition on the phase behavior and morphology
development of in reactor-produced PP/EPC blends.
The results were discussed from the aspect of matrix-
dispersed phase interactions and EPC microstructure
evolution. The effect of the EPC composition on the

rheological and thermal behavior of the PP-based re-
actor blends was demonstrated.

EXPERIMENTAL
Materials

The heterophasic copolymers used in this study were
research materials provided by Dow Chemical (Sch-
kopau, Germany). They were produced via sequential
polymerization process in a batch reactor. In the first
step, a PP homopolymer was produced in a liquid
propylene reaction medium, followed by a gas phase
copolymerization of propylene and ethylene at a cer-
tain ratio to form the dispersed EPC phase. The poly-
merization was carried out in the presence of a com-
mercial fourth generation Ziegler-Natta catalyst sys-
tem. The catalyst system consists of a titanium
compound supported on a spherical MgCl, in combi-
nation with aluminum triethyl as a cocatalyst. Addi-
tionally, an external donor was used for isotacticity
control. After the synthesis step, the materials were
compounded with antioxidants and stabilizers in a
single screw extruder PlastiCorder PL 2000 (Bra-
bender) at 100 rpm and barrel zone temperatures from
210 to 230°C. The test specimens were produced using
an injection molding machine BA 100 (Battenfeld) at a
barrel temperature of 200°C and a mold temperature
of 40°C. The main characteristics of the materials are
summarized in Table I.

The PP homopolymer sample included in Table I is
obtained by running only the homopolymer stage in
the batch reactor at the same homopolymerization
conditions as by the heterophasic copolymers and rep-
resents the PP matrix. The molecular parameters of the
PP matrix as reflected by the MFR™ were kept con-
stant within the series. For the utilized catalyst system
and polymerization procedure, a calibration curve ex-
ists between the PP melt flow rate and the weight
average molecular weight (M,'"), as revealed in Fig-
ure 1. The calibration curve was derived by measuring
a statistically secured number of PP homopolymers
with known MFRs in gel permeation chromatography
(GPC).

The EPC composition was characterized by the eth-
ylene content of EPC (E.*7). The E_*"“ represents the
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Figure 1 Correlation between the melt flow rate of the PP
matrix (MFR™") and the weight average molecular weight
(MTUPP)'

weight percent of ethylene in the gas phase reactor as
determined by gas chromatography.

A known constraint of the in reactor blending pro-
cess is that the amount of the elastomer phase incor-
porated cannot be controlled directly. In the present
work, the amount of xylene soluble fraction (XS) was
used as a qualitative measure of the elastomer load-
ing. For the determination of the XS value, the sample
was first dissolved in boiling xylene, and after cooling,
precipitated with acetone to exclude the low isotactic-
ity matrix fraction. The measurements were per-
formed according to ASTM D 5492. The so-conducted
fractionation gives rise to two main fractions: a xylene
soluble and a xylene insoluble (XI) one. The XS frac-
tion was taken as an illustration of the amount of EPC.
However, it should be mentioned that XS does not
register the amount of cEPC fragments, which are
present at very low and very high ethylene contents.
These fractions reside together with the PP matrix in
the XI fraction. This fact would lead to a certain un-
derestimation of the elastomer loading as revealed by
XS in the materials of very low and very high ethylene
contents.

The molecular parameters of the EPC are repre-
sented by the intrinsic viscosity ([]EFC). It was mea-
sured on the XS fraction in decaline at 135°C. Similar
to the PP homopolymer, a calibration curve exists for
the utilized catalyst system and polymerization pro-
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cedure between [ values and M, FFC as deter-

mined by GPC (Fig. 2).

Characterization methods
Rheological investigation

The rheological properties of the materials were inves-
tigated via a rotational rheometer, type ARES (Rheo-
metric Scientific) with plate—plate geometry. The mea-
surements were performed at 190°C under nitrogen
atmosphere in a frequency range from 0.1 to 250 rad /s
and deformation amplitude of 10%. Assuming the
validity of Cox-Merz relation (n(y) = n*(w) for ¥
= w), the zero shear viscosities of the reactor blends
were calculated using the Carreau-Yasuda model,*
according to eq. (1)

n=mll+ A (1)

where 7 is the zero shear viscosity, A the characteris-
tic relaxation time, and #n the power-law index in the
high frequency range. The parameter a describes the
transition zone between the viscosity plateau and the
power-law region.

Thermal properties

The thermal behavior of the reactor blends was exam-
ined by means of a differential scanning calorimeter
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Figure 2 Correlation between the intrinsic viscosity of the
EPC ([n]""9) and the weight average molecular weight
(M, FFC),
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DSC 820 (Mettler-Toledo). The samples were first
heated to 230°C, kept at that temperature for 5 min to
erase any thermal history, then cooled to —80°C at a
cooling rate of 5 K/min, and reheated to 230°C at a
rate of 10 K/min. The melting temperature (T,,) and
the enthalpy of fusion (AH)) of the materials were
determined from the second heating and the crystal-
lization temperatures (T,) from the first cooling. The
crystallinity of the PP matrix (X.'") was calculated
according to eq. (2)

XPP = (AHE"/AH?™) 100% 2)

where AHPPf is the enthalpy of fusion of the PP phase
of heterophasic copolymers and AHOfPP is the enthalpy
of fusion of 100% crystalline iPP (209 J/g).*

The spherulite development under isothermal con-
ditions was investigated by means of a polarized op-
tical microscope DM-RX (Leica) equipped with a hot-
stage 1350 (Leitz). Sections of 10 um thickness, ob-
tained via a rotational microtome, were heated to
210°C, kept at that temperature for 5 min, and then
cooled to a predetermined crystallization temperature
T.. The spherulite growth rate (G'*) was calculated
from the spherulite radius versus time curve. From
three to six spherulites were considered for a given T,
and the average value of G'" was derived.

Dynamic mechanical analysis

The mechanical relaxation behavior of the reactor
blends as well as the glass transition temperatures of
the components was characterized by means of a dy-
namic mechanical analyzer Mark III (Rheometric Sci-
entific). Rectangular bars with geometry 40 X 10 X 4
mm were tested using a torsion pendulum at a fre-
quency of 1 Hz and a heating rate of 1 K/min. The
storage (G') and loss modulus (G") as well as the loss
factor (tan 6) were determined in the temperature
range of —100 to 150°C. The tan & curve was used for
defining the glass transition temperatures of the com-
ponents.

Morphology characterization

Morphology observations were accomplished by
means of a scanning electron microscope (SEM) JSM
6300 (Jeol). Sections were cut from the core region of
the injection molded dumbbell specimens via rota-
tional microtome. Subsequently, the sections were
subjected to a permanganic etching procedure accord-
ing to Ref. 24 and gold-coated. The number (D,) and
weight (D,) average particle diameters as well as the
maximum particle diameter (D,,,,) were evaluated
from the micrographs by means of image analyzing
software QWin (Leica). A statistically secured number
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Figure 3 Complex viscosity (n*) of neat PP and PP/EPC
reactor blends as a function of frequency and EPC compo-
sition. Solid lines represent the Carreau-Yasuda model fits.

of particles have been considered at different magni-
fications. The calculations of D,, and D,, were accom-
plished according to eq. (3)

N N
EniDi E”iD%
i=1 i=1
D=~ Dy="_ 3)
E”i EniDi
i=1 i=1

Transmission electron micrographs were obtained by
means of a JEM 2010 device (JEOL), operated at 200 kV
acceleration voltage. First, samples were exposed to
RuO, vapor for contrast enhancement. The morphol-
ogy investigation was performed on ultra-thin sec-
tions of 70 nm cut from the stained blocks at —100°C
using a diamond knife equipped ultramicrotome
MT-7 (RMC).

RESULTS AND DISCUSSION
Rheological properties

Figure 3 reveals the complex viscosity and the corre-
spondent Carreau-Yasuda fits of the heterophasic co-
polymers as a function of frequency and ethylene
content of EPC.

The utilized parameters for the Carreau-Yasuda
model are reported in Table II.

Generally, the viscosity of the EPCs is much higher
than that of the neat PP, leading to a higher viscosity
of the reactor blends with respect to the matrix. Fur-
ther on, an increase of the complex and the zero shear
viscosity of the heterophasic copolymers was ob-
served with increasing ethylene content of the EPC.
The effect is combined with a shifting of the Newto-
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TABLE 11
Carreau-Yasuda Model Parameters
Materials 1o (Pa.s) A a n
PP 3095 0.0678 0.3878 0.219
PP/EP82 26090 2.99 X 10~° 0.191 —1.236
PP/EP70 4788 0.1041 0.447 0.285
PP/EP50 4257 0.1037 0.457 0.280
PP/EP30 4136 0.083 0.440 0.246
PP/EPI7 3952 0.0753 0.451 0.238

nian plateau to lower frequencies.”?° Indeed, the
Newtonian plateau of the ethylene-rich materials,
namely the PP/EP82, cannot be measured directly at
the applied deformation rate range. This leads to an
underestimation of the characteristic relaxation time
as well as to a much higher value of the extrapolated
zero shear viscosity as indicated in Table II.

Taking into account that for the materials studied
both the matrix viscosity and the XS amount were not
considerably varied, the demonstrated raise of the
complex and zero shear viscosity was attributed to the
increased viscosity of the EPC dispersed phase with
increasing ethylene content. This is in accordance with
the study of Mighri et al.*® where a strong increase of
the complex and zero shear viscosity of neat EPCs
were shown with increasing ethylene content. The
effect was reasonably well described by means of the
Tsenglou model.”” The dynamic storage modulus of
the heterophasic copolymers was also found to in-
crease as a function of the ethylene content of the EPC
as demonstrated in Figure 4.

However, while the rheological parameters of ma-
jority of the studied reactor blends lay within the same
range, the material PP/EP82 exhibits a significantly
higher viscosity as well as storage and loss modulus
values. This behavior is assumed to be a complex
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Figure 4 Storage modulus (G') of neat PP and PP/EPC as
a function of frequency and EPC composition.
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Figure 5 DMA traces of the reactor blends as a function of
the EPC composition, f = 1 Hz.

result of the extremely high ethylene content and the
slightly higher intrinsic viscosity of the EPC fraction in
PP/EP82 (Table I). Both of the effects lead to a strong
disparity between the viscosities of the matrix and the
EPC phase and subsequently to an irregular and
coarse dispersion of the latter, as will be shown by the
morphology studies. Additionally, an onset of low-
frequency plateau of G’ was observed for PP/EP82
(Fig. 4). The appearance of such a feature in mul-
tiphase systems is commonly ascribed to the longer
relaxation time of the minor phase'**® and corre-
sponds to a lower deformability. Hence, it could be
suggested that for the reactor blends containing eth-
ylene-rich EPC, a phase separation takes place readily
in the melt state. On the other hand, a homogeneous
melt state is suggested for heterophasic EPCs with
propylene-rich EPC phase as quoted also by other
authors.>!7?!

Mechanical relaxation behavior

The mechanical relaxation profile of the reactor blends
studied is revealed in Figure 5.

In the investigated temperature range, three main
relaxation regions are to be discerned: (a) in the range
of —50°C the e, relaxation of the EPC phase
(00, FFC), (b) in the range of 15-20°C the 3 relaxation of
PP (8"), and (c) in the range of 80°C the «, relaxation
of PP (/7). The «,,,""" and B"* relaxations originate
from the cooperative segmental mobility in the amor-



2830

phous regions of the EPC and PP phase, respectively.
The temperatures at which these relaxations occur are
designated as glass transition temperatures of the EPC
(TgEPC) and PP phase (TgPP). The o relaxation is
associated with molecular motions within the crystal-
line regions of the PP, e.g., intralamellar crystal reori-
entation processes, intracrystalline chain motions, or
diffusion of defects within the crystalline phase.?*>°
The individual temperatures of a,,,*"<, %, and «a,
relaxation are reported to be dependent on the exper-
imental conditions as well as on the sample prepara-
tion and treatment.’*~

The influence of the composition on the glass tran-
sition temperature of neat EPCs has been well inves-
tigated.>*® Figure 6 discloses the development of
TgEPC of the studied heterophasic copolymers, in com-
parison to literature data of neat EPCs.

As indicated, the two curves fit reasonably well,
exhibiting a minimum value at intermediate EPC com-
positions. An increase of the glass transition temper-
ature is observed for higher ethylene contents. The
shift is suggested to be a consequence of the restric-
tions, which the semicrystalline EPC fractions existing
at high ethylene contents (Fig. 8) impose on the mo-
lecular motions in the amorphous regions of EPC.
Thus, the TgEPC of the ethylene-rich EPC seems to refer
more likely to the B transition of low density polyeth-
ylene or even to the « transition of the HDPE. The
propylene-rich EPC also shows a shift of its glass

& Literature data

& Experimental data
20

0 20 40 60 80 100

Ethylene content of EPC, wt.%
Figure 6 Effect of EPC composition on the T, of the EPC

phase (T,"") of the PP/EPC reactor blends as compared to
literature data®®® of neat EPCs.
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Figure 7 Glass transition temperatures of the PP (T,"") and
EPC (T,"") phase of the reactor blends as influenced by the
EPC composmon

transition towards higher temperatures, namely to-
wards the glass transition temperature of the neat PP.
The mutual development of T, EPC and TQPP of the
investigated materials as a functlon of the EPC com-
position is demonstrated in Figure 7. As shown, de-
creasing ethylene content of EPC results in a simulta-
neous shifting of TgEPC towards higher and of TgPP
towards lower temperatures, respectively.

The degree of shifting of the both glass transition
temperatures towards each other was used as an in-
direct measure of the extent of interaction between the
blend components. Thus, according to Figure 7, an
increasing propylene content of EPC leads to a stron-
ger matrix-dispersed phase interaction. The effect is
connected to a better chemical affinity between the PP
matrix and the propylene-rich dispersed phase, result-
ing in a partial dissolution of a certain amount of
propylene-rich EPC in the amorphous region between
the PP lamellae. In compliance with this, an increase of
the intensity of the " relaxation was observed with
increasing EPC propylene content. As pointed out in
the introduction, the incorporation of a certain part of
the propylene-rich EPC within the amorphous region
of PP matrix was already reported for mechanical
PP/EPC blends'*'®%2! and was supported with an
observed increase of the long period.

Furthermore, TgEPC and TgPP of the material PP/
EP17 having the propylene-richest EPC are found to
be merged into a joint relaxation (Fig. 7). The phenom-
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enon is indicative of a high extent of compatibility of
the blend components. Actually, the compatibility is
suggested to be additionally facilitated by the low
molecular weight of EP17 (Table I). However, the T,
shifts are only a measure of the level of dispersion of
the blend components or, in present systems, of the
extent of dissolution of the EPC in the amorphous
regions of PP. Thus, a single glass transition denotes
basically a dispersed domain size below a certain
value, but it is not indicative for a miscible system.?
Indeed, the material PP/EP17, despite its single T,,
still exhibits phase separation with a size of the dis-
persed domains of 0.18 um. As outlined earlier, the
phase separation is suggested to be driven by the
crystallization of the matrix.

Although already acquainted for blends of PP and
hexene-rich ethylene-hexene copolymer™ merged
glass transition temperatures as a result of enhanced
matrix-dispersed phase compatibility was quoted for
PP/EPC blends only recently.” Nitta et al.*' have
shown that a single T, can exist in a mechanical blend
of commercial PP and an EPC with isotactic PP se-
quence specially synthesized with a cromium-based
catalyst. In contrast, our study demonstrates the de-
velopment of PP/EPC blends with high extent of ma-
trix/dispersed phase compatibility directly in a reac-
tor cascade over conventional ZN catalysts. Moreover,
for the materials studied, merging of TgEPC and TgPP
was observed irrespective of the specimen preparation
method (injection or compression molding) and the
thermal pretreatment.”” The effect of enhanced matrix-
dispersed phase compatibility on the fracture behav-
ior of the heterophasic copolymers was the subject to
another study.*

Thermal behavior

The melting and crystallization behavior of the neat
PP and the resulting reactor blends as a function of the
EPC composition are shown in Figure 8.

The temperatures at which crystallization and melt-
ing took place as well as the degree of crystallinity of
the materials are summarized in Table III.

As indicated in Figure 8(a), all the investigated ma-
terials exhibit a main endothermic peak at a tempera-
ture of around 164°C, characteristic for the melting of
the « crystalline modification of isotactic PP. The neat
PP displays a shoulder at about 150°C, indicating the
presence of a certain amount of 8 modification as well.
The development of B modification is favored in
slowly cooled samples.”” The amount of 8 modifica-
tion seems to diminish and even to disappear com-
pletely in the reactor blends. Additionally, in the het-
erophasic copolymers with ethylene contents =50 wt
%, an endothermic peak in the vicinity of 120°C, char-
acteristic for the melting of linear PE, is detected. It is
ascribed to the melting of a certain amount of semi
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Figure 8 Melting (a) and crystallization (b) behavior of
neat PP and PP/EPC reactor blends as a function of EPC
composition.

cEPC possessing long crystallizable ethylene se-
quences. As outlined in the introduction, such a frac-
tion is present besides the aEPC phase in reactor
blends containing ethylene-rich dispersed phase. The
amount of cEPC as well as the ethylene sequence
length, as reflected by the peak intensity and position,
respectively, was found to be increased with increas-
ing ethylene content of the EPC. The crystallization
thermograms also reveal the existence of two exother-
mic peaks at high ethylene contents corresponding to
the separate crystallization of PP and the semicrystal-
line, ethylene-rich EPC phase [Fig. 8(b)]. The position
of the PP melting endotherm was found to be mostly
independent on the ethylene content of the dispersed
phase, indicating that the thermal stability of the PP
crystallites is not influenced by the presence of EPC
irrespective of its composition. However, the degree of
crystallinity of the PP manifests a variation with vary-
ing dispersed phase composition. As demonstrated in
Table III, the X.*¥ was found to exhibit a maximum
value at average ethylene contents of EPC. Neverthe-
less, the fact that in heterophasic copolymers with
very high and very low ethylene content, the use of XS
value as a measure of the EPC loading can cause a
certain underestimation (of 20% according to Ref. 8),
should be taken into account when discussing the X"
variation. On the other hand, the same behavior was
observed also by hot-stage investigations. Irrespective
of the crystallization temperature, the spherulite
growth rate exhibits a maximum value at intermediate
ethylene content (Fig. 9).

According to theory,*' the spherulite growth rate of
PP/elastomer blends is mainly governed by the
amount of energy dissipated in processes such as re-
jection, occlusion, deformation, and coalescence of the
dispersed elastomer particles. Which of these pro-
cesses will dominate is determined by the interfacial
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TABLE III
Thermal Properties of the Materials as Determined from DSC
Materials TP (°C) TEPC (°C) TP (°C) TEPC (°C) X (%)
pp ~164 — 119 — 46
PP/EP82 ~164 122 117 108 27
PP/EP70 ~164 121 121 107 34
PP/EP50 ~164 118 119 102 37
PP/EP30 ~164 — 120 — 35
PP/EPI7 ~164 — 118 — 28

tension between the matrix and the dispersed phase,
the viscosity of the components, the size of the elas-
tomer domains, and the crystallization conditions.
For the heterophasic copolymers subject to this
study, two limiting cases can be discussed. As shown
by the DMA investigations (Fig. 7), PP/EP17 repre-
sents a system with high extent of matrix/dispersed
phase compatibility (low interfacial tension). This sys-
tem is of low viscosity and is suggested to give a rise
of a homogeneous melt, whereas phase separation
occurs upon the crystallization of PP. According to the
theoretical calculations,*' in such compatible systems,
a rejection of the noncrystallizable minor component
into interlamellar regions of the spherulites and/or in
the interspherulitic regions takes place during the
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Figure 9 Spherulite growth rate of the PP (G'") as a func-
tion of EPC composition at a crystallization temperature (T
of (H) 130°C, (@) 128°C, and (A) 126°C. The dashed lines
represent spherulite growth rate of the neat PP at the corre-
sponding temperatures.

crystallization process. This behavior is also suggested
for material PP/EP17. As a result, the spherulite struc-
ture of PP/EP17 appears very similar to those of the
neat PP [Fig. 10(b)].

Thus, the substantial decrease of the spherulite
growth rate in PP/EP17 (Fig. 9) is attributed from one
side to the energy dissipated in the rejection of the
elastomer particles by the growing PP crystals. On the
other side, because of its dissolution in the amorphous
regions of PP, the EP17 is acting like a diluent of the
crystallizable PP fraction. The results concur with the
studies of other research groups.'”?'*> Additionally, a
significant depression of the primary nucleation den-
sity of PP has been reported in PP/EPC blends with
high extent of matrix/dispersed phase compatibili-
ty.*> The G*" drop is in accordance with the decrease
of the X."". Moreover, long propylene sequences of
EP17 are assumed to participate in the crystallization
process of PP and probably to be incorporated in the
PP crystal lattice.*’ This is implied by the increased
width at half height of the melting peak of PP/EP17
indicative for broadening of the lamellae thickness
distribution as well as by the morphological investi-
gation.

At the other concentration edge, the specific rheo-
logical behavior of PP/EP82 and the grained structure
of the melt observed in polarized light suggest a phase
separation of the blend components readily in the melt
state. This is predisposed mainly by interfacial energy
reasons. Thus, occlusion of the EPC particles by the
growing spherulites and their subsequent deforma-
tion is assumed. Because of the higher viscosity and
coarser dispersion of the ethylene-rich EPC phase, the
PP spherulites are unable to deform it and push it in
the interspherulitic regions.***> This results in a
highly irregular spherulitic structure as shown in Fig-
ure 10(d). In accordance to the theoretical consider-
ations, this spatial hindrance causes a decrease of the
spherulite growth rate and consequentially in the
X

Finally, at a EF of ~50 wt % [Fig. 10(c)], the
spherulite growth rate of the heterophasic copolymers
is almost identical with those of the PP matrix, repre-
senting a balance between compatibility and viscosity
effects.
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Figure 10 Optical micrographs of the spherulite texture at 128°C: (a) neat PP; (b) PP/EP17; (c) PP/EP50; (d) PP/EP82.

Morphology

The SEM micrographs of the heterophasic copolymers
with respect to the EPC composition are presented in
Figure 11.

As shown, the overall blend morphology as well as
the internal morphology of the composite dispersed
phase particles is highly influenced by the EPC com-
position. Figure 12 displays the diameter of the dis-
persed domains as a function of EPC composition.
Considering the “tomato-cut” problem, the maximum
particle diameter, which approximates most closely
the true particle diameter, is included as well.

Despite the different absolute values, the same
trend for decreasing dispersed domain size with de-
creasing ethylene content of the EPC is demonstrated.
The effect is ascribed from one side to the high degree
of solubility of the propylene-rich EPC in the amor-
phous region between PP lamellae and from the other
side to the decreased interfacial tension between the
matrix and the high propylene containing EPC.*® It
should be emphasized that a reduction of several or-
ders of magnitude of the size of the dispersed EPC
particles took place, especially pronounced at the con-
centration extremes, i.e., at very high and very low
ethylene contents of the EPC (Fig. 12). Consistent with
the demonstrated rheological properties, the material
PP/EP82 exhibits a very coarse dispersion [Fig. 11(a)].
At the other concentration edge, the EPC with the
highest propylene content organizes itself in a very
fine dispersion [Fig. 11(e)]. The domains are regularly
distributed by both shape and size, suggesting that by

the rapid cooling during injection molding process,
the EPC phase is rejected preferentially in the interla-
mellar regions of the PP spherulites. The phenomenon
is associated to the high degree of compatibility be-
tween the matrix and the propylene-rich dispersed
phase as indicated by the single glass transition tem-
perature that this material exhibits.

Parallel with the variation of the dispersed domain
size, the EPC microstructure varies with the EPC com-
position as well. The heterophasic materials with an
ethylene content below 50 wt % [Fig. 11(d-e)] exhibit
only empty embeddings, indicating where the EPC
particles originally resided. It is assumed that the dis-
persed phase is completely dissolved during the etch-
ing procedure. However, at higher ethylene contents,
composite EPC particles comprised of amorphous
shell with incorporated semicrystalline inclusions of
cEPC are to be observed [Fig. 11(a—c)]. For the mate-
rials PP/EP50 and PP/EP70, mainly two types of
structure could be discerned. Smaller particles exhibit
a core-shell structure with a single inclusion while a
“salami-like” structure with multiple inclusions is
characteristic for the larger particles. It is suggested
that the larger particles are formed predominantly as
a result of coalescence processes of the smaller parti-
cles.*” The number and size of the inclusions were
found to correlate with the ethylene content of EPC.
Further on, the material with the highest ethylene
content (PP/EP82) displays a completely different in-
ternal structure of the modifier particles [Fig. 11(a)]. A
similar internal structure of the dispersed phase do-
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Figure 11 SEM micrographs of the materials (a) PP/EP82, (b) PP/EP70, (c) PP/EP50, (d) PP/EP30, (e) PP/EP17.

mains has been observed in PP/EPC/HDPE mechan-
ical blends with high HDPE content*®*’ and desig-
nated by Stehling et al.*” as an interpenetrating. How-
ever, in the case of the reactor blends studied, a phase
separation within the dispersed domains is still to be
discerned. Both the small and the large EPC domains
manifest a core-shell structure with a large core of
semicrystalline EPC surrounded by a thin layer of
aEPC shell. For more detailed characterization of the
internal structure of the dispersed domains, transmis-
sion electron microscopy (TEM) was employed. TEM
micrographs of the materials PP/EP82 and PP/EP17
are presented in Figures 13 and 14, respectively. Be-
cause of the applied staining procedure, the amor-

phous part of the EPC particles appears dark, while
the PP matrix and the semicrystalline EPC inclusions
appear bright. As shown, there is a high consistency of
the reactor blend morphology obtained by means of
TEM and SEM, suggesting that SEM with the utilized
etching technique offers an attractive and relative sim-
ple approach for morphology characterization. How-
ever, the TEM gives more insight, revealing the struc-
ture of the investigated heterophasic copolymers
down to a lamellar level. In Figure 13, the typical
cross-hatched pattern of the isotactic PP is demon-
strated, consisting of superimposed radial and tangen-
tial lamellae. Furthermore, the internal structure of the
large semicrystalline core of PP/EP82 is also disclosed



PHASE INTERACTIONS AND STRUCTURE EVOLUTION OF EPC

| 2
O O

max

Particle diameter, um
N
T

] L 1 L 1 N 1

20 40 60 80
Ethylene content of EPC, wt.%

Figure 12 Weight average (D,,) and maximum (D,,,,) di-
ameter of the dispersed particles, evaluated on the SEM
micrographs, as a function of EPC composition.

in detail. The core is composed of PE crystalline la-
mellae originating from EPC fractions possessing long
ethylene sequences. Considering the lamellae thick-
ness, it is suggested that almost a linear PE fraction is
present in the material PP/EP82. This fact is in accor-
dance with the position of the endotherm correspond-
ing to the melting of the semicrystalline EPC phase as
measured by DSC (Fig. 8). Besides the PE crystalline
lamellae, some amorphous material is found to be

Figure 13 Internal domain structure of PP/EP82.
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Figure 14 TEM micrograph of the material PP/EP17.

entrapped in the core as well. Further on, the fine
morphology of PP/EP17 is presented in Figure 14. A
rather blurred interface is observed between the PP
matrix and the propylene-rich dispersed phase in
comparison to PP/EP82. It is attributed to the strong
matrix-dispersed phase interactions and interfacial ad-
hesion in this material. A closer look on the dispersed
phase internal morphology reveals also the existence
of lamella-like structures within the EPC particles,
however not so pronounced as in the PP/EP82 mate-
rial. They appear to be of the same thickness as the
matrix lamellae and to be interconnected to some de-
gree with the same. Taking into account the very high
propylene content of the EPC, it is assumed that the
observed structures are a result of the crystallization
process of long propylene sequences of the dispersed
phase.

A schematic illustration of the morphology as well
as of the microstructure development of the dispersed
domains as a function of the EPC composition has
been proposed in Figure 15.

CONCLUSIONS

In the present study, the phase interactions and the
structure evolution of in situ produced PP/EPC blends
have been investigated as influenced by the EPC com-
position. It was demonstrated that the EPC composi-
tion (ethylene/propylene ratio) governs primarily the
extent of matrix-dispersed phase compatibility of the
reactor blends. An increase of the propylene content of
the EPC was found to enhance significantly the com-
patibility of the blend components as evaluated by the
glass transition temperature shifts. Moreover, at EPC
ethylene content of 17 wt %, the glass transition tem-
peratures of the both phases were shown to merge
into a joint relaxation peak. The result manifests a high
degree of compatibility between the phases, which is
assumed to be facilitated also by the lower molecular



2836
D
“ S
o~
Af
o,_
o™
£ 1
= e
PR
k]
w o—
2 <
= ;
© W %
o o
A

<0.2

XY Sow besystadline polypropylens

S Semi-erystalling EPC

{777 swerphous EPC
30-50 5070 |
Ethylene content of EPC, wt.%

<20 >80

Figure 15 Morphology development of heterophasic EPCs.
A: Fine dispersed EPC domains with PP crystallinity; B:
aEPC domains; C: coexistence of core-shell and “salami-
like” EPC domains; D: coarse EPC domains of core-shell
structure.

weight of EPC phase. The EPC composition was found
to influence the morphology development of the reac-
tor blends. It was shown that at constant viscosity of
the matrix, the ethylene content of the EPC dominates
the viscosity ratio as well as the interfacial tension
between the matrix and the dispersed phase, and con-
sequentially the size and microstructure of the EPC
domains. A reduction of the particle size with several
orders of magnitude was observed with increasing
propylene content of the EPC. The results correlate to
the extent of compatibility, i.e., to the extent of disso-
lution of the propylene-rich EPC in the amorphous
region of the PP matrix. At ethylene contents higher
than 50 wt %, composite EPC particles comprised of
amorphous shell and polyethylene-like, semicrystal-
line inclusions have been discerned. Very high ethyl-
ene content of the EPC causes a strong disparity be-
tween the viscosities of the matrix and the EPC induc-
ing the development of a specific type of core-shell
structure. Further on, it was demonstrated that the
crystallization behavior and spherulite growth of PP
matrix were influenced by the dispersed phase com-
position. For the studied reactor blends, it was stated
that with increasing ethylene content of EPC, a tran-
sition from rejection to occlusion and subsequent de-
formation of the dispersed particles by the growing PP
spherulites takes place. The energy dissipated in these
processes influences the spherulite growth rate and
the degree of crystallinity of the PP matrix. The high-
est spherulite growth rate and degree of crystallinity
were observed for the heterophasic materials of inter-
mediate ethylene content.
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