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Polypropylene (PP) is one of the three general plastics of
considerable commercial importance. It is a semi-crystal-
line polymer, with good mechanical and thermal
properties, corrosion resistance, low cost, easy processing,
and low density. It has been used to make a variety of
products. However, one of the drawbacks of PP is its poor
impact performance, which limits its application in some
fields. The investigation for improving the property of PP
for industry production is important.

Polymer blends provide an effective way for improving
the property of materials. To overcome the drawback of
PP aforementioned, several elastomeric materials such
as ethylene—propylene rubber (EPR), ethylene—propylene
diene monomer (EPDM), low-density polyethylene
(LDPE), ethylene vinyl acetate (EVA), and polystyrene—
butadiene—styrene (SBS) are used as impact modifiers to
compound with PP to enhance the impact resistance of PP
[1-3]. Polyethylene-1-octene (POE) is one of the most
effective impact modifiers commonly used for PP. It is the
newest member of the PE family, produced by ethylene and
octane, using metallocene technology by Dow Elastomers
Company [4]. Metallocene catalysts for olefin polymeriza-
tion have allowed the control of molecular weight
distribution, proportion, and distribution of comonomer
incorporation. Therefore, mixing POE with PP might be a
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good option for enhancing the characteristics of PP. The
success of blending depends upon the miscibility between
the polymers. Investigations on the mechanical properties,
rheological properties, and morphology of PP/POE blends
have been developed in order to testify the miscibility of PP
and POE. For example, Da Silva and co-workers explored
the rheological properties and miscibility of PP/POE blends
[5, 6], which showed that PP and POE have partial misci-
bility. Yang et al. [7] researched the brittleness transition
behavior of PP/POE blends by carrying out impact resis-
tance and high-speed tensile test. McNally et al. [8]
discussed the time-dependence and shear rate-dependence
of viscosity property of PP/POE blends, and showed that PP
and POE are miscible even when the content of POE attained
15 wt%. Kontopoulou et al. [9] explored the miscibility of
PP/POE blends and found that PP and POE are not miscible.
Cerrada et al. [10] used Differential Scanning Calorimetry
(DSC) and X-ray diffraction (XRD) methods to study PP/
POE blends; he obtained the same result as Kontopoulou.
Although there have been a number of investigations on the
miscibility of PP/POE blends, the results are not always
consistent with each other. The blend miscibility is quite
dependent on the method of preparation [11]: solution and
melt blending are the two procedures widely applied in
mixing the PP and other impact modifiers. Feng et al. [12]
have used both melt and solution mixing methods to
investigate the miscibility of PP/HDPE blend. To offer more
information for industry application, we studied the misci-
bility of PP/POE blends with melt- and solution-mixing
method and the further influence of the microscopic mor-
phology on the change of crystallization exhibited.

PP (commercial grade (PP1300) (p ~ 0.900 g/cm3)
Mw = 224000, Mw/Mn = 4.2) Yanshan Chemical Indus-
tries, Beijing) and POE (commercial grade (Engage 8150)
(p ~ 0.868 glcm™%) (Mw = 178000, Mw/Mn = 2.45)
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Dow Chemical Company, metallocene-catalyzed copolymer
of ethylene and 1-octene with 25 wt% 1-octene comonomer)
were mixed in a XSM-1/20-80 rubber mixer to obtain melt-
mixing blends with different compositions. The blends were
prepared at 210 °C for 10 min, and the mixing rotor speed is
set at 64 rpm. The solution-mixing blends were obtained by
the following methods.

(1) PP and POE pellets were cleaned by tap water and
distilled water, then PP were kept under vacuum oven
at 80 °C, and POE was kept under vacuum oven at
50 °C for 18-24 h to remove water.

(2) Desired composition of PP and POE were dissolved
in dimethylbenzene (the total weight of PP and POE
is 1 g, the weight ratios of PP/POE are 100/0, 90/10,
80/20, 70/30, 60/40, 50/50, 0/100), the volume of
dimethylbenzene is 50 mL, and solution temperature
is 130 °C. Stir the solution for 1 h after dissolving to
make sure the blends dissolved completely.

(3) After agitation, the solution was poured into the vessel,
the solvent was evaporated above 130 °C for half an
hour to ensure total elimination of the solvent, and then
the blends were placed under vacuum at 30 °C for 72 h
to completely remove the residue solvent.

The thermal analysis measurements were performed
using Perkin-Elmer energy compensation Diamond
Differential scanning calorimetry (DSC). The DSC mea-
surements reported in this study are recorded during the
second heating/cooling cycle at the rate of 10 °C/min. This
procedure ensures that previous thermal history is erased
and provides comparable conditions for all the samples.
The sample weights for DSC measurement were about
5-10 mg. The temperature was calibrated using standard
Hg and Indium materials while C, was calibrated using
standard sapphire. Figure la, b showed the cooling crys-
tallization curves for PP/POE blends prepared by melt and
solution mixing, respectively. All the DSC curves for the
blends in Fig. la show two crystallization peaks corre-
sponding to the crystallization of PP and POE, while the
pure samples show only one peak. With change of com-
position in PP/POE blends, the temperature of the
crystallization peaks of PP and POE components has
almost no change compared to that of pure samples (around
115 °C for PP and 45 °C for POE); this result is in
accordance with reference9, indicating that there exists two
crystallizable components [13], and there is no interaction
between PP and POE in the melting blends. It may be
because of intense exclusion between PP and POE crystal
region, which would not affect the crystal behavior of the
other composition. However, in the solution-mixing
blends, the crystallization temperatures of PP decrease as
well as the crystallization peaks broaden with the increase
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Fig. 1 Cooling DSC curves of PP/POE blends prepared by solution-
mixing (a) and melt-mixing method (b). The DSC curves for different
components have been shifted vertically for the sake of clarity

of POE content, while the crystallization temperature of
POE decrease with the increase of PP content, as shown in
Fig. 1b, indicating that the two components are partially
miscible [14], and there are some interactions occurring
between PP and POE components. Crystallization enthalpy
(AH,) and melting enthalpy (AH,,) of PP are calculated by
analysis of the miscibility of the blends, and the variation
in the values of crystallization and melting enthalpy with
the content of PP experimental values of both melt- and
solution-mixing blends and the calculated values are plot-
ted in Figs. 2 and 4, respectively. The calculation methods
for AH, and AH,, are as follows:

AH, = xAH! (1)
AH,, = xAH (2)

x is the weight percentage of the PP component, AH. and
AHL, are the crystallization and melting enthalpies of pure
PP obtained in the same experimental condition.

The crystallinity (X.) was calculated using the following
equation [12]:
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Fig. 2 Variation of crystallization heat with concentration of PP

%Crystallinity = (AH,,/AH?) x 100% (3)

Here AH,, is the melting enthalpy, AHY, is the 100%
melting enthalpy of pure PP.

Figure 2 describes the variation of crystallization
enthalpy with the content of PP. From this figure, we can
find that the experimental values of the melt-mixing blends
are very close to the theoretically predicted values based on
linear additive theorem, suggesting that the addition of
POE components in the melting blends will not affect the
crystallization behavior of PP. However, in the solution-
mixing blends, the values of crystallization enthalpy are
lower than the calculated values, which may be because the
addition of POE destroyed the perfect crystal of PP; in
other words, the existence of POE restrained the crystal-
lization behavior of PP, which suggests that some POE
dispersed into the PP phase, the two components are partial
miscible.

The DSC melting thermograms of blends and pure
samples are shown in Fig. 3a, b. From Fig. 3a, we can find
the melting temperature of pure PP is near 165 °C, while
the pure POE is near 60 °C. The melting temperatures of
the components in the melt-mixing blends are not affected
by blending, which suggests that both PP and POE com-
ponents in the melt-mixing blends can crystallize and melt
without being affected. The DSC thermograms in Fig. 3b
are the melting curves of PP/POE blends made by solution-
mixing method. There are still two peaks in the DSC
curves of the blends, corresponding to the PP and POE
components, respectively. But with the increase of PP
concentration, the melting peak around 60 °C of POE shifts
to lower temperature, accompanied by the decrease of the
peak area; and with the increase of POE concentration, the
melting peak around 165 °C of PP also shifts to lower
temperature, accompanied by the decrease of the peak area.
These peak areas represent the melting enthalpy, which are
corresponding to the crystallinity of the samples according
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Fig. 3 The heating melt DSC curves of PP/POE blends prepared by
solution- (a) and melt-mixing methods (b). The DSC curves for
different components have been shifted vertically for the sake of
clarity

to Eq. 3, and the decrease of the melting enthalpy of PP
with the increase of POE content is lower than the calcu-
lated values which can be observed from Fig. 4. It is
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Fig. 4 The variation of melting heat of PP with the concentration of
PP in the PP/POE blends prepared by melt- and solution-mixing
methods
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suggested that the presence of POE restrains the crystal
behavior of PP, and there exist some interactions between
PP and POE in the solution-mixing blends.

Figure 4 shows the variation of melting enthalpy of PP
with the change of PP and POE compositions. It is well
known that in the heating melt process, the more prefect
the crystals, the higher the melting point [12]. From Fig. 4,
we can find the melting enthalpy of PP in melt-mixing
blends is around the calculated value. It is suggested that
the addition of POE has no effect on the crystallization
behavior of PP in the melt-mixing blends. However, in the
solution-mixing blends, the presence of POE restrained the
crystallization behavior of PP, with the increase of POE
concentration, and the degree of crystallinity of PP
becomes lower, which can be obtained from the variety of
the melting enthalpies observed in Fig. 4.

From the above normal DSC analysis, PP/POE blends
made by solution-mixing method are partially miscible.
With the addition of PP, the melting peak of POE becomes
weaker gradually, and the position of the peak shifts to
lower temperature. At the same time, the melting interval
of POE becomes wider, and so, melting phenomenon of
POE is too faint to be observed by normal DSC. The
normal DSC analysis was not performed under thermody-
namic equilibrium. In order to enable observe the melting
behavior of POE clearly. Step-Scan DSC technique was
used to analyze the melting behavior of POE in the PP/POE
blends made by solution-mixing method, which consists of
a periodic succession of short heating segments and iso-
thermal segments to make the sample undergo a
thermodynamic equilibrium process during heating. It can
accurately reflect the thermodynamic properties of poly-
mers. Before the start of the Step-Scan DSC method, the
samples were heated from —50 to 200 °C at 10 °C/min,
and then held at isothermal condition for 3 min in order to
erase the thermal history; thereafter, the samples were
cooled from 200 to —50 °C at 10 °C/min, and held for
60 min at —50 °C in order to ensure the heat flow reached
equilibrium, then heated from —50 to 100 °C at every 1 °C
jump of 5 °C/min heating rate and 2 min isothermal. The
empty crucible, and the crucible having the same weight as
that of the sample crucible containing sapphire are scanned
with the same procedure, and the data computed in order to
obtain curves for thermal capacity versus temperature. The
relationship between thermal capacity (C,) and tempera-
ture is plotted in Fig. 5.

These curves of C, versus temperature for PP/POE
solution-mixing blends in Fig. 5 were obtained by Step-
Scan DSC technique. From these plots, we learn that the
melting range of the blends become wider with the increase
of PP content, the melting point become inconspicuous,
which indicates that the addition of PP restrained the
crystal, and the crystallinity of POE becomes less perfect.
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Fig. 5 Plots of C, vs. temperature for PP/POE solution blends as
measured by Step-Scan DSC method

When the content of PP reaches 80 or 90 wt% as shown in
Fig. 5, there is almost no melting peak of POE, which
result is in accordance with normal DSC testing result and
indicates that the PP/POE blends made by solution mixing
are partially miscible. The heat capacity of solid macro-
molecules can be described fully based on a vibrational
behavior of atoms, while that of the liquid polymers is
commonly described as the sum of vibrational, conforma-
tional, and external contributions [15-17]. Figure 5
indicates that the heat capacity of 80 wt% PP and 90 wt%
PP are almost the same; it may be because there is a strong
intermolecular interaction between PP and POE, and the
vibration of POE was restricted by PP when the concen-
tration of PP attained 80 wt%.

The solubility parameter of the polymer repeat chemical
units in PP (propylene) and in POE (ethylene) is 8.022 and
7.665, respectively [18]. According to the theoretical pre-
diction of Krause [19], when the absolute difference in
solubility parameter is 0.1, the critical molecular weight
will be 120,000, when the difference is 1.0, the critical
molecular weight will be less than 1,200. In this study, the
molecular weights of both PP and POE are higher than the
critical value, and so the mixing systems prepared by both
melt- and solution-mixing methods show some immisci-
bility, although the solution-mixing system shows better
miscibility than the melt-mixing system.

The analysis of the morphology was also used to inves-
tigate the miscibility of PP/POE blends prepared by both
melt- and solution-mixing methods. According to the DSC
and Step-Scan DSC results, when the concentration of PP is
more than 80 wt%, the miscibility of PP and POE blends
made by solution-mixing method will be obvious. To
observe the difference between miscibility and incompati-
ble PP/POE blends through microstructure, morphologies
were observed using an Olympus DP-12-polarized optical
microscope, 90 wt% PP was selected because of its obvious
crystal behavior by solution-mixing method. The samples
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were melted at 200 °C and squeezed to films. The samples
were put on hot stage and heated to 200 °C at 10 °C/min
and held at isothermal temperature for 5 min to allow
complete melting. Then the samples were cooled to room
temperature at 10 °C/min before the morphology observa-
tion. The nitrogen gas was purged through the hot stage
during the heating and cooling of samples. The crystalline
morphologies of the blends investigated by the polarized
optical microscope (POM) are shown in Fig. 6a, b. Fig-
ure 6a is the PP/POE blend with 90 wt% of PP prepared by
the melt-mixing method. It can be clearly observed that the
PP component formed perfect spherulites, and the POE
component dispersed in the PP matrix. Because during the
crystallization process from molten state the formation of
PP crystalloid occurs earlier than when compared with
POE, the POE was trapped into the interlamellar region
during the crystallization process. Phaseseparation was
formed between the two components; PP/POE blends are
not miscible. Figure 6b is the POM picture of PP/POE
blend with 90 wt% of PP prepared by solution-mixing
method. It can be seen that the morphology of the crystal

Fig. 6 The POM Pictures of 90 wt% PP prepared using two blending
methods

grain becomes dendrite from spherulite, which is a more
complicated crystal form. The perfect level of dendrite is
lower than Spherulitic [20]. It can be explained that the
addition of POE restrained the crystallization process of PP.
With the POE concentration increasing further in the
blends, the difference in the morphology for the different
mixing methods is not so significant and the morphology is
similar to that as in Fig. 6b.

In conclusion, the DSC technique was used to analyze
the miscibility of PP/POE blends made by melt- and
solution-mixing methods. The crystallization, melting
behavior, and morphology of PP/POE blends were studied.
The experimental results show that the PP/POE blends
made by solution-mixing method have partial miscibility.
With the increase of POE content, the crystallization and
melting temperatures of PP shift to low temperature.
However, the melt-mixing ones are incompatible, which
result can be found from the perfect morphology of
spherulite of PP, and the invariableness of the crystalliza-
tion and melting points of PP and POE with the ratio
change of PP/POE.
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