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ABSTRACT: The nonisothermal crystallization, melting
behavior, and morphology of isotactic polypropylene (PP)/
linear bimodal polyethylene (LBPE) blends were studied with
differential scanning calorimetry, scanning electron micros-
copy, and polarized optical microscopy. The results showed
that PP and LBPE were miscible to a certain extent, and there
was no obvious phase separation in the blends. The modified
Avrami analysis, Ozawa equation, and Mo method were
used to analyze the nonisothermal crystallization kinetics of
the blends. The values of the Avrami exponent indicated that
the crystallization nucleation of the blends was homogeneous,
the growth of spherulites was three-dimensional, and the

crystallization mechanism of PP was not affected much by
LBPE. The crystallization activation energy was estimated by
the Kissinger method. The results obtained with the modified
Avrami analysis, Mo method, and Kissinger method agreed
well. The addition of a minor LBPE phase favored an increase
in the overall crystallization rate of PP, showing some dilu-
tion effect of LBPE on PP. The PP spherulites decreased obvi-
ously with increasing content of LBPE. © 2007 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 107: 1235-1242, 2008
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INTRODUCTION

Polypropylene (PP) is one of the most widely used
polyolefin materials, but its applications in some
fields are limited by its low fracture toughness at
low temperatures and high notch sensitivity at room
temperature. Compounding PP with a dispersed
elastomeric phase [e.g., ethylene—propylene—diene
rubber (EPDM)] is widely practiced'™ because the
rubber can increase the overall toughness of the PP
matrix.® However, the addition of elastomers often
has negative effects on some properties of PP, such
as stiffness, hardness, and rheological properties.”
The development of metallocene catalysts has led
to the production of numerous new polyolefin mate-
rials, among which linear bimodal polyethylene
(LBPE) is extremely attractive. There are high-molec-
ular-weight and low-molecular-weight components
simultaneously in the LBPE matrix, and the low-mo-
lecular-weight component gives it good rheological
properties, and the mechanical properties are well
maintained.® Because of its good mechanical proper-
ties, thermal stability, and aging resistance in com-
parison with conventional EPDM, an metatocine-cat-
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alyzed polyethylene (mPE) elastomer can impart
higher impact strength as a modifier of PP.” More-
over, previous work has shown improved fracture
behavior at low temperatures and better dynamic
properties with an mPE modifier.'"” Because of its
better rheological properties, LBPE-modified PP
could have better rheological properties than an mPE
elastomer. In addition, like mPE, LBPE is granular,
and its processing technology is much better than that
of other elastomers and rubbers, but the application
of LBPE to the modification of PP has never reported.

It is well known that the physical properties of
semicrystalline polymeric materials strongly depend
on their crystallization and microstructure; thus,
investigations of the crystallization behavior and
morphology of polymer blends are significant both
theoretically and practically. In particular, the crys-
tallization behavior during nonisothermal crystalliza-
tion from the melt is of increasing technological im-
portance because these conditions are the closest to
practical industrial conditions. Therefore, it is highly
desirable to investigate the crystallization behavior
and morphology to optimize the blend composition
and processing technology of LBPE-modified PP.
However, such detailed investigations have not been
reported until now.

In this study, the melting and crystallization
behavior of PP/LBPE blends was investigated, and
the nonisothermal crystallization kinetics of the
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blends were studied with the modified Avrami anal-
ysis, Ozawa equation, and Mo method. The mor-
phologies of the blends were also studied to investi-
gate the effect of LBPE on the microstructure of the
blends.

EXPERIMENTAL
Materials and sample preparation

The PP [type T36F, melt flow rate (230°C/2.16 kg)
= 2.46 g/10 min] used in this study was a commercial
polymer supplied by Qilu Petrochemical Co. (China);
the LBPE [type FB2230, melt flow rate (190°C/2.16
kg) = 0.25 g/10 min] was a product of Northern
European Chemical Industry (Finland).

Blend samples were prepared by melt blending in
a twin-screw extruder (TE-34, Coperion Keya, Nanj-
ing China) with a length/diameter ratio of 28, and
the temperature of the extruder was around 180-
220°C. The weight ratios of PP to LBPE in the blends
were 100/0, 90/10, 80/20, 60/40, and 0/100.

Thermal analysis

A PerkinElmer (USA) DSC-7 apparatus was used to
record the heat flow during the melting and noniso-
thermal crystallization processes of the blends.

All the operations were carried out under a nitro-
gen environment. The temperature and melting en-
thalpy were calibrated with standard indium. The
sample weights were about 9 mg.

For the melting behavior, samples were heated
from room temperature to 200°C at a rate of 10°C/
min. To erase the influence of the thermal history,
the temperature was held at 200°C for 3 min. Then,
the samples were cooled to 30°C at various constant
cooling rates: 2.5, 5, 10, and 20°C/min. A second run
was carried out after the melted samples were
cooled to 30°C and held for 3 min.

Morphology analysis

Scanning electron microscopy (SEM) micrographs
were taken on a KYKY 2800B (KYKY Technology
Development Ltd., China) microscope according to
the method of Campbell and White,'' and impact
fracture surfaces were examined.

Polarized optical microscopy (POM) micrographs
were obtained with an XPT-7 polarized optical
microscope (Jiangnan Optical, China) equipped with
an Olympus (Japan) camera. A compression-molded
film was sandwiched between a microscope slide
and a cover glass; then, the samples were heated
from room temperature to 210°C, kept at that tem-
perature for 5 min to allow complete melting, and
then cooled to 140°C for isothermal crystallization
for 1 h.
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Figure 1 DSC melting curves of PP/LBPE blends at a
heating rate of 10°C/min.

RESULTS AND DISCUSSION

Melting and crystallization behavior of
PP/LBPE blends

Figure 1 shows the differential scanning calorimetry
(DSC) melting heat flow of the pure polymers and
their blends. The melting temperature of PP
decreases a little with the LBPE content increasing;
however, the melting temperature of LBPE increases
with increasing PP content, but the differences are
not obvious. This observation indicates that there is
some interaction between PP and LBPE molecules,
which is attributed to partial miscibility of PP and
LBPE. The melting temperature of PP in the blends
is between 160 and 165°C. This indicates that PP,
both in the pure state and in the blends, exhibits
only the a-crystal form because the melting tempera-
ture of the a-crystal form is in the range of 160-
176°C.1213

For the pure PP, pure LBPE, and their blends,
which are crystallizable, nonisothermal crystalliza-
tion was performed from the molten state by DSC
with various cooling rates of 2.5-20°C/min. Figure 2
shows the crystallization exotherms for some PP/
LBPE blends versus pure PP and pure LBPE (cooling
rate = 10°C/min). All DSC traces show two crystalli-
zation peaks, except those of the pure polymers; this
indicates that two crystallizable components exist in
the blend systems. Crystallization of PP occurs much
earlier than that of LBPE upon cooling. Both the PP
exothermal peak and the LBPE exothermal peak
move to higher temperatures, and this means that
LBPE has some dilution effect on PP and PP acts as
a nucleus agent while LBPE is crystallizing; this
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Figure 2 DSC nonisothermal crystallization curves of PP/
LBPE blends at a cooling rate of 10°C/min.

change can also be seen in the crystallization rate
constants.

As an example, Figure 3 shows the typical crystal-
lization exotherms for 80/20 PP/LBPE blends at var-
ious cooling rates. The crystallization peak tempera-
ture for the pure polymers and their blends (T}) is
clearly shifted to a lower temperature as the cooling
rate increases (see Table I). The decrease of T,, with
a higher cooling rate is due to the fact that the crys-
tallization rate is lower than the experimental cool-
ing rate.'* At a lower cooling rate, PP molecules
have enough time to form the necessary nuclei for
crystallization and, therefore, come to a higher T,
and the crystallization temperature and the crystal-
linity are correspondingly higher (see Table I). The
crystallinity can be calculated according to the litera-
ture,'® and the values are listed in Table 1. From Ta-
ble I, we can see that the crystallinity of 80/20 PP/
LBPE is much higher than that of pure PP because
some LBPE molecules have entered the PP crystal.
However, the crystallinity of 60/40 PP/LBPE is a lit-
tle lower than that of pure PP because some PP
chains have dissolved into the LBPE melt.

Nonisothermal crystallization kinetics

Up to now, several analytical methods have been
developed to describe the nonisothermal crystalliza-
tion kinetics of polymers: (1) the modified Avrami
analysis,m_18 (2) the Ozawa equation,lg’20 (3) the Zia-
bicki analysis,zl’22 and (4) others®2° such as the Mo
method. In this article, the modified Avrami analysis
and Mo method are applied to describe the noniso-
thermal crystallization kinetics of PP/LBPE blends,
and a contrastive study is performed.
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The Avrami analysis'®**® has been widely used
to describe the isothermal crystallization kinetics of
polymers:

1—X; = exp(—kt") (1)

where X; is the relative crystallinity, k is the crystalli-
zation rate constant, and n is the Avrami exponent.
Here, the value of n depends on the nucleation
mechanism and growth dimensions, and parameter
k is a function of the nucleation and growth rate. X;
as a function of the crystallization time is defined as
follows:

 J,(dHc/dt)dt

[ (aHc/dbdt @
where dHc/dt is the rate of heat evolution and ¢,
and t. are the times at which crystallization starts
and ends, respectively.

The Avrami equation can be modified to describe
nonisothermal crystallization.'®'”***° For nonisother-
mal crystallization at a chosen cooling rate, X; is a
function of crystallization temperature T. That is, eq.
(2) can be rewritten as follows:

_ Jp(dHc/dT)dT

" [T (dHc/dT)dT )
where Ty and T.. represent the onset and end tem-
peratures of crystallization, respectively.

As an example, Figure 4 shows the relative crystal-
linity of PP in 80/20 PP/LBPE blends at various
cooling rates. All curves in Figure 4 show a reversed
sigmoidal shape, indicating a fast primary process
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Figure 3 DSC nonisothermal crystallization curves of PP

in 80/20 PP/LBPE blends at various cooling rates.
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Different Values of D on the Basis of Avrami Analysis

TABLE I
Melting Behaviors and Nonisothermal Crystallization Parameters of PP/LBPE Blends at

QIN ET AL.

Sample (PP/LBPE) D (°C/min) n In ¥ t1/2 (min) T, (°C) AH,, (J/g) Crystallinity (%)

100/0 25 5.33 —7.69 3.96 118.6 88.4 471
5.0 5.05 —4.06 3.23 115.1 87.5 46.6

10 4.99 —-0.93 1.76 111.0 86.6 46.1

20 4.51 2.18 0.91 106.0 83.8 44.6

80/20 25 4.59 —6.50 3.80 119.1 76.3 50.8
5.0 4.23 —-2.97 1.86 115.6 75.5 50.3

10 4.56 —0.46 1.02 112.1 74.4 49.5

20 4.25 2.41 0.52 108.1 72.1 48.0

60/40 25 4.92 —6.31 3.36 119.1 52.5 46.6
5.0 4.80 —3.13 1.78 115.7 52.1 46.3

10 4.88 -0.31 1.00 1124 50.6 449

20 4.53 2.43 0.54 108.1 49.3 43.8

during the initial stage and a slower secondary pro-
cess during the later stage. The plot of X; versus T
shifts to the low temperature region as the cooling
rate increases, indicating that the crystallization is
enhanced as the temperature decreases. That is
because of the strong temperature dependence on
the nucleation and growth parameters.’’ After the
maximum in the heat flow curves has passed, a
small fraction of crystallinity develops by slower,
secondary kinetic processes. The lower cooling rate
provides more fluidity, more diffusivity, and more
time at a high temperature for perfect crystallization
because of the lower relative viscosity, thus inducing
much higher crystallinity at lower cooling rates than
that at higher cooling rates, as shown in Table 1.
Crystallization temperature T can be converted to
crystallization time ¢ with the following equation®**

" To—T @)
D
100 < LR .-.g.p___.-.l g ‘_: uu-r._-l-: T,
" n .
1 ) ey
\ LY [0
B0 b «— 20°C/min
z THEE T N «— 10C/min
£ \ ! +— 50/ mir
= 60+ \ \ : (.__ I‘I . 1
fe} \ A \ r— 2. 5T/ min
a J b . " !
S 40 I. Vo
i \ v
S * [
m i Y \
o " R
e 2p \ Yook
L % 5
J W T 5
e S b -
0~ [ T ST, -, T —
T T T T T T T T
895 100 108 110 115 120 125 130
T/C

Figure 4 Plot of X, versus T for PP in 80/20 PP/LBPE
blends for nonisothermal crystallization at various cooling
rates.
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where D is the cooling rate. With eq. (4), the temper-
ature axis in Figure 4 can be transformed into a
timescale, as shown in Figure 5. The sigmoidal shape
of the curves suggests that the modified Avrami
analysis is applicable to the nonisothermal crystalli-
zation of PP/LBPE blends. Meanwhile, the crystalli-
zation half-time (t;,2) can be calculated directly from
the plot of the relative crystallinity versus time,'®?
as shown in Table 1.

Equation (1) can be rewritten in a double-loga-
rithm form:

In[—In(1 — X;)] = In(—k) + nIn(t) (5)
Then, the Avrami parameters can be estimated from
In[-In(1 — X;)] versus In t. Here, the crystallization
rate of nonisothermal crystallization depends on the
cooling rate. Thus, k should be corrected adequately.
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Figure 5 Relationship of X; versus ¢ for PP in 80/20 PP/
LBPE blends for nonisothermal crystallization at various
cooling rates.
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Figure 6 Avrami plot for PP in 80/20 PP/LBPE blends
for nonisothermal crystallization at various cooling rates.

Assuming a constant cooling rate, the crystallization
rate constant can be corrected as follows:* In k'
= Ink/D.

Figure 6 shows the plot of In[—In(1 — X;)] versus
In t for the nonisothermal crystallization of 80/20
PP/LBPE blends. All lines in Figure 6 are almost
parallel to one another, shifting to less time with an
increasing cooling rate. This implies that the nuclea-
tion mechanism and crystal growth geometries are
similar, although the cooling rates are different. The
Avrami parameters were estimated from the plot of
In[—In(1 — X;)] versus In t, and the values are listed
in Table 1. Regardless of the cooling rates, n for pure
PP is in the range of 4.51-5.33, showing the homoge-
neous nucleation mechanism of PP, but n calculated
from nonisothermal kinetics cannot be compared to
that of isothermal kinetics. The n values of PP/LBPE
blends are smaller (4.25-4.9.5) than those of pure PP,
showing a small heterogeneous nucleation effect of
LBPE on the PP matrix.

However, the crystallization rate is dependent on
the blend composition and cooling rates. On the one
hand, for pure PP, the crystallization rate constant
(k') increases with increasing cooling rate, whereas
t1/2 decreases with increasing cooling rate (see Table
I). Similar trends in both k' and #;,, can be observed
for the 80/20 and 60/40 PP/LBPE blends. On the
other hand, both k' and t;,, are also influenced by
the addition of LBPE; that is, at the same cooling
rate, k' slightly increases with the LBPE content
increasing, and t;,, is adversely affected. Thus, the
crystallization rate is accelerated with the introduc-
tion of LBPE in PP, and this is due to the fact that
LBPE acts as a diluent and nucleation agent at
higher temperatures, and then the mobility of PP
molecules in the blends is increased compared to
that in pure PP; the higher mobility of PP molecules
facilitates the transport of PP molecules from the
melt to the growing crystals, and so the crystalliza-
tion rate increases. Meanwhile, the tacticity and flexi-

bility of LBPE molecules are high, and the high
mobility of LBPE molecules helps PP molecules to
transit to the growing crystal; because of the interac-
tion of PP and LBPE molecules, some LBPE mole-
cules enter the PP crystal and then come to a higher
crystallinity (see Table I). The crystallinity of 60/40
PP/LBPE blends is lower than that of pure PP
because too much LBPE content in the blends com-
pletely destroys the PP spherulites (see the POM pho-
tographs) and/or crystals and dissolves some PP.

The Ozawa equation is another important theory
for nonisothermal crystallization kinetics and is
expressed as follows:

1 - C(T) = exp[-K(T)/D"] ®)

where C(T) is the relative crystallinity at given tem-
perature T, K(T) is the growth rate constant, and m
is the Ozawa exponent. According to the Ozawa
equation, we can get a plot of C(T) versus D (see
Fig. 7). From Figure 7, we see that we cannot get
straight lines because the differences between the
cooling rates are too high.**

For comparison, a new simple method, proposed
by Mo et al.,” is expressed as follows:

InD =InF(T) —alnt (7)

where F(T) = [K(T)/k]'/™ refers to the cooling rate
value, which must be chosen within the unit of crys-
tallization time when the measured system amounts
to a certain relative crystallinity. Then, the F(T) value
has a definite physical and practical meaning; that
is, at a certain relative crystallinity, a high value of
F(T) means that a high cooling rate is needed to
reach this X; value in a unit of time, which reflects
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Figure 7 Plots of In[—In(1 — X,)] versus In D for the non-

isothermal crystallization of PP at various temperatures on
the basis of the Ozawa analysis.
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Figure 8 Mo plot for PP in 80/20 PP/LBPE blends for
nonisothermal crystallization at different values of X;.

the difficulty of its crystallization process. a is the ra-
tio of n to m (@ = n/m). According to eq. (7), F(T)
and a can be determined from the slope and inter-
cept, respectively, of a plot of the logarithm of the
cooling rate versus the logarithm of time at different
values of X,. Figure 8 presents the results for 80/20
PP/LBPE blends according to eq. (7) at relative crys-
tallinities of 20, 40, 60, and 80%. The values of F(T)
and a for all the samples are listed in Table II. The
F(T) values increase with increasing relative crystal-
linity for the same blends. The values of a are almost
a constant for a given composition at different rela-
tive crystallinities, and this indicates that the new
method is successful at describing the nonisothermal
crystallization process of PP/LBPE blends. However,
at the same relative crystallinity, the F(T) values of
PP are higher than those of PP/LBPE blends, show-
ing that a high cooling rate is needed to get a certain
relative crystallinity within a unit of crystallization

TABLE II
Nonisothermal Crystallization Parameters of
PP/LBPE Blends with Different Values of X;
on the Basis of Mo Analysis

Sample (PP/LBPE) X, (%) In F(T) a E, (kJ/mol)

100/0 20 2.153 1.059 —228. 8
40 2.332 1.066
60 2.467 1.087
80 2.606 1.117

80/20 20 2.034 1.052 —2422
40 2.232 1.054
60 2.370 1.055
80 2.500 1.061

60/40 20 2.019 1.130 —242.7
40 2.216 1.138
60 2.351 1.150
80 2.483 1.162

Journal of Applied Polymer Science DOI 10.1002/app
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time and implying that the crystallization rate of PP
is lower than that of PP/LBPE blends. As for pure
PP, the a values are near 1, showing that m matches
n, but that of the PP/LBPE blends is not the same
because of the addition of LBPE; this is another
proof that LBPE affects the crystallization behavior
of PP. There are some differences between n and m
because n does not take the cooling rate into
account.

For nonisothermal crystallization, the crystalliza-
tion activation energy (E;) can be estimated from the
variation of the crystallization peak temperature (T),)
with D by the Kissinger approach:**

dIn(D/T;)]  E,
AT TR ®

where d is the differential coefficient and R is the
universal gas constant.

The Kissinger plot, that is, the plot of In(D/T})
versus 1/T,, is shown for PP/LBPE blends in Figure
9. E, is estimated to be —228. 8 kJ/mol for pure PP,
—242.2 KkJ/mol for 80/20 PP/LBPE blends, and
—242.7 k] /mol for 60/40 PP/LBPE blends (see Table
II). In comparison, E, of pure PP is higher than that
of the PP/LBPE blends. From the perspective of
kinetics, the activation energy can be correlated to
the crystallization rate. The crystallization rate con-
stants obtained from Avrami analysis decrease in the
order of 60/40 PP/LBPE blends ~ 80/20 PP/LBPE
blends > PP, and the difference between the two
blend systems is negligible; the crystallization rate
constants obtained from the Mo method and Kis-
singer equation decrease in the same order of 60/40
PP/LBPE blends ~ 80/20 PP/LBPE blends > PP, so

25
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Figure 9 Kissinger plot of In(D/T7) versus 1/T, of PP/
LBPE blends for nonisothermal crystallization with differ-
ent LBPE contents.
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Figure 10 SEM micrographs of PP/LBPE blends: (a) 100/0, (b) 80/20, and (c) 60/40.

the conclusions derived from the three methods
agree well.

Morphology analysis

It is well known that the properties of materials
greatly depend on their morphological structure. For
polymer blends or composites, the dispersion of the
components is extremely important. A series of SEM
micrographs of the impact fracture surfaces obtained
during notch impact testing of PP/LBPE blends are
shown in Figure 10 and demonstrate clearly that
LBPE is uniformly dispersed in the PP matrix. Pure
PP [Fig. 10(a)] has a relatively smooth surface and
exhibits typically brittle fracture behavior. A similar
appearance can be observed on the fractured surface
of the 80/20 PP/LBPE blends [Fig. 10(b)]; because
there is not enough LBPE content, it can be still char-
acterized as brittle fracture, with a few LBPE par-
ticles dispersed in the matrix. With the content of
LBPE increasing to 60/40 PP/LBPE [Fig. 10(c)], the
fracture surface is accompanied by obvious plastic
deformation, and the LBPE phase is a homogenized
dispersion in the PP matrix and forms the sea—island
structure. LBPE forms a dispersed phase, and the
dimensions depend on the blend composition. In the
80/20 PP/LBPE blends, the dimensions of the dis-
persed LBPE phase are rather small. When the con-

tent of LBPE is high [see Fig. 10(c)], the dimensions
of the dispersed phase are obviously larger, but no
obvious phase separation has been seen in the
blends.

The SEM photographs seem to show that PP and
LBPE are quite miscible, but DSC shows partial mis-
cibility. The reason for this contradiction is that the
impact testing samples were injected, the high shear
rate in the injecting process helped LBPE to disperse
into the PP matrix uniformly, and the interface of PP
and LBPE became unclear.

Figure 11 shows POM micrographs of PP/LBPE
blends isothermally crystallized at 140°C for 1 h. As
shown in Figure 11(a), pure PP reveals a well-
defined and large spherulite morphology; the spher-
ulites grow and impinge on one another to form par-
ticular polygonal spherulites with clear boundaries.
Well in the 90/10 PP/LBPE blends, the dimensions
of the PP spherulites decrease, whereas the right-
angled intersection is still evident and clear [see Fig.
11(b)]. When the LBPE content increases to 80/20
PP/LBPE [Fig. 11(c)], the spherulites become less
perfect, the right-angled intersection becomes dif-
fuse, the size decreases, and at the same time the
spherulite boundaries disappear. When the LBPE
content is up to 60/40 PP/LBPE [Fig. 11(d)], the
spherulites are hardly seen, and this shows that the
spherulites are entirely destroyed. Overall, the addi-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 POM micrographs of PP/LBPE blends with
100X magnification. (a) 100/0, (b) 90/10, (c) 80/20, and (d)
60/40.

tion of LBPE greatly affects the spherulite size and
morphology for PP. The spherulite size decreases,
and this is due to the crystallization ability of PP
being disrupted at the higher content of LBPE; PP
molecular chains are more difficult to arrange in an
ordered manner than those of pure PP, and this
causes a large number of spherulites to grow in lim-
ited space. Therefore, the perfect spherulites cannot
form at the higher content of LBPE, more crystal
defects appear, and crystallinity decreases as a
result.

CONCLUSIONS

PP/LBPE blends, prepared by a conventional melt-
blending method, have been investigated with
respect to their melting behavior, crystallization
behavior, and morphology. First, the study of the
melting and nonisothermal crystallization behavior
shows that PP and LBPE are miscible to a certain
extent. Second, the nonisothermal crystallization
kinetics of the blends have been investigated fairly
well by both the modified Avrami analysis and Mo
method, but the Ozawa equation is not fit for this
system. The results show that the nucleation mecha-
nism of this system is homogeneous, and the crystal-
lization mechanism of PP is not affected much by
LBPE. Third, the crystallization rate is increased and

Journal of Applied Polymer Science DOI 10.1002/app
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the crystallization activation energy is decreased by
LBPE. Fourth, the SEM observations indicate that
the LBPE phase is uniformly dispersed in the PP
matrix, and the dimensions of the dispersed phase
increase with increasing LBPE content. The POM
results suggest that the addition of LBPE results in
an obvious decrease of the spherulite size and over-
all perfection.
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