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ABSTRACT: The nonisothermal crystallization kinetics
of polypropylene (PP), PP/polystyrene (PS), and PP/PP-g-
PS/PS blends were investigated with differential scanning
calorimetry at different cooling rates. The Jeziorny modi-
fied Avrami equation, Ozawa method, and Mo method
were used to describe the crystallization kinetics for all of
the samples. The kinetics parameters, including the half-
time of crystallization, the peak crystallization tempera-
ture, the Avrami exponent, the kinetic crystallization rate

constant, the crystallization activation energy, and the F(T)
and a parameters were determined. All of the results
clearly indicate that the PP-g-PS copolymer accelerated the
crystallization rate of the PP component in the PP/PP-g-
PS/PS blends. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
119: 1721-1731, 2011
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INTRODUCTION

Since commercial production began in 1957, polypro-
pylene (PP) has become one of the most widely used
polymer resins because of its low price, low density,
and high performance with regard to its mechanical
and thermal properties, chemical resistance, and so on.
However, its inherently low impact strength and low
polarity limits PP applications and performance in
wider fields. Polymer blending technology, which has
always been an attractive alternative for the production
of new polymeric materials with desirable properties,
has been intensively applied in PP-based polymer
blends in the development of new materials. For exam-
ple, PP/PP-g-PS/PS polymer blends produced by
Hivalloy technology have been reported with an excel-
lent balance of stiffness and impact strength.' General
speaking, PP and PS are typically incompatible binary
blends because of their polarity and great differences of
their polymer chains. Their blends usually result in seri-
ous phase separation, low interfacial adhesion, and
poor mechanical properties. As a compatibilizer, the
PP-g-PS copolymer actually improves the interfacial ad-
hesion and produces a finer dispersion mixing of PP/
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PP-g-PS/PS polymer blends and, thus, enhances the
mechanical properties.* " Researchers have reported
the development of morphologies and the rheological
and isothermal crystallization behaviors of PP/PP-g-
PS/PS polymer blends in detail. However, reports on
the nonisothermal crystallization behavior of the PP/
PP-g-PS/PS blend system have been comparatively
fewer. This might be because of the simple theoretical
analysis of the isothermal crystallization process and
the possible problems associated with the cooling rates
(@’s) and thermal gradients within specimens.'” In
practice, crystallization in continuously changing tem-
peratures is much more similar to the industrial pro-
cess; that is, the final material properties are correlated
to the nonisothermal crystallization process. From a
practical point of view, research on the nonisothermal
crystallization process will provide useful information
for the analysis and design of processing parameters
from the investigation of the nonisothermal crystalliza-
tion kinetics of the polymeric materials. Therefore, the
study of nonisothermal crystallization for the PP/PP-
g-PS/PS blend system is very important. In this study,
the effect of the compatibilizer, PP-g-PS copolymer, on
the nonisothermal crystallization processes, nucleation,
and growth mechanisms and the crystallization activa-
tion energies (AE’s) of PP/PS blends were systemati-
cally investigated.

EXPERIMENTAL

Isotactic PP [trade name S1003, number-average mo-
lecular weight (M,)= 88,000, molecular weight
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TABLE I
Composition of the PP/PS and PP/PP-g-PS/PS Blend
Samples

PP-g-PS PP DO D1 D3 D5 D9

Sample

Wop_g-ps/Wpp" 1 0 0.01 003 005 0.09
Wep/Wps” 1 75/25 75/25 75/25 75/25 75/25

? Weight fraction of PP-g-PS copolymer in PP components.
b All the blend samples with the fixed weight ratio 75/25 of
PP and PS components and the increasing content of PP-g-PS.
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distribution = 3.7] and atactic PS (trade name 666D,
M, = 87,000, molecular weight distribution = 3.6)
were purchased from Yanshan Petro-Chemical Co.
(Beijing, China) and were used as received. The PP-
g-PS copolymer was synthesized according to a pre-
vious report.”> M, and the polydispersity index
(weight-average molecular weight/M,,) of the back-
bone of PP-g-PS, determined by high temperature
gel permeation chromatography, were 3.6 x 10* g/
mol and 4.5, respectively. Calculated according to
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Figure 1 Crystallization exotherms of the PP and PP/PS and PP/PP-g-PS/PS blends at different ® values.
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TABLE II
T,, T,, and AH, of the PP and PP/PS and PP/PP-g-PS/PS
Blend Samples

Sample ®(°C/min) T,(°C) T,(°C) AH(J/g)
PP 40 115.54 110.88 87.58
30 116.59 112.63 88.54
20 117.82 114.70 90.35
10 119.77 117.10 92.02
5 122.02 119.16 92.37
DO 40 113.53 108.41 73.66
30 115.07 110.28 75.22
20 117.11 112.49 76.38
10 121.34 115.88 77.73
5 124.37 119.51 78.66
D1 40 115.24 110.56 70.25
30 116.56 112.20 72.37
20 118.74 114.12 72.62
10 122.73 117.79 75.37
5 125.64 121.07 75.74
D3 40 115.58 110.93 65.98
30 117.36 112.68 69.62
20 119.79 115.19 71.13
10 123.18 119.18 72.32
5 126.11 122.62 72.77
D5 40 116.28 111.55 61.52
30 118.07 113.34 68.54
20 120.33 115.97 70.74
10 123.66 119.88 72.93
5 126.53 12323 74.41
D9 40 116.23 112.17 62.55
30 117.90 113.79 68.96
20 120.16 116.07 71.53
10 123.76 120.06 74.15
5 126.55 123.24 74.63

"H-NMR spectra, the graft density(defined as the av-
erage number of grafted side chains per 1000 car-
bons in the PP backbones) of the PP-g-PS copolymer
was 3.15, the average side length(defined as the aver-
age degree of polymerization of the PS sequences) of
the PP-g-PS copolymer was 60.2, and the weight ra-
tio of styrene to propylene units was 1.21. PP, PS,
and PP-g-PS were dry-blended by the addition of
the antioxidant 1010 (Yingkou Viewchem Co., Ying-
Kou, China) with a 0.5% weight ratio of the blends
and were then mixed in a commercial single-screw
extruder (Haake R90, USA). For the PP/PP-g-PS/PS
blends, the weight ratio of PP to PS was fixed at 75/
25, and the concentrations of the PP-g-PS copolymer
were 1, 3, 5, and 9 wt % of the PP components. The
compositions of the polymer blend samples are
listed in Table 1.

Nonisothermal crystallization kinetics of the sam-
ple were determined with a PerkinElmer DSC-7e
(USA) instrument with nitrogen as a purge gas. Pure
indium was used as a reference material to cali-
brate both the temperature scale and the melting en-
thalpy before the samples were tested. The samples
(~ 5 mg) were preheated to 200°C for 5 min to elim-
inate any possible thermal history and were then
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cooled to 60°C at different ®’s of 40, 30, 20, 10, and
5°C/min, respectively. The heat flow during crystal-
lization (dH./dT) was recorded as a function of
temperature.

For optical microscopy observation, an Olympus
(Japan) BX-51 optical microscope equipped with a
hot stage (Linkam, THMS600, UK) was used. All
of the optical micrographs were taken with a
crossed polarizer.

RESULTS AND DISCUSSION
Nonisothermal crystallization behavior

The crystallization exotherms of plain PP and the
PP/PS and PP/PP-¢g-PS/PS blends at various ®’s
are shown in Figure 1. Each curve showed a dis-
tinct exothermic crystallization peak. The peak
crystallization temperature (T,), onset temperature
of crystallization (T,), and enthalpy of crystallization
(AH.) of the PP and PP/PS and PP/PP-g-PS/PS
blend samples determined from these curves are
listed in Table II. For all of the investigated sam-
ples, the PP chains had enough time to fold into
lamellar crystals, whereas ® became slower; there-
fore, decreasing values of T,T, and AH. were
observed with increasing ®. As reported in Table
II, the values of T, and T, increased from samples
D1 to D9, whereas the values of these parameters
for sample D1 were not different from the corre-
sponding parameters for the unblended PP, and
for sample DO, both T, and T, decreased from
their values for unblended PP. This decrease indi-
cated a slowing of the nucleation rates and overall
crystallization of PP on addition of PS. This trend
reversed on addition of the third component, PP-
g-PS. Clearly, the graft copolymer accelerated the
crystallization rate of the PP component in the ter-
nary blend system; therefore, T, and T, shifted to
higher temperatures. More details can be obtained
from the optical micrographs shown in Figure 2.
The optical micrographs were taken at the crossed
polarizer of the thin films of the PP/PS binary
and PP/PP-g-PS/PS ternary blend isothermally
crystallized at 130°C. For comparison, here we
only displayed the micrographs of DO and D5 as
examples at early and final crystallization stages.
As shown in Figure 2, the dispersed particles
were the PS component. Heterogeneous nucleation
occurred on the surfaces of the PS particles in
both of the samples with or without PP-¢g-PS as a
compatibilizer. The PP-g-PS copolymer improved
the distribution of the PS dispersed phase in D5;
that is, PS dispersed particles became smaller
and more regular, and then, more heterogeneous
nucleation sites were introduced into the blend
sample; therefore, T, and T, shifted to higher

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Optical micrographs of the PP/PS binary blend (D0) and PP/PP-¢g-PS/PS ternary blend (D5) isothermally crys-
tallized at 130°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

temperatures. The two parameters T, and T, may
be viewed as distinguishing the effect of the two
steps of crystallization process, namely, nucleation
and growth, as described in the literature."* T,
was neatly affected by the initial step (nucleation),
whereas T, may have had combined influence
from both steps (nucleation and growth). In
the light of this, the observed effect of PS and
PP-g-PS on the nucleation and overall crystalliza-
tion (i.e., combined process of nucleation fol-
lowed by growth) could be inferred from the
data obtained. The PP-g-PS copolymer accelerated
the crystallization rate of the PP component by
improving the distribution of PS particles. The PS
component provided heterogeneous nucleation
sites in all of the blend samples. However,
because of a dilution effect that influenced the
diffusion of the macromolecules, the PS particles
also hindered the growth of PP crystals to some
extent. Therefore, the effect of the PS component
in the blend samples included two inversed fac-
tors in the crystallization process, namely, nuclea-
tion and growth.

Journal of Applied Polymer Science DOI 10.1002/app

According to the values of AH, at a given ® for all of
the investigated samples, both PP-¢g-PS and the PS com-
ponent decreased the relative crystallinity of PP. D’Ora-
zio et al.” reported similar results in their previous arti-
cle. The presence in the melt of segregated PS domains
interfered with the PP crystallization process and then
decreased the PP crystallinity. On the other hand, PP-¢-
PS also interfered with the PP crystallization process'
and enhanced the interference of PS domains on the PP
crystallization process because of the improved com-
patibility of the PS and PP components.

Nonisothermal crystallization kinetics

The relative degree of crystallinity (X;) as a function
of crystallization temperature (T) is defined as

T dH,
Tg dT dT (1)

L T
T, ardl

where T, is the end temperature of crystallization.
Figure 3 shows the development of X; as a function
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Figure 3 Relative crystallinity versus the temperature during the nonisothermal crystallization process of the PP and
PP/PS and PP/PP-g-PS/PS blends.

of temperature for the plain PP and the PP/PS and
PP/PP-g-PS/PS blend samples at various ®@’s.
Clearly, all of these curves had the same sigmoidal
shape; this implied that only the lag effect of ® on
crystallization was observed for these curves. For
the nonisothermal crystallization process recorded
by differential scanning calorimetry measurement,
the temperature axis shown in Figure 3 could

be transformed into timescale with the following
equation:

e @

where t is the corresponding crystallization time at T.
According to egs. (1) and (2), the dependence of X, on

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Relative crystallinity versus the time during the nonisothermal crystallization process of the PP and PP/PS and

PP/PP-¢-PS/PS blends.

t at a given @ is shown in Figure 4. The time required
for the complete crystallization of PP tended to be
shorter with increasing ® from 5 to 40°C/min. The
half-time of crystallization (t; ) can be obtained from
Figure 4 at X;,= 0.5, and the results are listed in Table
II. As shown by these values, the t;,, values
increased with decreasing @ for all of the investigated

Journal of Applied Polymer Science DOI 10.1002/app

samples. Also, for the PP/PS binary and PP/PP-g-
PS/PS ternary blend samples, the t;,, values
decreased significantly at a given ® with increasing
PP-g-PS content; this suggested that the graft copoly-
mer accelerated the overall crystallization process.
The nonisothermal crystallization kinetics usually can

be analyzed with the Avrami equation as follows:">'
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TABLE III
Nonisothermal Crystallization Kinetic Parameters for the
PP and PP/PS and PP/PP-g-PS/PS Blend Samples

Sample ®(°C/min) ty /o(min) k n k.
PP 40 0.19 50.94 2.6 1.10
30 0.25 35.76 2.8 1.13
20 0.34 22.13 32 1.17
10 0.68 3.84 4.4 1.14
5 1.35 0.15 52 0.68
DO 40 0.25 137.84 3.8 1.13
30 0.33 103.53 45 1.17
20 0.45 28.26 4.6 1.18
10 0.88 1.19 44 1.02
5 1.64 0.08 44 0.60
D1 40 0.23 389.68 4.3 1.16
30 0.30 192.98 47 1.19
20 0.43 35.04 4.6 1.19
10 0.81 1.75 4.3 1.06
5 1.49 0.12 43 0.66
D3 40 0.22 183.00 3.6 1.14
30 0.28 111.80 3.9 1.17
20 0.40 32.93 4.2 1.19
10 0.68 3.56 4.3 1.14
5 1.21 0.30 4.4 0.79
D5 40 0.19 181.04 33 1.14
30 0.27 120.53 3.9 1.17
20 0.35 39.50 3.9 1.20
10 0.65 4.25 43 1.16
5 1.22 0.28 4.6 0.78
D9 40 0.18 156.38 3.8 1.17
30 0.25 95.56 4.0 1.19
20 0.35 33.29 4.1 1.22
10 0.63 3.42 4.3 1.18
5 1.22 0.16 4.6 0.77
1—X; = exp(—kt") 3)

where k is a composite rate constant involving both
nucleation and growth rate parameters and # is the
Avrami exponent and depends on the type of nucle-
ation and growth process. Equation (3) can be writ-
ten in double-logarithmic form as follows:

In[-In(1 — X;)] =Ink+nlint 4)

According to eq. (4), the plot of In[-In(1 —X)]
against In f for all of the investigated samples at each ®
will yield a straight line with slope n and intercept In k.
However, the linearity relationship only existed at low
X;, as shown in Figure 5, and all the data diverged
from the straight line at the complete stage of crystalli-
zation. Generally, this deviation was due to secondary
crystallization. The linear portions were almost parallel
to each other and shifted to shorter time with increas-
ing ®@. These results imply that the nucleation mecha-
nism and crystal growth geometries of primary crystal-
lization were similar for all of the samples. The
calculated values of n and k for all of the investigated
samples are listed in Table III. Generally, # in the crys-
tallization of polymers includes the crystallization
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mechanism, sporadic and predetermined, and the
space dimension of the spheres.">'” Thus, the n values
ranged from 2.6 to 5.2; these values suggested hetero-
geneous nucleation for all of the samples, in agreement
with Figure 2. For the PP/PP-¢-PS/PS ternary blend
samples, the values of k increased gradually with
increasing content of PP-¢g-PS at each ®; this indicated
an acceleration effect of the graft copolymer in the crys-
tallization processes of the blend samples.

According to the nonisothermal character of the
process investigated, the value of k should have
been modified by ®. According to the Jeziorny
method,'® the final form of the rate constant is given
as follows

Ink. =Ink/® (5)

where k. is the kinetic crystallization rate constant.
As shown in Table III, the values of k. ranged from
1.1 to 1.2 for all of the investigated samples at ®’s
from 40 to 10°C/min and ranged from 0.6 to 0.8 at a
® of 5°C/min. These results confirm similar nuclea-
tion mechanisms and crystal growth geometries for
all of the samples.

With the ® dependence on the nonisothermal
crystallization process taken into consideration,
Ozawa'’ modified the Avrami equation as follows:

K(T)
@m

1—-X; =exp[— ] (6)

where K(T) is the function of ® related to the overall
crystallization rate and m is the Ozawa exponent,
which depends on the dimensions of crystal growth.
The double-logarithmic form of eq. (6) is given as
follows:

In[-In(1 - X;)] =InK(T) — mIn . (7)

According to eq. (7), the plot of In[-In(1 —X)] ver-
sus In @ for the samples will yield a straight line at a
given T. However, many reports have confirmed that
the plot usually does not exhibit a linear relationship
with the Ozawa method, especially for semicrystalline
polymer.'*?°? This is probably due to the ignorance
of secondary crystallization and the dependence of
the fold length on the temperature.'? Figure 6 shows
the plots of In[-In(1 —X;)] versus In ® for all of the
samples. Clearly, the curves were not linear lines at
each T. Therefore, it was not suitable to analyze the
crystallization process of plain PP or the PP compo-
nents in the blend samples with the Ozawa method.
Another improved method was reported by Mo
et al."” Because the crystallization is related to ® and
t(or T), the relationship between ® and t at a given
crystallinity can be built up by a combination of the
Avrami equation with the Ozawa equation as follows:

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Plots of In[-In(1 — Xt)] versus In t for the nonisothermal crystallization process of PP and PP/PS and PP/PP-g-
PS/PS blends.

where the kinetic parameter F(T)= [K(T)/k]"/™
refers to the value of ®, which must be chosen at
unit t when the measured system amounts to a
certain X;, and a is the ratio of n to m. As shown
in Figure 7, all plots of In ® against In t for the
samples gave a series of straight lines at a given

In[-In(1 - X})] =Ink+nlnt =InK(T) —mIn® (8)
then
In®=InF(T) —alnt )
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Figure 6 Ozawa plots of In[—In(1 — Xt)] versus In @ for the

and PP/PP-g-PS/PS blends.

X;. The kinetic parameters F(T) and a, estimated
by the intercepts and the slopes of these lines,
respectively, are listed in Table IV. As shown by
these data, the wvalues of F(T) systematically
increased with the relative X;. The values of a
were in the range 0.8-1.0 and were almost equal to
a constant value. For the PP/PP-¢g-PS/PS blend
samples, the values of F(T) decreased with increas-
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ing PP-g-PS content; therefore, the crystallization
rate increased with increasing PP-g-PS content.

AE

With the variation of T, with ® taken into consid-
eration, AE, can be determined by the Kissinger

equation:*
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Figure 7 Plots of In[—In(1 — Xt)] versus In ® on the basis of the Mo equation for the nonisothermal crystallization pro-

cess of the PP and PP/PS and PP/PP-¢-PS/PS blends.

din(@ /T3] A
d(1/T,) R (10)

where R is the universal gas constant. Accordingly,
the plots of In(d/ sz) versus 1/T, for all of the sam-
ples are shown in Figure 8. The AE values were cal-
culated by the slopes of the fitting lines and are

Journal of Applied Polymer Science DOI 10.1002/app

listed in Table IV. For the PP/PP-g-PS/PS blend
samples, the values of AE decreased with increasing
PP-g-PS content. Such a result also clearly indicated
that the PP-¢g-PS copolymer accelerated the crystalli-
zation rate of PP in the ternary blend system. On the
other hand, when the blend samples was compared
with the unblended PP, especially for PP and DO,
the values of AE from the unblended PP were bigger
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TABLE IV
Different Crystallization Kinetic Parameters and AE
Values of the PP and PP/PS and PP/PP-g-PS/PS Blend

Samples
Sample Xi(%) F(T) a —AE(kJ/mol)
PP 20 5.56 1.0 129.28
40 5.88 1.0
60 5.99 0.9
80 6.25 0.9
DO 20 5.22 0.9 100.05
40 6.52 0.9
60 7.42 0.9
80 9.12 0.9
D1 20 4.6 0.9 104.84
40 5.84 0.9
60 6.74 0.9
80 7.46 0.9
D3 20 3.59 0.8 94.46
40 4.37 0.8
60 4.84 0.8
80 5.24 0.8
D5 20 4.05 0.9 94.62
40 4.71 0.9
60 5.17 0.9
80 5.69 0.9
D9 20 4.03 0.9 92.15
40 5.81 0.9
60 5.32 0.9
80 5.87 0.9

than those of the other samples; that is, the PS com-
ponent in the whole crystallization process
improved the crystallization rate in all of the blend
samples.

CONCLUSIONS

In this study, the nonisothermal -crystallization
kinetics of PP and PP/PS and PP/PP-¢g-PS/PS
blends were investigated with differential scanning
calorimetry measurements. When we compared the
t1 /2 values of the samples at a given ®, we observed
that the PP-g-PS copolymer accelerated the crystalli-
zation rate of PP in the blend systems. Furthermore,
Avrami analysis pointed out that all of the investi-
gated samples showed a similar nucleation mecha-
nism and crystal growth geometries at the primary
crystallization stage. The n values ranged from 2.6 to
5.2, and optical microscopy observation suggested
heterogeneous nucleation for all of the samples at
the primary crystallization stage. The Ozawa method
was proven to be invalid for describing the noniso-
thermal crystallization of PP and the blend samples.
However, the Mo method was satisfactory for
correlating ® to T and t. AE was estimated by the
Kissinger equation. As expect, the values of the acti-
vation energy decreased with increasing PP-¢g-PS
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Figure 8 Plots of In(®/ Tg) versus 1/T, based on the Kis-
singer equation for the nonisothermal crystallization pro-

cess of the PP and PP/PS and PP/PP-g-PS/PS blends.

content in the PP/PP-g-PS/PS blend samples. This
also proved that the PP-g-PS copolymer accelerated
the crystallization rate of the PP component in the
PP/PP-g-PS/PS blends.
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