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ABSTRACT: The effects of selective distribution of car-
bon black (CB) particles and spatial confinement on the
crystallization behavior of isotactic polypropylene (iPP)/
Polystyrene (PS)/CB composite were studied. The crystal-
lization behaviors and the morphologies of the composite
were studied by differential scanning calorimetry (DSC),
polarized light microscope (PLM), and scanning electron
microscopy (SEM). The results indicated the typical cocon-
tinuous structure appeared in PP/PS/CB (55/45/1) com-
posite, and CB particles are distributed in PS phase, which
follows the theory of interfacial tension. Compared with
PP/CB composite, the nucleation effect of CB particles on
the crystallization process of PP in PP/PS/CB was greatly
weakened by selective distribution. Moreover, the mor-
phologies of cocontinuous structure, which means that the

crystallization process of PP had to take place in the
micron-scale spatial confinement formed by continuous PS
phase, greatly influenced the crystallization behavior of PP
in PP/PS/CB composite. The spherulite radial growth rate
of PP in spatial confinement was lower than that of neat
PP during isothermal crystallization processes, and the
results of the total crystallization activation energy (DE)
and the nucleation parameter (Kt) implied that in compari-
son to neat PP, the activation energy of PP chain segments
arranged into crystal was higher in composite with cocon-
tinuous structure. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 123: 3652–3661, 2012
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INTRODUCTION

To obtain better properties of polymer materials,
polymer blends or polymer/filler composites have
been widely applied as a versatile method in the
industry because of their ability to tailor materials
for specific applications, at a relatively low cost
when compared with the development of a new
polymer.1–6 However, it is well known that the prop-
erties of polymer composites greatly depend on
the micromorphology and crystallization behavior.
Therefore, the studies concerning the crystallization
behavior of polymer composites have attracted great
interest from researcher in recent years.7–9

The crystallization behavior of polymer can be
obviously influenced by the presence of another
polymer component or fillers. Recently, studies on
the crystalline/amorphous polymer blends have
been appearing. These systems include polypropyl-

ene (PP)/ethylene–propylene–diene rubber (EPDM)
blends,10,11 PP/MPP blends,12 PE/PC blends,13 etc.
On the other hand, the crystallization behaviors of
polymer/filler composites have been carried out
extensively too. Nowadays, various inorganic fillers
(especially in the nanoscale) are added into polymer
matrix for the purposes of enhancing the special per-
formances of polymer materials, such as increase of
modulus and strength, electrical conductivity,
improved barrier properties, increase in solvent and
heat resistance, and enhancement of good optical
transparency. Moreover, the fillers usually include
mica,14 montmorillonite,15 whiskers,16 fiber,17 carbon
fiber,18 carbon black,19 carbon nanotubes,20 calcium
carbonate (CaCO3),

6 etc. In general, the addition of
nanofillers can largely change the crystallization
behavior of crystalline polymer (increasing the crys-
tallization rate and the crystallization temperature,
etc). However, for polymer blends/inorganic filler
composites, the selective distribution of inorganic fil-
ler is a key factor which greatly influences the per-
formance of composites. Up to now, several theories
have been established to study the selective distribu-
tion of fillers in polymer blends. Theory of interfa-
cial tension proposed that the fillers prefer to
migrate to the phase whose interfacial tension with
the filler was lower than the other phase to reduce
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the whole free energy of composite.21 Most of the
studies have confirmed the accuracy of interfacial
tension model.22,23 Moreover, some other scholars24

also reported that when the viscosities of two poly-
mers are incomparable, fillers will come into the
phase with lower viscosity to minimize the dissipa-
tive energy of composite.

It is well known that morphology is a key deter-
minant of the final properties of polymer blends, so
it is interesting that how to change the crystallization
process and crystal morphology. Up to now, many
works have been done to control the crystallization
behavior of polymer by changing the crystallization
temperature, pressure, cooling rate, etc. However, to
our knowledge, the study of crystallization process
of polymer in the spatial confinement has received
very little attention. Thus, in this work, PP/PS/CB
composite with cocontinuous structure were pre-
pared by melt mixing. Then the crystallization
behavior of PP in the spatial confinement was stud-
ied. Moreover, the effect of selective distribution of
CB particles on the crystallization behavior of PP in
PP/PS/CB composite was also studied here. The
final purpose of the work is to understand the influ-
encing factors of polymer crystallization, so that the
properties of polymer blends/composites can be
improved by controlling the process of polymer
crystallization.

EXPERIMENTAL PART

Materials

Isotactic polypropylene (iPP, T30S) was purchased
from Lanzhou Petrochemical Company, China; it
has a melt flow rate (MFR) of 2.6 g/10 min (ASTM
D1238.79) and mass density of 0.91 g/cm3 (ASTM
D1505-68). Polystyrene (PS, 630A) was supplied by
(Dow Chemical Company, USA); it has a melt flow
rate (MFR) of 3 g/10 min (ASTM D1238.79) and
mass density of 1.04 g/cm3 (ASTM D1505-68). Car-
bon black CB (CB, BP2000) was purchased by Cabot
(American); it has an average diameter of 12 nm.

Sample preparation

Before blending, all materials were dried at 80�C for
about 8 h, to minimize the effects of moisture. All
blends/composites were prepared by melt mixing
on a CTE35 corotating twin screw extruder (KEYA
Company, Nanjing, China) at 200�C and the screw
speed maintained at 100 rpm. Then, the extrudate
strands were pelletized and dried at 80�C for 8 h
before characterizations. All blend ratios described
are related to weight ratios.

Scanning electron microscopy (SEM)

The samples were fractured in liquid nitrogen and
the fractured surfaces were observed with a FEI
INSPECT F scanning electron microscope (New
York). All samples were sputter coated with gold
and observed with an acceleration voltage of 20 kV.

Contact angle measurements

Contact angles were measured in a sessile drop
mold with KRÜSS DSA100 (German). PP and PS
samples were compression molded between clean
silicon wafers at 200�C for 3 min and then cooled to
25�C under pressure for 1 min. CB powders were
compression molded at room temperature under a
certain pressure. Contact angles were measured on
3 lL of wetting solvent (water and diiodomethane)
at 20�C.

Polarized light microscope (PLM)

A polarized light optical microscope equipped with
a hot plate was used to study the crystal morpho-
logy and the isothermal spherulite growth rate of
neat PP and PP/PS/CB composite. The samples
sandwiched between two microscope cover slips
were first pressed into thin film samples at 200�C,
and then maintained at 200�C for 5 min. The tem-
perature of the hot plate was then cooled to the crys-
tallization temperature (Tc) at a rate of 100�C/min.
The crystallization process was recorded by taking
photographs at constant time intervals. The radial
growth rate of spherulites was determined by
measuring the radii of the growing spherulites as a
function of time.

Differential scanning calorimetry (DSC)

The crystallization behavior of PP in the blends pre-
pared was analyzed using about 5 mg samples by a
TA Q-20 Differential Scanning Calorimeter (Boston)
under a nitrogen atmosphere. Nonisothermal crystal-
lization were studied through following sequences:
After eliminating the thermal history of the samples
by heating up to 200�C at a heating rate of 50�C/
min and maintaining for 5 min, the samples were
cooled down to 50�C at a cooling rate of 10�C/min,
and then heated to 200�C at a heating rate of 10�C/
min. Both cooling and heating curves were recorded
for analysis.
In isothermal crystallization studies, the removal

of the thermal history of the samples was accom-
plished through the exactly same procedures as in
nonisothermal crystallization studies. Sequentially,
the samples were rapidly (80�C/min) cooled to the
crystallization temperature (Tc) and maintained at
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that temperature for sufficiently long time to ensure
the complete crystallization of PP matrix. Four Tc

values of 122, 124, 126, and 128�C were chosen.
After the isothermal crystallization was finished, the
samples were heated to 200�C at a rate of 10�C/min.

Wide-angle X-ray diffraction (WAXD)

WAXD measurement was carried out with a DX-
1000 X-ray diffractometer at room temperature.
Before testing, the samples were heated up to 200�C
at a rate of 50�C/min under a nitrogen atmosphere
and held there at 50�C for 5 min to eliminate the
thermal history. Afterward, the samples were rap-
idly (80�C/min) cooled to the crystallization temper-
ature (Tc) and maintained at that temperature
for sufficiently long time to ensure the complete
crystallization of PP matrix. The Cu K-alpha (wave
length ¼ 0.154056 nm) irradiation source was oper-
ated at 50 kV and 30 mA. The patterns were
recorded by monitoring the diffractions from 5� to
50�, and the scanning speed was 3�C/min.

RESULTS AND DISCUSSIONS

SEM observation

It is well known that the dispersion of filler in poly-
mer matrix is critical to the properties of polymer
composites. The morphology of PP/CB (100/1) is
shown in Figure 1(a), the agglomerates of CB par-
ticles can be easily observed because of the thermo-
dynamics factors.25 While for the PP/PS blend, the
typical cocontinuous structure appeared in the PP/
PS (55/45) blend according to Figure 1(b). When CB
particles were added to PP/PS blend, the cocontinu-
ous structure still existed. Furthermore, it is interest-
ing to find the selective distribution of CB particles
in PP/PS matrix. CB particles were preferentially
distributed in the PS phase [seen in Fig. 1(c)]. Similar

phenomenon was reported by Uttandaraman Sun-
dararaj and coworkers.26

To understand the mechanism of selective distri-
bution of CB particles in the PP/PS matrix, some
thermodynamic and kinetic factors should be taken
into account. Interfacial tension is considered first.
Specifically, the contact angles of the raw materials
with water and diiodomethane are listed in Table I.
As a result, the surface tension, dispersion, and po-
lar components of materials are calculated by eqs.
(1) and (2),27,28 as listed in Table I.

1þ cos hH2Oð ÞcH2O ¼ 4
cdH2Oc

d

cdH2O þ cd
þ cpH2Oc

p

cpH2O þ cp

� �
(1)

1þ cos hCH2I2ð ÞcCH2I2 ¼ 4
cdCH2I2c

d

cdCH2I2 þ cd
þ cpCH2I2c

p

cpCH2I2 þ cp

� �

(2)

where c is the surface tension, cd is the dispersion
component, cp is the polar component, and y is the
contact angle with water or diiodomethane.
Furthermore, the interfacial tension was calculated

by Wu’s equation [Eq. (3)],27 where c12 is the interfa-
cial tension between materials 1 and 2, c1 and c2 are
the surface tensions of the two contacting compo-
nents in the composites.

Figure 1 SEM photos of fracture surface of different samples. (a) PP/CB 100/1; (b) PP/PS 55/45; and (c) PP/PS/CB 55/
45/1.

TABLE I
Summary of Contact Angle and Surface

Tension of Different Materials

Sample

Contact angle (�) Surface tension (mN/m)

Water Diiodomethane
Total
(c)

Dispersion
component

(cd)

Polar
component

(cp)

PP 103.2 51.1 38.5 38.4 0.1
PS 92.4 59.3 31.38 25 6.38
CB 46.2 13.8 61.6 35.6 26
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c12 ¼ c1 þ c2 � 4
cd1c

d
2

cd1 þ cd2
þ cp1c

p
2

cp1 þ cp2

� �
(3)

Usually, the most stable phase morphology of a
multicomponent polymer system must be corre-
sponding to the lowest free energy, and the free
energy of the system decreases as the lower interfa-
cial tension. Correspondingly, according to the

results in Table II, CB particles prefer to stay in PS
phase because of the lowest c12 (13.7 mN/m). This
can explain the phase morphology of PP/PS/CB in
Figure 1.

PLM observation

The crystal morphologies and the spherulite radial
growth rate of polymer materials can be observed
by PLM. Here, the addition of CB which was distrib-
uted in PS phase can increase the contrast between
PP phase and PS phase. Figure 2 presents the crystal
growth of neat PP and PP phase in PP/PS/CB com-
posite at the Tc of 122�C at the time of 80, 100, and
140 s in sequence. In PP/PS/CB composite, many
nucleation and crystallization processes began at the
interface between PP phase and PS/CB phase, which

TABLE II
The Values of the Interfacial Tension

of Different Materials

Possible pairs
Interfacial

tension (mN/m)

PP-CB 25.8
CB-PS 13.7

Figure 2 The crystal morphologies of neat PP (right) and PP/PS/CB (55/45/1) (left) crystallized at 122�C. Crystallization
time: (a) 80 s, (b) 100 s, and (c) 140 s. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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can be ascribed to the nucleation effect of PS/CB on
the crystallization of PP. At the same time, the
spherulite radius as a function of crystallization time
at 122�C is given in Figure 3. For both samples, a
linearly increasing of the spherulite size with time
exists before the impingement of the spherulites.
The spherulite radial growth rate (G) can be
obtained by calculating the slopes of regression lines
in Figure 3. The G value of neat PP is bigger than
that of PP/PS/CB composite, implying that move-
ment ability of PP chain segments were decreased
when they were arranged into crystal.

DSC results

Nonisothermal crystallization behavior of neat PP,
PP/CB, PP/PS, and PP/PS/CB

To further understand the difference of the spheru-
lite radial growth rate between neat PP and PP in
PP/PS/CB composite, DSC experiments including
nonisothermal crystallization and isothermal crystal-
lization were measured.

Figure 4 shows the DSC cooling and heating
curves of the PP, PP/CB, PP/PS, and PP/PS/CB.
The results of the nonisothermal crystallization
according to Figure 4 are summarized in Table III.
Here, the peak temperature and onset temperature
of crystallization and melting process are designated
as TC-Max, TC-onset, TH-Max, and TH-onset, respectively.
Obviously, when CB particles and PS resin were
added to PP matrix, the crystallization and melting
behavior of PP phase in the blend/composite
changes remarkably. Compared with neat PP, higher
TC-onset and TC-Max happened to the PP/CB, PP/PS,
and PP/PS/CB. Moreover, the highest TC-onset

(127.7�C) and TC-Max (124.3�C) value are correspond-
ing to the PP/CB. This result indicates that both CB
particles and PS resin can act as the nucleating agent
for PP crystallization with CB particles having better
nucleating efficiency. It is well known that more per-
fect crystal structure usually leads to higher melting
temperature.29 According to Table III, TH-onset and
TH-Max of PP phase in the PP/CB composites shift to
158.4 and 163.2�C, respectively, from 155.3 and 160.4
of neat PP. This can be attributed to better nucleat-
ing efficiency of CB particles which could perfect
crystal structures in PP. While it is found that almost
equal TC-onset, TH-onset, and TH-Max value can be seen
between PP/PS/CB and PP/PS composites. This
indicates the effect of the selective distribution of CB
particles on the crystallization behavior of PP in PP/
PS/CB composite. It seems that when CB particles
were preferentially distributed in the PS phase, the
crystallization behaviors of PP in PP/PS/CB com-
posite were not influenced by CB particles.

Isothermal crystallization of PP, PP/CB,
PP/PS, and PP/PS/CB

Based on the change of heat flow with time,
depicted in Figure 5, the development of the relative
crystallinity of pure PP with time at different Tc

Figure 3 Plots of the spherulite radius versus crystalliza-
tion time for neat PP and PP/PS/CB (55/45/1).

Figure 4 Nonisothermal crystallization and melting behaviors of neat PP, PP/CB (100/1), PP/PS (55/45), and PP/PS/CB
(55/45/1). (a) Crystallization exotherms (cooling rate: 10�C/min); (b) melting process (heating rate: 10�C/min).
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were recorded according to Eq. (4), as shown in Fig-
ure 6(a). Accordingly, the plots of relative crystallin-
ity versus time of the PP/PS (55/45), PP/CB (100/
1), and PP/PS/CB (55/45/1) composites with at dif-
ferent Tc are recorded and shown in Figure 6(b–d),
respectively.

XðtÞ ¼ Qt=Q1 ¼
Z t

0

ðdH=dtÞdt=
Z 1

0

ðdH=dtÞdt (4)

where Qt and Q1 are the heat generated at time t
and infinite time t1, respectively, and dH/dt is the
rate of heat evolution.

Figure 6 shows the development of the relative
crystallinity of neat PP and PP in PP/CB, PP/PS,
and PP/PS/CB with time at different crystallization
temperature (Tc). The half crystallization time (t1/2)
defined as the time required to 50% crystallinity is a
characteristic parameter describing the overall crys-
tallization rate, and it can be easily read from Figure
6 and was given as a function of Tc in Figure 7. It
can be seen that the overall crystallization rates of
all materials decrease as Tc increases from 395 to 401
K. The crystallization rates of all composite/blend
are higher than that of neat PP, whereas the highest
crystallization rate (lowest t1/2) occurs in PP/CB
composite at any Tc. The results further suggest the
role of CB particles and PS resin as nucleating
agents for PP crystallization and better nucleating ef-
ficiency of CB particles, in good agreement with the
nonisothermal crystallization results. However, it is
found that t1/2 of PP in PP/PS is higher than that of
PP in PP/PS/CB. This suggests that the nucleating
efficiency of PS/CB is higher than that of PS. It is
inferred that a small quantity of CB particles which
are distributed on the interface between PP and PS
can enhance the crystallization nucleation rate. The
CB distributed on the interface was effectless with
enhancing the crystallization temperature in the non-
isothermal crystallization process (seen in Table III),
which may be caused by limited quantity of CB par-
ticles and overquick cooling rate (10�C/min).

The Avrami equation30,31 is also applied to ana-
lyze the isothermal crystallization of PP and its com-
posites, as given in Eq. (5):

1� XðtÞ ¼ expð�ZtnÞ (5)

1g½� lnð1� XðtÞ� ¼ lg Zþ n lg t (6)

where Z is the Avrami rate constant containing the
nucleation and the growth parameters, n is the
Avarami exponent whose value depends on the
mechanism of nucleation and on the form of crystal
growth, t is the time of crystallization, X(t) is related
to the relative crystallinity at time t, which can be
obtained from the ratio of the area of the exotherm
up to time t divided by the total exotherm [given in
Eq. (4)]. From a graphic representation of log[�ln(1
� X(t))] versus log t, the Avrami exponent n (slope
of the straight line) and the crystallization kinetic
constant Z (intersection with the y-axis) can be
obtained. Plots of log[�ln(1 � X(t))] versus log t are
shown in Figure 8. Each curve shows the only linear
portion. The results from Figure 8 are listed in Table
IV. The Avrami exponent n depends on the nuclea-
tion process and the geometry of the growing crys-
tals.31 As shown in Table IV, the values of n of the
PP/CB composites are higher than that in pure PP.
The increase of n value is usually attributed to the
change from instantaneous to sporadic nucleation.32

Moreover, the crystallization rate parameter Z is
very dependent on the crystallization temperature
Tc. As Tc increased, the K value is significantly
decreased. At a given crystallization temperature,
the addition of CB particles or PS phase can increase
K value obviously, which also verifies the nucleating
effect of CB particles and PS phase.
The crystallization thermodynamics and kinetics

of polymer materials have been described by the
crystallization nucleation theory of Hoffman and
Lauritzen.33 The L-H model can be written as
follows:

TABLE III
Various Parameters of Neat PP, PP/CB (100/1), PP/PS (55/

45), and PP/PS/CB (55/45/1) Determined from the
Nonisothermal Crystallization and Melting Processes

Samples

Cooling scan Heating scan

TC-onset

(�C)
TC-Max

(�C)
TH-onset

(�C)
TH-Max

(�C)

PP 115.7 112.8 155.3 160.4
PP/CB 127.7 124.3 158.4 163.2
PP/PS 123.0 114.6 155.6 161.4
PP/PS/CB 122.1 118 155.9 160.5

Figure 5 Heat flow as a function of time during isother-
mal crystallization at the different crystallization tempera-
tures for neat PP.
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G ¼ G0 exp � U�

RðTC � T1Þ
� �

exp � Kg

TCDT

� �
(7)

lnGþ U�

RðTC � T1Þ ¼ lnðG0Þ �
Kg

TCDT
(8)

where, G is growth rate; G0 is a preexponential fac-
tor; h-Planck constant; U*—activation energy for the
transport process at the liquid–solid interface; Kg—
nucleation parameter; T1¼Tg � C (C � 30K); Tc—
crystallization temperature; DT ¼ T0

m � Tc; T
0
m—equi-

librium melting temperature. Moreover, U* is usu-
ally given by a universal value of 1500 cal/mol,
and the typical values of the glass transition temper-
ature (Tg) 261.2 K and the equilibrium melting tem-
perature (T0

m) 458.2 K for isotactic PP were used in
this work.34 The extended Lauritzen–Hoffmann
equation35 can be written also for the half time of
crystallization.

1

t1=2
¼ 1

t1=2

� �
0

exp � U�

RðTC � T1Þ
� �

exp � Kt

TCDT

� �
(9)

� ln t1=2 þ U�

RðTC � T1Þ ¼ ln
1

t1=2

� �
0

� Kt

TCDT
(10)

where (1/t1/2)0 a preexponential factor and Kt is
nucleation parameter which can be determined by
the fitting of Eq. (10) to experimental points.
Based on the theory of extended L-H model, the

nucleation parameter (Kt) can be obtained by simu-
lating the slope of the plots of (lnt1/2 þ U*/R (Tc �
T)) verse 1/(TCDT) [according to Eq. (10)]. The

Figure 6 Development of the relative crystallinity with time during isothermal crystallization at different Tc for (a) PP,
(b) PP/PS (55/45), (c) PP/CB (100/1), and (d) PP/PS/CB (55/45/1).

Figure 7 Plots of t1/2 versus Tc for the isothermal crystal-
lization of neat PP, PP/CB (100/1), PP/PS (55/45), and
PP/PS/CB (55/45/1).
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higher Kt associates with higher nucleation activa-
tion energy. Figure 9 shows the plots of Eq. (10) for
PP, PP/CB, PP/CB, and PP/PS/CB. The relationship
of Kt (neat PP)>Kt (PP/PS)>Kt (PP/PS/CB)>Kt (PP/
CB) is clearly presented. Because of the relation
between Kt and nucleation activation energy, it is

more difficult to nucleate for neat PP compared with
PP in PP/CB, PP/PS, and PP/PS/CB.
To understand the crystallization process of neat

PP, PP/CB, PP/PS, and PP/PS/CB well, not only
nucleation stage but also crystal growth process
should be investigate. The total crystallization activa-
tion energy (DE) which includes nucleation and

Figure 8 Avrami plots for isothermal crystallization of different samples. (a) neat PP, (b) PP/PS 55/45, (c) PP/CB 100/1,
and (d) PP/PS/CB 55/45/1.

TABLE IV
Results of the Avrami Analysis for Isothermal

Crystallization of iPP, PP/PS, PP/CB, and PP/PS/CB
[Determined from Eq. (6)]

Samples Tc (K) n lnZ

iPP 395 2.55 �2.37
397 2.57 �3.57
399 2.62 �4.86
401 2.72 �6.36

PP/PS (55/45) 395 2.656 �0.76
397 2.628 �2.02
399 2.248 �2.62
401 2.321 �3.76

PP/CB (100/1) 395 2.86 3.64
397 2.70 2.76
399 2.72 1.89
401 2.73 0.87

PP/PS/CB (55/45/1) 395 2.61 1.40
397 2.64 0.35
399 2.33 �0.55
401 2.38 �1.50 Figure 9 Plots of Eq. (10) for neat PP, PP/CB (100/1),

PP/PS (55/45), and PP/PS/CB (55/45/1).
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crystal growth process can be approximately de-
scribed by the following Arrhenius equation36:

Z1=n ¼ Z0 exp
�DE
RTC

� �
(11)

1

n

� �
ln Z ¼ ln Z0 � DE

RTC
(12)

where, Z—the crystallization rate parameter; Z0—the
temperature-independent preexponential factor; R—
the gas constant; DE—the total crystallization activa-
tion energy (the slope coefficient of plots of (1/n)lnZ
versus (1/Tc), which is shown in Figure 10.

Because of the nucleating efficiency of PS phase,
the Kt value of PP in PP/PS is less than neat PP
(seen in Fig. 9). However, it is found that the total
crystallization activation energy (DE) of PP in PP/PS
blend is greater than that of neat PP (seen in Fig.
10). This implies that compared with neat PP, higher
activation energy was needed in crystal growth pro-
cess of PP in PP/PS blend, which means higher the
activation energy of PP chain segments arranged
into crystal appears in PP/PS blend. Moreover,
because CB particles were distributed in PS phase,
the crystal growth of PP in PP/PS/CB was not influ-
enced by CB particles. It can be inferred that the
crystal growth activation energy of PP in PP/PS/CB
is equal to that of PP in PP/PS which is higher than
the crystal growth activation energy of neat PP. This
result provides a good explanation for lower spheru-
lite radial growth rate of PP phase in PP/PS/CB
than that of neat PP (seen in Fig. 3).

WAXD results

Figure 11 shows the WAXD profiles of the compos-
ite samples isothermally crystallized at 122�C. It is
observed that the peaks at diffraction angles 2y of

14�, 16.8�, and 18.5� are attributed to a (110), a (040),
and a (130) planes in Figure 11, respectively. How-
ever, the peak at diffraction angle 2y of 16� attrib-
uted to b (300) is absent for the WAXD profiles of
all samples. This indicates that only a-crystal formed
in all samples, and the crystal structure of iPP is not
influenced by CB particles and PS phase.

Effect of spatial confinement on the
crystallization of PP

Figure 1 shows the SEM photos of the morphology
of PP/PS and PP/PS/CB. As seen in Figure1(b,c),
the addition of CB did not change the morphology
of PP/PS blend. So, the typical cocontinuous struc-
ture was observed in the PP/PS and PP/PS/CB. The
cocontinuous morphology, in other words, is the
structure of confining morphologies each other in
the microscale. Here, in the PP/PS and PP/PS/CB,
PP phase became continuous fiber-like structures
[see Fig. 1(c)] because of the confinement effect of PS
phase. Moreover, it can be seen in Figure 2 that the
crystallization of PP took place on the interface
between PP and PS because of the heterogeneous
nucleation effect of PS resin or CB distributed on the
interface. It is well known that the shrinkage behav-
ior can be caused by crystallization process of poly-
mer, so a drawing force would be caused by the
shrinkage behavior. Because in the confined space of
microscale, the drawing force caused by crystalliza-
tion shrinkage will have more greatly effect on the
PP melt. Thus, it can be deduced that in comparison
to neat PP melt, the drawing force generated in the
spatial confinement will make the movement of PP
chains more difficult. Then this effect must lead to
the increasing of the activation energy of PP chain
segments arranged into crystal naturally. As a result,

Figure 10 Plots of (1/n)(ln Zt) versus 1/Tc for neat PP,
PP/CB (100/1), PP/PS (55/45), and PP/PS/CB (55/45/1).

Figure 11 WAXD profiles of neat PP, PP/CB (100/1),
PP/PS (55/45), and PP/PS/CB (55/45/1) isothermally
crystallized at 122�C.
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the crystal growth rate of PP in spatial confinement
will be reduced obviously. These inferences are in
good agreement with the results from Figure 3.

CONCLUSIONS

In this work, the effects of spatial confinement and
selective distribution of CB Particles on the crystalli-
zation behavior of polypropylene were studied. The
nonisothermal crystallization parameters analysis
showed CB particles in the PP/CB composite and
the continuous PS phase in the PP/PS blend could
act as nucleating agents which obviously increased
the crystallization temperature. For PP/PS/CB com-
posite, the effect of heterogeneous nucleation of CB
particles was weakened greatly because CB particles
were distributed in PS phase. The results of the total
crystallization activation energy (DE) and the nuclea-
tion parameter (Kg) implied that in comparison to
neat PP, the diffusion activation energy of PP chain
segments arranged into crystal was increased in PP/
PS/CB with cocontinuous structure. It is believed
that the crystallization occurred in the spatial con-
finement provides a good explanation for higher dif-
fusion activation energy and lower spherulite radial
growth rate for PP in composite.
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