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ABSTRACT: The morphology and nonisothermal crystal-
lization behavior of PP/Novolac blends were studied with
scanning electron microscopy, differential scanning calorim-
eter, polarized optical microscopy (POM), and wide-angle
X-ray diffraction (WAXD). The results showed that the crys-
tallization of PP in PP/Novolac blends was strongly influ-
enced by cooling rate, size of Novolac particles, crosslink-
ing, and compatibilizer maleic anhydride-grafted PP (MPP).
In dynamically cured PP/MPP/Novolac blends, the MPP
grafted on the surface of cured Novolac particles and
formed a chemical linkage through the reaction of anhy-
dride groups with the hexamethylenetetramine. The graft
copolymer not only improved interfacial compatibility but
also acted as an effective heterogeneous nucleating agent,

which accelerates the crystallization of PP. The combination
of Avrami and Ozawa equations exhibited great advantages
in treating the nonisothermal crystallization kinetics in
dynamically cured PP/MPP/Novolac blends. The POM
results showed that the spherulite morphology and the size
of PP in PP/MPP/Novolac blends were greatly affected by
Novolac. WAXD experiment demonstrates that the PP and
dynamically cured PP/MPP/Novolac blends showed only
the a crystal form. At the same time, the addition of
Novolac resin also affects the crystal size of PP. � 2007
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INTRODUCTION

Polypropylene (PP) is a commodity polymer used in
large quantities in all fields of application. However,
it exhibits a relatively low modulus and stiffness
compared with the engineering plastics. Glass fiber
and inorganic fillers are frequently used to enhance
the stiffness, modulus, and dimensional stability of
PP.1,2 Besides using traditional techniques, various
additional attempts are used to improve the proper-
ties and widen the application field. Dynamic vul-
canization is an effective way to prepare thermoplas-
tic vulcanizates.3–5 Previously, Jiang et al.6 applied
dynamic vulcanization to thermoplastic resin/ther-
mosetting resin (PP/epoxy) blends, which increased
the modulus and stiffness of PP. Therefore, PP/
Novolac system was further studied. As the Novolac
resin and PP are immiscible, maleic anhydride-
grafted PP (MPP) was used as a compatibilizer. Ex-
perimental results showed that the dynamically
cured PP/MPP/Novolac blend had better mechani-
cal properties than that of uncured PP/Novolac
blend, uncured PP/MPP/Novolac, and dynamically
cured PP/Novolac blends. The dynamic cure of
Novolac led to an improvement in the modulus and

stiffness of the PP/Novolac blends. The addition of
MPP into dynamically cured PP/Novolac blend fur-
ther led to an obvious improvement in the mechani-
cal properties. With increasing Novolac content, the
tensile strength, flexural modulus, and flexural
strength increased significantly, whereas the elonga-
tion at break dramatically decreased.

PP is a semicrystalline polymer. The final mechani-
cal properties of composites based on PP depend
strongly on the microstructure and crystal structure,
which in turn depend on the processing condition.
Therefore, it is necessary to understand the relation-
ship between processing condition and the develop-
ment, nature, and degree of crystallinity of PP com-
posites.7 To control the rate of crystallization and the
degree of crystallinity, a great deal of efforts has been
devoted to studying the crystallization kinetics and
determining the change in material properties.8 Xu
et al.9 studied the crystallization kinetics of PP with
hyperbranched polyurethane acrylate (HUA), which
acted as a toughening agent. The addition of HUA
increased the number of effective nuclei and the crys-
tallization rate. Seo et al.10 found that the presence of
MPP in isotactic PP affects the crystallization of PP by
acting as a nucleating agent. Nano-fillers were also
used as more effective nucleating agents for PP crys-
tallization.11,12 Generally, the smaller the dispersed
particles are, the more effective the nucleating agents
for PP crystallization. Papageorgiou et al.13 studied
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the isothermal and nonisothermal crystallization
kinetics of PP/surface-treated SiO2 nanocomposites. It
was found that Ozawa analysis was rather inapplica-
ble for the nanocomposites. However, the modified
Avrami method as well as the method proposed by
Mo gave satisfactory results.

However, to our knowledge, the crystallization
kinetics for crystalline polymers and crosslinked
thermosetting blends has drawn relatively little
attention. In such a system, crystallization becomes
very complicated. Zhong and Guo14 have studied
crystallization kinetics of miscible thermosetting
polymer blends of Novolac resin and poly(ethylene
oxide) (PEO). The addition of noncrystlline compo-
nent into PEO caused a depression in both the over-
all crystallization rate and the melting temperature.
Curing led to the increase of the overall crystalliza-
tion rate of the blends, and enhanced the nucleating
rate of PEO. Guo and Groeninckx15 have studied iso-
thermal crystallization kinetics of poly(e-caprolac-
tone) (PCL) in miscible thermosetting polymer
blends of epoxy resin and PCL. The influence of cur-
ing on the crystallization and melting behavior of
PCL is rather complicated. And curing led to the
increase of the overall crystallization rate of the
blends, and enhanced the nucleation rate of PCL.
Jiang et al.16 have investigated the crystallization
behavior of PP in dynamically cured PP/epoxy
blends. The nonisothermal crystallization parameters
showed that epoxy particles in the PP/epoxy blends
can act as effective nucleating agents, accelerating
the crystallization of PP component in the PP/epoxy
blends. The smaller the epoxy particles in dynami-
cally cured PP/epoxy blends, the more effective for
the nucleating. The kinetics of the isothermal crystal-
lization of dynamically cured PP/epoxy blends can
be described by the Avrami equation.

In this article, the nonisothermal crystallization
and morphology of PP in dynamically cured PP/
MPP/Novolac blends was further studied. The size
of PP spherulites in the blends was also studied.
Crystallization kinetic parameters based on the noni-
sothermal crystallization of the PP and blends were
calculated according to the Ozawa and Combined
Avrami equation and Ozawa method. The effect of
MPP and Novolac on the crystallization behavior of
PP in blends was analyzed.

EXPERIMENTAL

Materials

PP (F401) was produced by Liaoning Panjin Petro-
chemical (China), with a melt flow index (MFI) of
2.3 g/10 min (2308C, 2.16 kg). The Novolac resin
was purchased from Qinan Adhesive Materials Fac-
tory (China). MPP with a MAH content of 1% (w/w)

was prepared by Shanghai Sunny New Technology
Development (China). The curing agent, hexamethyle-
netetramine (HMTA), was produced by Shanghai
Chemical Agent Company (China).

Sample preparation

Before blending, MPP and the Novolac resin were
dried at 708C under vacuum for about 12 h. Dynami-
cally cured PP/Novolac blends were prepared in the
mixing chamber of a Haake Rheometer RC90 at
1908C and 50 rpm. MPP and PP were first mixed for
2 min, then the Novolac resin was added. After
2 min, the curing agent (HMTA) was added under
continuous mixing. The total mixing process lasted
10 min. The composition was moved out and com-
pression-molded in a press at 1908C for 20 min, then
cold pressed to get samples for testing.

Scanning electron microscopy

Morphologies of the blends were studied using scan-
ning electron microscopy (SEM) (HITACHI-S-2150).
SEM micrographs were taken from cryogenically
fractured surfaces of blend specimens. The fractured
surfaces of PP/Novolac blends were etched by ace-
tone for 10 h at room temperature, to remove the
Novolac resin phase of uncured PP/Novolac blends
and to dissolve the soluble part of the Novolac resin
of cured PP/Novolac blends, and then coated with
gold for further observation. The number-average
particle diameter (dn) was calculated from a mini-
mum of 200 particles as dn ¼

P
nidi=

P
ni, where ni

is the number of particles with a diameter di.

Differential scanning calorimetry analysis

Thermal analysis of the PP/Novolac blends was per-
formed using a Perkin–Elmer differential scanning
calorimeter (DSC). All tests were performed in a
nitrogen atmosphere with a sample weight of about
4 mg. All samples were first heated to 2008C at
208C/min and kept for 5 min to eliminate prior ther-
mal history. The specimen was subsequently cooled
down to 308C at a cooling rate of 2.5, 5, 10, or 208C/
min and then heated to 2008C at 108C/min for data
collection.

Polarized optical microscope analysis

The size of PP spherulites was studied on thin films
by using a polarized optical microscope (POM)
LEICA-DMLPl, with an automatic hot-stage thermal
control. A sample was sandwiched between microscope
cover glasses, melted at 2008C for 5 min, and then
rapidly cooled to 1508C for isothermal crystallization
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for 1 h. The PP spherulites were observed in micro-
graphs taken at appropriate intervals.

Wide-angle X-ray diffraction

A sample with the thickness of 1 mm was scanned
by a speed of 48/min at ambient temperature using
an X-ray diffractometer (SA-HF3; Rigaku, Japan)

with Cu Ka radiation (l ¼ 0.154 nm) at a generator
voltage of 40 kV and a current of 40 mA.

RESULTS AND DISCUSSION

Morphology of PP/Novolac blends

Figure 1 shows the SEM micrographs of the fracture
surfaces of PP/Novolac blends. For the PP/Novolac

Figure 1 SEM micrographs of PP/Novolac blends: (a) PP/Novolac (90/10); (b) PP/MPP/Novolac (80/10/10); (c) PP/
Novolac/HMTA (90/10/1); (d) PP/MPP/Novolac/HMTA (80/10/10/1); (e) PP/MPP/Novolac/HMTA (60/10/30/3);
(f) PP/MPP/Novolac/HMTA (40/10/50/5).
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(90/10) blend [Fig. 1(a)], the Novolac resin is dis-
persed as spherical particles with an average diame-
ter of about 3.7 mm in the PP matrix, and the boun-
daries between the dispersed phase and the PP ma-
trix are distinct. For the PP/MPP/Novolac (80/10/
10) blend [Fig. 1(b)], Novolac particles with an aver-
age diameter of about 3.3 mm are distributed in the
PP matrix, and the size of particles is similar to that
of PP/Novolac blend. This suggests that MPP cannot
evidently improve the compatibility between PP and
the Novolac resin and promote a more fine disper-
sion of the Novolac phase, although there is the
action of hydrogen bonding between the hydroxyl
groups of Novolac and the carbonyl groups
of MAH.

Figure 1(c) shows the fracture surfaces of dynami-
cally cured PP/Novolac blend. The cured Novolac
resin is dispersed as particles in the PP matrix and the
average diameter of the particles is about 3.0 mm. As
shown in Figure 1(d–f), the addition of MPP into
dynamically cured PP/Novolac blends decreases evi-
dently the average diameter of the Novolac particles.
The average diameter of the particles slightly increases
with increasing Novolac resin content. The average di-
ameter of the Novolac particles is about 0.7, 0.9, and 1.5
mm, respectively, for the PP/MPP/Novolac/HMTA
blends with increasing Novolac resin content. It indi-
cates that the dynamic cure of the Novolac resin can
prevent the Novolac particles from aggregation in the
PP matrix and result in finer domains in dynamically
cured PP/MPP/Novolac blends. Furthermore, it sug-
gests that the addition of MPP improve the dispersion
and interfacial adhesion. For the cured PP/MPP/
Novolac blends, the compatibilizer MPP grafted on the
surface of Novolac particles and formed a chemical
linkage through the reaction of anhydride groups with
the HMTA. The formation of the graft copolymer has
been confirmed though solvent extraction. Conse-
quently, the compatibilizer molecules chemically graft
to the Novolac phase during curing process. The graft
copolymers preferentially reside at the interface, reduce
interfacial tension, and improve interfacial adhesion.

Nonisothermal crystallization
of the PP/Novolac blends

Figure 2 shows the DSC thermograms of the PP and
PP/Novolac blends at a cooling rate of 108C/min.
For PP, PP/MPP, and all PP/Novolac blends, only a
single crystallization peak can be seen. In all cases,
the peak temperature, Tp, which corresponds to the
maximum crystallization rate, shifts to higher tem-
perature compared with that of PP (111.68C).

As shown in Figure 2(a), Tp of the PP in PP/MPP
(90/10) is increased by about 78C compared with PP,
which is similar to that of PP/Novolac (90/10)
blend. Thus, the MPP and Novolac resin are effec-

tive nucleating agents for PP crystallization. More-
over, the addition of compatibilizer MPP into PP/
Novolac blend cannot further enhance Tp of PP com-
pared with that of PP/Novolac blend. However,
cured Novolac resin can evidently increase the Tp of
PP compared with that of uncured Novolac and
MPP. And dynamically cured PP/MPP/Novolac/
HMTA (80/10/10) blend has the highest Tp

(128.98C). At the same time, it can be seen that the
Tp of the PP in dynamically cured PP/MPP/Novolac
decreases with increasing Novolac resin content.

The results show that all uncured and cured
Novolac particles in the PP/Novolac blends can act
as effective nucleating agents, accelerating the crys-
tallization of PP component in the blends. Both the
curing process and compatibilizer remarkably
enhance the overall crystallization rate of the blend.
The results can be interpreted by the size of Novolac
particles. Generally, the smaller the dispersed particles

Figure 2 Normal DSC thermograms for (a) PP, PP/MPP,
and PP/Novolac blends and (b) dynamically cured PP/
MPP/Novolac blends prepared by nonisothermal crystalli-
zation at a cooling rate of 108C/min.
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are, the more effective the nucleating agents for PP
crystallization. In addition, the graft copolymer with
segments of MPP and Novolac can be regarded as
the most effective heterogeneous nucleation agent of
PP crystallization compared with MPP, Novolac, and
cured Novolac resin.

The influence of MPP content on dynamically
cured PP/MPP/Novolac blends has been investi-
gated, maintaining the content of cured Novolac
constant. As shown in Figure 2(b), the Tp of the PP
in dynamically cured PP/MPP/Novolac blends
increased slightly with increasing MPP content. It
suggests that the MPP can affect PP crystallization,
but the influence of MPP content on the PP crystalli-
zation in blends is not evident. In this case, the
results can be explained that with increasing MPP
content, more MPP grafted to the surface of cured
Novolac particles, which enhances the PP crystalliza-
tion. It shows that the more the relative amount of
MPP grafted on the surface of cured Novolac parti-
cle, the more effective the nucleating ability for PP
crystallization.

Because the crystallization behavior is strongly de-
pendent on the crystallization speed, the effect of
cooling rate on the crystallization behavior of the PP
and PP/Novolac blends is investigated. The crystalli-
zation data of PP and dynamically cured PP/MPP/
Novolac blends are listed in Table I.

For PP and dynamically cured PP/MPP/Novolac
blends, the Tp and the onset temperature (Tonset,
which is the temperature at the intercept of the tan-
gents at the baseline and the high-temperature side
of the exotherm) shift to lower temperature with
increasing cooling rate. It also shows that the lower
cooling rate has the earlier crystallization starts. The
decrease in Tp, with a faster cooling rate, was a result
of the crystallization rate being slower than the exper-
imental cooling rate.17 Besides, as the cooling rate
increases, the crystallized fraction may consist of de-
fective crystals as a result of higher supercooling.18

As seen in Table I, all Tps of PP in the dynamically
cured PP/MPP/Novolac blends are higher than that
of PP at the same cooling rate. It is because that the
MPP grafting copolymer can easily absorb the PP
chain segments, and therefore, the crystallization of
PP molecules can occur at a higher crystallization
temperature. Moreover, the Tp of PP in dynamically
cured PP/MPP/Novolac blends shifts to lower
temperature with increasing Novolac content. As
MPP content in blends is constant, the results can be
interpreted that the relative amount of grafted MPP
on the surface Novolac particles decrease with
increasing the Novolac content, which leads to the
nucleating activity of graft copolymer decreases. It is
demonstrated further by activation energy of crystal-
lization for dynamically cured PP/MPP/Novolac
blends.

Nonisothermal crystallization kinetics analysis

For nonisothermal crystallization, the relative degree
of crystallinity, X(T), which is a function of crystalli-
zation temperature, can be defined as

XðTÞ ¼
Z T

T0

ðdH=dTÞ dT=
Z T1

T0

ðdH=dTÞ dT (1)

where T denotes the crystallization temperature at
time t, To and T1 are the initial and end of crystalli-
zation temperature, respectively. Figure 3 shows the
relative crystallinity of PP and dynamically cured
PP/MPP/Novolac blend (80/10/10) at various cool-
ing rates. All curves in Figure 3 shows the same sig-
moidal shape, implying the lag effect of the cooling
rate on crystallization. The plot of X(T) versus T
shifts to the low-temperature region as the cooling
rate increases. The slower cooling rate provided
more fluidity and diffusivity for the molecules
because of the relativity lower viscosity and more
time for perfection crystallization, thus inducing
much higher crystallinity at higher temperature than
for the samples cooled with fast cooling rates.19 The
relation between the crystallization time t and the
sample temperature T can be formulated as

t ¼ ðT0 � TÞ=F (2)

where F is the cooling rate. According to eq. (2) the
abscissa of temperature in Figure 3 could be trans-
formed into a timescale. It is clear that the higher the
cooling rate is, the shorter the time needed for the
completion of the crystallization process. For PP and
dynamically cured PP/MPP/Novolac/HMTA blends,
the half-times of nonisothermal crystallization, t1/2,
are listed in Table I. As expected, the value of t1/2

TABLE I
Nonisothermal Crystallization Parameters of PP and

Dynamically Cured PP/MPP/Novolac Blends at Different
Cooling Rates

Composition
f

(8C/min)
Tonset

(8C)
Tp

(8C)
T1/2

(min)

PP 2.5 123.0 116.8 33.1
5 117.5 114.3 17.3

10 115.6 111.6 9.01
20 113.3 108.2 4.70

PP/MPP/Novolac/
HMTA (80/10/10/1)

2.5 139.7 136.2 25.9
5 136.2 132.7 13.7

10 132.8 128.9 7.31
20 129.8 124.9 3.89

PP/MPP/Novolac/
HMTA(60/10/30/3)

2.5 137.6 134.3 26.6
5 134.7 131.0 14.0

10 131.6 127.5 7.47
20 128.1 123.6 3.96

PP/MPP/Novolac/
HMTA(40/10/50/5)

2.5 137.0 133.0 27.1
5 134.2 129.5 14.3

10 130.6 126.2 7.54
20 127.8 122.3 4.01
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decreased with increasing cooling rate for PP and
PP/MPP/Novolac/HMTA blends. Moreover, the
value of t1/2 for dynamically cured PP/MPP/Novolac
blends was evidently lower than that of PP at a given
cooling rate, indicating that the MPP grafting Novolac
copolymer could accelerate the overall crystallization
process. And it is also seen that the value of t1/2 for
dynamically cured PP/MPP/Novolac blends increa-
sed slightly with increasing Novolac content at the
same cooling rate. The results show that the more
the dynamically cured Novolac content, the slower
the crystallization rate. It can be interpreted that the
relative amount of MPP grafting on the surface of
Novolac phase decreases with increasing Novolac
content, which is further interpreted by activation
energy of crystallization for PP/Novolac blends.

Ozawa model

Considering the effect of cooling rate on the noniso-
thermal crystallization, Ozawa20,21 extended the
Avrami theory from isothermal crystallization to

nonisothermal crystallization by assuming that the
nonisothermal crystallization process was composed
of infinitesimally small isothermal crystallization
steps. According to Ozawa theory, the relative crys-
tallinity X(T), at temperature T, can be calculated as:

XðTÞ ¼ 1� exp �K�ðTÞ
Fm

� �
(3)

where K�(T) is the function of cooling rate related
to the all over crystallization rate, F is the cooling
rate, and m is the Ozawa exponent that depends on
the dimension of crystal growth. Similarly, the
eq. (3) can be changed to its linear form:

log½�lnð1� XðTÞÞ� ¼ log K�ðTÞ �m logF (4)

If the Ozawa method is valid, by plotting
log[�ln(1�X(T))] against log F at a given tempera-
ture, a straight line should be obtained. Thus, K*(T)
and m could be estimated from the intercept and
slope, respectively. The results based on the Ozawa
method are illustrated in Figure 4.

Figure 4 Ozawa plots of log½�lnð1� XðTÞÞ� versus log F
at indicated temperature for PP and dynamically cured
PP/MPP/Novolac blends; (a) PP; (b) PP/MPP/Novolac/
HMTA (80/10/10/1).

Figure 3 Development of relative crystallinity with tem-
perature for nonisothermal crystallization: (a) PP; (b) PP/
MPP/Novolac/HMTA (80/10/10/1).
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Figure 4 illustrates the plots of log[�ln(1�X(T))] as
a function of log F. In the case of PP, the curves ex-
hibit a better linear relationship, but clearly no
straight lines for dynamically cured PP/MPP/Novo-
lac blends are observed. The results show that PP can
be analyzed by the Ozawa method but that dynami-
cally cured PP/MPP/Novolac blends cannot. The rea-
son for the difference is that the crystallization proc-
esses for dynamically cured PP/MPP/Novolac are at
different stages at different cooling rates at a given
temperature; that is, the lower cooling rate process is
toward the end of the crystallization process, whereas
the higher cooling rate process is at an early stage
of the crystallization process. The addition of cured
Novolac magnifies the influence of cooling rate on the
crystallization process.7 In addition, large amount of
crystallization occurs as a result of secondary pro-
cesses, leading to the deviation from the straight lines.

The nonisothermal crystallization kinetic parameters
for PP at different temperature are listed in Table II.
As shown in Table II, the values of the Ozawa expo-
nent are not integers and are between 0.8 and 1.4 for
pure PP, which is comparable with that obtained by Li
et al.22 (1.4–2.4) and obtained by Xu et al.9 (1.0–1.2).

Combined Avrami equation and Ozawa equation

It is evident that in several cases both the Avrami equa-
tion and the Ozawa equation are inadequate in analysis
of nonisothermal crystallization of the polymers. Sev-
eral semitheoretical mathematical models based on the
Avrami equation have been proposed in the litera-
ture.23–25 Lou and Mo26 proposed a novel kinetics equa-
tion by combining Avrami and Ozawa equations to
exactly describe the nonisothermal crystallization pro-
cess. On the basis of the following assumption: the
crystallinity is correlated to both the cooling rate and
the crystallization time and consequently for particular
crystallinity these two parameters can be derived by
combining the Avrami and Ozawa equations.

The Avrami equation in double logarithmic form
is expressed as

log½�lnð1� XðtÞÞ� ¼ log K þ n log t (5)

where n is the Avrami exponent whose value
depends on the mechanism of nucleation and on the

form of crystal growth, and K is constant containing
the nucleation and growth parameters. Based on
eqs. (1) and (2), Avrami equation can be used for
nonisothermal crystallization analysis as follows:

log½�lnð1� XðtÞÞ� ¼ log Zt þ n log t (6)

where the exponent n is a mechanism constant
that depends on the type of nucleating and growth
process parameters, and Zt is a composite rate
constant involving both nucleating and growth rate
parameters. Thus, connecting eqs. (4) and (6), the fol-
lowing equation can be obtained at a given crystal-
linity degree:

log F ¼ log FðTÞ � a log t (7)

where a ¼ n
m (ratio of Avrami exponent and the

Ozawa exponent), and F(T) ¼ ½K�ðTÞ=Zt�
1
m means the

necessary values of cooling rate to reach a defined
degree of crystallinity at unit crystallization time.
According to eq. (7), at a given degree of crystal-
linity, the plot of log F as a function of log t gives a
straight line, and log F(T) and a are determined from
the intercept and slope.

Figure 5 presents plots of log F versus log t at var-
ious degree of crystallinity for PP and dynamically
cured PP/MPP/Novolac blends. log F(T) and a
derived from the intercept and slope of the plots are
listed in Table III. The deviation of the values of a
for PP and dynamically cured PP/MPP/Novolac
blends is very small, indicating that eq. (7) can be
successfully used to describe the nonisothermal crys-
tallization of PP in dynamically cured PP/MPP/
Novolac blends. As can be seen in Table III, the val-
ues of log F(T) increase with increasing relative crys-
tallinity, indicating that at an unit crystallization
time, a higher cooling rate should be required to
obtain a higher degree of crystallinity. Nevertheless,
the values of the parameter a are almost constant.

Crystallization activation energy

In the case of a nonisothermal crystallization experi-
ment using DSC, the effective activation energy DE
can be evaluated from Kissinger method.27 Taking
into account the variation of the peak temperature
Tp with the cooling rate F0 the effective activation
energy DE can be evaluated based on plots of the
following form:

d
�
ln F=T2

p

�
dð1=TpÞ

¼ �DE
R

(8)

where R is the gas constant. Figure 6 illustrates plots
based on the Kissinger method. And it can be seen
that good linear relations are obtained. From the

TABLE II
Nonisothermal Crystallization Kinetic Parameters for PP

at Different Temperature

Temperature (8C) m K(T)

122 1.41 2.34
124 1.29 1.21
126 1.15 0.63
128 0.97 0.33
130 0.83 0.20
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slopes of the curves, the effective activation energy
DE can be calculated accordingly. The calculated val-
ues of the activation energy obtained are listed in
Table III. As can be seen, the DE of neat PP is greater

than that of dynamically cured PP/MPP/Novolac
blends, suggesting the crystal growth of dynamically
cured PP/MPP/Novolac blends is easier than that
of pure PP. And it also be seen that the value of

Figure 5 Plots of log F versus log t for PP and dynamically cured PP/MPP/Novolac blends. (a) PP; (b) PP/MPP/Novo-
lac/HMTA (80/10/10/1); (c) PP/MPP/Novolac/HMTA (60/10/30/3); (d) PP/MPP/Novolac/HMTA (40/10/50/5).

TABLE III
Nonisothermal Crystallization Kinetics Parameters from Combination of Avrami-

Ozawa Equation for PP and Dynamically Cured PP/MPP/Novolac Blends

Samples Parameters

Xt (%)

10 30 50 70 90

PP a 1.18 1.13 1.11 1.10 1.10
log F(t) 1.68 1.71 1.72 1.72 1.74

DE (kJ/m2) 329.7
PP/MPP/Novolac/HMTA

(80/10/10/1)
a 1.17 1.13 1.13 1.13 1.14

log F(t) 1.79 1.79 1.79 1.81 1.83
DE (kJ/m2) 244.0

PP/MPP/Novolac/HMTAl
(60/10/30/3)

a 1.14 1.12 1.11 1.11 1.11
log F(t) 1.79 1.79 1.80 1.81 1.83

DE (kJ/m2) 255.3
PP/MPP/Novolac/HMTAl

(40/10/50/5)
a 1.25 1.20 1.19 1.19 1.17

log F(t) 1.59 1.60 1.62 1.64 1.66
DE (kJ/m2) 268.2
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activation energy increased with increasing Novolac
content in dynamically cured PP/MPP/Novolac
blends, indicating crystal growth of blends is diffi-

cult at high Novolac content. It can be explained
that the relative amount of grafted MPP on surface
of Novolac particles decrease with increasing the
Novolac content, as the content of MPP is fixed.

POM and XRD analysis

Figure 7 shows the POM micrographs of PP and
dynamically cured PP/MPP/Novolac blends that
were isothermally crystallized at 1508C for 1 h. As
shown in Figure 7(a), the spherulites of PP are about
100 mm in diameter, which are larger than those of
PP in dynamically cured PP/Novolac blends.

With the addition of 10% dynamically cured
Novolac, spherulite size promptly decreased, and
some spherulites are too small to be seen. The PP
molecular chains are more difficult to pack in an or-
dered manner and a large number of spherulites
grow in a limited space. Therefore, perfect spheru-
lites cannot form. And it is also seen that the spheru-
lite size of the PP in the blends slightly increased
with increasing Novolac resin content. It indicates
that the nucleating activity of Novolac decreased with
increasing Novolac content, which is in agreement

Figure 6 Plots of lnðF=T2
pÞ versus 1=Tp for PP and

dynamically cured PP/MPP/Novolac blends: (a) PP; (b)
PP/MPP/Novolac/HMTA (80/10/10/1); (c) PP/MPP/
Novolac/HMTA (60/10/30/3); (d) PP/MPP/Novolac/
HMTA (40/10/50/5).

Figure 7 Morphology of crystal by POM (200�). (a) PP; (b) PP/MPP/Novolac/HMTA (80/10/10/1); (c) PP/MPP/Novo-
lac/HMTA (60/10/30/3); (d) PP/MPP/Novolac/HMTA (40/10/50/5).
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with the obtained value of crystallization activation
energy.

The results showed that the addition of Novolac
resin greatly affected the spherulite size and mor-
phology of PP, and the nucleating sites of Novolac
particles result in an increase in the number of PP
spherulites and reduce the size of the spherulites.
Jiang et al.16 also reported that the addition of the
epoxy to the PP matrix could reduce the size of PP
spherulites.

The WAXS has been used to investigate the crys-
talline structure of PP and dynamically cured PP/
MPP/Novolac blends. The samples used in X-ray
analysis were compression-molded at 1908C for
20 min and cold-pressed at ambient temperature.
The X-ray diffractograms of PP and dynamically
cured PP/MPP Novolac blends are shown in Figure
8. The strong diffraction peaks were at the diffrac-
tion angles 2y of 14.08, 16.88, and 18.68, of which the
three peaks corresponded to (110), (040), and (130)
planes, respectively, and were characteristic of the
typical a-form monoclinic structure of PP.28 Figure 8
demonstrates that the PP and their blends prepared
from the melt all showed only the a crystal form.

The crystallite size D(hkl) vertical to the lattice
plane (hkl), can be obtained by Scherrer’s equation:29

DðhklÞ ¼ kl=b cos y (9)

where k is the factor of the crystal figure, l is the wave-
length of the X-ray (l ¼ 1.541 Å), and y is
the diffraction angle. b is equal to (B2�b0

2)1/2,
where B is the width at half-tallness of the diffrac-
tion peak and b0 is the broadening factor of the

instrument. If we take no account of the lattice
distortion, the equation can be simplified as follows:

DðhklÞ ¼ 0:89l=B cos y (10)

The crystal size D(hkl) for PP and cured PP/MPP/
Novolac blends evaluated for the crystallographic
planes (110), (040), and (130) are presented in Table IV.
As shown in Table IV, D(110) and D(130) decreased with
increasing Novolac content. However, addition of 10%
Novolac resin led to an increase in the D(040), further
addition of Novolac caused a decrease and reached
minimum at Novolac content of 50 wt %. The results
showed that the addition of Novolac resin into PP
could also affect the crystal size of PP.

CONCLUSIONS

The morphology and nonisothermal crystallization
behavior of PP and PP/Novolac blends were studied
with SEM, DSC, POM, and wide-angle X-ray diffrac-
tion. The results showed that the crystallization of
PP in PP/Novolac blends was strongly influenced
by cooling rate, size of Novolac particles, crosslink-
ing, and compatibilizer. MPP, uncured and cured
Novolac acted as effective heterogeneous nucleating
agents, accelerating the crystallization of PP in the
PP/Novolac blends. And the smaller the Novolac
particles were, the more effective the nucleating
agent for PP crystallization. In addition, the MPP-
grafted Novolac copolymer can be regarded as a
more effective heterogeneous nucleation agent of PP
crystallization than MPP, Novolac, and cured Novo-
lac resin. And the more the relative amount of MPP
grafts on the surface of Novolac particle, the more
effective the nucleating ability for PP crystallization.

The kinetics of nonisothermal crystallization for
pure PP could be analyzed by the Ozawa method but
that of dynamically cured PP/MPP/Novolac blends
could not be properly described. However the com-
bined Avrami and Ozawa equations could be used to
describe the nonisothermal crystallization process.
The Kissinger method was employed to calculate the
activation energy. The activation energy value of neat

Figure 8 XRD patterns of PP and dynamically cured PP/
MPP/Novolac blends. (a) PP; (b) PP/MPP/Novolac/
HMTA (80/10/10/1); (c) PP/MPP/Novolac/HMTA (60/
10/30/3); (d) PP/MPP/Novolac/HMTA (40/10/50/5).

TABLE IV
Crystal Size D(hkl) of PP and Dynamically Cured

PP/MPP/Novolac Blends

Composition D(110) (Å) D(040) (Å) D(130) (Å)

PP 134.2 189.1 153.1
PP/MPP/Novolac/
HMTA (80/10/10/1) 127.7 193.7 151.3

PP/MPP/Novolac/
HMTA (60/10/30/3) 114.7 180.5 137.5

PP/MPP/Novolac/
HMTA (40/10/50/5) 114.7 172.7 132.7
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PP was greater than that of dynamically cured
PP/MPP/Novolac blends. And the value of activation
energy increased with increasing Novolac content in
dynamically cured PP/MPP/Novolac blends.

The spherulite morphology and size of PP in
cured PP/MPP/Novolac blends were greatly
affected by Novolac resin. The addition of 10%
Novolac resin resulted in a prompt decrease in
spherulite size of PP. And it also can be seen that
the spherulite size of PP in the blends slightly
increased with increasing Novolac resin content.
XRD experiment demonstrates that the PP and their
blends prepared all showed only the a crystal form.
At the same time, addition of Novolac resin also
could affect the crystal size of PP.
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