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ABSTRACT: The melting behavior, nonisothermal crystal-
lization behavior, and morphology of pure polypropylene
(PP) and its blends were investigated by differential scan-
ning calorimetry and polarized optical microscopy. The
nonisothermal crystallization kinetics was analyzed using
the Avrami equation modified by Jeziorny and the equation
combining the Avrami and Ozawa method. The surface
fold free energy and the effective activation energy for both
PP and its blends were obtained by Hoffman-Lauritzen

theory and Vyazovkin's approach, respectively. The results
showed that the presence of nylon 11 hindered the mobility
of PP chains but accelerated the overall crystallization rate.
The POM observation confirmed that the addition of nylon
11 decreased the spherulites size of PP matrix. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 107: 3013-3022, 2008
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INTRODUCTION

Poly(propylene) (PP) is one of the most versatile
commodity polymers for both domestic and indus-
trial purposes because of its easy processability, rela-
tively low cost, and especially its well-balanced
physical and mechanical properties. However, in
some cases, not all the characteristics of this material
are suitable for common service conditions. For
instance, PP exhibits poor impact resistance at low
temperature and high notch sensitivity at room tem-
perature because of its high transition temperature
and high crystallinity. Therefore, toughening of PP
has still attracted numerous research interests. Com-
pounding PP with elastomers [ethylene-propylene-
diene rubber (EPDM)],'™* ethylene-propylene rubber
(EPR),>” styrene-ethylene-butylene-styrene (SEBS),*'°
etc), rigid polymer (PA6,17—25 PA66,°°2 LCP,» etc),
and rigid particles (CaCOs5,°*** Si0,***) were the
three traditional approaches to improve the tough-
ness of PP. However, the addition of elastomers of-
ten has negative effects on some properties of PP,
such as the stiffness and hardness. Polypropylene
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(PP) and polyamide (PA) blends, especially PP/PA6
and PP/PA66 blends, have been widely studied
because these blends can combine the good thermal
and mechanical properties of PA and the excellent
processability and resistance to moisture of PP. Since
nylon 11 has excellent cold-tolerance, it was sup-
posed that the blending of nylon 11 into PP can
improve the low- temperature resistance of PP ma-
trix. However, the different polarity between nylon
11 and PP resulted in bad compatibility, which can
be generally improved by using a compatibilizer. In
our lab, maleic anhydride functional copolymer com-
patibilizer and elasticized EPDM-¢g-MAH were cho-
sen to compatibilize PP/PA1l system. It was note-
worthy that the synergic effect of nylon 11 and
EPDM-¢g-MAH on the toughness of PP occurred for
the PP/nylon 11/EPDM-¢g-MAH ternary blends in
our preliminary research. In contrast with that the
low-temperature impact strength of pure PP was too
low to be detected, the low-temperature impact
strength for PP/nylon 11/EPDM-¢-MAH ternary
blends was up to 3.42 KJ/m? The works on the
mechanical properties and morphological structure
will be reported in the future article.

PP is a semicrystalline polymer. It is well under-
stood that physical and mechanical properties of
crystalline polymer depend on the morphology,
crystalline structure, and degree of crystallization.
During the last few years, the melting and crystalli-
zation behavior of neat PP and its blends with other
polymers have been reported. Generally, the smaller
the dispersed particles are the more effective is the
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nucleating agents for PP crystallization. Supaphpl
et al.* studied the effect of calcium carbonate on
the nonisothermal crystallization of s-PP, it was
found that CaCO; acts as a good nucleating agent
for s-PP, and the nucleating efficiency of CaCO; for
s-PP was found to depend strongly on its purity,
type of surface treatment, and average particle size.
He and coworkers® investigated the nonisothermal
crystallization of PP/nano-SiO, nanocomposite, the
results showed that the nano-SiO, particles exhib-
ited a remarkable heterogeneous nucleation effect in
the PP matrix, and the rate of crystallization of PP/
nano-5Si0; is higher than that of pure PP. Zhang and
coworkers” found the MPP grafted Novolac copoly-
mer acted as a more effective heterogeneous nuclea-
tion agent of PP crystallization and accelerated the
crystallization of PP meanwhile the addition of
Novolac resulted in a prompt decrease in spherulite
size of PP.

In this article, the nonisothermal crystallization
behavior and melting behavior of pristine PP and its
blends were investigated. The crystallization kinetics
based on the nonisothermal crystallization of PP and
blends were analyzed according to the Avrami equa-
tion modified by Jeziorny, Ozawa method, and the
equation combining the Avrami and Ozawa theories.
The linear growth rate and surface free energy were
calculated using Huffman-Lauritzen theory, and the
effective activation energy was determined through
a novel approach proposed by Vyazovkin.

EXPERIMENTAL
Materials

Nylon 11 was manufactured in our laboratory, poly-
propylene (T30S, melt index 3.0 g/10 min) and
EPDM-¢-MAH with 1% MAH was supplied by Sino-
pec Qilu Company (Jinan, China) and Shanghai
Sunny New Technology Development (Shanghai,
China), respectively. Nylon 11 and EPDM-g-MAH
were dried at 80°C in vacuum for at least 12 h before
use.

Preparation of blends

Melt blends were obtained by using a TSSJ-25~33
twin-screw extruder (China). The three different
polymer chips or powder were fed together under
the screw speed at 80 rpm, and the extruding tem-
perature at various zones was between 185 and
205°C. The extrudate was passed through a cooling
water bath and were finally palletized, and then
dried in vacuum over for 24 h at 100°C. For compar-
ison, pure PP was also extruded under the above
same condition.
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Differential scanning calorimetry analysis

Isothermal and nonisothermal crystallization and
subsequent melting behaviors were carried out using
a MeTTLER DSC822°% and the temperature was cali-
brated with the indium standard. All differential
scanning calorimetry (DSC) experiments were per-
formed under a nitrogen purge at a constant flow
rate. Sample weights were between 2 and 3 mg. All
samples were dried at 80°C under vacuum for 12 h
before measurement.

DSC experiments of isothermal crystallization and
subsequent melting behaviors were performed as
follows: the sample was heated to 200°C at a rate of
20°C/min and held at this temperature for 10 min to
eliminate any previous thermal history, and then
cooled at a rate of —100°C/min to the predeter-
mined cryatallization temperature (T,), ranged from
118 to 128°C in steps of 2°C, and was maintained at
T, for 1 h necessary for the DSC trace to return to
the calorimeter baseline. The specimens were subse-
quently heated to 200°C at a rate of 10°C/min.

DSC measurements of nonisothermal crystalliza-
tion were performed using a similar process to the
above described, and the DSC cooling traces were
recorded at rates of 2.5, 5, 10, 20, and 40°C/min.

Scanning electron microscopy

The electron microscope (Hitachi S530) was em-
ployed to examine the dispersion of nylon 11 within
the blends. The fractured surface was previously
treated for 24 h with a boiling meta-cresol to erode
nylon 11 and then coated with a thin layer of gold.

Polarized optical microscopy observation

The size of PP spherulites was studied on thin films
by using a polarized optical microscopy (POM)
LEICA-DMLPI, with an automatic hot-stage thermal
control. A sample was sandwiched between micro-
scope cover glasses, melted at 200°C for 5 min, and
then rapidly cooled to 120°C for isothermal crystalli-
zation for 2 h.

RESULTS AND DISCUSSION
Equilibrium melting temperature

The melting behavior of the PP and its blends was
investigated by reheating the isothermally crystal-
lized samples at a heating rate of 10°C/min, and the
DSC heating thermograms were presented in Figure
1. As can be seen, the melting temperature (T,,)
shifted to higher temperature with increasing crys-
tallization temperature (T.), which was directly
related to the perfection of PP crystals.
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Figure 1 DSC heating thermograms of (a) PP, (b) PP/ny-
lon 11, and (c) PP/nylon 11/EPDM-¢g-MAH blends.

Plots of T,, versus T, are shown in Figure 2. It
can be seen that T, increased linearly with T, in the
range of T. examined. According to the Hoffman-
Weeks theory,” the equilibrium melting point (T9,)
can be obtained by linear extrapolation of T, versus
T. data to intersect the line T,, = T.. Mathemati-
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cally, the dependence of T,, on T, is expressed as
follows:

T 1
Tm_EJrTm(l—E) 1)

where B is the lamellar thickening factor which
describes the growth of the lamellar thickness during
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Figure 2 Melting temperature as a function of crystalliza-
tion temperatures for (a) PP, (b) PP/nylon 11, and (c) PP/
nylon 11/EPDM-g-MAH.
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crystallization and is supposed to be greater than or
equal to 1.

As shown in Figure 2, the values of T9, can be
obtained by extrapolating the least-squares fit lines
of experimental data according to eq. (1) to intersect
the line of T,, = T.. The value of T obtained for
pristine PP, PP/nylon 11, and PP/nylon 11/EPDM-
¢-MAH was 180.27, 182.04, and 183.71°C, respec-
tively. It was found that the T of blends was higher
than that of pristine PP, which implied that the PP

crystals within blends were more perfect.

Nonisothermal crystallization kinetics

Figure 3 presented the nonisothermal crystallization
curves for pristine PP, PP/nylon 11, and PP/nylon
11/EPDM-¢g-MAH blends at various cooling rates.
Clearly, for all samples, the crystallization peaks and
the crystallization peak temperature (T,) shifted to
low temperatures gradually with increasing of the
cooling rates. Additionally, the presence of nylon 11
promoted the crystallization peak temperatures of
blends in comparison with pristine PP, that is, the
nylon 11 may act as the additional active substrates
for the heterogeneous nucleation, resulting in that
the crystallization of PP occurred at higher tempera-
ture when cooling.

The relative crystallinity, X(f), at a time interval ¢
from the initial time t = 0 at temperature T, can be
defined as follows:

T dH(T) g7
X() =i - @
7y ST

where Ty and T.. were the initial and final crystalli-
zation temperature, respectively. In nonisothermal
crystallization, time ¢ has the relation with tempera-
ture T as follows:

_[To—T|

S

®3)

where T is the temperature at time ¢, and ¢ is the
cooling rate.

Based on the assumption that the crystallization tem-
perature is constant, nonisothermal crystallization can

be described by the Avrami equation®*™* as follows:

1—X(t) = exp[—Zt"] 4)
or
log{—In[1 — X(t)]} = nlog t + log Z;

where X(f) is the relative degree of crystallinity at time
t, n is the Avrami exponent that depends on the type
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Figure 3 Nonisothermal crystallization curves of (a) PP,
(b) PP/nylon 11, and (c) PP/PA11/EPDM-¢g-MAH blends
at various cooling rates.

of nucleating and growth process parameters, and Z;
is a composite rate constant involving both nucleating
and growth rate parameters. Considering the noniso-
thermal character of the process investigated, Jez-
iorny*' suggested that the parameter, Z;, should be
corrected as follows:
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Figure 4 Relative degree of crystallinity of (a) PP, (b) PP/
nylon 11, and (c) PP/nylon 11/EPDM-¢g-MAH blends as a

function of time at various cooling rates.

®)

Figures 4 and 5 showed a typical relative crystal-
linity curves and the corresponding modified
Avrami plots for all samples, respectively. The
results determined from Jeziorny method are sum-
marized in Table I. As can be found, the values of n
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ranged from 4.53 to 6.13 for pure PP, indicating that
the model of nucleation and growth during the noni-
sothermal crystallization process was more complex,
and the nucleation model could comprise the homo-
geneous and heterogeneous nucleation at the same
time. The values of n ranged from 4.80 to 5.73 for

2
01 «
= &
=
X 2{ +
™
=
=]
__4q
a
'6 T T L T
-2 -1 0 1
igt
2
D4 &
= &
Z | .
z 7
=)
_4-
o b
B B 0 1
Igt
2
« -2.5°C/min
- -'-{C-' {
04 2 mn

4 -10°C/min

=
ﬁ-’ & -20°C/min
- -241 & -40°C/min
E
=]
4
-
i - i L
a " ¢
_E T T T
-2 -1 0 1

Figure 5 Plots of log{—In[1 — X(f]} versus log t for (a)
PP, (b) PP/nylon 11, and (c) PP/nylon 11/EPDM-¢-MAH
blends.
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TABLE I
Nonisothermal Crystallization Kinetics Parameters Determined from Jeziorny Method and
Mo Method for Pristine PP and its Blends

Sample ¢ (°C/min) n Z. t1, (min) T, (°C) X(T) (%) F(T) «
Pristine PP 2.5 6.13 0.02 441 118.1 20 8.823 1.040
5 453 0.50 1.97 114.9 40 10.540 1.065
10 4.62 091 1.07 112.8 60 11.997 1.088
20 4.65 1.10 0.58 110.3 80 13.377 1.093
40 4.88 1.14 0.32 106.9
PP/nylon11 25 519 0.08 3.11 121.1 20 7.345 1.121
5 4.80 0.49 1.70 118.2 40 8.712 1.146
10 5.28 0.99 0.92 115.4 60 9.792 1.156
20 5.73 1.18 0.51 1129 80 10.982 1.176
40 5.41 1.18 0.27 109.9
PP/nylon 11/EPDM-¢-MAH 2.5 491 0.10 2.94 120.9 20 7.464 1.189
5 5.18 0.54 1.7 118.2 40 8.812 1.214
10 5.08 0.99 0.95 114.9 60 9.954 1.221
20 4.71 1.13 0.53 111.6 80 11.233 1.221
40 5.03 1.15 0.29 108.2

PP/nylon 11 and 4.71 to 5.18 for PP/nylon 11/
EPDM-¢-MAH blends, showing that the crystalliza-
tion mechanism was not affected by the variation of
the blend composition. However, the modified crys-
tallization rate constant Z. of blends increased to
some extent in contrast to that of pristine PP, indi-
cating that nylon 11 may accelerate the nonisother-
mal crystallization process of PP matrix, which were
also reflected by the reduction on the half crystalliza-
tion time, tl/Z-

Assuming that the crystallinity is correlated to both
the cooling rate and the crystallization time and con-
sequently for particular crystallinity, these two pa-
rameters can be derived by combining the Avrami
and Ozawa equations, Mo and coworkers*? devel-
oped a novel kinetic approach by combining the
Avrami equation with the Ozawa equation to describe
exactly the nonisothermal crystallization process.

The Avrami equation as modified by Ozawa in
double logarithmic form is expressed as follows®:

log{—In[1 — X(T)]} = log K(T) — mlog ¢ (6)

where K(T) is the function of cooling rate which
related to the overall crystallization rate, and m is
the Ozawa exponent that depends on the dimension
of crystals growth.

Therefore, combining the egs. (4) and (6), the fol-
lowing equation were obtained at a given crystallin-
ity degree,

log Z; 4 nlog t = log K(T) — mlog ¢

1 K(T n
log ¢ = glog {ét)} —alogt

log ¢ =log F(T) — alog t (7)

Journal of Applied Polymer Science DOI 10.1002/app

where F(T) = [K(T)/Z]"™ is the necessary value of
cooling rate to reach a certain degree of crystallinity at
unit crystallization time, and o = n/m. According to
eq. (7), at a given degree of crystallinity, plots of log ¢
versus log t exhibited a good linear relationship, as
shown in Figure 6. Thus, the nice linearity of those
curves revealed that the Mo model provided a satis-
factory description to the nonisothermal crystalliza-
tion for both the pristine PP and its blends. Values of
a and F(T), as also listed in Table I, were calculated
from the slope and intercept of these lines, respec-
tively. It can be seen that the values of F(T) increased
with increasing relative degree of crystallinity, indi-
cating that a higher cooling rate should be adopted to
obtain a higher degree of crystallinity at unit crystalli-
zation time. Moreover, it is obvious that for a certain
degree of crystallinity, the values of F(T) for the
blends was smaller than that for the pristine PP, that
is, approaching to the identical relative degree of crys-
tallinity, the blends require lower cooling rate. In
other words, the blends showed a higher crystalliza-
tion rate than pristine PP, which was in agreement
with the results from Jeziorny method.

Linear growth rate and surface free energy

The Huffman-Lauritzen theory** suggests that the
linear growth rate, G, depends on temperature, T, as
follows:

G=G - —Ks
~UOOP\R(T, — T ) P\ TATY

-ur Kg
R —To) Mo Farr

(8)
InG+

where Gy is the pre-exponential factor, U* is the acti-
vation energy of the segmental jump, AT = T, — T,
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Figure 6 Plots of log ¢ versus log t for (a) PP, (b) PP/ny-
lon 11, and (b) PP/nylon 11/EPDM-¢g-MAH blends.

is the under cooling, f = 2T./(T% + T.) is the correc-
tion factor, and T.. is a hypothetical temperature
where motion associated with viscous flow ceases
that is usually taken 30 K below the glass transition
temperature T,. The kinetic parameter, K,, has the
following form:

0
nboo,T,,

T Ahgkg ®

Kq
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where b is the distance between two adjacent fold
planes, ¢ and o, are the lateral and fold surface free
energy, kg is the Boltzmann constant, Al is the heat
of fusion per unit volume of crystal, and n takes the
value 4 for crystallization regimes I and II and 2 for
regime II. In this work, the crystallization regime II
was observed and n took the value 2. The value of
U* was set to the constant value 6300 J/mol, which
was suitable for most polymers. The values of K, for
pristine PP, PP/nylon 11, and pp/nylon 11/ EPDM-
g-MAH blends were obtained from DSC data on
isothermal crystallization using eq. (9), in which
the values of G and Gy, were substituted with
(1/t12) and (1/t1/2)0, respectively.45 The plots of
In G+ U*/R(T — T.) versus 1/T.ATf are shown in
Figure 7. The values of K, for pristine PP, PP/nylon
11, and PP/nylon 11/EPDM-¢g-MAH were calculated
to be 4.362 X 10° K?, 4.796 x 10° K? and 4.596 X 10°
K The values of K, can be used to evaluate the
product 6o, from eq. (9). Usmg the literature*® val-
ues of b = 6.56 A and Al = 134 X 108 J/m?3, the
values of oo, were 6.68 >< 10~* J*/m* for pristine
PP, 7.43 X 10~* J*/m* for PP/nylon 11 blend, and
7.09 X 10~* J*/m* for PP/nylon 11/EPDM-¢-MAH
blend. ¢ was often estimated as follows:

o = OllAl’lf\/ aobo (10)

where ag and by are the parameters of the PP unit
cell. Using a9 = 6.65 A and by = 20.96 A o was cal-
culated to be 1.74 X 102 J/m? Substitution of this
value into 6o,, it can be obtained that the fold sur-
face free energy o, = 3.84 X 1072 J/m?* for pristine
PP, 427 X 10~ 2 J/m* for PP/nylon 11 and 4.07 X
1072 J/m? for PP/nylon 11/EPDM-g-MAH blends. It
was obvious that the fold surface free energy of the
blends was higher than that of the pristine PP, infer-
ring that the presence of nylon 11 hindered the
mobility of PP chains.

Effective activation energy

Considering the fact that the rate of crystallization
was generally determined by the rates of nucleation
and nuclei growth, whose activation energies were
likely to be different, Vyazovkin and Sbirrazzuoli*’
proposed a new approach deduced from the Hoff-
man-Laruitzen theory eq. (8) to evaluate the effective
activation energy, E,, which was a function of tem-
perature. The E, can be represented as eq. (11).

T2 ¢ T2 - TOT
Eo(T) = U ——— + K,R=———1— (1])
(T - T..) (T, — T)°T

This method has been used to calculate K, and U*
parameters for the Hoffman-Lauritzen theory via

Journal of Applied Polymer Science DOI 10.1002/app
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(a) PP, (b) PP/nylon 11, and PP/nylon 11/EPDM-¢g-MAH
blends.

applying an isoconversional method to DSC data on
nonisothermal crystallization. In this article, the val-
ues of K, obtained from eq. (8) were used to estimate
the E, for PP and its blends.

Substitution of K, values into eq. (11) permitted
estimation of the effective activation energy, E,, and
the curves of E, versus T for PP and its blends were
shown in Figure 8. The values of E, were negative,
indicating that the rate of crystallization increased
with decreasing temperatures. The absolute values
of E, for blends were higher than that of pure PP,
which revealed that PP molecular segments required
more energy to rearrange in the presence of nylon
11, since the nylon 11 might hinder the mobility of
chain segments. Additionally, the absolute values of
E, for PP/nylon 11 was greater than that for PP/
nylon 11/EPDM-g-MAH, it was indicated that the
addition of EPDM-g-MAH alleviated the inhibition

'~ =200
8
-
=2 —250-
E
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—4—PHaylenll
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Figure 8 Plots of E, versus T for (a) PP, (b) PP/nylon 11
and PP/nylon 11/EPDM-¢g-MAH blends.
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of nylon 11 on the mobility of PP chains. The anhy-
dride units of EPDM-¢g-MAH reacted readily with
the amine end groups of nylon 11 to form block or
graft copolymers,*** which thus became compatible
with PP. Therefore, the copolymers diffused into the
PP matrix carrying neighboring nylon 11 chains into
the PP matrix during the melting blend. And vice
versa, the PP macromolecules readily diffused into
the nylon 11 heterogeneous nucleating agent during
the cooling crystallization process. The improved
compatibility between PP and nylon 11 in the pres-
ence of EPDM-¢g-MAH were confirmed by the
reduced domain size of nylon 11, as can be seen
from scanning electron microscopy (SEM) images
(illustrated in Fig. 9).

Paradoxically, the experimental results showed
that the addition of nylon 11 into PP hindered the
mobility of PP macromolecular chains and the
growth of spherulites but increased the overall crys-
tallization rate. As we all know, the overall crystalli-
zation rate included both the nucleation rate and the
growth rate, while their temperature-dependence
was different. Generally, the heterogeneous nuclea-
tion can occur under higher crystallization tempera-
ture, but the homogeneous nucleation occurs only in

\¢J

Mags SO00KX g
EHT = 1E.00 KV b

Figure 9 SEM images for (a) PP/nylon 11, and (b) PP/
nylon 11/EPDM-¢g-MAH blends.
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Figure 10 POM micrographs of (a) PP, (b) PP/nylon 11,
and (c) PP/nylon 11/EPDM-¢-MAH blends which isother-
mal crystallized at 120°C for 2 h in the magnification of
600.

the case of low crystallization temperature. On the
other hand, the growth of spherulites depended on
the diffusion capability and regular gﬂeup velocity
of the chain into the crystal nucleus.” In the system
we investigated that, nylon 11 acted as heterogene-
ous nucleating agent and facilitated greatly the
nucleation rate, it thus promoted the overall crystal-
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lization rate. On the other hand, it inhibited the dif-
fusion of PP chain into the crystal nucleus, and
therefore hindered the growth of spherulites.

Morphology

The POM was used to characterize the crystallization
morphology of polymer and its composites. Figure
10 gave the POM micrographs of PP and its blends
that were isothermally crystallized at 120°C for 2 h.
As shown in Figure 10(a), the pure PP exhibited the
common spherulites with sharp and clear birefrin-
gence. Obviously, in Figure 10, it can be observed
that the spherulites of blends became smaller than
that of pure PP and are distorted and interlaced
with each other. It was attributed to the nucleating
effect of nylon 11. Moreover, in comparison with
PP/nylon 11 binary blends, the spherulites size of
PP/nylon 11/EPDM-¢g-MAH blends was much
smaller than that of PP/nylon 11 binary blends.
When the EPDM-g-MAH was added, the interfacial
adhesion between PP and nylon 11 was improved,
which resulted in the enhanced dispersion and
nucleation effect of nylon 11. Therefore, more hetero-
geneous nucleation sites would form within PP/
nylon 11/EPDM-g-MAH blends, and the spherulites
size became smaller.

CONCLUSIONS

In conclusion, it was found that the equilibrium
melting point for pristine PP was lower than that of
blends, implying that the crystal perfection was
increased on blending. The obtained data for the
nonisothermal crystallization could be analyzed
properly by the Avrami equation modified by Jez-
iorny and the equation combining the Avrami and
Ozawa theories. The results showed that the addi-
tion of nylon 11 accelerated the overall nonisother-
mal crystallization rate of PP matrix as nylon 11
might act as heterogeneous nucleating agent, but it
hindered the mobility of PP chains and decreased
the spherulites size of PP. It was also found that the
cooling rate required to achieve identical relative
degree of crystallinity was smaller for the blends
than pristine PP. The surface free energy of the
blends was higher than that of pristine PP, which is
attributed to hindrance of mobility of PP chains
caused by nylon 11 chains.
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