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ABSTRACT: The crystallization behavior of polypro-
pylene (PP) copolymer obtained by in situ reactor copoly-
merization with or without a nucleating agent and/or nano-
CaCO3 particles was investigated both by thermal analysis
and by polarized light microscopy. The Avrami model is
successfully used to describe the crystallization kinetics of
the studied copolymer. The results of the investigation show
that a dramatic decrease of the half-time of crystallization
t1/2, as well as a significant increase of the overall crystalli-
zation rate, are observed in the presence of the nucleating

agent. These effects are further promoted in the presence of
the nano-CaCO3 particles. The incorporation of the nucleat-
ing agent and nano-CaCO3 particles into PP copolymer re-
markably improved the mechanical properties and heat dis-
tortion temperature. © 2003 Wiley Periodicals, Inc. J Appl Polym
Sci 91: 431–438, 2004
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INTRODUCTION

The addition of ethylene–propylene rubber (EPR) or
polyethylene (PE) to polypropylene (PP) may improve
the poor impact strength of PP at low temperature.
There are two ways of EPR addition to PP.1–3 One way
is to melt-compound EPR with PP.4–7 The other way is
to prepare PP and EPR blends by in situ reactor copo-
lymerization of the monomers directly.8–11 Random or
block propylene copolymers with low ethylene con-
tent are commercially extremely important because
they improve the toughness of PP. However, the in-
troduction of the rubber microparticles usually de-
creases the stiffness of the polymer; meanwhile, the
nucleation rate and overall crystallization rate will be
depressed, which may affect the mechanical proper-
ties and molding cycle time.4 For this reason, nucleat-
ing agents are usually used to increase the crystalliza-
tion rate.12–14 In addition, if nanoscale fillers are added
to the impact-modified matrix and dispersed very
well, the interfacial force between the polymer and the
nanoscale fillers will be reinforced, thus promoting
concurrently thermal and mechanical properties.15

PP nanocomposites were prepared by melt mixing
PP with nanoscale fillers,15–21 but it is still difficult to
uniformly disperse the nanoscale fillers into the ma-

trix. Recent advances in polymer/clay and polymer/
silicate nanocomposite materials have inspired efforts
to disperse montmorillonite-based fillers in PP.22–26

The crystallization and morphology of melt blends
and in situ copolymer of PP and EPR with or without
nucleating agents have been studied.12–14 In this
study, the PP copolymer with low ethylene content
was prepared by in situ copolymerization of PP and
EPR with a nucleating agent and nanoscale calcium
carbonate (nano-CaCO3) added. The crystallization
behavior, morphology, and mechanical properties of
the PP copolymer were investigated.

EXPERIMENTAL

Materials preparation

NA9981, a nucleating agent, was prepared in our lab-
oratory. The nano-CaCO3 (50–70 nm) was supplied by
the National Engineering Research Center of Ultrafine
Powder, East China University of Science and Tech-
nology.

The PP copolymer was prepared in a 10-L stirred
bed reactor with a catalyst chamber and a cocatalyst
chamber, manufactured by Beijing Research Institute
of Chemical Industry (BRICI). A syringe pump was
used for feeding propylene and the monomer compo-
sition was controlled with the on-line gas chromatog-
raphy and mass flow controller.

In the stirred bed reactor, about 2000 g of propylene
was injected by syringe pump at 70°C at first, then the
cocatalyst and external electron donor (CHDMS) in
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the chamber were introduced successively. The cata-
lyst, the nucleating agent, and/or nano-CaCO3 parti-
cles were introduced together with another 500 g of
propylene. After 1 h, some volume of ethylene was
introduced into the reactor successively through the
mass flow controller and the polymerization was ter-
minated after 1 h.

The neat PP copolymer was designated as sample
O, the PP copolymer containing 0.1 wt % of the nu-
cleating agent as sample A, and the PP copolymer
containing 0.1 wt % of the nucleating agent and 1 wt %
of nano-CaCO3 particles as sample B. The powdery
samples were melt-squeezed into films for the next
analysis.

Thermal analysis

DSC analysis was conducted with a Perkin–Elmer
Pyris 1 differential scanning calorimeter (Perkin Elmer
Cetus Instruments, Norwalk, CT) operating under N2
atmosphere. In an isothermal crystallization run, the
following procedure was employed: a sample of about
5 mg was first heated to 200°C and kept at this tem-
perature for 10 min to remove any nucleation sites; the
sample was then rapidly cooled to the crystallization
temperature Tc and maintained until the crystalliza-
tion was completed. In a nonisothermal crystallization
run, a sample of about 5 mg was first heated to 200°C
and kept at this temperature for 10 min, and then the
sample was cooled to 50°C at constant cooling rates.

The exothermic peaks obtained from DSC thermo-
grams were integrated to compute the absolute crys-
tallinity Xc, according to

Xc � �Hc/�Hf (1)

where �Hc is the heat released during the crystalliza-
tion process and �Hf is the heat of fusion of a perfect
crystal taken as 209 J/g for polypropylene.7

The relative crystallinity (degree of the crystalline
conversion at time t) is expressed as

Xt �

�
0

t

�dH/dt� dt

�
0

�

�dH/dt� dt

(2)

where dH/dt is the heat evolution rate during the
crystallization process, the first integral is the crystal-
lization heat evolution at time t, and the second inte-
gral is the total crystallization heat at the termination
of the crystallization.

Polarized light microscope observation

An Olympus BX51 (Tokyo, Japan) polarized light mi-
croscope (PLM) equipped with a THMSE 600 hot stage
and a JVC TK-C1380 camera video was used for
studying the nucleation and growth of spherulites in
isothermal crystallization.

The following procedure was used: a thin film sam-
ple was sandwiched between microscope slides. The
sample was heated to 200°C and kept at this temper-
ature for 5 min to destroy any traces of crystal; the
sample was then rapidly lowered to a prefixed Tc and
allowed to crystallize isothermally, while photographs
were taken automatically at appropriate time inter-
vals.

Mechanical properties test

The mechanical behavior was investigated on samples
obtained by injection molding. A molding tempera-
ture of 215°C was used; the pressure in the mold was
5.5 MPa. Tests were performed according to ASTM
standard methods.

RESULTS AND DISCUSSION

Isothermal crystallization

The evolution of relative crystallinity for the neat PP
copolymer (sample O) and PP copolymer containing
the nucleating agent NA9981 and/or nano-CaCO3
particles (sample A or B) is shown as a function of
time in Figure 1. It can be seen that the crystallization
kinetics of the neat or filled PP copolymer is strongly
affected by the temperature. The PP copolymer con-
taining NA9981 and/or nano-CaCO3 particles crystal-
lizes much faster than the neat PP copolymer at the
same crystallization temperatures. This effect is still
more evident in the evolution of the relative crystal-
linity isothermally crystallized at 139°C for three sam-
ples analyzed, which is represented in Figure 2.

This is ascribed to the differences in the crystalliza-
tion processes for the neat and filled PP copolymer.
The number of nuclei in samples A and B is much
larger than that in sample O; thus, crystallization of
the filled PP copolymer proceeds mainly by heteroge-
neous nucleation, whereas that of the neat PP copol-
ymer proceeds both by heterogeneous and homoge-
neous nucleation mechanism. At higher crystallization
temperatures it takes more time for homogeneous nu-
cleation to start spontaneously by chain aggregation,
whereas heterogeneous nuclei form simultaneously as
soon as the sample reaches the crystallization temper-
ature. The selected NA9981 is a type of crystalline
organic phosphate nucleating agent, and its chemical
structure has little effect on the copolymerization of
the monomers. As a result, it acts only as a heteroge-
neous nucleating agent and increases the crystalliza-
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tion rate of the polymer. Furthermore, the coexistence
of only 1 wt % of nano-CaCO3 particles in in situ
copolymerization supplies much more nucleation sites

and leads to a further increase of the crystallization
rate of the PP copolymer. In general, the nucleation
ability of the calcium carbonate particles is weak.27

With the decrease of its size, the completion crystalli-
zation exotherm shifts to higher temperatures, show-
ing higher nucleation effects.21,28 The special perfor-
mance of nano-CaCO3 particles exhibits excellent nu-
cleation ability and markedly improves other
properties such as impact strength and flexural mod-
ulus, for example. However, the mechanism of inter-
action between nano-CaCO3 particles and PP copoly-
mer in the copolymerization process is subject to fur-
ther investigation.

The evolution of the relative crystallinity under iso-
thermal crystallization conditions can be described by
an Avrami model29,30:

Xt � 1 � exp (�ktn) (3)

where k is the rate constant, n is the Avrami exponent,
and Xt is the crystalline conversion at time t. Hence the
parameters of eq. (3), n and k, can be obtained from the
plot of ln[�ln(1 � Xt)] versus ln t. The values of
relative crystallinity lower than 50% were considered.
These parameters are summarized in Table I for all
samples. The rate constant decreases with increasing
crystallization temperature Tc. Evidently, the crystal-
lization takes place by a nucleation-controlled mecha-
nism.

The Avrami exponent for sample O is in the range
2.8–3.0 at the crystallization temperatures studied.
From these values of the Avrami exponents, it can be
established that spherulitic development arises from
an athermal and instantaneous nucleation. The
Avrami exponent for sample A is in the range of
2.6–3.0. This means that the presence of the nucleating

Figure 1 Changes of relative crystallinity for sample O (a)
sample A (b) and sample B (c) as a function of time during
isothermal crystallization.

Figure 2 Comparison of the evolution of the relative crys-
tallinity isothermally crystallized at 139°C for samples O, A
and B.
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agent does not change the mechanism of nucleation
and crystal growth. The Avrami exponent for sample
B is from 2.6 to 3.7, which is more dependent on
temperature. These values suggests that at higher tem-
peratures (e.g., �144°C) spherulitic development in
the presence of nano-CaCO3 particles arises from an
athermal and random nucleation.

The half-time of crystallization t1/2, defined as the
time for 50% of the total crystallization to occur, can be
read directly from Figure 1. The values of t1/2 for all
samples are also listed in Table I. With increasing the
crystallization temperature, t1/2 increases very rap-
idly, whereas the rate of crystallization decreases. For
a given Tc, the t1/2 value of the neat PP copolymer is
significantly decreased in the presence of the nucleat-
ing agent, and is further decreased when nano-CaCO3
particles are added together in copolymerization.

The crystallization rate is inversely related to t1/2. A
plot of 1/t1/2 versus Tc is shown in Figure 3. The
crystallization rate of the PP copolymer containing the
nucleating agent and nano-CaCO3 at same crystalliza-
tion temperatures is high. As can be seen, the temper-
ature dependency of the crystallization kinetics for
sample B is also high compared with that of the neat
PP copolymer, which suggests that the number of the
effective nuclei decreases more with decreasing the
crystallization temperature. The nucleation activity
and its temperature dependency are considered to be
cooperative effects constituting many factors, includ-
ing the physical and chemical nature of the agent as
well as the interaction between the agent and the
polymer.31 The particular surface performance of
nano-CaCO3 particles may result in a different effect
on the nucleation activity of the polymer.

The activation energy of isothermal crystallization
can be determined according to the equation proposed
by Cebe32:

k1/n � k0exp(�E/RTc) (4)

or

Or ln 1/t1/2 � ln C � E/RTc (5)

where k0 is a temperature-independent preexponen-
tial, E is the crystallization activation energy, R is the
gas constant, and C is a constant. The plot of ln t1/2
versus 1/Tc is shown in Figure 4. The activation en-
ergy magnitude was found to be 73 kcal mol�1 for
crystallization of sample O, and 84 kcal mol�1 for

TABLE I
Kinetic Parameters of Isothermal Crystallization

for Samples O, A, and B

Material Tc (°C) n K (min�n) t1/2 (min) Tm (°C)

Sample O 128 2.8 3.44 � 1�1 1.3 165.6
131 2.9 5.28 � 1�2 2.4 166.6
133 2.9 1.34 � 1�2 3.8 168.0
136 3.0 2.00 � 1�3 6.9 167.2
139 3.0 2.69 � 1�4 13.7 166.2
141 2.9 6.76 � 1�5 23.1 165.9
144 2.7 3.14 � 1�5 38.8 164.7

Sample A 133 2.6 8.02 � 1�1 1.0 165.8
136 2.8 1.20 � 1�1 1.5 164.9
139 2.8 2.30 � 1�2 3.3 165.3
141 2.9 5.54 � 1�3 5.4 164.4
144 3.0 5.40 � 1�4 11.2 165.5
147 2.9 4.10 � 1�5 30.0 167.2

Sample B 136 2.6 3.77 � 10 0.5 167.1
139 2.9 7.57 � 1�1 1.0 166.7
141 3.0 1.82 � 1�1 1.5 167.9
144 3.5 7.52 � 1�3 3.6 169.1
145 3.5 9.19 � 1�4 6.7 170.9
147 3.7 1.13 � 1�5 20.3 172.1
148 3.6 7.04 � 1�7 44.5 173.2

Figure 3 Variation of the reciprocal of the half-time of
crystallization for samples O, A and B with the crystalliza-
tion temperature.

Figure 4 In(1/t1/2) vs. 1/Tc for determining the activation
energy of isothermal crystallization of samples O, A and B.
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crystallization of sample A. The addition of the nucle-
ating agent in copolymerization process slightly in-
creased the activation energy of crystallization of PP
copolymer. At temperatures below 144°C, the activa-
tion energy of crystallization of sample B is 83 kcal
mol�1, which is the same as that of sample A. Above
144°C, however, its activation energy of crystallization
rises to 214 kcal mol�1, which suggests that the intro-
duction of nano-CaCO3 particles to PP copolymer
leads to different mechanisms of nucleation and crys-
tal growth at higher temperatures.

The effects of the crystallization temperature on the
melting behavior of sample B are shown in Figure 5.
Furthermore, melting temperatures of samples O and
A, determined as the maximum of the endothermic
peaks obtained in DSC scans of the isothermally crys-
tallized samples, are also presented in Table I. The
melting temperature increases slightly with the crys-
tallization temperature, which is directly related to the
polymer crystallite size. The incorporation of nano-
CaCO3 particles has only a slight effect on the values
of the melting temperature. On the other hand, only
the characteristic peak of �-spherulite polypropylene
occurs in the crystallization and melting DSC thermo-
grams, and that of the PE phase does not appear. The
result suggests that the in situ copolymer synthesized
possesses only a PP crystalline phase attributed to a
low ethylene level. Moreover, no �-spherulite
polypropylene is induced by nano-CaCO3 particles,
which is different from the results reported in the
literature.16,21,28

Figure 6 shows the polarized light micrographs
taken when the crystallization was completed for the
neat PP copolymer and the PP copolymer with 0.1 wt
% of NA9981 and/or 1 wt % of nano-CaCO3 particles.

The spherulitic size of the neat PP copolymer is
greater than 40 �m and its spherulites are complete.
Compared with pure isotactic PP, however, the
spherulitic size of the neat PP copolymer is somewhat
nonuniform, which is the result of the effect of EPR
phase. The PP copolymer with the nucleating agent
shows more spherulitic sites and a finer grainy mor-
phology, whereas the PP copolymer with the nucleat-
ing agent and nano-CaCO3 particles seems to exhibit
the most dense and finest spherulites, and no spheru-
litic structure can be seen in PLM. In addition, upon
cooling the melt to the same crystallization tempera-
ture, the nucleation rate of the nanocomposite is the
most rapid of all three samples.

Figure 5 DSC scanning thermograms at 10 °C/min for
sample B crystallizing at different crystallization tempera-
tures.

Figure 6 Polarized light micrographs: (a) sample O, (b)
sample A and (c) sample B.
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Nonisothermal crystallization

The effect of the nucleating agent and nano-CaCO3
particles on the crystallization of the PP copolymer
was also studied at different cooling rates (�). The
absolute crystallinity (Xc), the apparent melting tem-
perature (Tm), the crystallization peak temperature
(Tc), and the onset temperature (Tonset), obtained from
the DSC thermograms of nonisothermal crystalliza-
tion, are given in Table II. The results show that both
the additives and the cooling rate have a substantial
effect on Tc and Tonset. In particular, Tc decreases as the
cooling rate increases, whereas it increases when the
additives are incorporated into the copolymer. The
degree of conversion of the crystalline phase as a
function of temperature for a DSC scan at 10°C/min
for three samples studied is shown in Figure 7. It is
evident that the crystallization peak temperature is
enhanced for the PP copolymer containing the nucle-
ating agent, and promoted much more by the addition
of nano-CaCO3 particles. This behavior confirms the
strong nucleation ability of nano-CaCO3 particles on
PP copolymer crystallization and is in agreement with
the results obtained in the isothermal analysis. Re-
garding the effect of the nucleating agent and nano-
CaCO3 particles on the melting temperature, no sub-
stantial differences were detected.

The effect of the nucleating agent and nano-CaCO3
particles on the total absolute crystallinity of the PP

copolymer is shown in Figure 8. A slight tendency to
lower the total amount of crystallinity with the incor-
poration of the nucleating agent was observed. How-
ever, nano-CaCO3 particles increased the absolute
crystallinity of PP copolymer by about 10–20%. From
the result of melt-compounding CaCO3 nanoparticles
with PP, Chan et al.21 did not observe the change of
crystallinity. The study by Rong et al.17 showed that
the addition of the untreated and polymer-grafted
nanoparticles of SiO2 (particle size of 7 nm) does not
have a significant effect on the crystallinity of PP
composites, using existing compounding techniques.
Consequently, it can be speculated that the addition of
nano-CaCO3 particles in copolymerization may ex-
hibit different interactions between the nanoparticles
and the polymer, compared with the melt-compound-
ing process.

TABLE II
Various Parameters of Samples O, A, and B from DSC

Nonisothermal Crystallization Exothermal Peaks

Material
�

(°C/min)
Tc

(°C)
Ton
(°C)

Tm
(°C)

Xc
(%)

Sample O 3 127.5 130.9 166.2 34.6
4 126.2 129.8 165.8 34.5
5 124.8 128.7 166.2 33.1
7.5 122.6 126.9 166.0 33.4

10 120.3 124.5 164.6 32.7
12.5 119.1 123.4 164.3 33.0
15 117.8 122.4 164.6 32.1
20 115.9 120.8 163.9 31.8

Sample A 3 132.9 136.5 166.2 32.1
4 131.5 135.2 166.3 31.2
5 130.2 134.1 165.6 32.0
7.5 128.1 132.2 164.8 31.7

10 126.7 130.7 164.8 31.7
12.5 125.5 129.7 164.1 30.0
15 124.3 128.8 164.2 30.8
20 122.9 127.7 163.6 31.9

Sample B 3 138.1 140.4 167.3 36.7
4 136.4 139.1 166.9 37.0
5 135.4 138.4 167.4 36.8
7.5 133.4 136.8 167.6 38.3

10 132.2 135.8 167.0 37.4
12.5 130.7 134.6 167.5 36.6
15 129.6 133.9 167.8 35.7
20 127.9 133.0 167.0 37.1

Figure 7 Nonisothermal crystallization curves of samples
O, A and B scanning 10°C/min.

Figure 8 Comparison of absolute crystallinity for samples
O, A and B at different cooling rates.
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The activation energy of nonisothermal crystalliza-
tion of PP copolymer can be determined by the Kiss-
inger method33:

d� ln(�/Tmax
2 �/d�1/Tmax� � ��E/R (6)

where � is the cooling rate, Tmax is the crystallization
peak temperature, and R is the gas constant. Figure 9
shows the plot of ln(�/Tmax

2 ) against 1/Tmax. Accord-
ing to the slope of the straight line, the activation
energies of samples O, A, and B are determined as 51,
62, and 67 kcal/mol, respectively. These values are
slightly lower than those calculated in the isothermal
crystallization. It was found that the activation energy
of nonisothermal crystallization of sample B does not
change at all cooling rates, which means the mecha-
nism of isothermal crystallization is different from
that of the nonisothermal crystallization for the sam-
ple containing nano-CaCO3 particles.

Mechanical properties

The mechanical properties of three samples are com-
pared in Table III. Sample B shows a noticeable in-
crease of mechanical properties, including flexural
modulus (FM), notched impact strength (IS) at room
or low temperature, as well as a higher heat distortion
temperature (HDT), whereas sample A in the presence
of the nucleating agent shows only a slight increase of
mechanical properties and HDT. The enhancements of
nano-CaCO3 fillers are obvious even though the load-
ing of nano-CaCO3 is only 1%. That demonstrates the
strong interaction between the nanoscale fillers and
the polymer in copolymerization. As can be seen, PP
systems conventionally filled (i.e., no nanoscale-level

dispersion) by similar fillers, do not exhibit as large
increase in their tensile modulus.22 Similar improve-
ments in mechanical properties can also be achieved
by other layered particulate fillers; however, much
higher filler loadings are required. For example, to
obtain comparable tensile increases like those
achieved by nanoscale montmorillonite dispersion (3
wt %), 30–60 wt % of talc or mica is needed.34

Generally speaking, the incorporation of inorganic
fillers to polymers results in some loss of tensile
strength with the increase of the filler loadings. How-
ever, the tensile results obtained by adding nano-
CaCO3 particles in this work are increased by 10%. As
a result, it is possible to exhibit concurrent improve-
ments in several materials properties through the in-
troduction of low loadings of nano-CaCO3 particles.

CONCLUSIONS

The crystallization of the neat PP copolymer and the
PP copolymer by in situ copolymerization with the
nucleating agent and/or nano-CaCO3 particles fol-
lows Avrami behavior with the Avrami exponents of
2.8 to 3.0 for the neat PP copolymer, 2.6 to 3.0 for the
PP copolymer in the presence of the nucleating agent,
and 2.6 to 3.7 for the PP copolymer in the presence of
the nucleating agent and nano-CaCO3 particles. The
addition of the nucleating agent and/or nano-CaCO3
particles does not change the nucleation mechanism,
but at higher crystallization temperatures, random nu-
cleation seems to occur for the sample containing
nano-CaCO3 particles. The half-times of crystallization
of these samples increases with increasing the crystal-
lization temperature. The crystallization rate of the PP
copolymer is significantly enhanced by the addition of
the nucleating agent, and further promoted when
nano-CaCO3 particles are added together. However,
the temperature dependency of the nucleation activity
of PP copolymer/CaCO3 nanocomposites is high com-
pared with that of the neat sample. Moreover, the
incorporation of nano-CaCO3 particles into PP copol-
ymer both forms much finer spherulites and increases
the degree of crystallinity, thus significantly augment-
ing the flexural modulus and impact strength as well

TABLE III
Properties of the Neat and Filled PP Copolymers

Properly Sample O Sample A Sample B

Loadings of NA9981, % 0 0.1 0.1
Loadings of CaCO3, % 0 0 1.0
TS, MPa 33.0 35.6 36.3
Notched IS, J/m

23°C 286 328 686
�23°C 20.6 23.3 31.0

FM, MPa 512 551 809
HDT, °C 69 71 91

Figure 9 Evaluation of the nonisothermal crystallization
activation energy for samples O, A and B by Kissinger
method.
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as heat distortion temperature. The properties of PP
copolymer are concurrently improved to a great extent
by adding only 1 wt % nano-CaCO3 particles in the in
situ reactor copolymerization.

The authors acknowledge SINOPEC Corp. for financial sup-
port.
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