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Abstract

The present work is concerned with the comparison of nucleating efficiency of various organic and
inorganic fillers of isotactic polypropylene: talc, chalk, wood flour, nano clay particles, carbon
black, chitosan in the form of powder of the same content equal to 5 mass%. The kinetics of isother-
mal crystallization of isotactic polypropylene in the composite systems was evaluated by using DSC.
Avrami equation was applied to the results. Calculated K and n parameters depend on filler applied.
The σσe surface free energies were also found. The best nucleating agent found here was talc and
carbon black. The organic filler as a chitosan powder forms amorphous inclusions in the composites
on which IPP molecules cannot be adsorbed. Their presence disturbs a macromolecular diffusion
and delays crystallization process of IPP.
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Introduction

Crystallization occurs when a polymer is cooled below its melting temperature and
the phase transformation takes place. The process is described by a nucleation and
growth mechanism [1–3].

A useful parameter in properties – structure correlation is the nucleation density,
i.e. the total number of nuclei developed per unit of volume. Nucleating agents cause
shortening of the induction time of crystallization providing foreign surfaces of nu-
clei that reduce the free energy required for formation of a new polymer nuclei. Thus
the critical size of the nuclei is decreased and the nucleation takes place earlier, nuclei
are formed more rapidly. Well nucleating efficiency of fillers or special nucleating
agents is also an important problem in polymer industry. Application of nucleating
species causes the shortening of injection molding cycle time, thus reducing produc-
tion costs and generation of smaller spherulites improves the optical and mechanical
properties of the polymers. It is a common industrial practice to mix a polymer with
another material or polymer to improve the properties.
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The polymers are also filled with various materials because of material savings
(fillers such as chalk or talc are cheap), strengthening (glass and carbon fibers, natural
fibers), biodegradability (biodegradable fillers). An important problem is to deter-
mine their efficiency in polymer nucleation in such complex systems. The micro-
structure of polymer composites depends on applied fillers [4–15, 30–32]. For exam-
ple, short silicone carbide whiskers affect the crystallization rate of isotactic poly-
propylene (IPP) [9]. The most ideal nucleating agent found was sodium benzoate (in-
creasing crystallization temperature was ∆Tc=26°C).

Both nucleation (also heterogeneous nucleation by addition of foreign seed ma-
terial) and crystallization processes of IPP have been intensively investigated for
more than twenty years [16–28]. Our previous studies [10, 29] were concerned with
crystallization kinetics of IPP filled with various content of carbon black and other
fillers. Carbon black Sakap 6 applied as a filler for the isotactic polypropylene reveals
typical properties of a nucleating agent [10]. Here the nucleating efficiency of various
organic and inorganic fillers of IPP of the same content is evaluated by using DSC.

Experimental

Materials

Sample 1: pure isotactic polypropylene (IPP). Samples 2–7: IPP with various fillers
of the same content equal to 5 mass%, were prepared by blending fillers with IPP
powder and melting in a hydraulic press to form thin films (Table 1).

Table 1 Sample characterization

No. Sample Sample characterization

1 IPP Malen P type J-400

2 Talc type J-800 (Polish Company ORLEN)

3 Chalk type J-400 (Polish Company ORLEN)

4 Carbon black Sakap 6 (Carbochem, Gliwice)

5 Nano clay

Cloisite 24A, AR 128.013 – (Southern Clay Products, Texas, USA)
Nano – a montmorillonite organically modified with dimethyl
2-ethylhexyl ammonium cation contains 26 mass% of organic
materials

6 Wood flour Pinhopo, Ponta Gross – Parana

7 Chitosan powder Sea Fishery Institute, Gdynia, deacetylation degree=85%

Methods

Analysis of melting and crystallization kinetics of various polypropylene samples
was carried out using Mettler differential scanning calorimeter type FP85. The fol-
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lowing conditions for determination of melting and crystallization behaviors together
with calculation of characteristic parameters were applied:

1 – Heating of sample in the calorimeter at a rate of 10°C min–1 from room tem-
perature to the temperature equal to 195°C; 2 – Isothermal sample annealing at the
temperature T1=195°C for 2 min to remove crystalline nuclei; 3 – Fast cooling of the
sample in the calorimeter to the crystallization temperature Tc; 4 – Isothermal crystal-
lization at constant temperature ranging from 126 to 134°C for the period equal to
about 0.5 h; 5 – Heating of previously crystallized samples at a rate of 10°C min–1

from crystallization temperature to 195°C. Melting point Tm, enthalpy (heat) of melt-
ing ∆H were measured.

Results and discussion

Melting and crystallization temperatures

Figure 1 shows DSC curves obtained by heating of pure IPP and IPP containing vari-
ous fillers previously crystallized at the temperature equal to 128°C.

The melting curves appear similar with melting peak in the vicinity of
164–167°C. Crystallinity degree values were in the narrow range from 35 to 45%.

Isothermal crystallization

Figure 2 presents the examples of isothermal crystallization curves of IPP in nano (5)
filled samples at various crystallization temperatures. The induction times t0 (the
starting time of crystallization) are clearly seen and measured.

Figure 3 shows DSC curves of isothermal crystallization of IPP at 128°C drawn
for various samples 1–7 to compare the effect of fillers.
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Fig. 1 DSC curves of IPP crystallized at 128°C (1) and IPP with various fillers (sam-
ples no. 2–7). Containing the same amount of filler equal to 5% (heating rate
equal to 10o min–1)



The example of integral curves presenting isothermal crystallization at two vari-
ous temperatures for comparison of IPP, both pure and in composites with carbon
black and chitosan (samples 1, 4 and 7) is shown in Fig. 4.

Figure 5 shows the integral curves presenting isothermal crystallization process
at Tc=128°C obtained for pure IPP and IPP filled with various materials. A strong ef-
fect of the enhancement of polypropylene crystallization is observed in relation to the
nucleating action of added particles especially of talc and carbon black. The organic
filler, such as chitosan powder, delays in visible way the crystallization process of
IPP. Similar relations were observed during crystallization at other temperatures.

To describe isothermal crystallization of IPP samples the Avrami equation (1)
was used:

1–X=exp(–Ktn) (1)
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Fig. 2 DSC curves of isothermal crystallization of nano filled IPP samples at Tc=126–132°C

Fig. 3 DSC curves of IPP isothermal crystallization at 128°C in various samples no. 1–7



where 1–X is the content of non-crystallized material, and K, n the Avrami parame-
ters depending on the geometry of the growing crystals and on the nucleation process.

The Avrami equation in the simple form represents unimpeded spherical crystal
growth and required sigmoidal shape. However, the sample does not reach complete
crystallization as required for the model. To continue the analysis one assumes that
complete crystallization is reached. Equation (1) is thus used to fit experimental data
and to compare crystallization behavior of pure and filled IPP.

Figure 6 shows examples of Avrami lines obtained from the following double
logarithmic equation:

lg[–ln(1–X)]=lgK+nlgt (2)

Figure 7 shows the dependence of lgK on the crystallization temperature Tc ob-
tained for the composites (samples 1–7). K value decreases with increasing crystalli-
zation temperature Tc, and depends on a filler. The value of second Avrami parame-

J. Therm. Anal. Cal., 74, 2003

MUCHA, KRÓLIKOWSKI: POLYPROPYLENE 553

Fig. 4 Integral curves of IPP isothermal crystallization pure and in blend with carbon
black and chitosan (samples no. 1, 4, 7) found for various crystallization temper-
atures 128 and 130°C

Fig. 5 Integral curves of IPP crystallization (samples no. 1–7). Crystallization tempera-
ture Tc=128°C



ter, n has a tendency to grow with increasing crystallization temperature and is equal
to 1.5–1.6 for pure IPP and 1.7–2.1 for the composites. The values do not reflect the
character of a structural crystal growth.

Induction period of crystallization and half time of crystallization

The induction period t0 of crystallization process is defined as proportional to the
time needed for critical nucleus formation and depends both on filler and crystalliza-
tion temperature. The t0 results are shown in Fig. 8. The presence of talc and carbon
black crystals reduces both the work required to create a new surface (decreasing
σσe) and the nucleus size for crystal growth (decreasing t0).

The kinetic data of polymer crystallization has been analyzed in terms of the
biexponential equation for the growth rate:

ν=ν0exp[–(∆G*+∆G )/kTc] (3)
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Fig. 6 Avrami plots for samples 2, 5 and 7. Crystallization temperatures were equal
to 128, 130 and 132°C, respectively

Fig. 7 lgK (K – Avrami parameter) vs. crystallization temperature Tc for samples no. 1–7



where ν is the growth rate, ν0 the preexponential factor, ∆G* the free enthalpy of nu-
cleation of a nucleus of critical size, ∆Gη the free enthalpy of activation of molecular
diffusion across the phase boundary and k is the Boltzmann constant.

For a secondary or heterogeneous nucleation, the ∆G* value can be presented as
follows:

∆G*=4σσeb0Tm/∆hfρc∆T (4)

where ∆G* remains inversely proportional to supercooling ∆ ∆T T T T T= m c m
0– is the

equilibrium melting temperature, b0 the single layer thickness taken here as
4.65·10–10 m, ∆Hf=∆hfρc=1.98·108 J m–3 the enthalpy of melting [1], σ, σe the specific
side surface (lateral) and fold surface (end) free energies which measure the work re-
quired to create a new surface.

A foreign surface reduces frequently the nucleus size needed for crystal growth
since the creation of the interface between polymer crystal and substrate may be less
hindered than the creation of the corresponding free polymer crystal surface. A heter-
ogeneous nucleation path makes use of a foreign preexisting surfaces to reduce the
free energy opposing primary nucleation, the lower overall free energy σσe decreas-
ing ∆G*, the faster nucleation rate.

Setting lnν= –lnt0.5 (t0.5 – half time of crystallization) and assuming ∆Gη=con-
stant one obtains:

lnt0.5=const+∆G*/kTc (5)

However, ∆Gη should be dependent on an impurity (additive) content at con-
stant temperature.

Dependence of half time of crystallization t1/2 on crystallization temperature Tc of
the samples is shown in Fig. 9. The difference in t1/2 values decreases with lowering the
crystallization temperature and becomes very close to each other at about Tc=122°C.

From the slopes of the straight lines {lnt0.5=f[1/(Tc∆T)]} presented in Fig. 10 the σσe

values are calculated. A clear tendency to decrease σσe is observed in the case of nucleating
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Fig. 8 Induction period of IPP crystallization vs. Tc for various samples no. 1–7



fillers as compared to pure polypropylene which is equal to σσe=6.4·10–4 J2 m–4 to about
σσe=4.0·10–4 J2 m–4 for talc filled IPP. Other fillers do not change σσe in a visible way.

Conclusions

Some additives in polymer become a nucleation center leading to an increase of crys-
tal growth in the crystallization process of the polymer. A foreign surface reduces the
nucleus size needed for crystal growth since the creation of the interface between
polymer crystal and substrate. It may be less hindered than formation of the corre-
sponding free polymer crystal surface. The important effect of such nucleation is a
modification of polymer morphology which can result even in a total collapse of its
spherulitic structure [24] and possible change of crystallographic form [25].

Presented studies of the isothermal crystallization of polypropylene by DSC en-
abled us not only to confirm the nucleating effect of various materials, but also to cal-
culate some parameters, such as σσe which are helpful in explanation of the crystalli-
zation process. It was found that talc and carbon black acted as nuclei in IPP crystalli-
zation and in the case of talc σσe value decreased very clearly.
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Fig. 9 Half time of crystallization t1/2 vs. crystallization temperature for samples no. 1–7

Fig. 10 lnt1/2 vs. 1/Tc∆T (∆T – supercooling) for pure IPP (curve 1) and filled with vari-
ous fillers (samples no. 2–7)



Chitosan or wood flour used as biodegradable fillers to synthetic polymers have
a hydrophilic character. Thus the polypropylene molecules are not adsorbed on the
foreign surfaces. The fillers form amorphous inclusions in IPP matrix. Their presence
hinders a diffusion of IPP macromolecules in the crystallization process and also dis-
turbs the creation of IPP spherulitic structure.

In general, it was shown here that all fillers even as their content is low (equal
to 5% by mass) caused visible changes of the crystallization rate of IPP.
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