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ABSTRACT: A new method is proposed, which can be
used to analyze the influence of different additives and
fillers on the nonisothermal crystallization of polymers.
The composites of talc in isotactic polypropylene (i-PP)
were prepared using a corotating twin-screw extruder.
The compounds were subsequently dried and injection
molded. PP morphology and talc dispersion were visual-
ized using optical microscopy and computed tomography.
Wide-angle X-ray scattering and small-angle X-ray scatter-
ing measurements provided an insight into the crystal
structure of PP. The data obtained from nonisothermal
DSC measurements were fitted to the Avrami model for
the nonisothermal case. The calculated Avrami’s exponent
(n), which takes into account the influence of talc on the
nucleation and growth of the PP crystals, was used in the

combination of Lauritzen–Hoffman and Ozawa models to
calculate the nucleation parameter (Kg). A good agreement
was found between the model predictions and literature
values. The examination shows that the developed model
extension gives an expected trend in the case of i-PP filled
with talcs from the same origin but with different particle
sizes. Furthermore, it is shown that delaminated talc with
a higher specific surface is more efficient in nucleation of
i-PP. Thus, the introduced model extension could be a use-
ful tool for comparing of nucleation ability of different
additives in the crystallization of polymers. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Thermoplastic materials are increasingly used in
industrial production. This counts especially for semi-
crystalline polymers, such as polyethylene, polypro-
pylene (PP), or polyamide. The tertiary structure
(supermolecular structure) of isotactic PP is relatively
complicated. PP crystallizes in different crystal
forms.1 The degree of crystallinity as well as crystal
form, structure, and orientation of the crystal unit
(lamellae and spherulite) varies widely due to
changes in the PP structure1–5 or the processing
parameters.1,6,7 The introduction of a second compo-
nent into PP further modifies the thermodynamics
and kinetics of the crystallization process, which, as a
consequence, further changes the morphology, quan-
tity, and orientation of the PP crystal phase.5,8–13

These changes in morphology can drastically alter
physical properties, such as transparency, impact
strength, Young’s modulus, yield stress, or elongation
at brake.3,5,14–19 Consequently, nucleation agents are

used to achieve some desirable properties or to
decrease the cycle times during injection molding.
Pure talc (hydrated magnesium silicate) is often

used as filler in the plastic industry. A large amount
of the talc used is mixed with PP. This is due to the
different properties of the compound, which depend
on the structure of PP, the properties, dimensions,
and concentration of talc.20 It is a known fact that
talc has a strong nucleating effect on PP. Fujiyama
and Wakino,21 for example, observed a slight
increase in crystallinity for composites with 0.5 wt %
of talc compared to pure PP. Ferrage et al.12 exam-
ined several types of talc (talcs from China, Spain,
Italy, Gabon, and Brazil) as nucleation agents. From
wide-angle X-ray scattering (WAXS) experiments,
they concluded (similar to Denac et al.22) that talc is
a strong a-nucleation agent in the case of PP and
showed that the crystallization of PP on talc particles
has an epitaxial relationship characterized by a
strong orientation of PP chains. To characterize the
nucleation effect of talc, they used an onset of crys-
tallization temperature (Tc,onset), determined from
nonisothermal DSC measurements and intensity ra-
tio between (040) and (110) reflections of a-form of
isotactic polypropylene (i-PP), measured with
WAXS. They found a good correlation between Tc,onset
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and both I(110)/I(040) and particle size d50 and
concluded that the presence of talc particles in the
concentration of 0.5 wt % causes the crystallization
to be complete after only 50 min, compared to 2 h for
pure PP. They believed that talc particle size is the
principal factor affecting the crystallization of PP,
where the talc samples with the finest particles sizes
are more efficient as nucleation agent in the case of
PP. Puk�anszky und M�ocz�o13 showed that talc is a
stronger nucleation agent than calcium carbonate in
respect to PP. The change in the vol % of talc from 0
to 30% produces the increase of the crystallization
peak temperature from 117 to � 135�C and the
change in the heat of fusion (i.e., degree of crystallin-
ity) from 103 to 114 J/g.

Isothermal crystallization of polymers has been
widely examined.23 The Avrami macrokinetic model
has been used to analyze the overall kinetics of crys-
tallization4,24,25:

XðtÞ ¼ 1� expb�Ktnc (1)

where X(t) is the relative degree of crystallinity as a
function of time, defined as

X tð Þ ¼
R t
0
dH
dt dtR t end

0
dH
dt dt

(2)

In eq. (2), dH denotes the measured enthalpy of
crystallization during an infinitesimal time interval
dt. The limits t and tend are used to denote the
elapsed time during the crystallization and at the
end of the process, respectively. Avrami’s exponent
(n) and Avrami’s rate constant (K) are constants spe-
cific to a given crystalline morphology and type of
nucleation for particular crystallization conditions.26

The double logarithmic form of eq. (1) is used to fit
the experimental data:

log �lnð1� XðtÞÞ½ � ¼ logK þ n � logt (3)

If the model adequately represents the process,
the plot of the left-hand side of the eq. (3) versus log
t should be a straight line, with the Avrami’s expo-
nent n as the slope and log K as the intercept. The
Avrami model is made under the assumption of
unimpeded spherical crystal growth and complete
crystallization.24,27 Because of this, it represents the
initial portions of polymer crystallization correctly,
but for the later stages of crystallization, it deviates
from the experimental data.4 Some authors used the
Avrami approach for the case of nonisothermal crys-
tallization.24,28,29 However, it should be pointed out
that when it comes to nonisothermal crystallization,
the Avrami parameters K and n do not have the

same physical meaning, as when speaking about iso-
thermal crystallization.30

The Avrami equation provides useful data on the
overall kinetics of crystallization, but gives little
insight into the molecular organization of the crys-
talline regions, the structure of the spherulite, etc.4

Isothermal polymer crystallization can also be ana-
lyzed using the spherulitic growth rate [G(T)] in the
context of the Lauritzen–Hoffman theory,31 which is
made under the assumption of regular, adjacent
reentry folding, and a kinetically controlled nuclea-
tion process.4,23 Concerning this approach, the
growth rate G is given as a function of the crystalli-
zation temperature T by the following biexponential
equation:

GðTÞ ¼ G0exp
�U

RðT � T1Þ
� �

exp
�Kg

TDT

� �
(4)

where G0 is the pre-exponential factor, which
accounts for the factors that affect the transport of
macromolecular chains toward the growing site, U is
the activation energy for the transport of polymer seg-
ments to the site of crystallization, T1 is the theoreti-
cal temperature at which all motion associated with
viscous flow or reptation ceases and is defined as T1
¼ Tg � 30, Tg is the glass transition temperature, Kg is
the nucleation parameter, which denotes the energy
required for the formation of a nucleus of a critical
size (in K2), DT denotes the supercooling (equal to T0

m

– T), whereby T0
m is the equilibrium melting tempera-

ture and R is the universal gas constant. The values of
G0, U, and Kg are not temperature dependent. The first
exponential term in eq. (4) contains the contribution of
the diffusion process, while the second exponential
term represents the contribution of the nucleation pro-
cess to the spherulitic growth rate. The nucleation pa-
rameter (Kg) can be calculated from

Kg ¼ frreb0T
0
m

kbDHf
(5)

where f is the parameter of the mode of nucleation
(four in case of heterogeneous nucleation,27 that is,
regime 34), r and re are the side surface (lateral)
and fold surface-free energies, which measure the
work required to create a new surface, b0 is the sin-
gle layer thickness, DHf is the enthalpy of the melt-
ing of an ideal crystal, and kb is the Boltzmann
constant. When it comes to isothermal crystalliza-
tion, the nucleation parameter Kg can be calculated
from eq. (4) using the logarithmic transformation:

lnðGðTÞÞ þ U

RðT � T1Þ ¼ lnðG0Þ �
Kg

TDT
(6)
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If the left side of the eq. (6) is plotted against 1/
(TDT), a straight line with the slope Kg should be
obtained, when the model adequately represents the
process.

As opposed to isothermal crystallization, only a
few models have been developed to explain noniso-
thermal crystallization.30 The reason behind this is
the cooling rate, which could further complicate the
situation. However, isothermal measurements are
often restricted to a narrow crystallization tempera-
ture range, because the response time of the meas-
uring system must be small compared to the overall
crystallization time.32 The actual processing is also
often nonisothermal in nature.28,25 Hence, examina-
tions under nonisothermal conditions are a useful
complement in order to understand the crystalliza-
tion of polymers during the process. The Model
developed by Ozawa33 is used for the nonisothermal
crystallization under a constant cooling rate. In the
development of this model, it is assumed that crys-
tals originate from the nuclei and expand as
spheres. According to Ozawa, the nonisothermal
crystallization process can be divided into an infi-
nite number of small isothermal crystallization steps,
with the radial growth rate being constant at any
given step. In this manner, the untransformed frac-
tion of polymer at temperature T can be calculated
as follows:

1� XðTÞ ¼ exp
�g

R T
T0
m
N hð Þ R Tð Þ � R hð Þ½ �mG hð Þdh

an

" #

(7)

where X(T) denotes the relative degree of crystallin-
ity as a function of temperature, N(y) is the number
of nuclei per unit volume activated between T0

m and
y, G(y) is the radial growth rate at a given tempera-
ture y, a is the cooling rate (a ¼ dT/dt), g represents
the factors that depend on the dimension of the
growth, and n is Ozawa’s exponent, which is related
to, but different from the Avrami exponent34 and is
equal to m þ 1 for the instantaneous, that is, m þ 2
for the sporadic nucleation, respectively. Factors g
and m are given in Table I.

Functions X(T) and R(Q) are given by

X Tð Þ ¼
R T
0

dH
dT dTR T end

0
dH
dT dT

(8)

and

R Tð Þ ¼
ZT
T0
m

G hð Þdh; (9)

Monasse and Haudin32 proposed an extension of
Ozawa’s theory to predict the nucleation parameter
(Kg) under nonisothermal conditions. Through
appropriate combination and mathematical transfor-
mations of eqs. (4) and (7), they obtained the follow-
ing equation:

2

3
ln �ln 1� X Tð Þð Þ½ � � ln � d ln 1� X Tð Þð Þð Þ

dT

� �

� U

R T � T1ð Þ ¼ Cþ Kg

T T0
m � T

� � ð10Þ

where C is a constant. As regards pure PP, they
plotted experimental values on the left-hand side of
the eq. (10) against 1/(T0

m – T) and obtained Kg as
the slope.
In this article, we used the nonisothermal DSC

measurements and a newly proposed extension of
the Monasse–Haudin approach to calculate and dis-
cuss the influence of talc as a nucleation agent in the
crystallization of i-PP. To quantify the effect of dif-
ferent talc concentrations on the nucleation of i-PP,
we calculated the nucleation parameter (Kg) for ev-
ery talc concentration. The influence of talc particle
size as well as talc specific surface on Kg was also
examined using the proposed model extension.

EXPERIMENTAL

Materials

PP HD120MO, which is 95% isotactic, with an Mw ¼
365 kg/mol, Mw/Mn ¼ 5.4,35 and a melt flow index
(MFI) of 8 g/10 min at 230�C/2.16 kg was kindly
supplied by Borealis. This grade of PP is not
nucleated, does not contain antistatic agents, and
contains an antioxidant package based on phos-
phites/phenolics and a stearate-based acid scav-
enger. Fintalc M05SLC was kindly supplied by
Mondo Minerals and was used as filler for the basic
study. To discuss the influence of talc particle size
on Kg, we used Fintalc M10 E, Fintalc M15 E, and
Fintalc M30 SL, also supplied by Mondo Minerals.
Two other talc types (Jetfine 8CF and Luzenac HAR
T84) from Luzenac were used for investigating the
influence of the specific surface of talc particles with
the same origin and particle size on the crystalliza-
tion of i-PP. The main properties of the talc types

TABLE I
Factors g and m Concerning the Dimension of Crystall

Growth, Used in Ozawa’s Equation

Dimension of growth m g

One-dimensional growth 0 Area of the nuclei
Two-dimensional growth 1 2p
Three-dimensional growth 2 3p
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used are summarized in Table II. Neither of the talc
types is surface-coated. All materials were used as
received.

Composite preparation

All composites were prepared by melt mixing on a
Leistritz (model ZSE 18 Hpe) corotating twin-screw
extruder (L ¼ 810 mm, D ¼ 18 mm) with a tempera-
ture profile of 225, 225, 225, 215, 215, 210, 210, and
205�C (die), screw speed of 240 min�1, and through-
put of 6 kg/h (torque was between 80 and 90%).
Along the screws, there were appropriate screw ele-
ments in order to introduce polymer melting and
particle fine dispersion in the polymer melt. The
process parameters were adjusted to obtain the
smallest possible degradation of PP and held con-
stant afterward. As a rough sign of the amount of
degradation, the MFI was used. The difference in
MFI between compounded and as-received pellets
without filler for the acceptable temperature profile
in extruder was 1 g/10 min (at 230�C/2.16 kg). To
check if the proposed talc concentrations were
reached, an annealing of compounded granulate was
carried out at 600�C for 3.5 h, and the results are
shown in Figure 1.

As shown, the difference between the desired and
obtained talc concentrations during compounding
was in all cases less than 0.35% and can therefore be
neglected.

After compounding, the pellets were air dried at
80�C for 45 min in a drying chamber and injection
molded using the Battenfeld Unilog 4000 machine,
with barrel temperatures of 200, 205, 210, and 215�C
(die), a mold temperature of 25�C, an injection rate
of 50 cm3/s, and a holding pressure of 800 bar. To
isolate the influence of talc, all the process parame-
ters were held constant.

Characterization

An analysis of the crystallization of the PP compo-
sites was performed in a Netzsch 200F3 Maia differ-

ential scanning calorimeter. Indium, zinc, lead, bis-
muth, and tin standards were used for temperature
calibration. Samples of 18.4 6 0.5 mg were always
cut from the same (middle) position of the injection-
molded tensile test specimen. Samples are first
heated to 205�C with the rate of 10 K/min, held for
5 min at this temperature to erase the former ther-
mal history, and subsequently cooled with the same
speed to room temperature. The data obtained from
the DSC cooling cycle were used for the investiga-
tion of composite crystallization. Three measure-
ments were performed for every talc concentration,
and all the subsequent calculated values are the
averages obtained from the three measurements.
To see the influence of specific surface (BET) of

the talc with the same chemical structure and d50,
two types of Luzenac talcs were compounded with
i-PP. The thermal properties of the obtained granu-
lates were investigated using the same DSC pro-
gram, as in the case of Mondo talc.
Changes in the PP morphology and quality of talc

dispersion were visualized using optical light mi-
croscopy. Slices of 15–18 lm were prepared using
microtome and observed using Axioskop 2 MAT
Zeiss equipped with AxioCam MRc with magnifica-
tion of 500� in all cases.
The agglomeration of talc particles in the compos-

ite with 5 and 10 wt % of M30 talc was visualized
with computed X-ray tomography (CT). For this
purpose, exaCT s50HR computer tomograph was
used. The samples with dimensions 10 � 4 � 5 mm
were cut from the same tensile bars used for DSC
measurements and scanned at 40 kV and 300 mA
with an integration time of 0.6 s and a resolution of
16.35 lm. The data were analyzed using the soft-
ware VG Studio MAX 2.0 and the software tool
‘‘defect analysis’’ with the option ‘‘inclusions’’ and
the method ‘‘enhanced.’’

TABLE II
The Main Properties of the Talc Used (Manufacturer

Data)

Talc type d50 (lm)
Top

cut (lm)
Specific surface
BET (m2/g)

Fintalc M05SLC 2.3 10.a 9.5
Fintalc M10E 2.8 13.a 8
Fintalc M15E 4.2 14.a 6.5
Fintalc M30SL 10 27.a 3.5
Jetfine 8CF 2 5.7b 8
Luzenac HAR T84 2 11.3b 16

a d98.
b d95.

Figure 1 A comparison of the desired and obtained talc
concentration after annealing at 600�C for 3.5 h as regards PP
filled with Fintalc M05 SLC. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

4 KOCIC ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



For the characterization of the crystal structure
of PP and the determination of overall degree of
crystallinity, we used WAXS analysis. These meas-
urements were carried out on the sliced parts
from the middle of the injection-molded samples,
using a Siemens D 5005 with Cu Ka radiation of
1.54 Å wavelength at 40 kV and 40 mA. 2y scan
was carried out at a scan speed of 0.6�/min in the
2y range from 6 to 40�. The samples for WAXS
measurements were cut in the same manner as the
parts for DSC, and the X-ray beam was set to
have a shape and dimensions similar to a cross
section of injection-molded parts. In this manner,
obtained crystal structure should reflect the aver-
age throughout the cross section of the injection-
molded parts.

The crystalline long period was measured using a
Bruker Nano Star small-angle X-ray scattering
(SAXS) with a 2D detector and Cu Ka radiation (45
kV/650 lA). The sample-detector distance was 106.5
cm, and the measurements were conducted in the
transmission mode. The samples for SAXS measure-
ments were prepared in the same manner as the
parts for WAXS. From the SAXS measurements,
long period (D) was calculated and related to the la-
mellar thickness (lc) using previously determined
crystallinity (Xc) and eq. (11).36

Ic ¼ D� Xc (11)

RESULTS AND DISCUSSION

Mathematical development

Using eq. (10), we attempted to find the influence of
talc with different concentrations on the nucleation
of i-PP. The result of fitting is presented in Figure 2
for the composite with 5 wt % of Fintalc M05 SLC.
Unfortunately, fitting the experimental data into this
model did not give the satisfactory linear correlation
necessary to find a nucleation parameter Kg, as can
be seen from Figure 2. The reason could be the inad-
equate values of the m and n parameter in Ozawa’s
model as regards PP/talc composite. During the de-
velopment of eq. (10), it was assumed that nuclea-
tion is instantaneous (thus, parameter n is equal to
m þ 1) and that crystals grow in three dimensions
(so the parameter m is equal to 2).

It is obvious that m and n cannot be taken as con-
stants, because they change, due to the influence of
talc on nucleation and growth of PP crystals and
also do not have to be integer numbers. We thus
tried to adapt the eq. (10) to our conditions.

We start from Ozawa model [eq. (7)], which for
the case of athermal and instantaneous nucleation
[N(y) ¼ const] can be written as

1� X Tð Þ ¼ exp
�gN

an

ZT
T0
m

R Tð Þ � R hð Þ½ �mG hð Þdh

2
64

3
75 (12)

where

R Tð Þ ¼
ZT
T0
m

G hð Þdh (13)

Thus,

1� X Tð Þ ¼ exp
�gN

an mþ 1ð ÞR Tð Þ mþ1ð Þ
� �

(14)

and

ln �ln 1� X Tð Þð Þð Þ ¼ ln
gN

mþ 1

� �
�nln aþ mþ 1ð ÞlnR Tð Þ ð15Þ

whereas

d ln 1� X Tð Þð Þð Þ
dT

¼ �gN

an
R Tð ÞmG Tð Þ )

) ln
d ln 1� X Tð Þð Þð Þ

dT

� �
¼ ln �gNð Þ � nln að Þ

þmln R Tð Þð Þ þ ln G Tð Þð Þ ð16Þ

We now introduce eq. (15) in eq. (16) to obtain
logarithm of the spherulite growth rate ln[G(T)] as
follows:

Figure 2 The fitting of the experimental data with eq.
(10) for PP filled with 5 wt % of Fintalc M05 SLC. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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ln G Tð Þð Þ ¼ ln
d ln 1� X Tð Þð Þð Þ

dT

� �

� m

mþ 1
ln �ln 1� X Tð Þð Þð Þ

� ln �gNð Þ � m

mþ 1
ln

gN

mþ 1

� �
� n

mþ 1
ln að Þ

� �
ð17Þ

Because m, g, n, and a are constants for a given
talc concentration, eq. (17) can be written in the
form:

ln G Tð Þð Þ ¼ ln
d ln 1� X Tð Þð Þð Þ

dT

� �
� m

mþ 1
ln �ln 1� X Tð Þð Þð Þ � / (18)

where / is constant.
We now assume that nonisothermal nucleation

with a constant cooling rate could be well approxi-
mated with a finite number of isothermal segments.
Thus, combining the Lauritzen–Hoffman model for
the isothermal case [eqs. (6) and (18)] leads to

ln
d ln 1� X Tð Þð Þð Þ

dT

� �
� m

mþ 1
ln �ln 1� X Tð Þð Þð Þ

þ U

R T � T1ð Þ ¼ ln G0ð Þ þ /½ � � Kg

T T0
m � T

� � ð19Þ

We further assume that crystal growth deviates
from the pure three-dimensional growth. Concerning
this assumption factor, m cannot be taken as a con-
stant, but must be calculated experimentally. The
best linear fit of eq. (19) was obtained calculating
factor m as n � 2 for every talc concentration, where
the parameter n was obtained from experimental
data using eq. (3) for the nonisothermal case. In this
study, the Tg value of PP used was 253 K, T1 ¼ Tg –
30, T0

m ¼ 481 K, U ¼ 6280 J/mol, and X(T) were

obtained from DSC nonisothermal experiments,
using eq. (8).

Experimental results

Figure 3 shows an example of WAXS diffractogram
of PP containing 15 wt % of talc.
For all talc concentrations, only a-form of i-PP was

detected, with characteristic peaks at 2y ¼ 14�, 17�,
18.5�, and 21.5�, as presented in Figure 3. As it can
be seen from Figure 3, there is an overlay of PP and
talc peaks at about 2y ¼ 28.6�.
An example of the DSC curves for the pure PP

and PP filled with different amount of Fintalc M05
SLC is plotted in Figure 4.
As one can see, the onset of crystallization as well

as the crystallization peak temperature is shifted to
higher temperatures with increasing talc concentra-
tion. It follows that talc has a strong nucleation
effect, which should be reflected on the structure
and size of crystalline units. Contrary to this, only a
slight increase is observed in the overall degree of
crystallinity, up to a maximum of 5%.
The influence of talc particles on the nucleation of

i-PP can be described by the following equation2:

DG ¼ DGc � V þ A � re ¼ ðDH � Tc � DSÞ � V þ A � re

(20)

where DGc, DH, DS, and V are the crystallization free
enthalpy, change in enthalpy, entropy, and nuclei
volume, respectively. As a consequence from the
nucleation activity of the filler, the number of crys-
tallization nuclei that is produced during simultane-
ous nucleation is increased,37,28 and the nucleus

Figure 3 Wide-angle X-ray diffractogram for the PP com-
posite containing 15 wt % of Fintalc M05 SLC. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 4 An example of nonisothermal DSC exotherms
in pure PP and PP filled with different amounts of Fintalc
M05 SLC.
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formation free enthalpy (DG) is decreased because of
a decrease in fold surface free energy, re.

24,38 As a
consequence, the crystallization process starts at a
higher temperature (Tc).

27,37,39 The linear growth rate
of polymer crystals is a strong function of the degree
of undercooling.a For smaller undercooling (higher
Tc), linear growth is much slower.28 An increased
number of crystallization nuclei, simultaneous nucle-
ation and a lower linear growth rate should give a
larger number of thicker and more regular crystals.
To prove this, SAXS measurements of pure i-PP
were made, as well as PP filled with 10 wt % of Fin-
talc M05 SLC. Using eq. (11), lamellar thickness is
calculated from the long period and presented in Ta-
ble III. The overall degree of crystallinity (Xc) was
obtained from WAXS results using the formula Xc ¼
PC/(PC þ PA þ PT), where PC and PA are the areas
of crystalline and amorphous profile, and PT is the
area of talc peaks.

As expected on the basis of DSC results and theo-
retical considerations, an introduction of 10 wt % of
Fintalc M05 SLC leads to an increase of lamellar
thickness from 60.3 Å (in neat PP) to 71.8 Å (in PP
filled with 10 wt % of Fintalc M05 SLC). The change
in lamellar thickness should have influence on the
mechanical properties of materials. This will be dis-
cussed in another work.

From the DSC experiments, the time and tempera-
ture-dependent relative degrees of crystallinity [X(t)
and X(T)] were obtained, for every infinitesimal
interval, using eqs. (2) and (8), respectively. The
baseline used for the integration of DSC heat flow
was a straight line crossing the end points. For the
approximation of the surface between the DSC heat
flow and the constructed baseline, we used a trape-
zoidal rule. Obtained X(t) and t are used to fit to
Avrami’s equation [eq. (3)]. Figure 5 shows the fit
for PP with 5 wt % of Fintalc M05 SLC with the pa-
rameter n as the slope.

It can be observed from Figure 5 that experimental
data fit well with Avrami’s equation. For every talc
concentration, correlation coefficient R2 was not
lower than 0.99. Papageorgiou et al.,24 found that in
the case of PP filled with surface-treated SiO2 in dif-

ferent concentrations, Avrami’s exponent n calcu-
lated from nonisothermal DSC measurements was
lower than the one for the pure PP at the same cool-
ing rate. In contrast, our investigation demonstrates
that in the case of PP filled with talc, n shows the
trend of increasing with talc concentration, as pre-
sented in Figure 6.
This trend agrees with the findings of Mucha

et al.,27 while the absolute value of n in the case of
pure PP was slightly larger than that obtained by
Mucha (2.43 in comparison with 2.16, respectively).
Although physical meanings of Avrami’s parameters
cannot be related to the nonisothermal case in a sim-
ple way, the obtained trend of n clearly shows that
the nucleation character and dimension of crystal
growth change depends on talc concentration. In the
future, more attention should be given to defining

TABLE III
Long Period (D), Overall Degree of Crystallinity (Xc),
and Lamellae Thickness (lc) in Pure PP and in the
Composite Containing 10 wt % of Fintalc M05 SLC

Wt % of Talc %) D (Å) Xc (�) lc (Å)

0 123 0.49 60.3
10 133 0.54 71.8

Figure 5 The Avrami plot for PP filled with 5 wt % of
Fintalc M05 SLC. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 6 Avrami’s exponent n from nonisothermal DSC
as a function of Fintalc M05 SLC concentration.

aUndercooling is the difference between melting temperature
and the onset of crystallization temperature Tc.
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the physical meaning of Avrami’s parameter in this
case.

The obtained Avrami’s parameters n were used to
fit eq. (19) with experimental results, and the result
of fitting is presented in Figure 7 for PP filled with 5
wt % of Fintalc M05 SLC.

As can be seen, eq. (19) gives satisfactory agreement
with experiments, except at the beginning and at the
end of the process. The correlation coefficient R2 was
not less than 0.87 in all cases. However, for our further
calculations, we used the straight part in Figure 7,
which corresponds to the relative degree of conver-
sion between 0.035 and 0.98. Kg values were deter-
mined from the slopes and presented in Figure 8.

As can be seen from Figure 8, there is a clear tend-
ency for Kg to decrease as the amount of talc is
increased, as a consequence of nucleation activity of
talc. After the sharp decrease of Kg between 0 and
5% of talc, there is a plateau up to � 20% of talc.
Similar behavior obtained in Papageorgiou et al.,24

where the Kg decrease is almost linear with SiO2 till
7.7 wt % and then shows a plateau up to 10 wt %.
In our case, for the concentrations higher than 20 wt
% of talc, Kg further decreases. We assume that
when speaking about higher talc concentrations,
deagglomeration of talc particles occurs, due to
increased shear stress between the numerous par-
ticles. To prove this, light microscopy pictures for
the pure talc and composites of 5 and 40 wt % were
made and presented in Figure 9.

Figure 7 The fitting of the experimental data with eq.
(19) for PP fillled with 5 wt % of Fintalc M05 SLC. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 8 The obtained Kg values in respect to concentra-
tion of Fintalc M05 SLC.

Figure 9 Light microscopy of (A) pure PP, (B) PP with 5,
and (C) 40 wt % of Fintalc M05 SLC. The spherulite size
in pure PP was between 30 and 40 lm. No spherulitic
structure can be seen upon the addition of the talc. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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The comparison between Figure 9(B,C) clearly
shows that talc particles were much smaller in the
composite with 40 wt % than in the composite with
5 wt % of talc, probably due to the deagglomeration,
which happened in the presence of talc in high con-
centration. This deagglomeration could explain fur-
ther decrease of Kg for the concentrations higher
than 20 wt %, because finer particles are known to
be more efficient as nucleation agent.12

Using obtained Kg and eq. (5), we calculated the
fold surface-free energies (re), and for pure PP, we
obtained the value of 0.152 J/m2. This value was
slightly lower than the value obtained by Godovsky
and Slonimsky10 (0.157 J/m2), using dilatometric
measurement. The parameters used in eq. (5) were
as follows: f ¼ 4; r ¼ 8.70 � 10�3 J/m2; b0 ¼ 0.656
nm; DHf ¼ 134.0 J/cm3; T0

m ¼ 481 K.
Furthermore, we investigated whether it is possible

with the new model to see the difference in nuclea-
tion ability between three talc grades with different
particle sizes. The results are presented in Figure 10.

As expected, the reduction of the energy required
for the formation of a nucleus of a critical size is
more pronounced for the talc with smaller particles
(lower d50), so that the nucleation exponent
decreases in the order Kg (M30) > Kg (M15) > Kg

(M10). For 5 wt % of talc, there is no observed de-
pendence of Kg on d50. It is possible that for low-talc
concentrations, the cooling rate of 10 K/min was too
low, so that the homogeneous nucleation takes place
at a higher degree; thus, no clear influence of talc
particle size is seen. To confirm this assumption, fur-
ther DSC studies of composites with a lower amount
of talc (between 0 and 5 wt %) under a cooling rate
higher than 10 K/min are needed.

It is interesting to notice the different trends of Kg

in respect to talc concentration between different talc
grades presented in Figures 8 and 10. As Kg for
example decreases for higher concentrations of M05
SLC talc, a slight increase of Kg was observed in the
case of M10 and M30 grades, for the concentrations
higher than 20 wt %. It seems that the process does
not have the same influence on the dispersion of dif-
ferent talcs. The reason for this could be the different
tendencies toward the agglomeration of the talc
grades used. It is known that the occurrence and
extent of aggregation depend among other factors
on the particle size40,41 and particle size distribu-
tion,41 but the views concerning these effects are
contradictory. According to Rumpf,42 the tensile
strength of aggregates depends mainly on the parti-
cle size of the filler, and it is increased with decreas-
ing particle diameter. Cheng43 proposed a different
relationship, suggesting a strong dependence
between the strength of aggregates and the bulk den-
sity of the filler. According to Cheng,43 the tensile
strength of the aggregates should become higher with
increasing filler bulk density. On the other hand, it is
known that with increasing particle size, the bulk
density of the filler increases significantly, indicating
strongly increasing tensile strength of the aggre-
gates.13 In the case when the shear stresses developed
in extruder are lower than the aggregate strength, the
aggregates remain in the composite, which have an
influence on the crystallization behavior of the poly-
mer matrix. It is also not excluded that particle size
distribution of the used talc samples changed.
Namely, the talc samples used to obtain Figure 10
were stored 7 months before compounding. During
this time, segregation of talc is possible according to
particle size or particle density. As a consequence, the
heavier particles move downward, while the lighter
particles remain on the surface. This behavior leads
to different particle size distribution within the same
talc sample, which could also have an influence on
calculated Kg values.
Contrary to other talc grades, a strong increase of Kg

occurs between 5 and 10 wt % of M30 talc. Thus, pro-
nounced agglomeration could be expected in the case
of 10 wt % of this talc grade. To prove this, samples
with 5 and 10 wt % of M30 talc were cut from the
same tensile specimens used to obtain Figure 10, and
the agglomeration of talc particles was analyzed using
CT. The results are presented in Figure 11. As it can
be clearly seen from Figure 11, the agglomeration of
filler particles as regards 10 wt % occurred to a greater
extent compared to the sample with 5 wt % of M30
talc. This was reflected by a higher value of Kg of 10
wt % composite. Although the change in filler particle
size due to the agglomeration or deagglomeration,
which occurs during the process, has an influence on
the behavior of Kg, this complex phenomenon exceeds

Figure 10 Comparison of nucleation ability of three talc
grades with a different d50.

b [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

bThe Kg value for pure PP in Figure 10 was slightly higher
than in Figure 8. The reason could lie in two different batches
of PP, which we used for our research.
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the purpose of this article and should be studied in
more detail in the future.

We further wanted to examine the difference in
nucleation ability of two Luzenac talcs with the
same d50, but different specific surface. To find this,
we used developed model extension [eq. (19)] and
calculated Kg for this two talc grades. HAR T84 talc
is produced using an innovative delaminating pro-
cess. Thus, it possesses a higher aspect ratio and
specific surface than conventionally micronized
grades, under the same d50. Because of the larger
specific surface, the nucleation of the polymer mole-
cules on the HAR T84 should be enhanced, which
means that energy required for the formation of a
nucleus of a critical size (Kg) should decrease. The
results obtained are presented in Figure 12.

Indeed, it can be seen that Kg from conventionally
produced talc Luzenac 8 CF and delaminated HAR
T84 shows the same trend, but, at the same time,
Har T 84 possess lower Kg values, which means that
this grade shows a higher nucleation ability as
regards i-PP.

CONCLUSION

The nonisothermal crystallization of i-PP, nucleated
with different talcs, was examined using a novel-
proposed extension of the Monasse–Haudin32 model.
The proposed extension seems to be applicable for
filled or additive modified semicrystalline polymers
and nonisothermal crystallization.
Several conclusions may be proposed:

• A good agreement between the proposed model
extension and the literature values was found as
regards pure i-PP.

• As expected, a reduction of the nucleation pa-
rameter (Kg) with increased talc concentration
was found, as a consequence of the talc activity
toward nucleation of PP.

• Using the proposed model extension, the com-
parison between the nucleation activities of
three talc types with different particle sizes was
made. A good agreement with the predicted
trend was obtained. The calculated Kg values
decrease with the size of talc particles.

• It was also shown that delaminated talc with a
higher specific surface and the same d50 pro-
vides stronger effect on nucleation of PP com-
pared to the conventionally micronized grade.

Figure 11 CT images of PP with 5 (A) and 10 (B) wt % of Fintalc M30. The color of the particles is determined by parti-
cle size (red for the coarse and blue for the fine particles). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Figure 12 A comparison of the nucleation ability of two
Luzenac talcs with the same d50 but different-specific sur-
face. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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• The proposed method proves to be superior to
previous approaches regarding filled i-PP under
nonisothermal conditions.

Using the proposed model, one can quantify and
compare the nucleation effect of different additives
in the nonisothermal crystallization of semicrystal-
line polymers. Starting from the obtained Kg and eq.
(5), one can further calculate the fold surface-free
energy (re), which is related to the thickness of the
secondary nucleus.23 It remains only to find an
adequate model to calculate the thickening of the
secondary nucleus in the later stages of crystalliza-
tion, in order to calculate the final lamellar thick-
ness,23 which has a great influence on the mechani-
cal behavior of semicrystalline polymers. Therefore,
this could be one new way to isolate and study the
influence of morphology on the mechanical proper-
ties of semicrystalline plastics as well as to establish
the mathematical correlations between thermoanalyt-
ical methods (DSC measurements), morphology, and
the mechanical behavior of polymer materials. This
will be addressed in our future manuscript.

The authors thank J. Rudloff for generating the software
used for calculation, E. Kraus for performing the CT analysis
and S. G€otzend€orfer for performing WAXS measurements.
Helpful discussions with P. L€obmann and G. Sextl are grate-
fully acknowledged.
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