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Abstract A new suspension-based rheological method
was applied to experimentally study the crystallization
of a nucleating agent (NA) filled isotactic polypropy-
lene. This method allows for determination of point
nucleation densities where other methods fail. For ex-
ample, optical microscopy can fail because nucleation
densities become too high to be counted (materials with
effective NA) or crystallites are not easily visible (col-
ored materials), while differential scanning calorimetry
does not allow the effect of flow to be studied. Both
quiescent and mild-shear-induced crystallization were
investigated. The results show that the addition of a
nucleating agent increases the nucleation density by
six decades for quiescent crystallization. The effect of
shear on crystallization in the presence of a nucleating
agent was assessed, and it is demonstrated that, at least
for this system, the effect of shear is much smaller than
the effect of the nucleating agent.

Keywords Polymer crystallization · Nucleation ·
Nucleating agent · Shear · Flow-induced
crystallization · Rheometry

This paper was presented at the 6th Annual European
Rheology Conference, April 7–9 2010, Göteborg, Sweden.

Z. Ma · R. J. A. Steenbakkers · G. W. M. Peters (B)
Materials Technology, Department of Mechanical
Engineering, Eindhoven University of Technology,
P.O. Box 513, 5600MB Eindhoven, The Netherlands
e-mail: g.w.m.peters@tue.nl

J. Giboz
LMOPS, CNRS UMR5041, Université de Savoie,
73376 Le Bourget-du-Lac, France

Introduction

Semi-crystalline polymers cover over two thirds of the
products used in our daily life. Adding a nucleating
agent to a semi-crystalline polymer is a common way
to control crystallization and tailor mechanical and
optical properties (Kristiansen et al. 2003, 2005; Kurja
and Mehl 2001; Menyhárd et al. 2009). The interface
between the nucleating agent and the polymer melt
has a high surface energy, which reduces the energy
barrier associated with the formation of a nucleus. In-
troducing a large amount of nucleating agent particles
therefore greatly increases the nucleation density and
consequently the rate of crystallization (Wunderlich
1973). In general, a higher nucleation density leads to
more desirable properties. Several methods are avail-
able to determine the nucleation density in polymer
crystallization. These include (a) microscopy to directly
count the number of nuclei in the melt, (b) differential
scanning calorimetry (DSC; Lamberti 2004), or (c)
dilatometry (Binsbergen and De Lange 1970). The
latter two indirectly measure the crystallization evolu-
tion in order to calculate the nucleation density using
a kinetics equation. However, for colored nucleating
agent systems, the nucleation density can become too
large to be counted and also can change the optical
properties dramatically (Menyhárd et al. 2009), making
quantification of the nucleation density difficult with
optical microscopy (Fig. 1).

Flow is another crucial factor affecting polymer crys-
tallization, especially the nucleation step. The number
density of nuclei can increase dramatically (Housmans
et al. 2009; Zuidema et al. 2001), and for a strong
enough flow, the formation of shish-kebab structures
will occur (Zhu and Edward 2004). The combined
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Fig. 1 Morphology during quiescent crystallization at T = 151◦C

effect of nucleating agent and flow has hardly been
studied. In this work, we will restrict ourselves to point-
like nucleation which will occur for moderate flow only.
How much a moderate flow will change the kinetics
of nucleating agent crystallization depends on the type
of nucleating agent (Byelov et al. 2008). Knowledge of
the individual effects of nucleating agent and shear on
nucleation density is a prerequisite for understanding
the combined nucleation mechanism and to provide
input for models to predict resulting structures.

To achieve this goal, conventional DSC and classical
dilatometry are not suited since they do not allow one
to impose a flow on the material. A new type of dila-
tometer, the Pirouette (http://www.imetechnologies.nl),
developed in our group (Forstner et al. 2009; Van
der Beek et al. 2006), does allow for applying shear
to the sample and thus for using the measured time-
dependent specific volume for our purpose: determin-
ing the nucleation density. However, in this paper, we
will use a rheometer that first serves as flow device
(with the possibility to vary the shear rate and the shear
time) and, subsequently, as a mechanical spectrometer
that measures the changing complex modulus due to
the progressing crystallization process. Using an ana-
lytical relation between space filling and the modulus,
it is possible to determine the nucleation density. This
solves both problems: dealing with large numbers of
nuclei and poor visibility of crystalline structures. The
aim of this study is to explain this approach and to
demonstrate its effectiveness for colored nucleating
agent systems, for both quiescent and flow-induced
crystallization.

Experimental methods

The polymer used in this study is an isotactic
polypropylene (iPP; HD601CF, Borealis, previously
known as HD120MO). It has a weight average mole-
cular weight Mw = 365 kg/mol and a polydispersity
Mw/Mn = 5.4 (Housmans et al. 2009). The nominal
melting temperature is 163◦C. The polymer was com-
pounded with an organic nucleating agent, U-Phthalo-
cyanine of molecular weight 310 kg/mol (C. Hadinata
2009, personal communication) at a concentration of
0.2 wt%. This nucleating agent was also used by Lee
Wo and Tanner (2010) who found non-spherical crys-
tallites that we did not observe, see “Results and discus-
sion”. From the neat iPP and the artificially nucleated
material (NA-iPP), 1.1-mm-thick plates were injection-
molded and from those plates circular disks were cut
with a diameter of 8 mm. The NA-iPP samples were
blue due to the coloring effect of the nucleating agent.

For the rheological measurements, a Rheometrics
ARES rheometer with a plate–plate geometry was
used. Samples were first heated to 230◦C and kept on
that temperature for 10 min to erase the thermal and
mechanical history. Next, the melt was cooled to the de-
sired temperature at a rate of 15◦C/min and kept at this
temperature for the isothermal crystallization. During
cooling, gap adjustment was performed continuously to
compensate for the thermal shrinkage of tools and sam-
ple. Two minutes of delay time was used to equilibrate
the sample temperature before starting the dynamic
measurements. Temperatures for crystallization were
chosen between 133◦C and 140◦C for the neat iPP and
between 143◦C and 151◦C for the NA-iPP. Experiments
with shear were carried out at temperatures of 148◦C
and 151◦C. Steady shear at a rate of γ̇ = 60 s−1 was im-
posed for shear times ts = 2, 4, and 6 s. Small-amplitude
oscillatory shear measurements were employed to track
the time evolution of the storage modulus (G′) and loss
modulus (G′′) using an angular frequency of 5 rad/s and
a strain of 0.5%. All experiments were performed in an
N2 atmosphere to prevent the material from degrading.

Polypropylene can crystallize in different phases.
To check if both the neat iPP and the NA-iPP had
crystallized in the α-phase, the samples were analyzed
afterwards using X-ray scattering. Wide-angle X-ray
diffraction (WAXD) measurements were carried out at
the Dutch–Belgian (DUBBLE) beamline BM26 of the
European Synchrotron Radiation Facility in Grenoble,
France. A Photonica CCD detector with 2,004 ×
1,335 pixels of 44 μm × 44 μm was placed at 178 mm.
The wavelength was 1.033 Å and the exposure time was

http://www.imetechnologies.nl


Rheol Acta (2011) 50:909–915 911

10 s. WAXD data were integrated with the software
FIT2D.

Data analysis

A linear viscoelastic version of the three-dimensional
generalized self-consistent method of Christensen and
Lo (1979) is used to couple the amount of space filling,
caused by point-like nucleation and spherulitic growth,
to the measured dynamic (or complex) modulus. See
also Christensen and Lo (1986) and Christensen (1990).
This model has been validated experimentally in our
previous work (Steenbakkers and Peters 2008). If
spherulites are formed, the relative dynamic modulus
f ∗
G = G∗/G∗

0 can be obtained from

A∗ f ∗
G

2 + B∗ f ∗
G + C∗ = 0 , (1)

where G∗ and G∗
0 are the complex dynamic modulus of

the suspension and the amorphous phase, respectively.
The complex coefficients A∗, B∗, and C∗ depend on
space filling φ, the ratio of the complex moduli of the
amorphous (G∗

0) and semi-crystalline phase (G∗
1), and

the Poisson ratios of both phases, ν0 and ν1. Notice that
all moduli are frequency and temperature dependent.
Expressions for the coefficients are given in Appen-
dix A of Steenbakkers and Peters (2008). In this case,
space filling is the unknown and is obtained by mini-
mizing Eq. 1 using the measured f ∗

G.
Next the space filling has to be related to the nu-

cleation density. For a fixed number density of nu-
clei N(T), the Kolmogorov–Avrami–Evans equation
(Avrami 1939, 1940; Evans 1945; Kolmogorov 1937)
describes the progress of space filling in time during
isothermal crystallization at temperature T,

φ(t, T) = 1 − exp

(
−4π

3
N(T)G3(T)t3

)
(2)

from which the nucleation density can be obtained:

N(T) = −3 ln (1 − φ)

4πG3(T)t3
(3)

with growth rate G(T) depending on the temperature
only. The main requirement here is that the growth rate
is independent of the nucleation density, even when
this density is influenced by a nucleating agent or by
flow. Flow experiments are so-called short-term shear
experiments; the flow can generate extra nuclei but
the growth takes place after the flow has stopped. The

growth rate for iPP is well-known (Eder and Janeschitz-
Kriegl 1997). Note that there are different empirical
relations describing the temperature dependence of the
growth rate, see Eq. 4 (Zuidema et al. 2001) and Eq. 5
(Hoffman et al. 1976):

G(T) = Gref exp
[
−cG

(
T − TG,ref

)2
]

(4)

G(T) = G0 exp

[
− U∗

R
(
T − Tg + T∞

)
]

× exp

[
−κGT2

m (Tm + T)

2T2 (Tm − T)

]
(5)

One could think of using other approaches by apply-
ing more simple models (Boutahar et al. 1996, 1998;
Tanner 2002, 2003; van Ruth et al. 2006) or empirically
based scaling laws between the space filling and the
storage modulus (see Coppola et al. 2006; Khanna 1993;
Pogodina et al. 1999). However, it was demonstrated in
Steenbakkers and Peters (2008) that such approaches
do perform less than the suspension model as used
here, and therefore, we will not apply them to our
results. Summarizing, by measuring the complex modu-
lus G∗(t, T, γ̇ , ts) for different temperatures, shear rates
γ̇ , and shear times ts, we can determine the space
filling φ(t, T) using Eq. 1 and the nucleation density
N(T, γ̇ , ts) using Eq. 3, provided that only spherulitic
growth from predetermined point-like nuclei occurs.

Results and discussion

Determination of the nucleation density for NA-iPP

First of all, Fig. 1 shows that the structures formed
during crystallization with nucleating agent do not show
any unusual structure as was found by Lee Wo and
Tanner (2010) for a similar system (a commercial iPP
with different concentrations of U-Phthalocyanine), so
the above method can be applied to convert the time
evolution of the rheological properties into kinetics
of space filling. Figure 2 shows the time evolution of
the storage modulus G′ of the nucleating agent system
during crystallization at different temperatures. First of
all, it should be noticed that for T = 145◦C the initial
value of G′ is not the same as those for the other tem-
peratures. The method is based on the assumption of
isothermal crystallization. If the degree of undercooling
is large with respect to the cooling rate, crystallization
already sets in during cooling. The problem is made
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Fig. 2 Time evolution of the storage modulus for NA-iPP sam-
ples crystallized at different temperatures

even worse due to the 2-min delay time we used in
order to equilibrate the sample temperature. This is the
case for T = 145◦C; crystallization has already started
before we begin to track the rheological evolution
(indicated by an increased initial value of G′). Faster
cooling rates are required when studying higher levels
of undercooling. Nevertheless, we still want to show this
result to demonstrate the limitations of the method.

The related space filling, determined by Eq. 1, is
shown in Fig. 3. For the high experimental temperature
range used here, the growth rate is better captured by
Eq. 4 (Eder and Janeschitz-Kriegl 1997; Zuidema et al.
2001), so this expression was applied. Figure 4 shows
the diffraction patterns of NA-iPP samples after qui-
escent crystallization and demonstrates that nucleating
agent crystallization results in the same α modification
as crystallization of the neat iPP. Consequently, the
same growth kinetics, Eq. 4, applies. The number den-
sity of nuclei determined by Eq. 3 is plotted versus
space filling in Fig. 5. It is nearly constant between
φ ≈ 0.1 and φ ≈ 0.9, except for the experiment at T =

Fig. 3 Time evolution of space filling derived from the dynamic
modulus for NA-iPP samples crystallized at different temperatures

Fig. 4 One-dimensional WAXD curves of NA-iPP samples crys-
tallized at different temperatures

145◦C, where crystallization has already set in before
the dynamic measurements have started. Much higher
values are found in the early stage, but N(T) becomes
nearly constant when φ ≈ 0.4 for all temperatures. The
influence of the unknown initial space filling is rela-
tively smaller for higher degrees of space filling, i.e., in
later stages of the process. We have taken the average
value for a space filling between φ = 0.5 and φ = 0.9
as a reasonable approximation. Nucleation densities
from all experiments are plotted as a function of the
experimental temperature in Fig. 6. It can be concluded
that this type of nucleating agent is very effective as it
increases the nucleation density by up to six decades.
Notice that the temperature dependency of the nucle-
ation density is very similar for the neat iPP and the
NA-iPP and that the results for T = 145◦C, although
less reliable for φ < 0.4, are well in line with the
results for higher temperatures. Results for relatively
low temperatures should be treated with some caution.

Fig. 5 Nucleation density versus space filling for NA-iPP samples
crystallized at different temperatures
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Fig. 6 Nucleation density of iPP and NA-iPP versus temperature

Reproducibility

First we compare the results of Housmans et al. (2009),
obtained with the same method and for the same
iPP, to the results presented here. For a temperature
T = 138◦C, they found, for quiescent conditions, a
nucleation density N = 8 × 1011 m−3, while we obtain
the (interpolated) value N = 6 × 1012 m−3. We ascribe
this difference to the sample preparation procedure.
Our neat iPP and nucleated samples were processed
by injection molding, which means that the sample
preparation step already induced extra nuclei due to
the applied (uncontrolled) flow. The samples used by
Housmans et al. (2009) were prepared by means of
compression molding.

We repeated our experiments to check for repro-
ducibility. The time lapse between the two series of
experiments was about 8 weeks. The results of these re-
peated experiments (second series) are shown in Fig. 7,
together with the previous results (first series). We
want to stress the importance of a good temperature
control. An error of 1◦C typically gives a factor two
difference in the number density of nuclei. Notice that

Fig. 7 Nucleation density of iPP and NA-iPP versus temperature
for two series of experiments

in the second series of experiments we managed to
get good results for temperatures as low as T = 143◦C
while in the first series we already encountered prob-
lems at T = 145◦C.

Effect of mild flow

Figure 8 shows the evolution of G′ during crystalliza-
tion at 148◦C under quiescent conditions and after
shear (fixed shear rate and variable shear time). For a
shear rate of 60 s−1, a shear time of 2 s shows clearly
accelerated kinetics. Further increase of the shear time
to 4 s does not change the kinetics much. The acceler-
ation of crystallization seems to become (nearly) inde-
pendent of the shear time beyond 4 s, indicating that the
shear-enhanced point-like nucleation saturates. This
effect was also observed by Housmans et al. (2009)
for this and two other iPPs. The time evolution of the
storage modulus of the sheared nucleating agent system
has the same shape as in the quiescent nucleating agent
system, meaning that the growth mechanism is the same
and only spherulites are formed. This implies that our
method can still be applied to determine space filling
for crystallization after shear. Moreover, the results can
be compared to those of Housmans et al. (2009).

For flow-induced crystallization experiments, an ad-
equate measure of the flow strength is the Weissenberg
number, based on the stretch relaxation time of the
HMW tail of the MWD distribution:

Wis(T, γ̇ ) = τHMW
s (T) γ̇ (6)

Recent modeling work (Steenbakkers 2009) suggests
that the creation rate of point-like nucleation precur-
sors depends not only on the average stretch of the
HMW molecules but also explicitly on the temperature:
The prefactor of the creation rate was found to be

Fig. 8 Time evolution of the storage modulus for NA-iPP under
quiescent conditions and after short term shear (γ̇ = 60 s−1, ts =
2, 4, 6 s) at T = 148 ◦C
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Fig. 9 Nucleation density of NA-iPP under quiescent conditions
and after shear at T = 148 ◦C and T = 151◦C (γ̇ = 60 s−1)

proportional to the time–temperature shift factor aT .
Therefore, we use aT Wis as a criterion to compare
experiments, which scales as a2

T . From the linear vis-
coelastic data and the stretch relaxation time τHMW

s re-
ported by Housmans et al. (2009), we find Wis(148◦C) =
13, Wis(151◦C) = 12, and

aT(151◦C)Wis(151◦C)

aT(138◦C)Wis(138◦C)
= 1.1 , (7)

where Wis(138◦C) = 8 for the strongest flow applied
by Housmans et al. (2009) to the same neat iPP as
used here. Hence, these two data sets are reasonably
comparable in terms of flow conditions.

The calculated nucleation densities are plotted in
Fig. 9. The saturated nucleation density after shear
is around 40 × 1016 m−3, six times higher than 7 ×
1016 m−3 for quiescent crystallization, i.e., adding typ-
ically ∼1017 m−3 nuclei. This elevated number is much
more than what was added by imposing shear to the
neat iPP in the experiments of Housmans et al. (2009);
mild flow raised the point-like nucleation density of
the neat iPP by one to two decades before the shear
effect saturated, i.e., adding typically ∼1013 m−3 nu-
clei. This indicates that, in the presence of nucleating
agent, shear-induced point nucleation can be much
more effective. This should be directly related to the
nucleating agent, i.e., the local amplification of flow
effects due to the presence of the nucleation particles,
see for example Hwang et al. (2006), and not to a
change in the rheological properties, which we expect
to be very small due to the, in this respect, still very low
space filling due to nuclei.

Conclusions

A new method to determine nucleation densities, based
on rheometry, was used on quiescent and sheared sam-

Fig. 10 Nucleation densities of iPP and NA-iPP under quiescent
and shear conditions

ples of a neat and an artificially nucleated isotactic
polypropylene. All calculated nucleation densities are
summarized in Fig. 10. It is quantitatively shown that U-
Phthalocyanine is very effective for nucleating isotactic
polypropylene. Moreover, it was found that the effect
of shear is enhanced by the presence of the nucleating
agent. This rheological method is easy to apply since it
requires a standard rheometer, available in most aca-
demic and industrial labs. Finally, it was demonstrated
that the temperature has to be carefully controlled in
order to obtain quantitative number densities.
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