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Abstract

The crystallization behavior of iso-tactic polypropylene (iPP) has been studied placing particular emphasis on the

influence of flow on the global kinetics of crystallization. In order to quantify the kinetics an Avrami-type approach has

been used. The results are discussed in the context of the Doi–Edwards independent alignment approximation (DE-IAA)

model for flow-induced crystallization.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of polymer melt crystallization stimu-
lated by flow has attracted much interest because it
implies the possibility of controlling the final
morphology and the resulting mechanical and
functional properties of semi-crystalline polymers
[1]. By changing the processing conditions (tem-
perature, strain) and molecular composition, a wide
range of molecular morphologies, such as spher-
ulites, shish-kebab or row-nucleated structures can
be produced which opens up the possibility of
tailoring desired microstructures. Flow-induced
orientation and structure formation in elongation
flow were thoroughly studied by Keller and co-
workers [2]. Also, for the case of crystallization
e front matter r 2006 Elsevier Ltd. All rights reserved
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under quiescent conditions, the mechanism of
crystal growth from the melt has become a subject
of increasing attention [3–5].

Experiments that monitor the earliest stages of
flow-enhanced crystallization of semi-crystalline
polymers provide valuable clues regarding the
microscopic origin of the effects of flow on the
overall crystallization kinetics and morphology
observed during and after flow. An improved
understanding of the fundamentals of flow-en-
hanced crystallization effects can help to tailor
advanced processing strategies which are guided
by a better insight into the interplay between
macromolecular flow dynamics and polymer
crystallization.

Obtaining a complete understanding of the
fundamentals of structure development during
processing from a molecular perspective, which
would help to explain the effect of changing
resin composition (polymer characteristics and/or
.
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additives) or processing variables on specific mate-
rial properties, remains a challenge (see e.g. [6–12]).
Most experiments that examine row-nucleated
structures mimic the high strain and shear rates
typical of polymer processing operations, but the
complicated thermal and flow history experienced
by a polymer make it difficult to infer the molecular
variables that control the semi-crystalline morphol-
ogy that develops.

In this work, the effect of an imposed shear flow
on the morphology and the kinetics of isothermal
crystallization of an iPP has been studied experi-
mentally. The different factors that may contribute
to flow-enhanced crystallization have been varied
systematically. The magnitude of the shear rate, the
shearing time, as well as the instant in time at which
the deformation starts, have all been varied in
combination with a well-defined flow field and the
use of rheo-optical measurements. The focus of
previous works in this field was placed essentially on
the investigation of the overall global kinetics
[13–15] and the changes in the induction times
during isothermal crystallization [13,16]. It has been
shown that both factors are considerably enhanced
by flow. It has been suggested that the main effect of
flow on these changes is the modification of the
nucleation process and the resulting change in the
nucleation density. Under certain conditions, how-
ever, even the morphologies will change as a
consequence of the experienced flow-induced defor-
mations. This effect occurs in the form of the change
of the typical spherulite shape encountered under
quiescent conditions to oriented crystallite struc-
tures, such as shish-kebab or row-nucleated struc-
tures [17]. Additionally, it has been shown that flow
can also affect crystal growth kinetics [15,18].
Therefore, the kinetics of flow-induced crystalliza-
tion is also studied in this work by means of the
Avrami–Johnson–Mehl–Kolmogorov (AJMK) and
the Doi–Edwards independent alignment approx-
imation (DE-IAA) models in the framework sug-
gested by Coppola et al. [19].
2. Theory

2.1. AJMK model

In order to quantify the kinetics of the crystal-
lization process, an AJMK has been applied for
data analysis, Fig. 3. The mathematical treatment of
sphere growth leads to the well-known Avrami
equation [20]:

aðtÞ ¼ 1� exp �ktN
� �

¼ 1� aaðtÞ, (1)

where a(t) is the crystalline volume fraction devel-
oped at time t, aa(t) is the volume fraction of
amorphous fraction at time t, k is the shape-
dependent Avrami rate constant and N is the
Avrami exponent.

The AJMK analysis considers the competitive
isotropic growth of rigid spheres in space without
making any special assumption about the inner
structure of those spheres. In the current case, these
growing spheres are the spherulites which are not
completely crystalline [21–23], but they are two-
phase composites consisting of crystalline and
amorphous material.

2.2. DE-IAA model for the description of flow-

induced crystallization

The last few years have seen significant progress
in the development of constitutive relations for the
description of polymer melt behavior and enhance-
ment of global crystallization of kinetics under flow
of polymeric systems. The latest of these is the DE-
IAA proposed by Coppola et al. [19]. In their
model, the crystallization kinetics is described in
terms of an induction time. The basis of the
approach is the calculation of the free energy
change of a polymer chain during flow in terms of
the Doi–Edwards theory using the independent
alignment approximation. The assumptions for the
model are:
1.
 The chain orientation accounts for the enhance-
ment of crystallization at low deformation rates
causing the free energy change.
2.
 An independent alignment approximation is
adopted assumed to generate only minor devia-
tion from the rigorous model in steady flow.
[24,25].

In most polymer flow induced crystallization
(FIC) experiments, a characteristic time for the
onset of crystallization is measured. In isothermal
experiments at an imposed shear rate, the time
corresponding to a sudden upturn of the shear
viscosity is considered as an induction time [26–32].
This induction time is roughly proportional to the
inverse of the nucleation rate. For this reason, to
estimate the effect of flow on crystallization, it is
useful to introduce the ratio Y between the
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nucleation rate under flow and that under quiescent
conditions, as a dimensionless induction time:

Y ¼
flow

quiescent condition
. (2)

The DE-IAA model assumes that the primary
effect of the flow acts on the nucleation process and
does so in an additive way. The free energy for the
quiescent crystallization can be expressed to a good
approximation as

DGq ¼ DH0 1�
T c

Tm

� �
, (3)

where DGq is the quiescent free energy change at the
crystallization temperature Tc, Tm is the thermo-
dynamic melting temperature and DH0 is the change
in latent heat of fusion. The effect of flow in terms
of an increase of the nucleation rate can be
expressed as a change in the free energy of the melt
according to

DG ¼ DGq þ DGf , (4)

where DG is the free energy change of the melt and
DGf is the flow-induced free energy change of the
melt phase. The explicit expression for DGf derived
from the micro-rheological model of Doi–Edwards
is given in Ref. [33].

Based on the above-mentioned assumptions, the
final equation to calculate a dimensionless induction
time under the influence of flow is given by

Y ¼
_Nq

_N f

¼
1

1þ ðDGf=DGqÞ

� exp
Kn

TðDGqÞ
n

1

ð1þ DGf=DGqÞ
n � 1

� �� �

ffi
Wf
Wq

, ð5Þ

where T is the absolute temperature, _N the
nucleation rate, Kn a constant and ‘n’ an exponent
which also appears as a subscript for K and which
accounts for the temperature region where the
homogenous nucleation takes place. It can generally
assume the values 1 and 2 [28]. W is the induction
time, the subscripts ‘q’ and ‘f’ stand for quiescent
and flow conditions, respectively.

The model parameters required under isothermal
conditions are the latent heat of fusion DH0, the
thermodynamic melting temperature Tm, the con-
stant Kn, the characteristic model relaxation time,
the constant polymer density and the molecular
weight between the entanglements, Me.

A summary of the experimentally determined
parameters by Refs. [24–27] for each set of data
used in the comparison is reported in Table 2. In our
case, Kn is obtained by extrapolation to the melting
temperature of our sample material isotactic poly-
propylene (iPP). Density and time of relaxation are
used as reported by Devaux [34].

3. Experimental

3.1. Material

As starting materials, we used homopolymer iPP
pellets which were supplied by AtoFina (M̄w ¼

305; 500; M̄n ¼ 61; 800, isotacticity 95%). A wide
distribution of macromolecular chain lengths ðIp ¼
M̄w=M̄n ¼ 4:95Þ and a rather high molecular weight
were selected as strong effects of flow on crystal-
lization can be anticipated for such materials [35].

3.2. Experimental set-up for light microscopy

A Linkam shearing cell CSS450 coupled with a
Leitz polarized microscope has been used as a
heating and shearing device for the experiments.
The two parallel plates of the Linkam cell were
temperature controlled using two electrically driven
heating elements. The observation zone was located
in the middle of the radius of the upper plate.
Although the global flow is non-homogenous, this is
not a serious drawback as the observation zone is
small and, hence, the local shear rate can be
assumed to be constant. A Pulnix CCD camera
has been used to capture and to digitize the pictures
of the crystallizing sample.

3.3. Rheology

The rheological behavior of iPP was measured by
a dynamic stress rheometer (DSR) using parallel
plate geometry. Sample disks were cut from the
sheet of iPP to fit the 25mm diameter of the parallel
plates. After mounting the sheets into the DSR
device, the sample was heated to the initial
temperature of Tm ¼ 483K under N2 atmosphere.
As soon as the melt occurred, the gap between the
plates was adjusted to 0.339mm and the excess
material was scraped from the sides of the plates,
which resulted in samples with a diameter of 25mm.
The samples were kept at the melting temperature
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Tm for 15min in order to erase memory effects
stemming from previous treatments. After that, the
temperature was lowered at a rate of 10K/min
down to the crystallization temperature of 409K.
The storage modulus, loss modulus and complex
viscosity were measured in a nitrogen environment.
The properties were measured in the dynamic mode
with an oscillation frequency of 1 rad/s. The
moment at which the melt reached the crystal-
lization temperature, the shear rate was applied for
60 s. The instant at which the deformation finished,
the representative time started. The storage and loss
moduli, G0 and G00, and the tangent of the loss angle,
tan d, were measured against the time scale. For
clarity in the present case we plot only the loss
modulus.

3.4. Thermo-mechanical protocol

The thermo-mechanical protocol used for the
crystallization experiments is described in Fig. 1.
Polymer films with a thickness of 500 mm were
prepared by pressing pellets at T ¼ 483K for 5min.
Disks were cut from these films. They were inserted
into the Linkam cell and heated up to the melting
point of Tm ¼ 483K. Their thickness was fixed to
300 mm by slowly lowering the upper glass plate of
Fig. 1. Experimental thermo-mechanical protocol showing the flow in

history used for the iPP, Tc ¼ 409K, shear rate 1/s, time of shearing ts
elapsed between the beginning of isothermal conditions and the incepti

which the flow is applied and ts: duration of the application of shear.
the Linkam device. Subsequently, the sample was
kept under these conditions at the melting point for
5min. From the relaxation spectrum, the relaxation
time calculated was 10 s and, accordingly, the
samples were kept in the melt at 483K [34].
Athermal nuclei might still be present, as suggested
by Alfonso and Ziabicki [36], but as all the
parameters are kept constant, mechanical effects
were assumed to have relaxed as the sample was
held for several times the longest relaxation time in
the melt.

After this treatment, the sample was cooled at a
fixed cooling rate, until the desired respective
crystallization temperature was reached. During
cooling (cooling rate was always 10K/min), the
gap was finally adjusted to 285 mm in order to
compensate for the volumetric shrinkage of the
sample that can cause slip during shear or bubble
formation. From pVT (pressure–volume–tempera-
ture) measurements, the volumetric shrinkage was
estimated as 5 vol% during cooling. During iso-
thermal crystallization, two times were defined to
describe the shear experiment, Fig. 1.

A commonly used approach to evaluate the effect
of shear flow is to start the flow immediately after
isothermal conditions are reached (t0 ¼ 0). When
experiments at different strains are compared, the
duced crystallization experiment with the thermal and the flow

¼ 30 s and time of induction of shearing t0 ¼ 60 s. Where t0: time

on of the shear flow, i.e. t0 represents that instant of time during
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moment at which flow is stopped will obviously
vary. One specific aim of the present experiments is
to verify whether there is an effect of the instant in
time at which the flows are applied and stopped. As
the structure is continuously evolving during
crystallization, this cannot be ruled out a priori.
Therefore, different experimental protocols were
used to observe the effect of different parameters
shearing rate, shearing time, and the instant in time
at which the deformation starts under a well defined
flow field.

4. Results and discussion

4.1. Quiescent crystallization

In order to obtain a reference state for the flow
experiments, quiescent crystallization experiments
were also performed. We evaluated the morphology
and the spherulite growth rate G (mm/min) by
measuring the average spherulite size versus time
under similar isothermal conditions following the
same thermo mechanical protocol.

Fig. 2 shows the developed spherulitic morphol-
ogy. In Table 1 the results are compared with
literature results obtained by other groups. Our
results are in good agreement for the same values of
Tc and also coherent with the decrease in growth
rate at higher Tc observed earlier by other groups.
The variation of the growth rates at similar crystal-
lization temperature can be explained by the
difference in molecular weight and the tacticity of
the material (see Kolb et al. in Ref. [37]).

The AJMK analysis applies well to the current
case since spherulites indeed tend to grow as
isotropic spheres at the initial and intermediate
stages of crystallization. However, at the late stages
of crystallization the application of the AJMK
approach becomes less trivial since the spherulite
sizes are becoming comparable to the gap between
the parallel plates of the Linkam cell (the mutual
impingement of the spherulites is statistically
accounted for by the AJMK model).

The Avrami exponent N found by analyzing the
data presented in Fig. 3b amounts to 2.7, which is
close to the value of 3, indicating instantaneous and
site-saturated nucleation conditions as well as
isotropic 3D growth behavior of the spherulites.
This is coherent with the observed small size
distribution of the spherulites. The data found in
this study are in close agreement with the values
reported by Devaux (N ¼ 2:5), which were deter-
mined under the same thermal conditions using the
DSC method. This value is small compared to the
theoretical predictions of the Avrami model for
isotropic spherulites (between 3 and 4 depending on
nucleation conditions), but similar values are
reported for instantaneous site-saturated nucleation
conditions for the crystallization of polypropylene
by Devaux in Refs. [38,39]. The kinetics are
characterized in terms of the Avrami rate constant
k, which is related to the growth rate and to the
number of activated nuclei. Here the value of k is
found to be 5.82� 10�11 s�3.

4.2. Crystallization under flow

4.2.1. Effect of shear rate

Figs. 2b–d show the effect of different shear rates
on the morphology of the spherulitic structure
during crystallization at T c ¼ 409K. The experi-
ments were performed at a shearing time ts ¼ 30 s
and a induction time t0 ¼ 0. The applied shear rates
were all in the onset of the shear-thinning regime.
The first effect arising from the applied shear is the
increase in the nucleation density. This effect leads
to a decrease in the final average spherulite size,
which is in good agreement with earlier results
reported by various groups in the literature [38,40].

Fig. 4 shows the corresponding Avrami analysis.
Fig. 4b shows the expected increase in the Avrami
rate constant as a function of the shear rate. The
change in the Avrami constant k as a function of the
imposed shear can be described by kshear ¼ b_ga,
where a and b are fitted as 3.6 and 2.4, respectively.
This indicates that a change of a factor of 2 in the
imposed shear rate results in a ten-fold increase in
the crystallization rate.

4.2.2. Effect of time of induction t0

Figs. 2c and e show the effect of the induction
time t0 on the development of the morphology. The
experiments were performed at a constant shear rate
of 1 s�1 and constant shearing time of 30 s at an
isothermal crystallization temperature of 409K. As
expected, from optical micrographs it is observed
that an increase in time of induction of shear flow
caused a drop in the density of nuclei [38], hence
slowing down the overall kinetics and resulting in an
increased average size of the spherulites.

The start of crystallization is observed even
during the cooling trajectory [33], i.e. while the
polymer melt is cooled down from a higher
temperature to crystallization temperature. After
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Fig. 2. Optical micrographs taken during the crystallization process after various quiescent and shear treatments (micrograph size:

240� 180mm2).

Table 1

Comparison of the growth rates as obtained by various research groups at 409K and higher temperatures with various experimental

techniques

Literature reference Crystallization

temperature Tc [K]

Growth rate

[mm/min]

Final size

(radius) [mm]

Techniques used for analysis

Kolb et al. [37] 421 1.50 80 Optical microscopy and X-ray

Devaux [34] 409 3.24 70 Optical microscopy

This study 409 3.61 74 Optical microscopy

A. Godara et al. / Polymer Testing 25 (2006) 460–469 465
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Fig. 3. (a) Quiescent crystallization of iPP at isothermal crystallization temperature 409K. (b) Avrami analysis applied to the data shown

in Fig. 3a.

Fig. 4. Avrami analysis: (a) Effect of shear rate at constant shearing time (ts ¼ 30 s) and induction time (t0 ¼ 0). (b) Relationship between

the kinetic rate constants, kshear/kstatic, as a function of the shear rate for iPP under isothermal conditions at Tc ¼ 409K.

A. Godara et al. / Polymer Testing 25 (2006) 460–469466
reaching the crystallization temperature, the waiting
time, i.e. the increased time of induction, t0, gives
more time for the crystallites to grow. Hence,
applying shear at this stage will most likely affect
the normal growth of the crystallites. Our results are
in agreement with this observation. Fig. 5 shows the
kinetic analysis which reveals that the Avrami rate
constant has decreased from 4.05� 10�9 to
2.17� 10�10 s�3 with an increase in the time of
induction.

4.2.3. Effect of shearing time ts

Figs. 2c and f show the effect of the shearing time
on the morphology of growing spherulites. The
experiments were performed at a constant shear rate
of 1/s and at a constant time of induction, t0 ¼ 0 s.
After shearing for a long time, the formation of row
nuclei is observed. They form thread like precursors
before appearing as independent nuclei in the melt.
This phenomenon has already been observed by
several other groups [17,41] and recently character-
ized by using WAXS and SAXS studies
[2,7,11,42,43]. The second observation is a substan-
tial decrease in nucleation density at higher shearing
times which finally results in increased spherulite
size. The earlier experimental observations have
revealed that the formation of nuclei is a multi-step
process [44,45]. The authors have shown the
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Fig. 5. Avrami analysis: effect of induction time (t0) at constant

shearing time (ts ¼ 30 s) and under a constant shear rate of 1 s�1

during iPP crystallization at an isothermal crystallization

temperature of Tc ¼ 409K.

Fig. 6. Avrami analysis: effect of shearing time (ts) at constant

time of induction (t0 ¼ 0 s) and under a constant shear rate of

1 s�1 during iPP crystallization at an isothermal crystallization

temperature of Tc ¼ 409K.

A. Godara et al. / Polymer Testing 25 (2006) 460–469 467
formation of the localized dense entities with some
preferable chain alignment, which acts as nuclei
precursors.

This decrease in nucleation density can be
explained by the coalescence of growing row nuclei
at very early stages, i.e. before appearing as
independent nuclei.

It is obvious that the growth rate will be affected
if growing spherulites encounter obstacles that
disturb their free growth in terms of some spatial
system inhomogeneity [41]. The direct measurement
of growth rates for such impinging spherulites is
intricate. Hence, the overall kinetics of crystal-
lization are expressed in terms of Avrami rate
constant.

Fig. 6 shows an Avrami analysis revealing this
effect. The Avrami rate constant k decreased from
4.05� 10�9 to 2.27� 10�10 s�3 with an increase in
the shearing time. This slowing down of the overall
Avrami kinetics is coherent with our results of a
drop in the nucleation density.

However, these results are not consistent with
results reported by Devaux et al. [38] who observed
in their work a power law behavior, i.e. the overall
kinetics increased with an increase in the shearing
time. A possible explanation for this contradiction
to our results could be the cumulative effect of the
shear rate and the shearing time. Devaux et al. [38]
performed experiments at very low shear rates
which does not affect the shape of growing crystal-
lites even at longer shearing times.
Devaux et al. [38] introduced a parameter t0,max

to describe the cumulative effect of the shear rate
and shearing time on the kinetics of crystallization
in terms of a critical dwell time. The author assumed
that if the end of shearing occurs before some
critical dwell time, t0,max, there is no effect on
crystallization. However, if the shearing was longer
than t0,max, the kinetics were assumed to be slowed
down. According to this approach, one might
conclude from our data that a higher shear rate
decreases the critical dwell time, t0,max. Indeed, our
observations show the cumulative effect of the shear
rate and the shearing time.

Fig. 7 shows the loss moduli obtained for the
quiescent and for the shearing experiments. Fig. 7b
reveals that even under isothermal conditions
the origin of the G00 curves are different because
the time scale was defined to start from the
moment at which the deformation had ended, but
the onset of crystallization occurred already during
the cooling trajectory between 483K and T c ¼

409K [33].
In order to define the onset of crystallization,

tangents were drawn along G00 in the nearly
horizontal regime and in the regime of maximum
changes, respectively (Fig. 7). The intercept tind is
defined as a measure for the time elapsed before
crystallization sets in, known as induction time.

The flow-induced experiments were performed
under constant shearing time of 60 s and at a
constant induction time of 0 s. It is clearly seen that
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Fig. 8. Dimensionless induction time and induction time as a function of shear rate for iPP at isothermal T c ¼ 409K. (a) Dimensionless

induction time. (b) Induction time.

Fig. 7. Effect of shear rate on development of loss modulus at constant shearing time of (ts ¼ 60 s) and induction time (t0 ¼ 0) for iPP at

isothermal T c ¼ 409K. (a) Quiescent crystallization. (b) Under shear. Tangent is drawn to determine tind (solid lines).

Table 2

Crystallization parameters

Polymer Ref. DH0 (� 108 J/m3) Tm (K) T (K) n Kn [K(J/m3)n] r (kg/m3) M26
e

Td (s) t (s)

pp [24] 1.4 481 394 1 2.0� 1011 970 4623 1.86 0.66

pp [25] 1.4 443 413 1 6.0� 1010 970 4623 10.1

iPP [27] 1.4 467 413 1 9.0� 1010 970 4623 40 10

iPP This 1.4 483 409 1 2.1� 1011 905 4623 10 10

A. Godara et al. / Polymer Testing 25 (2006) 460–469468
flow substantially accelerates the crystallization
process.

The comparison of the model with rheology
experiments is shown in Fig. 8. The comparison shows
good agreement between model and experiment at low
shear rates of the order of 0.001 s�1. As the shear rate is
increased, there is a substantial deviation observed
between our experimental data and the results of the
DE-IAAmodel. This observation shows once again the
cumulative effect of the shear rate and the shearing
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time. It also shows the importance of a critical dwell
time as introduced by Devaux [38].

5. Conclusions

The effect of flow on the global crystallization
kinetics of iPP has been studied by systematically
varying the parameters affecting the kinetics. The
influence of these parameters is evaluated with
emphasis on the early stages of crystallization
behavior of iPP (Table 2). Particularly the early
formation of small crystallite domains during cool-
ing of the sheared melt alters the crystallization
behavior substantially, not only affecting the
morphology but also the overall kinetics. These
observations show the importance of a sensible
combination of shear rate, shearing time and time of
induction of shear. Both, the microscopic and the
rheological results support this observation. The
application of the DE-IAA model also confirms the
deviation from the normal crystallization behavior
and shows its validity at low shearing times.
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