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Abstract

We have studied the effect of shear rate on the very early stages of poly(e-caprolactone) crystallization with in situ rheology and ex situ
optical microscopy. The effect of shear rate is mainly to increase the nucleation density and to speed-up the crystallization process.
Thermally-induced crystallization is separated from strain-induced crystallization allowing the construction of a ‘master curve’ indicating
that the system obeys the shear rate—temperature—superposition. It was found that the free enthalpy difference in the melt G,,(y,T) —
G, (7= 0,T) increases with the shear rate () that can be qualitatively rationalized by the reduced entropy of the melt prior to crystallization.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The problem of strain-induced crystallization is known
since the crystallization of rubber. It is known that the
morphology of the crystal obtained from a strained liquid is
very different from that obtained from a fully relaxed liquid.
For example, the isotropically grown spherulites in the latter
case are replaced by row nuclei epitaxially overgrown by
densely packed or irregularly spaced lamellae (shish-
kebabs), giving rise to highly anisotropic structures [1,2].
Shear-induced crystallization is of great technological
importance in all fabrication processes such as injection
moulding, extrusion, fiber spinning and film blowing.
Ideally one would like to know how external shear
influence: the entropy and enthalpy of the melt state, the
equilibrium melting temperature, the nucleation density,
the nucleation and growth rates, the morphology from the
primary nuclei to the superstructure, etc. At present, a
satisfactory knowledge of the above thermodynamic
quantities and parameters remains an illusion and a
challenge to both theoreticians and experimentalists. A
better understanding of some of the above parameters
involved in shear-induced crystallization may permit the
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design of improved fabrication methods. There are,
however, some practical problems to be solved: fabrication
methods are using deformation and cooling rates much
higher than those achievable by a laboratory rheometer.
Some progress has recently been made in this direction
by employing the higher stress levels encountered in
industrial processes [3]. Of particular importance are
experimental attempts aiming to separate the shear-induced
nucleation from the subsequent growth. One approach is by
applying shear in the melt state following by a quench to the
final crystallization temperature [4]. This treatment results
in the formation of precursors in the form of liquid fibrils.
Another approach is by applying short-time shearing at low
degrees of supercooling where the shear-induced nucleation
is followed by crystal growth after the cessation of flow [5,
6]. In the latter case, intensive shearing resulted in nuclei
growing into thread-like precursors. There exist also some
recent theoretical attempts to quantify the effect of flow on
polymer crystallization [7,8]. From the experimental point
of view, shear-induced crystallization has been studied on
high density polyethylene (HDPE) [9,10], poly(1-butene)
(PB-1) [11], polypropylene (PP) [12—17], poly(e-caprolac-
tone) (PCL) [18], poly(ether ether ketone) (PEEK) [19] and
poly(ethylene oxide) (PEO) [18,20]. Planar, rotary and
couette shear devices have been employed together with a
laboratory extruder [14,15]. With a few exceptions [3,14,15]
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the deformation rates were much smaller than the ones
corresponding to industrial conditions. In the vast majority
of cases it was found that the shear rate affects mainly the
nucleation rate and speed-up the crystallization process.
Furthermore, a recent rheological study [21] of shear
induced crystallization in isotactic polypropylene has
shown that both the shear rate and the total shearing time
can influence the crystallization process and the highest
effect was produced for combinations of high shear rates
and short shearing times. Despite these effects, the way the
shear rate enters the thermodynamics is largely unexplored.

Herein we explore the initial nuclei formation under low
shear rates in a poly(e-caprolactone) (PCL) with a number
averaged molecular weight of 8 X 10* using in situ rheology
and ex situ optical microscopy. PCL was employed in our
recent study of birefringence and dichroism evolution
during crystallization [22]. An increasing volume fraction
of axialites at early times and crystal branching and
randomization in orientation at later times were found to
control the signal from optical rheometry. In addition, it was
shown that decreasing temperature and increasing shear rate
affect mainly the nucleation density. In the present study
optical microscopy was also employed to obtain the
nucleation density for the different shear rates as well as
the growth rate for the unstrained sample. The nucleation
density was found to be strongly enhanced by the shear.
From the rheological experiments in the present study it was
found that an increase in the shear rate speed-up the
crystallization process. Assuming that the growth rate at a
given shear rate can be separated in a factor depending only
upon temperature and a second term which contains all the
shear rate dependence, i.e. Ry(T, ¥) = Ry (T, ¥ = 0)f (), we
are able to calculate the reduction of the Gibbs free energy
barrier Ag*(T,y) to form oriented and elongated chain
segments or (secondary) nuclei of critical size by the shear
flow. The shear contribution to the free enthalpy difference
in the melt G, (y, T) — G, (v = 0, T), was found to increase
with the shear rate. We attribute this increase to the
reduction of the melt state entropy prior to crystallization.
Moreover, the system obeys the shear rate—temperature—
superposition principle, at least over the small range of
temperatures and shear rates investigated, implying the
existence of a unique scaling of the characteristic crystal-
lization times with decreasing temperatures and increasing
shear rates.

The paper is organized as follows: in the first part, we
report on the thermal induced crystallization (limit of very
low shear rates). The analysis of the crystallization under
such conditions is the basis for interpreting the results of the
subsequent experiments. In addition, different morphologi-
cal models are applied to describe the evolution of the
viscoelastic properties. In the second part, the influence of
shear flow on the initial nuclei formation under low shear
rates was investigated in steady shear experiments and
discussed in terms of entropy changes in the melt before
crystallization. In the third part, we make use of the

combined information from the thermal and shear induced
crystallization suggesting a ‘master curve’ construction that
takes into account both effects.

2. Experimental section

The PCL homopolymer (Aldrich) was synthesized by
anionic polymerization following standard procedures and
kindly provided by Dr G. Reiter (CNRS, Mulhouse). The
sample had a number averaged molecular weight of 8 X 10*.

2.1. Rheology

An advanced rheometric expansion system (ARES)
equipped with a force-rebalanced transducer was used.
Both oscillatory shear and steady shear experiments have
been performed. The oscillatory shear experiment was made
with a parallel plate geometry (sample thickness of about
1 mm) with a frequency of 1rad/s and a small strain
amplitude (the maximum strain amplitude was 4%) so that
to avoid any shear-induced orientation. The experiments
consisted of T-jumps from an initial temperature of 353 K
located above the equilibrium melting point (see below) to
different final crystallization temperatures: 318, 319, 320,
321, and 322 K. The temperature stability during the
isothermal experiments was better than =0.1 K, since the
crystallization kinetics are very sensitive to temperature (see
Fig. 1, below). During the isothermal/isochronal crystal-
lization experiments the storage and loss shear moduli were
recorded. The strain amplitude was adjusted so as to avoid

Time (s)

Fig. 1. Time-dependence of the storage moduli during isothermal
crystallization for different crystallization temperatures: ((J): 318 K, (O):
319K, (A): 320K, (<): 321 K and (V): 322 K (The corresponding loss
moduli data are omitted for clarity (see Fig. 4)). The experiments were
performed by cooling from an initial temperature of 353 K to the different
crystallization temperatures. The frequency was 1 rad/s and the maximum
value of the strain amplitude (which was decreasing during the runs to
avoid slip) was 4%.
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slip conditions. The subsequent isochronal heating exper-
iments are performed under the same experimental
conditions (w = 1 rad/s, strain amplitude of 4%).

The steady shear experiments were made both with a
cone and plate and parallel plate geometry with a gap of
about 1 mm. In principle, the inhomogeneous shear rate in
the latter experiment can influence the crystallization
process. We found that crystallization started from the
outer parts of the plates where the largest shear rate exist but
the crystallization times were identical for the two
geometries investigated. The experiments consisted again
of T-jumps from an initial temperature of 353 K to different
final crystallization temperatures where we monitored the
viscosity for a given shear rate as a function of time. The
time where the viscosity value was doubled from its
corresponding value in the undercooled melt was taken as
the characteristic crystallization time. In an alternative
definition the crystallization time was taken as the time
required for the system to reach a given viscosity value
during the crystallization process. Subsequently, the sample
was heated again to 353 K and a new quench was performed
to the same crystallization temperature but using a different
shear rate. In this way we were able to obtain a series of
characteristic crystallization times for the corresponding
shear rates.

2.2. Optical microscopy

A Zeiss Axioskop 2 polarizing optical microscope was
used together with a Linkam heating stage (THMS 600) and
a TP93 temperature programmer (heating and cooling rates
of 0.1-90 K/min). We have followed the growth of crystals
in real time by a continuous recording using a CCD camera
(1/2 in. SONY color camera) and a fast frame grabber
(capable of up to 50 frames/s). The analysis in terms of the
nucleation density, shape and growth rates was made with
an appropriate software (Image Pro Plus). The experiments
were made by heating to an initial temperature of 353 K
following quenches to different crystallization temperatures.

3. Results and discussion
3.1. Thermal-induced crystallization

The time-dependence of the storage modulus recorded
after temperature jumps from an initial temperature above
the equilibrium melting temperature to different crystal-
lization temperatures is shown in Fig. 1 (the corresponding
data for the loss modulus are omitted for clarity—see Fig. 4,
below). The oscillatory experiments have been performed
with low strain amplitudes which do not influence the
crystallization kinetics. Therefore the isothermal/isochronal
experiments reflect solely the thermally-induced crystal-
lization [24]. In a subsequent experiment we performed
isochronal heating runs aiming to melt the crystalline

structures. The results from these runs for the storage
moduli are shown in Fig. 2. The higher the crystallization
temperature the higher is the corresponding apparent
melting temperature, as indicated by the precipitous drop
of the G, reflecting the different lamellae thicknesses at the
different crystallization temperatures.

The storage (and loss moduli) of Fig. 1 have an S-shape
with short and long-time plateaus describing, respectively,
the viscoelastic properties of the undercooled melt and final
spherulitic structures. The similarity in the shape of the
curves indicates that the crystallization mechanism is an
invariant. This is depicted in Fig. 3 where the isochronal/
isothermal data sets are shifted with respect to a reference
temperature (7, = 318 K) :

G (t;T) = G (brt; Trer) (D

According to Eq. (1), at each crystallization temperature a
single time-scale shift factor by allow superposition of all
viscoelastic data at temperature 7 with the data at the
reference temperature 7,;. The excellent overlay of the
curves—apart from the small differences at short times
reflecting the slight differences in the viscoelastic properties
of the supercooled melt because of the different crystal-
lization temperatures—is a strong evidence of a uniform
crystallization mechanism. The shift factors are plotted in
the inset as a function of the crystallization temperature T,
the degree of supercooling (AT = T — T, where T2, is the
equilibrium melting temperature, 7% = 346 K) and f is a
temperature correction factor (= 27T,/(T%, + T,)). Assuming
spherulitic growth and instantaneous nucleation the Avrami
equation [27] for the transformed volume fraction, ¢g, into
the spherulites can be employed:

@s(1) = 1 — exp(—kt") 2

where n, the Avrami exponent and k, a rate constant. The
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Fig. 2. Isochronal temperature runs following the crystallization kinetics.
The symbols are the same as in Fig. 1. Notice the strong dependence of the
(apparent) melting temperature on the crystallization temperature.
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Fig. 3. Time—temperature superposition for the data shown in Fig. 1. The
data have been shifted on the horizontal axis by a shift factor by which is
shown in the inset. The reference temperature was 318 K.

latter (¢g) can be transformed into the relative degree of
crystallinity assuming a constant crystallinity within the
spherulites. The Avrami exponent reflects the dimension-
ality of the growth and the nature of the nucleation and
growth process. For example a value of 3 can result either
from spherulitic growth from heterogeneous nuclei or from
a two-dimensional lamellar growth from homogeneous
nuclei. On the other hand, a value of 4 can only result from
spherulitic growth and homogeneous nucleation. For
spherulites growing from instantaneous (athermal) nuclei,
as indicated by the time-resolved microscopy study (see
below), we get n = 3 and

4
k= ngaRg (3)

where Ry, the growth rate and N,, the density of activated
nuclei. In our experiments N, can be estimated from the
final number density of spherulites N, o, in the sample. The
characteristic crystallization time, #,,, = (In 2/k)""* is then
proportional to the inverse of the growth rate:

173
R — ( 3In2 ) i @
g 411']\7(l l1/2

Since the shape of the shear modulus during crystallization
is invariant for the different crystallization temperatures
(Fig. 1), 17,3 can be assumed to be proportional to the shift
factor by and its temperature dependence can be analyzed in
analogy to the growth rates in the theory of Lauritzen and
Hoffman [28]. According to the Turnbull and Fisher
formalism—devoted to nucleation in metals—the crystal

growth rate is, in the simplest form [29]

®)

4 AG; + AG”
by octy; o< Ry = Ry exp T

where R, the growth rate constant, AG;, the activation
energy for transport of crystallizing units across the crystal—
liquid interface and AG™, the Gibbs free energy required to
form a nucleus of critical size on the face of a crystal. In the
theory of Lauritzen and Hoffman [28] the first and the
second term in the above equation are modified as:

N Z _ U _Kg(l)
R = oo~ g ) -rigy)  ©

where z, a parameter containing mobility terms, N, the
degree of polymerization, and the value of the exponent v
depends on the growth regime. The first factor is
proportional to the exponential function of the activation
energy for the viscous flow U, divided by the temperature
excess over the ideal glass transition temperature T, (which
is the well-known Vogel-Fulcher—Tammann or the
Suzuki—Kovacs equation). The above parameters for PCL
are U = 1500 cal/mol and T,, = 180 K [30]. The second
factor is related to the nucleation rate constant K,(i) and
contains the heat of fusion, the crystal lateral and fold
surface free energies and a numerical factor describing the
competition between the rate of deposition of secondary
nuclei and the rate of lateral surface spreading. The
nucleation rate constant can be estimated from the shift
factors plotted in the inset to Fig. 3 (K, (i) = 86,400 K?) and
is in good agreement with literature values for PCL
(85,600 K*) [30] implying that the latter reflect solely
thermally-driven crystallization.

The excellent overlay of the curves in Fig. 3 (see above)
suggest a uniform crystallization mechanism and similar
morphological changes at all crystallization temperatures
investigated. Although a detailed model for the time
dependence of the shear modulus G* is not necessary for
the present study, we briefly discuss some morphological
models which may be responsible for the characteristic S-
shape. In Fig. 4, optical micrographs taken during the
crystallization process are shown together with the real G'(f)
and imaginary part G"(¢) of the complex shear modulus.
Since in the final state the system is space-filled with
spherulites, it is reasonable to assume that the two phase
system is composed of spherulites and an amorphous phase.
Different models have been proposed to account for the
dependence of the volume fraction of the composite
modulus G* (Voigt, Reuss, Kerner, Budiansky, percolation,
and gelation models [2,23,25,26]). The upper and lower
bounds of these dependencies are given by a ‘parallel’
model (Voigt)

G" = (1 = ¢5)G, + ¢sGs (7
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Fig. 4. Time-dependence of the storage (open symbols) and loss (filled symbols) moduli during isothermal crystallization at 318 K. Optical micrographs are
shown at selected times as indicated. The micrograph taken at 2560 s corresponds to the time where spherulites impinge. The dashed and solid lines are the
results of the G'(¢) fits to the Kerner and Budiansky model, respectively. The Avrami parameter in Eq. (2) was set to n = 3 (spherulite growth from
heterogeneous nuclei) and the moduli of the amorphous G, = 6 X 10> Pa (G = 2 X 10* Pa) and spherulitic phases Gy =8x 107 Pa (GE=1x 107 Pa) were
taken from the experimental values at r = 0 and f — o0, respectively. The fit to the Kerner model resulted in k = 2.0 X 107'° and y = 0.66. The fit parameters

to the Budiansky model were k = 1.5X 107!% and & = 0.4.

and by a ‘series’ model (Reuss)

i* _ (1 _*QDS) + QDi
G G, Gy

®)

respectively, where ¢g, the volume fraction of spherulites,
@, (= 1 — ¢g), the volume fraction of the amorphous phase
and G, and Gj are the shear moduli of the amorphous and
spherulitic phases, respectively. Assuming a constant ratio
of amorphous to crystalline component in the spherulite
interior during its growth, ¢, the volume fraction of the
crystalline phase can be extracted from ¢g.

A more detailed model for spherical particles included in
a matrix is the Kerner model [31]. According to this model
the modulus of the composite material is:

G* o QDaGZ + ('}’+ (PS)GE

= : : 9)
(1 + yes)Gi + v9,G§

where y=2(4 — 5v)/(7 — 5v) and v is Poisson’s ratio.
Lastly, a model which predicts phase inversion at
intermediate compositions was developed by Budiansky
[32]:

QDa* + (PS* =1 ( 1 0)

G G
1 e | 1 5—1)
+8(G¥ ) +8(G*

where € = 2(4 — 5v)/15(1 — v). This model yields a drastic
change in the mixing law over the small ¢g range of the
phase inversion. The real part of the shear modulus in the

Budianski model yields:

_ G+ Gy — 8(G, + Gy) — ¢sG, — ¢,Gs
2e — 1)

G =

N (G; + Gy — &(G, + Gy) — 5Gl — ¢,Gg )2_ eGsG,
20 —1) e—1

Y

where G, and Gy are the real parts of the shear moduli of the
amorphous and spherulitic phases, respectively.

The optical micrographs revealed that already at about
1000 s, there were spherulites present of diameter of some
microns (4—5 wm), however, the moduli were insensitive to
their presence due to the very small volume fraction. At
1600 s, the moduli start to increase and the spherulites are
10-20 pm in size as shown in the optical micrograph
(upper left corner of Fig. 4). These spherulites can still flow
within the undercooled melt. At about 2000 s, the
spherulites impinge (lower right corner of Fig. 4) and the
moduli cross from a liquid-like response at shorter times to a
solid-like response at longer times.

Simulated curves using the Kerner (dashed line) and
Budiansky morphological models (solid line) are also shown
in Fig. 4. For this purpose the Avrami dependence for ¢g (Eq.
(2)) was incorporated in the models, with n =3 for
spherulitic growth from heterogeneous nuclei. For the
parameter k, similar values were chosen in the two models
since the same crystallization kinetics are behind. The values
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of all parameters, k, v, &, G,, G, G5 and G% are included in
the caption to Fig. 4. Notice, that none of these simple
morphological models can describe the evolution of the
viscoelastic properties over the entire time range. The optical
micrograph indicated isolated spherulites in the initial part of
crystallization that may be described by the Kerner model
(spheres in a matrix). For the late stages of the crystallization
process the Budiansky model (phase inversion) provides a
better representation of the modulus.

3.2. Shear-induced crystallization

In order to investigate the influence of shear flow on the
crystallization process we have performed experiments at
constant rates of shear following quenches from an initial
temperature of 353 K to different final crystallization
temperatures. A given shear rate was applied immediately
following the quench and the viscosity was followed as a
function of time. Some typical viscosity curves for different
shear rates at a crystallization temperature of 319 K are
shown in the inset to Fig. 5 and show an ‘incubation’ period
followed by a strong increase at longer times. The increase
in n(¢) at longer times signifies the onset of crystallization.
There is a nice correspondence of the crystallization times
obtained from the dynamic and low shear rate steady
experiments: in the steady shear experiment of Fig. 5 (inset)
at the lowest shear rate the crystallization sets in at about
2000 s, which is exactly the time obtained from the
oscillatory shear experiment (Fig. 1) at the same tempera-
ture (319 K). This signifies that a shear rate of 0.025 s !
does not influence the crystallization process. Increasing
shear rate reduces the incubation period in 7(¢) and speeds-

D. Lellinger et al. / Polymer 44 (2003) 5759-5769

up the crystallization process but the overall n(7) depen-
dence is invariant. We point-out here that the shear rates
employed in the present study are 5—400 times lower than in
the previous rheological investigation [21]. Despite this, we
still observe an enhanced crystallization process meaning
that even such low deformations are adequate to speed-up
the process with implication in processing (i.e. injection
moulding).

From such 7(#) dependencies we define an operational
crystallization time (7.) as the time required for the viscosity
to double its initial value. As an alternative definition we
have used the time needed for the viscosity to obtain a
certain value (i.e. 3 X 10*Pas). The thus obtained,
admittedly operational crystallization times, are plotted in
Fig. 5 as a function of the shear rate and the good agreement
results from the invariant 7m(¢#) dependence. Therefore,
independent from the 7, definition, increasing shear rate
speeds-up the crystallization process. At the highest shear
rate employed here—the upper value determined by slip
conditions—the characteristic times are reduced by nearly
one decade. Such speed-up of the crystallization process has
been observed before, and here we try to quantitatively
account for it.

The experimentally found f¢.(y) dependence can be
understood in terms of the partial orientation and extension
of the chains in the strained melt. It is conceivable that the
transition from the melt to the crystal will be modified
because of the different enthalpy and entropy of the strained
melt with respect to the fully relaxed (unstrained) melt [33].
The decrease in the enthalpy by the applied mechanical
force 8H,,(y) is a consequence of better packing, which
reduces the distance between the chains, and due to chain

1321K

1320 K

1 319k

2500

1000 318K m— g
—~~ n
n
A
)
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500 1000 1500 2000
100 Time (s)
107 I

10" -
shear rate (s 1)
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Fig. 5. Crystallization times obtained at different temperatures as indicated plotted as a function of the shear rate. The open and filled symbols correspond to the
different definitions of the crystallization time (see text). In the inset the time-evolution of the viscosity is shown at T = 319 K for different shear rates as

indicated.
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extension, which increases the number of lower energy
conformations (mostly from gauche to trans). At the same
time, the entropy decreases by 8S,,,(y) as a consequence of
the reduction of the available conformations with chain
extension and orientation and as a consequence of the
reversible enthalpy reduction (8H,(y)/T). Consequently,
the strain applied to a melt at any temperature increases its
free enthalpy according to: G,(y,7) — G,(y=0,T) =
OH (y) — T3S, () > 0. This increase will result in the
increase in the equilibrium melting temperature of the
strained system as compared to the unstrained situation as
long as T < Ty, since [33]

AH(y = 0) — 8H, ()
AS(y = 0) = 88 ()

Tn(y) =

1 — 3H,(Y)/AH(y = 0)
1= (T(y = O)/T)3H,(7)/AH(y = 0)
(12)

=Tu(y=0)

There are some experimental reports [10] and theoretical
arguments [5] claiming the increase in the equilibrium
melting temperature in the strained system. For example an
increase in the equilibrium melting temperature under shear
flow was calculated based on the first normal stress
difference [5]. This problem, however, requires further
investigations. Furthermore, the formal introduction of Eq.
(12) into Eq. (6) may lead to several difficulties and the way
the shear field may influence the size of the primary and
secondary nuclei, the crystal characteristics (o, 0.) and the
enthalpy of fusion are not known.

In order to avoid these difficulties [12,34] we reduce
our data analysis to some simple assumption on the
origin of the crystal growth under shear. As in the case
of thermally-induced crystallization, we assume that
shear-induced crystallization consists in three-dimensional
growth (justified by the spherulites in the optical
micrographs) starting from pseudo-instantaneous (see
below) nuclei. Our optical microscopy experiments
have shown a 30-fold increase in the nucleation density
in the strained as compared to the unstrained melt [22],
which is a clear indication that the nucleation density is
strongly affected by the shear flow. The molecular origin
for this increase is the elongation and orientation of parts
of the polymer chains (segments) in the sheared melt.
This pre-ordered regions act as precursors for the
nucleation. It is known (see e.g. [12]) that the shear-
induced nucleation (which is in our case is an
instantaneous process) can be a fast process as compared
to the crystal growth detected in rheology; i.e. that the
final nucleation density (saturation for the given shear
rate and temperature) is reached during shear-induced
crystallization well before a considerable increase in the
shear modulus can be detected. We will call that
‘pseudo-instantaneous shear-induced nucleation’. Under
this premise (that the density of activated nuclei N, is
almost constant during spherulitic growth), Eq. (3) holds

also for the shear induced-crystallization. Then, for a
given number of active nuclei the growth rate is
inversely proportional to the characteristic crystallization
time. In our shear-induced crystallization experiments,
t1, can be replaced by 7.(y) in Eq. (4). Under these
assumptions the shear rate dependence of the nucleation
density N, would lead to an increase in the growth rate
without changing the growth mechanism. Eq. (5) should
therefore also hold for #.(y) instead of #;,. With this
rather strong assumption the observed decrease in
experimentally observed characteristic times with increas-
ing shear rate has to be related to the increase in the
number of active nuclei and an increase in the growth
rate due to preordered regions of the melt. In literature
there are some reports, however, claiming the enhance-
ment of the growth rate [13] for high shear rates. In
order to fully justify our assumptions on nucleation
density and growth rate under shear in situ optical
microscopy experiments are needed.

As discussed above for the shear-induced nucleation
the molecular origin of the increase of growth rate with
shear rate y is related to an orientation and stretching of
chain segments in the melt, which would lead to a
decrease in the melt entropyS,,. Since an extension of the
classical theory of nucleation and growth to shear-
induced crystallization needs a large number of par-
ameters such as the shear rate dependence of melting
temperature, heat of fusion, surface tension, etc. we
reduce our discussion to a simple kinetic model based on
reaction rate theory (see Scheme 1).

We assume that for crystal growth (e.g. by secondary
nucleation) the system has to overcome an activation barrier
Ag®, which is the Gibbs free energy required to form a
locally preordered melt region (stretched and oriented chain
segments or critical nuclei) on the face of a growing crystal.
In this picture the value of the free enthalpy G* for the
activated (transient) melt state or nucleus of critical size is
expected to be independent of the shear rate. In other words,
the free enthalpies of the preordered regions (or critical

G,,(#0)
G,,(r=0)

crystal

Scheme 1. Free enthalpy of the unstrained (solid line) and strained liquid
(dotted line) and free enthalpy barrier Ag” required for the formation of an
activated melt state (e.g. elongated and oriented chains or secondary
nucleus of critical size).
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nuclei) without shear are not different from those formed
under shear (which is probably correct under low shear
deformations). G* is expected to be mainly of enthalpic
origin (e.g. due to conformational changes necessary to
form stretched chain segments). For the assumption of
crystal growth by secondary nucleation on the growing
crystal surface the total energy of a critical nucleus of a
given size is expected to depend only on the surface energy
and the heat of fusion. The activation barrier Ag™ is then
defined as Ag" = G* — G,,, where G,, is the free enthalpy
of the melt. Under these assumptions the growth rate in the
presence of external shear can be expressed by Eq. (5)
replacing AG™ in the second term by Ag” (7). The first factor
is expected to be identical to the corresponding transport
term in Eq. (6). Then, we get for the crystal growth rate
under shear:

_ U
te(9) " o< Ry(9,T) ¢ eXP(_ m)
A * .,T
exp(—%) (13)

with the free enthalpy barrier Ag*(7) to form a precursor for
the nucleation or the formation of a nucleus of critical size
in the strained melt. The free enthalpy of a melt under shear
Gn(7,T) is expected to exceed the corresponding value of
the relaxed melt G,(y=0,T) by 8G (V. T) = G (v, T) —
GL(vy=0,T) > 0 (see Scheme 1). Since for low shear rates
the contribution of conformational changes to G (9) is
expected to be small, we will consider the changes in melt
entropy 8S5,,(7) to be dominant as compared to the small
contributions in 8H (). With the assumption that the free
enthalpy of the activated stage G* (e.g. the total free
enthalpy of stretched and oriented regions of the chain or of

0.5
-1.0 &
3
I—I 1.5 >
=
g 2.0 1 v
=
= 25
£
3.0 4
-3.5 T T T T T T T T
3.1 3.12 3.13 3.14 3.15
-1
1000/T (K™)

Fig. 6. Characteristic crystallization times plotted versus inverse tempera-
ture for different shear rates: ((J): 0.025, (O): 0.05, (A): 0.1, (V): 0.25, (O):
0.5 and (M): 1 s~ L. The lines are linear fits to the data.

a stable nucleus) remains almost constant, the barrier Ag*(¥)
is expected to decrease under shear since the entropy of the
melt is a decreasing function of shear(dS,,(y) < 0) :

Ag'(y#0)=Ag" (y=0,T) = [Gn(y # 0,T)
(14)

—Gu(¥=0,1)] = Ag"(y=0,T) + T35,(7)

Assuming that the characteristic time derived from the
viscosity curves is proportional to the inverse nucleation rate
(t-' o< Ry), then the Int, — U/R(T, — T,,) versus T~ plot
yields directly the free enthalpy barrier Ag" for nucleation.
Knowledge of Ag“(y) and Ag"(y = 0) allows calculating
8GL(¥,T) = Gy(v, T) — G (y=0,T) using Eq. (14).

These dependencies for different values of y are shown in
Fig. 6. Within the investigated temperature range the
nucleation rate strongly increases with decreasing tempera-
ture. Furthermore, there is pronounced shear rate depen-
dence: the higher the shear rate the smaller is the slope. At
the highest shear rate shown (y= 1s"") the dependence
becomes relatively flat and the nuclei are activated by the
shear flow rather than by the thermal fluctuations. Therefore
one can assume that the shear stress generates a large
number of nuclei that leads to a shear induced ‘pseudo
heterogeneous nucleation’. From the low value of the free
enthalpy barrier for y= 1s"! one can conclude that the
number of nuclei created by shear is close to saturation. This
is in agreement with the increase in the nucleation density
found in optical microscopy. The activation barrier for
thermally  activated (nearly static conditions:
v =0.025s"") nuclei is about 450 kJ/mol and is reduced
to 170 kJ/mol at 1 s~ '. Therefore a shear rate of y =~ 25!
reduces the activation barrier for the formation of stable
nuclei practically to zero.

Assuming that a shear rate of about 1s~' results in a
nucleation of all possible nuclei it is worth estimating the
chain deformation related to this shear rate. In the
estimation we assumed that the relaxation of chain after a
shear deformation follows a simple Debye relaxation, i.e.
¢ = exp(—t/7) and that the superposition principle is
fulfilled, i.e. y= [, ¢t — /)¢ )d?. For the steady state
(¥(t) = vy = const) one gets Y(t) = yo7. With the assump-
tion that the characteristic relaxation time for the flow
relaxation can be defined by the condition G'(w) = G"(w).
From frequency dependent rheological experiments in the
melt, directly after the quench to the final crystallization
temperature, we estimate an experimental value for 7 of 0.1
from the crossing point of G/(w) and G"(w). With 7§, =
0.01...2 s~ ! one gets y(r) = 0.001...0.2. If one assumes that
a sphere will be deformed in a shear field to an ellipsoid the
main axes deform by 1 — sin yand 1 4 sin vy which yields a
ratio of length (L) to thickness (B) of the ellipsoid of L/B =
142y+2v" 4599 and L/ILy =1+ y+ /6 and L, is
the unperturbed length. This leads to a maximum of about
10% stretching of the coil for our experiments. The low
level of chain deformation is suggestive of a small number
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Fig. 7. Shear rate dependence of the free enthalpy difference between the

strained and unstrained melt. The line through the data points is the result of
a linear fit. Scheme 1 gives the free enthalpy map.

of gauche to trans conformational transitions which act as
precursors for the nuclei formation.

In Fig. 7 the additional contribution to the free enthalpy
8G, (v, T) = Gyu(9,T) — G(y=10,T) due to the shear is
plotted as a function of shear rate y. Within the investigated
interval the increase in 8G,,, with 7 is linear. Assuming that
the main effect of chain extension is of entropic origin then
one can write 8G,, = —T3S,,(y). Under this premise, the
slope in Fig. 7 is suggestive of a simple linear dependence of
the entropy change on the shear strain, i.e. 8S,(y) =
Sm(0) — S, () o< y. However, the entropy of a chain at fixed
elongation is given by [35]:

},2

S(F) = S(0) - 2

15)

N | W

where S(0) is the entropy and (r?), is the mean-squared end-
to-end distance of an undisturbed chain (no elongation). If
we introduce the known dependence of (r*) on the shear
rate, i.e. (r*) ~ 77, derived from Rouse theory [7], into the
ensemble averaged entropy (S) then we obtain that, (S(r)) ~
¥, which contrasts the experimental result shown in Fig. 7.
There can be three possible causes for this discrepancy: (a)
the contribution from non-negligible enthalpic contributions
to 8G,,, (b) a different shear rate dependence for the oriented
chain segments acting as the precursors for the initial nuclei
or (c) the fact that the present polymer is well above the
entanglement molecular weight. At present we cannot
exclude one of the above possibilities but it would be of
interest to derive an exact relation between the local entropy
of the oriented segments giving rise to the initial nuclei in
dependence to the shear rate. However, for a full
justification of our rather strong assumptions on the

influence of shear on nucleation and growth in situ optical
experiments are needed.

3.3. Interrelation between thermal and shear-induced
crystallization

Returning to the temperature and shear rate dependence
of the characteristic times in Fig. 5, we suggest a rather
empirical analysis of the data aiming at obtaining a scaling
law for the two types of crystallization experiments. The
characteristic crystallization times 7, for the lowest shear
rate (i.e. 0.025 s~ ') reflect solely thermally-induced crystal-
lization. Thus the curves have been shifted vertically with
the shift factors (bt) shown in the inset to Fig. 3, reflecting
the thermally-induced crystallization process. Sub-
sequently, the resulted curves have been shifted along the
horizontal axis according to:

tc('}./; T) = thc(aT')./; Tref) (16)

The resulted master curve is shown in Fig. 8 and reveals that
at each temperature, a single shear-rate scale shift factor o
(corresponding to the shear-induced crystallization) and a
single time-scale shift factor by (corresponding to thermal
crystallization) allow the superposition of all crystallization
times at a given crystallization temperature with the data at
the reference temperature (7,.; = 318 K). The superposition
suggests that, at the low shear rates employed here, there is
an underlying law. The data can be fitted satisfactory to an
empirical function:

thc=Aexp(—<m>) (17)
Yo
where A = 1331, y, = 1.11 s~ ' and n = 0.5. The horizontal

10* 10" " 0° 10'
ay(s)

Fig. 8. Superposition of the data sets shown in Fig. 5. The superposition was
made first by applying a vertical shift factor by (from the 7-dependence of

Fig. 3) and consequently a horizontal shift factor ay. The line is a fit to Eq.
(16).
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Fig. 9. Horizontal shift factors from Fig. 8, plotted in an Arrhenius
representation. The line is the result of a linear fit with an apparent
activation energy of 430 kJ/mol.

shift factors are plotted in Fig. 9 and display an Arrhenius
temperature dependence within the (small) temperature
interval investigated with an apparent activation energy of
about 430 kJ/mol. Notice that this activation energy reflects
the effect of shear and is of the order of the activation
barrier. The master curve implies that the system obeys the
shear rate—temperature—superposition principle implying
that decreasing temperature and increasing shear rate
produce a similar effect on the crystallization times. The
effect has been explored here in the limit of low shear rates.
It would be of interest to explore the effect of higher shear
rates, relevant to polymer processing. Furthermore, since
both the shear rate dependence of nucleation density and the
shear rate dependence of crystal growth interfere, more
detailed experimental and theoretical investigations are
necessary for a molecular understanding of such a behavior
through a suitable model.

4. Conclusions

We have investigated the crystallization under low shear
rates of PCL using rheology and optical microscopy. In the
limit of low shear rates it was possible to perform a
qualitative analysis of the thermally induced crystallization.
We found that a single morphological model of the
composite material cannot account for the evolution of the
viscoelastic properties over the entire crystallization
process. However, the characteristic times and/or shift
factors are sufficient to estimate thermodynamic parameters
of the crystallization kinetics.

The influence of shear flow on the initial nuclei formation
under low shear rates was investigated in steady shear
experiments. From measurements of the evolution of the

shear viscosity following temperature jumps from the liquid
state at different shear rates, the characteristic crystallization
times 7, were estimated as a function of crystallization
temperature and shear rate. From the shear rate and
temperature dependence of the crystallization times we
were able (with some assumptions on the crystallization
mechanism under shear) to derive the shear rate dependence
of the free enthalpy barrier and consequently the free
enthalpy difference 8G, (¥, T) = G (¥, T) — Gu(y=0,T).
The latter displays a linear dependence on shear rate that can
be rationalized by changes in the entropy of the melt state
due to coil deformation. Lastly, the temperature and shear
rate dependence of the characteristic crystallization times ¢,
could be summarized in a ‘master plot’ indicating the
validity of the shear rate—temperature—superposition
implying that decreasing temperature and increasing shear
rate affect the crystallization times in a universal way.
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