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ABSTRACT: We have studied the crystallization of poly(ε-caprolactone) (PCL) with in situ optical
rheometry and ex situ optical microscopy as a function of applied stress. The evolution of the birefringence
and dichroism was monitored in parallel with the viscosity following a temperature jump from the melt
to a final crystallization temperature for different values of stress. In optical microscopy we found an
increased nucleation density which resulted in the speed-up of the crystallization process in the strained
samples as detected by optical rheometry. Changes in the crystal structure observed in optical microscopy
were found to correlate well with the evolution of birefringence and dichroism. 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. A decoupling of the evolution of shear viscosity
from the optical rheometry signals has been observed at high shear stress attributed to partial crystal
melting. Application of a short step stress prior to crystallization is adequate to speed up the crystallization
process due to the enhanced nucleation density.

I. Introduction

The problem of flow-induced crystallization is common
to the industrial processing (die extrusion, injection
molding) of all semicrystalline materials. Despite its
technological significance and some recent experimental
progress,1-8 our current understanding of the process
is relatively small. There is consensus, however, that
the main effect of shear is to assist the formation of
nuclei by the alignment of polymer chains in the
supercooled melt. This alignment may act as a precursor
for the formation of stable primary nuclei. An increasing
number of such nuclei add to the stress in the system
that causes further alignment of chains, thus increasing
the nucleation density. The latter is probably respon-
sible for the enhancement of the crystallization process
observed experimentally.1-8 Apart from optical micros-
copy studies, which probe crystal sizes typically above
1 µm, it was soon realized that more “microscopic”
techniques are needed to probe the chain stretching and
orientation prior to crystallization.

Since the early work of Stein and co-workers,9 bire-
fringence and in some cases dichroism have been
employed to follow the chain orientation and crystal-
lization of polymers subjected to flow fields. The poly-
mers were mainly polyethylene (PE), poly(ethylene
terephthalate) (PET), and polypropylene (PP). McHugh
and co-workers10,11 employed simultaneous measure-
ments of birefringence and dichroism to study the
crystallization of high-density PE melt subjected to
planar extensional flow. Following a short interval of
flow two maxima have been detected in the birefrin-
gence intensity: one due to flow-induced deformation
and a second due to oriented crystallization. By moving
to regions of higher orientation the second process
gained intensity and moved to shorter times. A quan-
titative measure of the crystallization rate revealed an

acceleration by orders of magnitude as compared to the
quiescent state. Combined birefringence and infrared
dichroism measurements have also been employed in
linear PE in an attempt to reevaluate the intrinsic
amorphous birefringence12 which was found to be about
0.06. Furthermore, the stress overshoots in the flow-
induced birefringence of branched polyethylene melts
were attributed to molecular stretching.13

The elongational flow-induced crystallization of PET
was studied14 as well as the validity of the stress-
optical relationship under uniaxially stretched PET.15

In the latter study, the onset of crystallization was
detected from the deviation of the stress-birefringence
curve from the stress-optical rule.

The transient birefringence of polydisperse isotactic
polypropylene revealed contributions from chain stretch-
ing and from highly oriented structures during shear.16

A brief interval of shear could reduce the crystallization
times by 2 orders of magnitude. In addition, recent
simultaneous measurements of birefringence and dichro-
ism allowed the isolation of the isotactic and atactic
populations within the elastomeric PP.17

In the single study18 on poly(ε-carpolactone) (PCL) the
strain-induced crystallization was studied by infrared
dichroism in its miscible blends with poly(vinyl alcohol).
It was found that crystallization under strain lead to
different crystalline orientations: perpendicular and
parallel to the strain direction at low and high draw
ratios, respectively.

In our previous study,19 we have investigated the
effect of shear rate on the crystallization of PCL and
were able to separate the effect of thermally driven from
strain-induced crystallization. The effect of increasing
shear rate was to lower the free enthalpy barrier
required for the formation of a stable nucleus. The lower
barrier resulted in the enhancement of the nucleation
density and eventually in the speed-up of the crystal-
lization process. In the present study we employ optical
rheometry (in situ birefringence and dichroism) and
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rheology with ex situ microscopy which provide direct
information on the morphological changes occurring
during the stress-induced crystallization of PCL. The
signal from optical rheometry is controlled by two
competing factors: an increasing volume fraction of
crystals at short times and by processes which reduce
the optical anisotropy at later times. The intensity and
time dependence of the birefringence and dichroism
signals were found to have a strong dependence on the
applied stress which is rationalized in terms of mor-
phological changes during PCL crystallization.

II. Experimental Section
Sample. 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 1 × 104

and a polydispersity of 1.4.
Optical Rheometry. A Rheometric Scientific constant

stress rheometer (DSR-200) with a controlled strain option was
coupled to an optical analyzer which allowed simultaneous
measurements of the viscoelastic and optical properties (bi-
refringence and dichroism) of the semicrystalline polymer.
Details of the measurement technique can be found else-
where.20 A schematic representation of the experimental setup
is shown in Scheme 1.

The sample is contained between two quartz disks (38.1 mm
in diameter) that form a parallel plate shear cell with a
separation of 0.5 mm. The upper plate is rotated to induce
shear. Temperature control is achieved with the original DSR
circulating fluids (ethylene glycol/water mixture) bath, which
was appropriately modified in order to fit in the optical train,
allowing the laser beam to pass through. The optical train is
composed of a He-Ne laser (wavelength of 632.8 nm) followed
by a polarizer oriented at -45° with respect to the flow
direction. A photoelastic modulator (PEM) (Hinds Instruments
Inc.), oriented along the flow, induces a sinusoidally varying
retardance, δ, to the phase of the transmitted light, according
to δ ) A sin(ωt), where A is an adjustable experimental
parameter, ω is a fixed frequency of 50 kHz, and t is the time.
The modulated beam is then transmitted through a quarter-

wave retarder, oriented at -45°. The light exiting the optical
train is linearly polarized, with the polarization direction
oscillating between 45° and -45° relative to the polarizer at
50 kHz. The light is then passed through the flow cell. The
exiting beam is either passed through a circular polarizer and
then collected at the photodiode (in a birefringence experiment)
or simply collected at the photodiode (in a dichroism experi-
ment). The role of the circular polarizer is to transform all
elliptically or circularly polarized light into linearly polarized
which is required for the determination of the anisotropy in
the retardation of light. In the case of dichroism, the type of
polarization is not important since we are looking for anisot-
ropy in the intensity and not in the phase of light. The
resulting modulated intensity in either case is of the form

The use of lock-in amplifiers set at reference frequencies
corresponding to ω and 2ω allows the determination of the
Fourier coefficients, Iω and I2ω, which are functions of the
birefringence or dichroism. Ratios, RD

ω, RD
2ω, RB

ω, and RB
2ω,

of each Fourier coefficient to the appropriate mean intensity
(ID

dc or IB
dc) are formed in order to account for turbidity changes

and random fluctuations in the light source. The experiment
produces the following ratios for the dicroism:

and for the birefringence

Scheme 1

I ) Idc + Iω sin(ωt) + I2ω cos(2ωt) + ... (1)
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ω )
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ω

2ID
dcJ1(A)

) -sin(2θ′′) tanh δ′′

RD
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where J1(A) and J2(A) are Bessel functions, θ′ is the orientation
angle of the birefringence, δ′ is the retardance of the light, θ′′
is the orientation angle of the dichroism relative to the
polarizer direction, and δ′′ is the extinction of the light. The
above parameters were measured during the crystallization
experiments (see below). The birefringence ∆n′ is related to
the retardation by δ′ ) 2πd∆n′/λ, where d is the sample
thickness and λ is the wavelength of light, whereas the
dichroism is related to the extinction by δ′′ ) 2πd∆n′′/λ. To
properly determine the birefringence and dichroism, the Bessel
functions must be calculated. This calibration was accom-
plished by rotating a polarizing strip in the sample position
and calculating appropriate Bessel function values. The evolu-
tion of the orientation angles and of the birefringence and
dichroism signals is discussed below.

Optical Microscopy (OM). 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 on the unstrained sample were made by heating
to an initial temperature of 353 K following quenches to
different crystallization temperatures. The strained samples
prepared in the rheometer were quenched to liquid nitrogen
and transferred to the microscope.

III. Results and Discussion

Thermally Induced Crystallization. First, we
studied the crystallization process in the unstrained
melt using polarizing optical microscopy (OM). With OM
we followed the linear growth rates at the different
crystallization temperatures (in the range from 314 to
327 K) following quenches from an initial temperature
of 353 K, and the result is shown in Figure 1. PCL is
known21 to form axialites at short times which at longer
times become spherulitic due to crystal branching. As
we will see below, it is exactly this property of the
superstructure which make the system a unique one for
monitoring the birefringence and dichroism evolution.
In the inset to Figure 1 the same growth rates are
plotted as a function of the crystallization temperature
Tc, the degree of supercooling (∆T ) Tm

o - Tc, where
Tm

o ) 346 K is the equilibrium melting temperature21),

and f is a temperature correction factor () 2Tc/(Tm
o +

Tc)). At the crystallization temperature of 328 K, the
growth rate is very small, but an estimate can be
provided by the linear extrapolation of Figure 1. Using
the extrapolated value of G and assuming a linear
growth rate (i.e., R ) Gt, where R is the radius), we
obtain a size of 0.3 µm at t ) 1000 s. This implies that
the features of the birefringence and dichroism obtained
during the kinetic experiments (below) refer to struc-
tures larger than 0.3 µm.

The evolution of birefringence (∆n′) and dichroism
(∆n′′) following a temperature jump from 353 to 328 K
is shown in Figure 2 under quiescent conditions. The
final crystallization temperature (T ) 328 K) was
carefully chosen, so that the crystallization process
initiated after the T equilibration for both the strained
and unstrained cases. As seen in Figure 2, both ∆n′(t)
and ∆n′′(t) display a bell-like shape with maxima shifted
on the time axis. The orientation angles θ′ and θ′′ (not
shown here) revealed that the birefringence and dichro-
ism signals originate from structures oriented near to
the vorticity axis (Scheme 1). Measurements of these
quantities have been repeated several times for the
same quench depth, and the form of ∆n′(t) and ∆n′′(t)
was found to be invariant. If only few axialites are
within the laser beam which give rise to the observed
birefringence and dischroism, then, depending on the
orientation angles θ′ and θ′′, different signs of ∆n′(t) and
∆n′′(t) are to be expected. Then the consistency of the
data in Figure 2 imply some preoriented structures
mainly along the vorticity direction by the sample
preparation method (radial flow of sample during
preparation or thermal gradient). It is worth mentioning
here that similar features to the ones shown in Figure
2 (with the bell-like birefringence) have been seen in
the flow-induced crystallization of high-density PE
subjected to an elongational flow.10,11

Optical micrographs (taken ex situ) are shown which
are obtained during the thermally induced crystalliza-
tion process and reveal structural changes on a length
scale of 1-10 µm. The birefringence has contributions
from intrinsic and form effects and is in general sensi-
tive to smaller length scales than the dichroism which

Figure 1. Growth rates of axialites obtained from optical
microscopy plotted as a function of crystallization temperature.
In the inset the same growth rates are plotted as a function
of reduced temperature (see text).

Figure 2. Time evolution of the birefringence ∆n′ (open
symbols) and dichroism ∆n′′ (filled symbols) following a
temperature jump from 353 to 328 K. The insets are optical
micrographs obtained ex situ after t1 ) 7300 s, t2 ) 9500 s,
and t3 ) 19 900 s. The bar indicates a length of 10 µm.
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contains contributions only from the latter. Then the
evolution shown in Figure 2 can be understood with the
help from the optical micrographs. The optical micro-
graphs show an increasing number of nuclei of axialitic
shape for short times, with crystal branching starting
at about 7 × 103 s. Symmetric branching starts at about
1 × 104 s, and at longer times a nearly spherulitic
superstructure is formed. The bell-shaped birefringence
can be understood as follows: The birefringence of
semicrystalline polymers is given by

where ∆nintr and ∆nform are the intrinsic and form
contributions, respectively. For the intrinsic part, ad-
ditivity of the crystalline and amorphous contributions
is usually assumed:

where æc and æa () 1 - æc) are the volume fractions of
the crystal and amorphous phases, fc and fa are the
crystalline and amorphous orientation functions (f )
3/2〈cos2 θ〉 - 1/2), and ∆nc and ∆na are the intrinsic
birefringence values for the perfectly oriented crystalline
and amorphous phases. The form birefringence (∆nform)
is proportional to æcF, where F is a “shape factor”
measuring the departure from a spherical overall shape.

The evolution of ∆n′(t) is dominated by the intrinsic
contribution of the crystal phase, i.e., ∆n′(t) ≈ æc(t)fc(t)-
∆nc, with a competition between an increasing volume
fraction of crystals at short times followed by asym-
metric branching (which creates a birefringence on a
smaller length scale) and possibly by the loss of orienta-
tion of axialites at longer times. These antagonistic
factors create a maximum in the evolution of ∆n′(t)
whose location on the time axis provides a qualitative
measure of the course of crystallization. On the other

hand, the dichroism contains only form effects, i.e.,
∆n′′(t) ) ∆nform(t) ≈ æc(t)F(t), and the bell shape is
created by the competition between an increasing
volume fraction at short times and a lower overall
anisotropy at longer times. The small final anisotropy
can result from both loss of the anisotropic shape and
by the randomization of the axialitic orientation. Notice
that at t ) 104 s ∆n′ is nearly zero, but ∆n′′ is at its
maximum value. One way of explaining this difference
is by the symmetric branching starting at this time
which creates a low ∆n′ value. However, the overall
shape is still asymmetric, leading to the form anisotropy
detected by the ∆n′′. Alternatively, the birefringence
contains antagonistic interactions between intrinsic and
form effects whereas the dichroism contains only form
effects.

Stress-Induced Crystallization. The major effect
of applied stress is to increase the nucleation density.
This is shown in Figure 3 where optical micrographs
from an unstrained and a strained sample are com-
pared. The first image (a) corresponds to a sample
quenched from 353 to 328 K without any stress, i.e.,
thermally induced nucleation (in situ microscopy). The
second image (b) is taken from a sample quenched from
353 to 328 K but under continuous shearing conditions
(τ ) 500 Pa) (ex situ). The latter image shows many
axialites and in parts row nucleation. There is a 30-
fold increase in the nucleation density in (b) as a result
of the applied stress. This increase in the nucleation
density has profound effects on the crystallization
kinetics. In Figure 4 the transmitted intensity, Idc, is
plotted during the kinetic experiments (from 353 to 328
K) for different levels of stress. The transmitted inten-
sity decreases with time as a result of the growing
turbidity in the sample. Notice that the signal at long
times does not decay to zero but to a value between 0.1
and 0.2, reflecting mainly scattered light which is
getting through the sample. The intensity decays faster
with increasing level of applied stress, meaning that the

Figure 3. Optical micrographs of two samples. The first image (a) corresponds to a sample quenched from 353 to 328 K without
any shear (thermally induced nucleation). The second image (b) is taken from a sheared sample (τ ) 500 Pa) with the same
thermal history as the first one. Notice the increased number and smaller size of nuclei. The bar indicates a characteristic distance
of about 50 µm.

∆n′ ) ∆nintr + ∆nform (4)

∆nintr ) æc fc∆nc + (1 - æc) fa∆na (5)
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whole process speeds up. We have used the Avrami
equation22

for the evaluation of the degree of crystallinity where z
is a rate constant, n is the Avrami exponent, and t0 is a
delay which takes into account the equilibration time
to the final crystallization temperature. We have further
assumed that the volume fraction of the crystalline
phase æc(t) is proportional to the extinction of light in
the sample. We therefore calculated æc(t) using æc(t) )
-k ln(Idc(t)/Idc(0)), where k is a constant and Idc(t) is the
observed light intensity. The constant k is calculated
from the final crystallinity and the intensity value at t
f ∞ as k ) -æc(∞)/ln(Idc(∞)/Idc(0)). For æc(∞) and Idc(∞),
we have used the values of 67% (obtained from DSC)
and 0.13 (from Figure 4), respectively. The characteristic
times, t1/2 ) (ln 2/z)1/n, are plotted in the inset as a
function of applied stress. At the maximum applied
stress the crystallization time is reduced by a factor of
2 relative to the quiescent case. The Avrami exponent,
reflecting the dimensionality and nature of the nucle-
ation and growth process, varies from 3.2 to about 8 at
1800 Pa. The former value can be rationalized in terms
of the Avrami theory; however, the latter is much too
high as have been observed in the past.23

Figure 5 gives the evolution of the birefringence and
dichroism for the same T-jump but with a stress of 500
Pa. The bell shape of ∆n′(t) and ∆n′′(t) is preserved and
originates from an increasing volume fraction at short
times and by the loss of internal anisotropy and by the
randomization in the orientation of the increased in
numbers axialites at longer times as indicated by the
orientation angles. However, both curves show profound
differences from the corresponding ones for the un-
strained case (Figure 2). First, both maxima are shifted
to shorter times, indicating the speed-up of the process
and second the signals are enhanced. To quantify the
effect of the stress on the crystallization process, at least
in a qualitative way, we use the times corresponding to

the maxima of the birefringence and dichroism. This is
shown in Figure 6, where the above times are plotted
as a function of the applied stress. The speed-up of the
crystallization process is the result of the increased
nucleation density with applied stress (Figure 3). A
speed-up similar to the one shown in Figures 5 and 6
has been seen during the flow-induced crystallization
of high-density PE subjected to an elongational flow.10,11

Following the cessation of flow two processes have been
detected in the birefringence signal: a fast one related
to flow-induced deformation and a slower one related
to the oriented crystallization. The latter process was
found to depend strongly on the flow field. The absence
of the former process in our experiments is simply
because of interference with the temperature stabiliza-
tion effects.

In parallel with the optical measurements, we have
followed the evolution of the viscosity, and the result is
shown in Figure 7 for the different stress values. In all
curves there is an “incubation period” followed by a
rapid viscosity increase at longer times. Within the
“incubation period” there exist axialites of micrometer

Figure 4. Transmitted intensity Idc measured during the
dichroism experiments following temperature jumps from 353
to 328 K. The different curves correspond to the different levels
of stress applied continuously during the experiments: (O) 0,
(4) 50, (0) 200, (3) 500, (]) 1000, (9) 1300, and (b) 1800 Pa.
In the inset, the characteristic kinetic times t1/2, obtained using
the Avrami analysis, are plotted as a function of applied stress.
The lines for the 200 and 1800 Pa cases are the result of the
fit to the Avrami equation.

1 - æc(t) ) e-z(t-t0)n
(6)

Figure 5. Time evolution of the birefringence ∆n′ (open
symbols) and dichroism ∆n′′ (filled symbols) following a
temperature jump from 353 to 328 K with a stress of 500 Pa.
Notice the higher magnitude of both quantities as compared
to the unstrained case (Figure 2).

Figure 6. Characteristic times corresponding to the birefrin-
gence (open symbols) and dichroism (filled symbols) maxima
plotted as a function of stress. All times refer to crystallization
at 328 K.

6470 Floudas et al. Macromolecules, Vol. 33, No. 17, 2000



size which can flow and do not influence considerably
the overall viscosity. The sharp increase in viscosity at
longer times (ηγ̆f0) is due to the presence of crystals
which are formed first in the periphery of the plates
(where the maximum strain is applied) and result
practically in an infinite viscosity (when the shear rate
goes to zero). Notice that the time where ηγ̆f0 is obtained
is decoupled from the ∆n′ and ∆n′′ maxima since the
viscosity is mainly controlled by the crystals formed at
the outermost part of the sample whereas the latter are
measured at half the maximum strain (i.e., in the
middle of the plates). Furthermore, there is a peculiar
reversal in the behavior of η(t) with increasing stress:
for small stresses, increasing stress speeds up the
viscosity upturn whereas at higher stresses this feature
is retarded. The reversal at high stresses might be
caused by destruction of the crystals formed in the
periphery. This phenomenon might be related to the
shear melting of colloidal crystals above a critical shear
stress.24 Alternatively, shear thinning due to improved
orientational order with increasing stress can also cause
the reversal seen in Figure 7. To distinguish between
the two possibilities, we compare the characteristic
times corresponding to ηγ̆f0 with the birefringence and
dichroism peak values as a function of applied stress
in Figure 8. The reversal of the time dependence of the
viscosity curves finds its counterpart in the decrease of
the birefringence and dichroism peak values, indicating
a possible correlation of the changes in the viscoelastic
properties with the optical properties due to the partial
destruction of the superstructure (shear melting).

In a last series of experiments we have investigated
the effect of a step stress on the crystallization kinetics
applied at the final crystallization temperature. For this
purpose we have applied a step stress of 1800 Pa for
short times (short meaning shorter than the evolution
of the crystallization process with duration of 10, 150,
and 350 s) corresponding to the “incubation period”. As
in the corresponding experiments under continuous
shearing, we found that the crystallization process
speeds up. This is depicted in Figure 9 where we plot
the time corresponding to the birefringence maximum

as a function of the step stress duration. There is a clear
speed-up of the process; a step stress of 350 s duration
can speed up the crystallization process by 1000 s. The
enhanced crystallization process is consistent with the
increased nucleation density observed in optical micros-
copy (Figure 3) and shows that the nucleation process
is greatly affected by short-time shearing at the final
crystallization temperature in the supercooled melt
state. The energy provided by the stress is given to
orient the chains and possibly alters the conformation
to trans sequences. This finding is of importance in
polymer crystallization during processing and should be
considered in future simulations of flow-induced crystal-
lization.

Figure 7. Evolution of viscosity measured during the bire-
fringence experiments following a temperature jump from 353
K to the same crystallization temperature (328 K) shown for
different stress values: (O) τ ) 50 Pa, (0) τ ) 200 Pa, (4) τ )
500 Pa, (1) τ ) 1000 Pa, and ([) τ ) 1800 Pa. Notice the
reversal in the η(t) behavior at τ ) 500 Pa.

Figure 8. (top) Dependence of the birefringence (filled
symbols) and dichroism (open symbols) maxima obtained
during the kinetic experiments on the applied stress. (bottom)
Time corresponding to the viscosity at zero shear rate as
obtained from the divergence of the viscosity curves of Figure
7, plotted as a function of shear stress. The data imply a
correlation of the ∆n′ and ∆n′′ maximum values with the η(t)
reversal of Figure 7.

Figure 9. Characteristic times corresponding to the birefrin-
gence maximum during the kinetic experiments (from 353 K
to the crystallization temperature of 328 K) plotted as a
function of the step stress period at the initial stages of
crystallization. The stress level was 1800 Pa, and the point at
8000 s corresponds to a continuously sheared sample. Notice
that a step stress in the undercooled melt for 350 s is enough
to initiate the crystallization process.
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IV. Conclusions
We have employed in situ optical rheometry with ex

situ optical microscopy to investigate the influence of
stress on the crystallization kinetics of PCL. PCL like
PE crystallize in an orthorhombic unit cell and form
superstructures whose shape is a function of the crys-
tallization time, temperature, and shear rate. The main
conclusions of the present study can be summarized as
follows:

1. The evolution of birefringence and dichroism fol-
lowing a temperature jump from the melt display
maxima that can be rationalized by an increasing
volume fraction of axialites at early times and by the
loss of optical anisotropy (crystal branching resulting
in loss of shape anisotropy and randomization in axi-
alitic orientation) at later times.

2. A decoupling of the shear viscosity from the optical
rheometry features has been observed at high shear
stresses and attributed to partial melting of crystals.

3. Short-term stress applied before the onset of
crystallization is adequate to speed up the crystalliza-
tion process due to the enhanced nucleation density.

This work has left several open questions that need
to be addressed in the future. For example, the effect
of crystal orientation on the evolution of birefringence
and dichroism need to be explored in detail. Further-
more, the long times associated with temperature
equilibration precluded a study of the chain orientation
process. The high Avrami exponents at the high stress
values call also for an explanation. The above together
with the more fundamental questions as to the role of
entanglements and to the main variable (stress, strain,
strain rate) controlling flow-induced crystallization will
be addressed in future studies.
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