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Abstract Dielectric relaxation spectroscopy (DRS) of poly(&-caprolactone) with different draw ratios showed that the mobility of polymer
chains in the amorphous part decreases as the draw ratio increases. The activation energy of the & process, which corresponds to the
dynamic glass transition, increases upon drawing. The enlarged gap between the activation energies of the o process and the J process
results in a change of continuity at the crossover between the high temperature a process and the ezand S processes. At low drawing ratios
the a process connects with the f process, while at the highest drawing ratio in our measurements, the a process is continuous with the o
process. This is consistent with X-ray diffraction results that indicate that upon drawing the polymer chains in the amorphous part align and
densify upon drawing. As the draw ratio increases, the « relaxation broadens and decreases its intensity, indicating an increasing
heterogeneity. We observed slope changes in the « traces, when the temperature decreases below that at which 7z~ 1 s. This may indicate
the glass transition from the ‘rubbery’ state to the non-equilibrium glassy state.
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INTRODUCTION

An interesting question in materials science is how materials
behave in a confinement. To answer this question, many
studies'*'have been done. Due to the fact that the polymer
chains stretched in one dimension will behave the same as
under confinement in other two dimensions, we select
poly(&-caprolactone) (PCL) as a model to study its dynamics
in uniaxially drawn state. PCL is an increasingly important
semicrystalline polymer. It is becoming a useful material in
biomedical applications™*®. As PCL is widely applied in
fibers, the dynamics of uniaxially drawn PCL is of
importance. When PCL samples are stretched in the solid
state, necking occurs. In this article, the draw ratio A4 is
defined as the ratio of final length of drawn sample to the
initial length of the undrawn sample. For PCL, the minimal
draw ratio, which is when a drawn neck coexists with an
undrawn region, is four. We will call this the ‘natural draw
ratio’. Necking does not happen with every semicrystalline
polymer!”! but when necking occurs, the original spherulites
convert to oriented fibrils upon drawingl®!2. A
recrystallization under strain may occur with the help of
pre-existing lamellae!'>~13]. A study on the morphology of
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PCL upon uniaxial drawing in a PCL/poly(vinyl chloride)
(PVC)!Y blend shows that the crystalline chain orientation
can be either parallel or perpendicular to the stretching
direction, and that parallel chain orientation is dominant in the
amorphous region.

The molecular dynamics of polymeric materials can be
studied by dielectric relaxation spectroscopy (DRS). DRS
probes the time scales and intensities of relaxation processes
as a function of temperature. Similarly as that with dynamic
rheology the frequency is varied, with DRS, an oscillatory
electrical field is applied instead of an oscillating mechanical
stress. In a DRS measurement one measures the so-called
complex dielectric constant £ = & + i£”, where & represents
the ‘storage’ contribution, and &” the ‘loss’ or ‘dissipation’
contribution. Dielectric relaxation processes can be
associated with the motion of electrons around the atoms, of
dipolar moieties and of ions. At very low temperature or very
high frequency, only the electrons around the atoms of the
material can follow the alternating electrical field. At higher
temperature and/or lower frequency, movements of ions and
polar moieties can follow the external electrical field as well.
In polymeric materials, dipoles can be associated with side
groups and/or the backbone. These dipoles may rotate
according to the alternating electrical field. At low frequency
or high temperature a certain class of dipoles can follow the
applied electrical field. As the frictional force is low, the
dielectric loss, which represents the absorbed energy, is low.
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At high frequency or low temperature, the friction force is
high but the displacement is quite low. Thus the dielectric loss
is low as well. For each specific relaxation process, the
dielectric loss has a maximum at some specific combination of
frequency and temperature. The inverse of the angular
frequency at such a maximum corresponds to the characteristic
time scale of a specific process at the given temperature.

Some studies on drawn semicrystalline polymers, such as
poly(ethylene terephthalate)'”), poly(ethylene naphthalene-
2,6-dicarboxylate)!'8-2% and polyamidel'* 2!, show that cold
drawing leads to a change of mobility in the amorphous part
of the polymer. In the present investigation, DRS was used to
study the effect of the draw ratio upon the molecular
dynamics of PCL. There are three main relaxation processes
in the measuring window, denoted ¢, £ and % in the order of
increasing characteristic frequency (decreasing time scale)
and decreasing temperature. The fand yprocesses follow the
Arrhenius law,

In Tp, = In Topy

+@ (1)
kT
where Epyrepresents the activation energy of the S or y
relaxation processes, k is the Boltzmann constant, 793y is a
prefactor, which is formally the limiting relaxation time of the
B or yprocess when T—oo. It is commonly found that the o
process does not satisfy the Arrhenius law. It is often found
useful to fit the data to the semi-empirical
Vogel-Fulcher-Tammann (VFT) temperature dependency,
Inz=Inz, , +——— )
KT-T,)
in which A4 is a parameter for a particular polymer, & is the
Boltzmann constant, 7 is the so-called Vogel temperature, at
which the relaxation time diverges for a particular polymer,
and 70 «is formally the relaxation time of the & process when
T—o. The fand yprocesses represent local relaxation modes,
while the aprocess is a larger-scale cooperative motion. As it
relates to the glass transition, it is often called the dynamic
glass transition. The « process occurs in the amorphous part,
while the f relaxation process may occur both in the
amorphous and in the crystalline regions. The Y process
represents even smaller-scale motions than the £ process.
Upon increasing temperature, the ¢ and [ relaxation time
converge. Beyond the so-called crossover region, there are no
longer separate ¢ and /3 processes. Instead, there is a single
relaxation that is often denoted the ‘a process’ or ‘off
process’?%,

In the following sections, we will describe investigations
on the effects of drawing upon the chain mobility of PCL by
means of DRS and some complementary methods. We will
discuss results on the dynamics in connection with
observations on the morphology.

EXPERIMENTAL

Materials
Polycaprolactone (PCL) CAPA 6800 was kindly provided by
Perstorp, U.K. and used as received. The molecular weight is

around 8 x 10* g/mol. Samples for drawing were prepared
using a Davis Standard single screw extruder with a 19 mm
screw and a length to diameter (L/D) ratio of 25, equipped
with a melt pump in order to stabilize the melt pressure and
ensure a constant flow out of the die. A flat tape die of 1 mm x
16 mm was used. After leaving the die the material was
cooled on adjustable chill rolls and thereafter drawn in the
solid state at room temperature on a customized bench top
drawing unit from Retech Switzerland. The temperature in
the extruder was at its maximum 125 °C (at the die) and the
temperature of the chill rolls was set to 21 °C. The speeds of
the chill rolls and the first set of godet rolls in the drawing unit
were set to match the melt pump speed so that no
pre-orientation of the sample prior to drawing would occur. In
order to obtain samples with different draw ratios, the speed
of the second set of godets in the drawing equipment was
varied. The resulting draw ratio equals the ratio between the
speeds of the two sets of godet rolls, assuming that no slip
occurs in the drawing process. The samples are named after
their draw ratio. Undrawn samples were made as 9 mm wide
and 0.5 mm thick strips. PCL is not elastically stretched but
plastically drawn. When samples are elongated, necking
occurs. Upon elongation of the sample, the draw ratio 4 of
the neck is 4 (the ‘natural draw ratio’). The fraction of the
sample that turns into neck grows as the sample is more and
more elongated. Samples with draw ratios > 4 are made by
further stretching of the neck fraction.

Dielectric Relaxation Spectroscopy

Dielectric relaxation spectroscopy (DRS) was performed with
a Novocontrol© Alpha High Resolution Analyzer broadband
dielectric spectroscope. PCL samples with different draw
ratios (namely A =1, 4 =4, 4 =5 and 4 = 8) were measured
in the frequency range 0.10905 Hz < @/2n <3 MHz, where @
is the angular frequency. All spectra were measured
isothermally, at temperatures ranging from 20 °C to —120 °C,
with a step of 2 °C. The cooling rate between each step is
10 K/min. The measuring temperatures were stabilized better
than 0.5 °C using a PID circuit and a PT100 as temperature
sensor. In order for the electrical field to be normal to the
drawing direction, conventional copper electrodes were
mounted onto the two sides of the sample. To obtain what we
will call ‘apparent peak positions’, the dielectric loss
permittivity was analysed in the temperature domain by
spline-fitting. In addition, the dielectric loss permittivity was
fitted by Cole-Cole peak shapes in the frequency domain.
Several undrawn samples were measured in order to check
reproducibility. The ymode traces of different samples in the
Arrhenius plot showed a relatively large variation, which may
be caused by varying humidity and measurement error. The &
mode trace also showed some variation between different
undrawn samples. However, the shifts upon drawing were
considerably larger than the variation between duplicate
measurements.

Wide Angle X-ray Diffraction

Wide angle X-ray diffraction was performed with an AXS D8
Discover X-ray Diffractometer (Bruker-Nonius) to
investigate the morphology and orientation of crystals in PCL
samples with different draw ratios. The instrument was

https://doi.org/10.1007/s10118-018-2030-1
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equipped with cross-coupled Gobel mirrors to filter the Cu
Kearadiation (4 = 0.154 nm), and a Hi-Star 2D detector. The
distance between sample and detector was 6 cm.

Differential Scanning Calorimetry

A Perkin Elmer Diamond DSC (Hyper DSC™) was used to
perform  differential  scanning  calorimetry  (DSC)
measurements. All samples were cooled down from 25 °C to
—100 °C with a cooling rate of 10 K/min; then heated up to
100 °C with a heating rate of 10 K/min, and then cooled down
again to 0 °C, with a cooling rate of 10 K/min.

RESULTS AND DISCUSSION

Results

3-D plots of the loss contribution of the dielectric permittivity
versus frequency and temperature of undrawn and drawn PCL
samples are shown in Fig. 1. There is a pronounced
conduction peak in the dielectric loss at the high temperature,

Dielectric loss (logarithmic scale)

=2

Dielectric loss (logarithmic scale)

Temperature (°C) e 0

lg f(Hz)

Fig. 1 3-D plot of dielectric loss versus frequency and
temperature of PCL samples with (a) A=1, (b) A=8

low frequency regime, which overlaps with the relaxation
peaks of interest. The undrawn sample (Fig. 1a) clearly shows
three peaks, namely ¢, fand ¥ The drawn samples (Fig. 1b)
show an increase of the intensity of the ypeak as the draw
ratio increases. This increase of the intensity of the y peak
leads to overlap with the S peak. As the fand ypeaks merge,
it is difficult to analyse the relatively weak fpeak. At a fixed
frequency, the arrelaxation shifts to higher temperature as the
draw ratio increases. This is seen clearly in dielectric loss
spectra in the temperature domain at different frequencies
(Fig. 2). At low frequencies, e.g. 7.48 rad/s (Fig. 2a), the A=
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Fig. 2 Dielectric loss spectra of PCL with different draw
ratios, A =1 (@), 4 =4 (A), 4 =5 (0), and 4 = 8 (¢), in the
temperature domain at different frequencies: (a) 7.48 rad/s, (b)
891 rad/s, (c) 8.5 x 10° rad/s
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1 and 4 = 4 samples show two peaks, at around —98 °C
and —60 °C, representing the £ and ¢ relaxation processes,
respectively. The low temperature peaks (5 process) of the
A =5 and A = 8 samples are not clear. Therefore, for these
low temperatures we cannot determine an accurate peak
position for the £ process to include in the Arrhenius plot
(Fig. 3). The o process shifts to higher temperature as the
draw ratio increases. As the frequency increases, for instance,
to 8.91 x 10 rad/s (Fig. 2b), there are for all investigated draw
ratios two peaks visible in the measured temperature range,
which reflect the ¢ and y processes. The S peak is hidden
under the y peak. Both the « and y peaks shift to higher
temperature as the draw ratio increases, but the shift of the ¥
peak is quite small. In the high frequency range, at 8.5 X
109 rad/s for instance (Fig. 2¢), for all measured samples there
is only one peak visible in the measured temperature range,
representing the yprocess. The peak position shifts to higher
temperature upon increasing frequency (Fig. 2).

10
o =1
s 1=4
8r oA=5
0128
5 6
£
%
e
)
20
2L
0k
1 1
3 4 5 6

1000/T (1/K)

Fig. 3 Arrhenius plot of ‘apparent peak positions’ for PCL
with different draw ratios, 4 =1 (o), A =4 (a), 4 =5 (o) and
A =8 (¢) (Lines are for eye guiding. Points are obtained by
spline-fitting the experimental dielectric loss in the
temperature domain.)

Figure 3 is an Arrhenius plot of what we will denote the
‘apparent peak positions’. These are obtained by fitting spline
functions to the dielectric loss spectra in the temperature
domain. Points with the derivative value equal to zero and a
negative second derivative are plotted in Fig. 3. Figure 3
clearly shows the ¢, S and y relaxation processes for the
undrawn sample. However, for the drawn samples the weak
peak merges with the strong y peaks. Hence, no apparent
peak position can be determined and only the « and ¥
relaxation processes are plotted in Fig. 3. The & peak shifts to
higher temperature/lower frequency as the draw ratio
increases. For the ¥ mode trace, a relatively large variation
was found between several independent measurements on
undrawn samples. The reason for this may be the presence of
traces of water, which may increase the intensity of the
peak!?¥), The enlarged [ peak affects the apparent position of
the y peak. Anyway, this variation between measurements
makes it impossible to reliably establish whether or not the ¥
peak position is really influenced by the draw ratio.

Spectra of the dielectric loss in the frequency domain of
PCL samples with different draw ratios are shown in Fig. 4.
At low temperature (e.g. —120 °C, as shown in Fig. 4d) the
peak in the centre of the measured frequency window
represents the yprocess. The peak shifts to higher frequency
as A increases from 1 to 5. As the draw ratio increases further
to 8, the peak position shifts back to lower frequency. Such
shifts of the y peak position upon drawing occur for all
temperatures in the experimental range. At —90 °C, shown in
Fig. 4(c), the 3 process appears in the measured frequency
window. It is quite clear as a shoulder at about 10 Hz in the
spectrum of undrawn sample. It is not so obvious in drawn
samples. Comparing to Fig. 4(d), the ypeak positions shift to
higher frequency upon increasing temperature. At —42 °C,
shown in Fig. 4(b), shallow peaks appear at lower frequencies
for the 4 =4 and A= 5 samples. These represent the orprocess.
With the undrawn sample, the o process occurs at higher
frequency than that with 4 =4 and 4 = 5, and it merges with
the overlapping ¥ peak. Furthermore, for 4 = 8§, the & peak
is still largely outside the measured frequency window. At
—20 °C, shown in Fig. 4(a), it is quite clear that the & peak of
the drawn samples appears in the measured frequency
window. The « peak in the undrawn sample shifts to higher
frequency and merges with the big ¥ peak as the
temperature rises. The position of the « peak shifts to lower
frequency upon increasing draw ratio.

As mentioned, all peaks in the loss spectra (partly) overlap,
leading to shifts in apparent peak positions. Therefore, we
have determined the true position and other characteristics of
the overlapping peaks by fitting the experimental spectra with
Cole-Cole (CC) peak shapes®. The complete loss spectrum
can be fitted to a series of CC peaks, and a conductivity term:

c=¢ +ZL+E (3)
T S+ (wr)" g0

Ae(1+ @1, )" cos (“2“}

g=e+) “4)
" 1427, )" cos(a;nj +(wz,)
z&gn(cofg)%'shlﬁckﬂtj
e=20 4 2 ®)
£,0

"1+2@vq)%co%?znj+(wn)“'

where £" is the complex dielectric permittivity, £ and &” are
its real and imaginary part, respectively. The subscript n
indicates a specific relaxation process, @ represents the
angular frequency, &, is the permittivity at the high frequency
limit (@ = o), & is the dielectric permittivity at the low
frequency limit (w = 0), Ag, is the dielectric strength of
relaxation process 7, 7, is the characteristic relaxation time for
each process which is related to the frequency of maximal
loss by 7, = l/@hpeak. a (0 < a < 1) is the shape parameter
describing the width of a relaxation peak, which is determined
by the width of the corresponding peak of the relaxation-time

https://doi.org/10.1007/s10118-018-2030-1
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Fig. 4 Dielectric loss of PCL with different draw ratios, A =1 (0), 4 =4 (A), 4 =5 (0), and 4 = 8 (©), in the frequency domain at the
different temperatures: (a) —20 °C, (b) —42 °C, (c) —90 °C, and (d) —120 °C

distribution. When a = 1, the CC equation reduces to the
Debye equation, which represents a single-relaxation time
process. oy is related to the conductivity. Fitted parameters
belonging to peaks near the edge of the measured frequency
window have a somewhat larger uncertainty because of
interference with relaxation peaks outside the measured
frequency window.

The dielectric loss spectra have been interpreted with three
processes, namely ¢, [, and ¥ each represented by a
Cole-Cole term. As known, the temperature dependence of
the S and yprocesses follows the Arrhenius law (Eq. 1). As
described previously, the ypeak shifts to higher frequency as
the temperature increases, and even shifts out of the measured
frequency window above a certain temperature. However, the
left wing of the peak then still contributes to the dielectric loss
spectrum in the measuring range. So the fitting procedure
started from the lowest measured temperature at which the
dielectric loss spectrum shows clear § and/or y relaxations.
Based on the fitting parameters obtained at low temperatures,
traces of the fand yrelaxation modes in the low temperature
range in the Arrhenius plot can be obtained. According to the
Arrhenius law, the positions of the fand ypeaks in the high
temperature range can be obtained by extrapolation. For e.g.
the undrawn sample, in the temperature range from —120 °C
to =50 °C, there are only £ and ¥ peaks in the measured
frequency window. As the temperature increases, the «
process appears at around —60 °C. From this temperature

upwards, there are three peaks within the measured frequency
window, corresponding to the ¢, f, and y relaxations. The
characteristic frequencies are plotted against inversed
temperature in Fig. 5. The « relaxation process shifts to
higher temperature/lower frequency as the draw ratio increases.

0r
250 23
240 33 ~
gL 2 239 43
R 220 : -53 &
_ 5 210
Z 6
£
3
& 4t
2!)
2L e’
= A=1
o A=4
oL & A1=5
o A=8
3

1000/T (1/K)

Fig. 5 Arrhenius plot of dielectric-loss peak positions for PCL
with different draw ratios, as obtained by Cole-Cole fitting: 4 =
1 (@), A =4(2),A=5()and A =8 (¢) (Straight lines follow
the Arrhenius law. The o processes follows the VFT equation.
The inset is the temperature at 7= 100 s of samples of different
draw ratio.)
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Table 1 The parameters of fitting different relaxation processes in Arrhenius plot (Fig. 5)

Relaxation process ¥ )il o
Draw ratio 70,5(8) Ey(eV) 70,5 (S) Ep(eV) 70,0 (s) A (eV) To (K)
A=1 1 x 10717 0.45 1.5x10718 0.62 5.5x 10713 0.16 160
A=4 1 x 10716 0.40 2% 10710 0.53 8.9 x 10714 0.19 157.5
A=5 5x 1077 0.41 8 x 10716 0.53 9.1 x 10713 0.21 155
A=8 7 x 10718 0.46 3 x 10716 0.5 6.6 x 10714 0.3 124

This trend is the same as found for the apparent peak positions
plotted in Fig. 3. Furthermore, in the case of the ¢rtrace for the
A = 8 sample, there is a decrease (i.e. less negative) of the
slope below about 1 rad/s. Even though the [ relaxations
appear hidden by the yprocess in the spectra, the CC fitting
procedure is capable of revealing its parameters. The slope in
the Arrhenius plot of the £ line for the drawn samples is
slightly larger (less negative) as compared to that for the
undrawn sample. This indicates a small decrease of the
activation energy of the [ relaxation process upon drawing.
The yptrace in Fig. 5 is similar to that in Fig. 3. As described in
the introduction section, the peak position corresponding to
the o relaxation processes follows the VFT equation, and the
pand yrelaxation modes follow the Arrhenius law. As for
relaxation process, a set of parameters were input initially,
then the standard deviation between the experimental data
and fitting data was minimized by modifying the pre-input
parameters. At least five sets of initial parameters were input
for each VFT fitting. For all investigated draw ratios the
parameters of the VFT equation and the Arrhenius equations
are listed in Table 1. The activation energies of the fand ¥
processes do not change significantly upon increasing draw
ratio, while the VFT parameter 4 for the ¢ process shows a
significant increase upon drawing, especially for the highest
drawing ratio. The Vogel temperature decreases upon
increasing draw ratio.

Although the peak positions plotted in Figs. 3 and 5 were
obtained from the dielectric spectra by very different methods,
the shift of the arline upon drawing is clear with both methods.
As the draw ratio increases, the o relaxation shifts to higher
temperature/lower frequency. The glass transition is related to
the o process, which is therefore called the dynamic glass
transition. The glass-transition temperature is often defined
somewhat arbitrarily as the temperature when the o relaxation
time equals 100 s. The inset in Fig. 5 shows that the glass
transition temperature according to this definition increases
upon increasing draw ratio. Such an increase of the glass
transition upon drawing was also found by others by means of
a very different technique, namely dynamic mechanical
thermal analysis (DMTA)!1.

The X-ray diffraction results show that the crystals in
undrawn PCL sample are randomly oriented (Fig. 6a), and
that the crystals are oriented in drawn samples (Fig. 6b). The
WAXS patterns of PCL with different draw ratios (Fig. 7A)
show a clear amorphous halo at low 26 range (5°-9°) for the
drawn samples. The intensity of the amorphous halo has been
plotted as function of the azimuthal angle in Fig. 7(B). The
features in the scattering signal at azimuthal angles —90° and
90° are caused by the wires holding the beam-stop in front of
the detector. Compared to the undrawn sample, the drawn

Drawing direction

Fig. 6 Pictures of X-ray diffraction of PCL with draw ratios of
(@A =1land(b) A =8

A 110

Amorphous halo

Intensity (a.u.)

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
26(°)

B g 20=5°-9° 5

Intensity (a.u.)

Il 1 1 I
-180 -120 -60 0 60 120 180

Azimuthal angle (°)

Fig. 7 (A) WAXS patterns of PCL with draw ratios of (a) 4 =
I,(b)A =4(c) A =5and (d) 4 =8; (B) WAXS intensity of the
amorphous halo (26 = 5°-9°) as a function of azimuthal angle
for sample with draw ratios of A =1 (m), L =4 (2), 4 =5 (0)
and A = 8 (¢) (The azimuthal angle of 90° is equatorial, and of
180° is meridional. The online version is colorful.)

samples show an increase of intensity of the amorphous halo.
There are two broad peaks at azimuthal angles —90° and 90°

https://doi.org/10.1007/s10118-018-2030-1



XY. Yang et al. | Chinese J. Polym. Sci. 2018, 36, 665—674 671

(Fig. 7B), indicating orientation along the drawing direction.
As shown in Fig. 7(A), the widths of the amorphous halos of
drawn samples are smaller than those of the undrawn sample.

The spectrum shown in Fig. 7(A) has been separated into
several contributions, which are associated with crystallites
and with the amorphous part. Our results indicate that
drawing leads to alignment of crystals, but not to much
change of the degree of crystallinity or the crystalline
structure as such. DSC results (Fig. 8) confirm that the degree
of crystallinity (which has been calculated based on the
referenced data taken from Refs. [26] and [27]) is similar for
different draw ratios. In this study, our main focus does not
concern the crystal structure, but is aimed at the polymer
chains in the amorphous part.

.
.

Heat flow
Endo

0 20 40 60 80 100
Temperature (°C)

Fig. 8 Plot of DSC results of PCL with different draw ratios:
@A=1,0b)A=4() A4 =5and (d) 4 =8, respectively
(The heating rate is 10 K/min.)

Discussion

In Fig. 5, different relaxation mode traces for all investigated
samples were fitted with the VFT equation (for the «
relaxation) and the Arrhenius equations (for the S and y
relaxations). The parameters of the VFT and Arrhenius
equations used in fitting are listed in Table 1. The parameters
for the 4 = 1 sample are similar to previously reported data
for PCL, but not exactly the samel?* 2% 2%, Comparing to those
results, the difference can only be seen in the parameters for
the f and y relaxation modes. In Ref. [23], Es = (0.59 +
0.01) eV, E;= (0.35+£0.01) eV and 79, =2 x 10c16*0D 5 In
our results, Egis 0.02 eV higher, Eyis 0.07 eV higher, and the
difference of 7,is 10 *°®s. The differences are most likely
due to differences between the fitting approaches. The
strategy used in Ref. [23] was to fit all the dielectric loss
spectra with a set of parameters to achieve the global
minimum of the difference between the fitting and
experimental data. First, the spectra were fitted at
temperatures where the different relaxation modes are best
distinguished. The variation of the fitting parameters for
successive temperatures was constrained to be smooth.
However, to maintain such a smooth variation of the fitting
parameters, the global minimum of the fitting may not always
be reached. Our approach was to fit first the dielectric loss
spectra in the low temperature range, in which only one or
two relaxation modes (i.e. the fand/or yprocesses) had to be

considered. Then the peak positions of fand/or yprocesses in
the high temperature range were extrapolated according to the
Arrhenius equation.

The activation energies of local relaxation modes (i.e. S
and yrelaxation processes) for the necking part (4 = 4) are
slightly lower than those for the 4 = 1 sample (Figs. 5 and 9).
Upon further increase of the draw ratio, from A = 4 to higher
values, the activation energy of local relaxation modes
increases somewhat. Lee e al.l*% found that the segmental
mobility in slightly cross-linked poly(methyl methacrylate)
increases at low stress, then decreases at higher stresses. So
our observation for PCL, that the activation energy of local
relaxation modes decreases in the necking process (from
A =1to A =4) and then increases upon further drawing
(from 4 =4 to A =38), is not unprecedented. Without further
information we cannot give a molecular explanation for this
observation. The J relaxation process occurs in both
crystalline and amorphous regionsi®*'. It represents local,
small-scale dynamics, both in terms of size and time. In
comparison to the [ relaxation process, the ¥ process
corresponds to an even smaller scale. Drawing does not
significantly affect the £ and yrelaxation processes. This is
consistent with observations on drawn and undrawn low
density polyethylenel!l,
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Fig. 9 Activation energy (Eq. 1) of the £ (o) and y ()
relaxation modes, and the parameter 4 (Eq. 2) of the « ()
relaxation of samples with different draw ratios

The VFT equation (Eq. 2) was used to fit the o peak
positions in the Arrhenius plot (Figs. 3 and 5). As the VFT
equation is similar to the Arrhenius equation (Eq. 1), the
parameter 4 in Eq. (2) is sometimes simply taken as the
activation energy of the & processi?> 28, This is not correct.
Accepting this would e.g. imply that the activation energy of
the o relaxation is smaller than that of the £ and yprocesses
(Fig. 9). Obviously the activation energy for larger scale
movements should be larger than that of smaller scale
movement (f and ¥ processes). We introduce a
temperature-dependent activation (free) energy E« so that

A E,

a

=1, ") =g ek (6)

with activation (free) energy
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Thus, the activation energy of the ¢ process according to the
VFT equation, is a function of the temperature, and the Vogel
temperature is the parameter that determines the temperature
dependency. The larger the Vogel temperature, the stronger
the activation energy increases upon decreasing temperature.
This temperature dependency of the activation energy reflects
the size increase of the ‘cooperatively rearranging region’
(CRR) associated with the o process.

As discussed extensively by Donth?, the a (or af)
process corresponds to large-scale movements of chains
escaping from cages of surrounding chains. As the
temperature decreases, the increasing density enhances the
trapping of chains by neighbours. Adam and Gibbs!*? defined
a cooperatively rearranging region (CRR) as a subsystem that
can rearrange into another conformation upon a sufficient
thermal fluctuation, independent of the environment. This
concept has been further described, by Donth!??], as the
smallest functionally representative freely fluctuating
subsystem of the o process. In the cage model®?, the CRR
can be interpreted as the cage wall thickness. Previous studies
show that, in the crossover region, the a process does not
connect with the o« process but with the S process for
poly(ethyl methacrylate)®3! (scenario 1); however, the a
process and the o process are continuous for bis-methoxy-
phenyl-cyclohexanel¥ (scenario 2). Donth*? has proposed a
molecular picture to interpret the two different scenarios in
the crossover region. The difference is that scenario 2
corresponds to a larger cage wall thickness or a larger CRR
than for scenario 1. A thicker cage wall makes both the a cage
escape and the & cage escape more complex and difficult. The
a cage is formed by dynamically nonequivalent molecules,
while the orcage is built of dynamically equivalent molecules.
In scenario 1, approaching the crossover region from high
temperature, the o process and the « process exist
simultaneously, but escape from the ¢ cage is slower than
from the a cage. In scenario 2, as temperature decreases, the a
process and the ¢ process need a larger ‘door’ and diffusion
over larger distances is needed to escape from the cage. Thus,
escape from a cage requires a larger number of attempts to
succeed. Therefore, near the crossover region, the a process
and the « process are similar, while the difference between
the a process and the [ process is larger than for scenario 1.
This results in the continuity of the a process and the «
process, and the separation of the a process and the fprocess
traces.

Drawing affects the o process as it corresponds to the
cooperative motion of the local environment3! 331, Such
cooperative motions are influenced by structural changes,
such as the above-mentioned straining, aligning and
densification caused by drawing. In terms of free volume
theory, the latter implies a decrease of free volume. These
structural changes lead to an increase of the size of the
‘cooperatively rearranging region’ (CRR) associated with the
a process. In terms of the cage model, this means that the
‘cage wall thickness’ increases. As the draw ratio increases,

the arelaxation broadens and the intensity decreases (Fig. 2).
The broadened peak indicates a broader relaxation-time
distribution. The area of the ¢ peak reflects the amount and
magnitude of the dipoles responding to the applied alternating
electrical field. Therefore, given that the total amount of
dipoles does not change, the broader the relaxation time
distribution, the lower the intensity of the peak.

Interestingly, we observe in Fig. 5 a change of the features
of the cross-over region upon drawing. For the undrawn
sample, we see that the a process does not connect with the
extrapolation of the « process, and that the a process is
continuous with the [ process (scenario 1, as discussed
above). Upon drawing we see that the crossover changes to a
‘scenario 2 type’, for which the a process is continuous with
the o process. For the 4 = 8 sample, the a process clearly
connects in a continuous way with the « process as
temperature decreases. These two different scenarios in the
crossover region have been found in different polymers(®3 34,
But, according to the authors’ knowledge, a change upon
drawing from one scenario to the other in one polymer system
has not been found before. When we interpret this change of
the appearance of the cross-over region in the Arrhenius plot
in terms of the molecular model proposed by Donth??! (as
briefly reviewed in the introduction section), this implies an
increase upon drawing of the size of the ‘cooperatively
rearranging region’ (CRR) of the a and « processes. Stated
slightly differently, this implies an increase of the thickness of
the cage wall upon drawing. Apparently, drawing leads to an
increased hindering between molecules (an increased cage
effect), and a slowdown of the cooperative a and o
processes®*®. Thus, we interpret our experimental results as
follows: when the necking part is stretched further to large
ratios, eg. A =5 and 4 = 8, the polymer chains in the
amorphous part are further stretched in the drawing direction
and compressed in the transverse direction. The more
compact ordering of polymer chains in the amorphous region
lowers the free volume in the drawn samples. This leads to a
thickening of the cage wall, or in other words, to an increase
of the CRR size corresponding to the « process.
Consequently, the apparent activation energy, which is
related to the slope of the « trace in the Arrhenius plot,
increases as the draw ratio increases. Furthermore, because
the CRR size increases, it becomes more difficult to escape
from the cage. Thus, the relaxation time of the cooperative
movement of polymer chains (« relaxation) at a certain
temperature increases as the draw ratio increases (Fig. 5).
This is consistent with observations of other semicrystalline
polymers, such as drawn low-density polyethylene*!l and
drawn polyethylene terephthalatel3”],

In undrawn PCL (41 = 1), the amorphous regions are
isotropic and the crystallites are oriented randomly. When the
sample is stretched, necking occurs, resulting in a drawn
material with a natural draw ratio, A = 4. Drawing orients
crystals along the drawing direction (Fig. 6) accompanied by
a conversion of spherulites to oriented fibrils!® !5 38 and a
possible recrystallization under strain''®l. The polymer chains
in the amorphous phase are constrained by entanglements and
crystals. In the amorphous part of a 4 = 1 sample, the
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conformation distribution of the polymer chains is considered
to be relaxed. Upon drawing, the polymer chains are stretched
and oriented, as the distances between the entanglements and
crystals increase along the drawing direction. The change
from isotropic to anisotropic is confirmed by X-ray results
(Fig. 6). According to Murthy et al.®°], X-ray scattering with
Cu K radiation in the angular range 5° < 26 < 35° is mainly
interchain scattering. Moreover, they demonstrated that
‘changes in amorphous density were reflected in the changes
in the widths and positions of the amorphous halo’.
Accordingly, they showed for polystyrene, polyethylene and
nylon 6 that drawing orients the polymer chains in the
amorphous part, and leads to denser packing. We observe in
PCL a similar decrease of the width of the amorphous halo
upon drawing (Fig. 7). This indicates similar structural
changes upon drawing (e.g. chain orientation and a denser
packing) in PCL.

As shown in Fig. 5, when the temperature decreases below
that at which we~ 1 rad/s, the slope of the ertrace of the 4 =8
sample decreases (becomes less negative). This may be
caused by the following reasons. (1) During cooling, the
internal dynamics of the system (the o process) increasingly
slow down, until at a certain temperature the internal
dynamics are too slow to allow the system to adapt to further
cooling. This is the glass transition. When cooled further, the
system is no longer at equilibrium. This departure from
equilibrium is accompanied by a change of the further
temperature dependency of several physical properties, e.g.
the temperature dependency of the volume. Similarly, a
change of the temperature dependency of the « relaxation
time itself would be expected®’. (2) Previous DRS
measurements of polymers in zeolitic and nanoporous
media*" 4?1 show a similar change of the temperature
dependency of the « trace in the Arrhenius plot. A slope
change like this has also been found to be caused by
geometric confinement of polymer chains?> “. The
perturbation of the conformation distribution of polymer
chains upon drawing is similar to that under geometric
confinement. Thus, the conformation change of polymer
chains in the amorphous part upon drawing may cause the
slope change of the & mode trace.

CONCLUSIONS

Drawing orients the crystals and the polymer chains in the
amorphous part, but does not lead to a significant change of
the degree of crystallization or the crystal structure. The
stretching and ordering of polymer chains in the amorphous
part result in a relatively compact structure and a decrease of
the free volume. This leads to a change of the activation
energy of relaxation processes. The ¢ relaxation shifts to
higher temperature/lower frequency, which yields an increase
of the glass-transition temperature, and the relaxation time
distribution of the & process broadens. This can be interpreted
in terms of changes the CRR size. These changes result
subsequently in a change of the continuity in the crossover
between the high-temperature a process and the « and [
processes.
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