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Simultaneous in-situ WAXS/SAXS and d.s.c.
study of the recrystallization and melting
behaviour of the a and 3 form of iPP
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The behaviour of the « and 8 form of isotactic polypropylene (iPP) was studied during heating. The 3 form
is usually found in iPP specimens that have been subjected to mechanical deformation, e.g. in injection
moulded and extruded products. A sample containing a large fraction of the 3 form was obtained by doping
with small amounts of quinacridone. To enable the study of recrystallization and melting of & and 3 iPP,
simultaneous wide-angle X-ray scattering and small-angle X-ray scattering were used. Differential scanning
calorimetry was used to facilitate correlations with previous work. Using this combination of techniques,
several partial processes could be distinguished. Melting behaviour depended on the formation history. In
samples formed at high cooling rates, best comparable to processing conditions, the melting of 3 crystals is
followed by an absolute increase in « crystallinity. In the slowly cooled samples, « and g crystal lamellae
melt independently on heating. Also the recrystallization of « crystals, resulting in lamellar thickening, was

detected. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Isotactic polypropylene (iPP) can occur in several
crystalline forms, denoted as «, § and 5 phase. The
monoclinic o form is the most stable and is well
documented'™. The 1) form has first been mentioned
by Padden and Keith!?. It is formed only at specific
conditions, being thermodynamically less stable than the
« form, but having a higher growth rate. It was recently
determined as pseudo-hexagonal®. A third type of crystal
structure, «, is preferentially formed under pressure®. iPP
crystallizes completely in the « structure at pressures
higher than 200 MPa’. It has an orthorhombic structure
with non-parallel chains®®. If iPP is quenched from the
melt to low temperatures, a combination of a glass and a
disordered (mesomorphic) phase is formed, which still
has a helix conformation, the helices being parallel to
each other on a local scale. Upon heating at atmospheric
pressure, 3, v and the mesomorphic phase transform to
the stable o form'® 12

Of all crystal structures, the o form is the most
common. However, in many applications of iPP the 3
form can be present in considerable amounts. In samples
that have been subjected to high orientation or
deformation in the melt, the 8 form can be found'* 6,
Injection moulded and extruded iPP samples usually
show a skin-core morphology. The 3 structure is located
in the skin of these samples'’!7!8, Having a higher
growth rate, the 8 form can also be promoted with

* Present address: Philips Semiconductors, MOS4YOU, Gerstweg 2,
6534 AE Nijmegen, The Netherlands

respect to the o form by specrﬁc crystallization con-
ditions: high cooling rates®, high crystalhzatlon
temperatures1 2 or large temperature gradients 1.2

Besides via orientation or specific crystalhzation
conditions, the 8 phase can be obtained via crystal-
lization in the presence of spec1a1 nucleation agents 2122
A well-known nucleation agent is the dye quinacrldone
In concentrations above 1ppm (parts per million,
1074 w%) it promotes the 3 phase in iPP cooled from
the melt. A fraction of up to 90% S phase can be
obtained by optimizing parameters as nucleation agent
concentration maximum melt temperature and iPP
type®?. The formation of samples via this route offers a
way to study the 3 crystal structure in bulk amounts in
homogeneous samples.

It is reported that mechanical properties, stability and
physical properties of -iPP differ from «-iPP. In
compression moulded specimens, 3-iPP is shown to
have a lower modulus, a lower yield stress and a higher
elongation at break, i.e. an enhanced ductility®. Varga
reports differences in properties for blends of « and 6
type of iPP with other polymers, e.g. with polyethylene®*.
Shi®® reports a lower yield stress and earlier strain
hardening in the tensile deformation for the 3 structure.

The transformation of the less stable 3 phase into the
a phase upon heating or annealing is since long
known'?*. Many publications on the melting and
annealing behavrour of iPP by differential scanning
calorimetry (d.s.c.)!>** are available. Usually several
peaks are detected, which can be explained as melting
and recrystallization and/or transformation of the
present phases. Extensive studies by d.s.c. on the melting
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behaviour of the 5 phase have been reported by Vargazﬁ.
He recognized the occurrence of partial processes, i.e.
the melting and recrystallization process and the
particular recrystallization and melting behaviour of
the 3 phase?’. After cooling of 3 crystals to low
temperatures (< 100°C) after crystallization, subsequent
heating resulted in a 3 — o transition, followed by
melting of -iPP. The prime (') denotes a phase formed
via recrystallization. If the temperature had not been
below 100°C, 3 melted directly, or after recrystallization
B — 3 if the heating rate was chosen sufficiently low
(< 10°Cmin~"). These observatlons were later confirmed
and extended by Lotz er al.*’, using d.s.c. and optical
microscopy. They concluded that an a — 3 growth
transition exists at about 100°C. During cooling second-
ary crystallization of « crystals within the 3 speruhtes
will result in dispersed « overgrowth of 3 sperulites 2130,
Varga first found evidence for a high- temperature
B3 — o transition, which takes place during heating®®

A further report on the 3 — & " transformation was based
on micro X-ray d1ffract1on . Samuels and Yee®! con-
cluded that the 3 — o recrystalhzatlon must take place
via the liquid phase because of the considerable
differences in unit cell of both structures. Based on cold
rolling experiments, Asano>” concluded that the trans-
formation 3 — o during this process takes place via
unfolding, melting and recrystallizing and not via
breaking up lamellar stacks into blocks that are later
incorporated into new lamellae.

In addition to d.s.c. and conventional X-ray tech-
niques, in-situ wide and small angle scattering (WAXS/
SAXS) studies can give considerable additional inform-
ation on structural changes in iPP during heating. Only
limited in-situ WAXS studies of the behavrour of 3
during heating have been reported®***. Forgasc used
synchrotron radiation for WAXS experlments on one
B3-iPP sample doped with 300 ppm nucleation agent
quinacridone®. The sample was melted at 200°C and
subsequently quenched in cold water. He recorded one
60 s-spectrum every 2min during heating at 2°Cmin ™"
The 3 crystals disappeared between 130-150°C, in
favour of the a crystallinity. During heating the total
crystallinity decreased, except for the period during the
B8 — o transformation, where it was approximately
constant. The conclusions based on these experiments
were later confirmed by the experiments of Garbarczyk
et al>* and the d.s.c. experiments by Varga™

In the present investigation simultaneous WAXS and
SAXS is used during the heating and melting of iPP
samples in which both o and (3 crystals are present.
Samples with different nucleation agent concentration
and different crystallization (cooling) conditions have
been investigated. The transformation process 3 — o
and a — o, lamellar thickening and the melting process
are resolved. A correlation with d.s.c. data is made.

EXPERIMENTAL
Materials

The iPP used in this study is injection moulding grade
StamylanP 13E10 (DSM, Geleen The Netherlands)
Values of M,, = 500 kgmol ™!, = 100kgmol ™" were
supplied by the manufacturer. As a nucleation agent the
dye quinacridone, commercial name Hostaperm Red
E3B, was used, kindly provided by Hoechst.
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Pellets of iPP were powdered and nucleation agent was
added in a concentration of 300 ppm. The powder was
vigorously shaken until a homogeneous dispersion was
obtained. Further dilution steps with pure PP powder
resulted in concentrations of nucleation agent of 30, 3
and 0.3ppm. The powder was processed in a small
extruder during 2 min at 230°C. Discs with a thickness of
0.5 mm were cut from the thread-like extrudate (¢ 3 mm).
As a reference also an iPP sample without nucleation
agent was prepared the same way, via powdering and
extrusion.

D.s.c.

A Perkin—Elmer DSC-7 equipped with a robot was
used for the d.s.c. measurements. The temperature
calibration of the d.s.c. was performed using the melting
peak of indium, at 10°Cmin"'. The d.s.c. was used for
preparation of samples for the SAXS/WAXS experi-
ments and, besides, for (conventional) d.s.c. experiments.
Samples were prepared by melting discs cut out of the
extrudate in the d.s.c. at 200°C during 15min, followed
by controlled cooling at —2 or —50°Cmin~' and
recovering the polymer discs from the pans. Part of the
samples were analysed by d.s.c. About S5mg was
measured at a heating rate of 5°Cmin~". Nitrogen was
used as a flow gas.

Samples are coded using the amount of nucleation
agent and the cooling rate, e.g. sample 3/—2 is the sample
with 3ppm nucleation agent, formed by cooling at
2°Cmin~} from the melt.

SAXS/WAXS

Simultaneous small and wide angle X-ray scattering
(SAXS and WAXS) experiments were performed at
beamline 8.2 of the SRS at SERC Daresbury Labora-
tory, Warrington, UK. Detalls of the beamline set up
have been reported previously**. A small angle multiwire
quadrant detector is used with a camera length of 3.5m.
The arc shaped wide angle detector (radius 20cm) is
placed with the sample in its focus. To minimize the
scattering due to air, a vacuum chamber is placed
between sample and detector. Monochromatic radiation
with a wavelength of 1.5 A is used. The calibration of the
detectors was performed by measuring the scattering of
wet collagen for the small angle detector, and by
assignment of the strong reflections of iPP for the wide
angle detector.

The prepared disc-like sample (¢ 3mm, thickness
0.5mm) was placed between two thin mica sheets and
placed on the heating block of a Linkam hot-stage. The
sample was held in contact with the heating block by
a light weight aluminium holder, equipped with a
screw to assure good thermal contact. The heating cell
with sample holder had been calibrated under a light
microscope using well-defined melting standards. This
resulted in a correction between the monitored tempera-
ture and the real sample temperature.

In each experiment a new sample was heated from
room temperature to 90°C at 30°C min~!, and from 90°C
to temperatures above the melting point at a nominal
2°Cmin~". During these experiments the first spectrum
was recorded at room temperature before the heating
was started. Further, one spectrum was recorded every
degree difference in temperature, i.e. every 30s, starting
at the nominal temperature 100°C, ie. 97°C after
correction. During these and other experiments it was



determined that no significant changes occurred in the
WAXS spectra at low temperatures, which validated the
choice of 97°C as a temperature at which the recordings
were started. Recorded spectra were corrected for
background scattering by the camera, hot-stage and
mica windows of the sample holder, and for positional
alinearity of the small angle detector.

Data analysis

Integration of the area under the Lorentz corrected
intensity ¢°I(g) in the small angle regime vs g is
performed between ¢ =0 and ¢ = 0.08 to obtain the
relative invariant Q. This quantity is used as a measure
for the total scattering power. The position of the peak of
the Lorentz corrected intensity ¢*I(g) gives the long
period L within the lamellar stacks. The one-dimensional
correlation function has been calculated from the
small angle scattering data. The analysis in terms of
the quasi-two phase model is explained by Strobl*
and gives values for the long period L, the length of the
blocks L; and L, and the crystallinity in the lamellar
stacks.

RESULTS AND DISCUSSION
D.s.c.

Results of d.s.c. experiments, obtained on samples
cooled at 2°Cmin""', are presented in Figure . All
samples show two melting endotherms. A gradual
increase in peak temperatures of both endotherms is
observed with increasing nucleation agent content. This
can be explained by the corresponding crystallization
temperatures recorded by d.s.c. during formation of the
samples, see Table 1. With increasing nucleation agent
content, the peak position of the crystallization exotherm
shifts 11°C to higher temperatures. This causes the
melting temperatures to shift to higher values.
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The samples with 0 and 0.3 ppm nucleation agent only
contain small amounts of the 3 phase (< 5%) and consist
mainly of the o phase, as will be shown later in the
WAXS experiments. The samples with the high nuclea-
tion agent content (3 and 30ppm) contain a larger
fraction of 3 (see Table 1). The two peaks in the d.s.c.
experiments are caused by melting of the 4 and « phases,
respectively. This is supported by d.s.c. experiments with
larger scan speeds, up to 50°Cmin ! *. In these d.s.c.
traces, a constant ratio of the two peak areas is found. In
case the second peak would be caused by melting of
recrystallized material, its size would decrease with
increasing scan speed, due to suppression of the
recrystallization process®’.

The sample without nucleation agent cooled at
—50°Cmin~! (sample 0/—50) again shows two end-
othermic peaks, at 158°C and 164°C, see Figure 2. The
low temperature peak is situated at much higher
temperatures, compared to the same material cooled at
2°Cmin~", shown in Figure 1. Due to the high cooling
rate the crystallization took place as much as 29°C
lower (see Table 1). Accordingly, the recrystallization (of
mainly « phase) starts at lower temperatures and is
spread out over a larger temperature trajectory. The
melting and recrystallization processes completely mask
each other. The two endotherms are caused by the
melting of still present, originally formed « crystals, and
of recrystallized o' crystals. The occurrence of (partial)
recrystallization is confirmed by d.s.c. scans with larger
scan speeds. An increase of the relative area of the first
peak, compared to the second peak, is found®®. At scan
speeds > 20°Cmin~! the high temperature peak has
completely disappeared.

The samples with 0.3, 3 and 30 ppm nucleation agent
and cooled at —50°Cmin~"' show a melting behaviour
distinctly different from the samples cooled at 2°C min‘l,
which is also shown in Figure 2. At 143-152°C two small
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Figure 1 D.s.c. traces for samples cooled at —2°C min~!, scanned at 5°Cmin~'. Samples with nucleation agent concentration in ppm as indicated in

the figure

POLYMER Volume 38 Number 13 1997 3215



Studies of o and 3 form of iPP: S. Vleeshouwers

1 4
wa
T A A
k3 0.3 | . -/ l\
E | . _/_/-\\/\\_/ \/,. —
o i : ‘\
©
Q 3 AN . \
T i -/’\ /\‘/ —~ N\ ]
. 30 L \
——_-—_--—‘__—’__,_/\-/ \--_————
1
T T T T 1 T T
100.0 110.0 120.0 130.0 140.0 150.0 160.0 170.0

Temperature ("C)

Figure 2 As Figure 1, but for samples cooled at —50°C min~’

endotherms can be seen, separated by an exotherm. This
exothermic process causes the d.s.c. trace even to cross
the base line in samples 0.3/—50 and 3/—50. At
temperatures around 165°C an endotherm is found,
accompanied by an endothermic shoulder at about
160°C. In the 30/—50 sample, the peak at 160°C has a
shoulder at 165°C. The process of melting of 3 and partly
recrystallizing as o results in two endothermic and one
exothermic peak below 152°C. This is in accordance with
results by Varga®®?’. Besides this process, the recrystal-
lization of « also takes place, resulting in two melting
peaks, one of the original «, one of the recrystallized o’.
The higher the concentration of nucleation agent, the
larger the o melt peak (around 160°C) and the less
important the o’ melt peak (around 165°C). Also the
position of the first peak shifts to higher temperatures.
The position of the melting peak of recrystallized o is
found to be constant. This is in accordance with the fact
that the position of a melting peak of recrystallized
material does not depend on sample history, but only on
scan speed’’. Due to the presence of the nucleating agent
crystallization starts at a higher temperature. Thus the
lamellar thickness is greater, and thermal stability is
higher. The crystals melting at a higher temperature will
have less time to recrystallize into the o form. This causes
the o peak to be less pronounced. The d.s.c. experiments
show distinctly a dual melting behaviour of lamellae o
and o at high temperatures.

To obtain the fraction of crystallinity by integration of
the total peak area in d.s.c. thermograms is difficult and
not unambiguous®. This method results in values
different from those obtained by X-ray techniques. To
get a relative indication of crystallinity integration was
performed between 100 and 180°C. These scans were
recorded at 20°Cmin~" heating rate to get an optimal
sensitivity. Data are presented in Table 1. They show
clearly that by slow cooling, a larger overall crystallinity
is obtained.
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WAXS

In Figure 3 the WAXS data for sample 0.3/—50 are
given at a heating rate of 2°Cmin™ as a series of 80
spectra, each taken after a 0.9°C temperature increase.
This results in a so-called surface plot. The important
peaks characteristic of the o phase can be found at
scattering angles 26 of 14° (110), 17° (040), 18.5°(130),
21° (11 1) and 22° (131 and 04 1)*. The 3 phase can be
detected by peaks at 16° (300) and 21° (301) The
relative amounts of o and (3 are determined by the ratio
of the sum of intensities of the « peaks (110), (040) and
(130) and of the 8 (300) peak®. The fraction 3/(a + )
for all samples, determined from the first spectrum, is
given in Table 1. The total area under these peaks is in
principle a measure for the bulk crystallinity. Due to lack
of calibration absolute values for crystallinity are
impossible to give. The relative amounts of « and 8,
however, can reliably be determined. From these data it
can be seen that the used nucleation agent is an effective
promotor for crystallization in 3 phase, making it pos-
sible to obtain homogeneous bulk samples with high 3
content. At high cooling rates, the optimal concentration
nucleation agent shifts to lower values. The highest 3
content was obtained by a combination of 0.3 ppm
nucleation agent and a cooling rate of 50°C min~

The concentration nucleation agent and the per-
centage [ phase do not seem to influence the total
crystallinity as determined from the area under the d.s.c.
curves, see Table 1.

The peak area of the most important peaks of sample
0.3/—50 is presented in Figure 4. Upon heating the
amount « is constant at temperatures below 135°C,
whereas a small amount of 3-iPP melts. As a result the
overall crystallinity slightly decreases. At 135-147°C the
0 peak-intensity decreases until all 3 is gone. Meanwhile
the o peak intensities grow in an absolute sense. It shows
that during the disappearance of 3 lamellae, « lamellae
are formed.
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Figure 3 The intensity of wide-angle scattering versus diffraction angle 20 and versus temperature. Sample 0.3/—50, recorded during heating at

2°Cmin~!

Table 1 Characterization of used samples

Cong. nucl

Cryst. Melt enthalpy Fraction Long period Local cryst.
Cooling rate agent temp. T ¢ AH? B/(a+ B) L Xioe ?
(*Cmin™) (ppm) O dg™h (-) (A) (=)
2 0 117 100 <0.05 168 0.73
0.3 122 101 <0.05 180 0.76
3 126 103 0.17 190 0.78
30 128 103 0.27 194 0.80
50 0 88 92 < 0.05 148 0.73
0.3 93 90 0.67 188 0.80
3 96 93 0.57 192 0.78
30 100 96 0.18 164 0.77
“Peak temperature of d.s.c. exotherms during cooling 7 o
® Determined from d.s.c. scans at 20°C min-! heating rate
¢ Determined from WAXS data at 97°C
4 Determined from the correlation function at 97°C
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Figure 4 Peak areas of o and 3 peaks vs temperature for sample 0.3/—50, integrated from WAXS data; a1y (A); @040 (@): @130) (¥); Baon) (O);
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After all 8 has melted, the overall crystallinity stays
constant from 147-152°C. The lamellae now present are
of the o type, to a large extent crystallized at high
temperatures. At 152°C these lamellae start to melt until
at 170°C all crystallinity has disappeared. These results
extend the d.s.c. results presented earlier, as the
behaviour of o and 8 type crystals can be followed
separately.

When the melting behaviour of all samples is
compared, it is found that besides the already presented
sample 0.3/—50, also sample 3/—50 shows an increase in
o crystallinity after the melting of 8, as seen from the
WAXS intensities. From the d.s.c. data it could be
expected that also sample 30/—50 would melt in a similar
way, because the same endotherms and exotherms are
found as for samples 0.3/—50 and 3/—50. However, no
increase in « crystallinity was found from 135-150°C for
sample 30/—50. This might be caused by the fact that
only a fraction of the small percentage 3-iPP present
(18%) is expected to transform into «. The crystal-
lization of this sample took place around 100°C, i.e. the
temperature at which a transition from & to « crystal-
lization occurs. This may have caused the formation of
a different type of crystals than formed at higher
crystallization temperatures, and as a result, different
recrystallization and melting behaviour. The other
samples that contain 3 in reasonable amounts, cooled
at2°Cmin !, i.e. 3/—2 and 30/—2 behave as illustrated in
Figure 5 for sample 3/—2. The g crystals melt below
150°C. The § melting is not accompanied by an increase
in « crystallinity. The o peak intensities decrease
gradually until at 170°C all crystallinity has vanished.
Thus it is noted that depending on the cooling rate
during crystallization, the melting and/or recrystal-
lization of 3 takes place via a different process.

SAXS

The SAXS data for sample 0.3/—50 are presented as a
surface plot in Figure 6, where the Lorentz corrected
intensity is plotted. It is clear that during the heating
process, both the location of the maximum and the
intensity of the peak change. This behaviour can be seen
more clearly in Figure 7, where the long period L,
calculated from the position of the maximum, is plotted

vs temperature. In the same figure, the long period
determined via the correlation function is also plotted.
As can be expected, the results via the two methods show
very good agreement. L is found to increase during
heating at an ever increasing rate. All samples show this
type of behaviour. Values for L for all samples, obtained
from the first spectrum at 97°C, are given in Table 1.
It is found that an increase of nucleation agent from 0
to 30ppm causes an increase of the long period for
the samples crystallized at 2°C min~': L increases from
168 A to 194 A. An increase of cooling rate can be expected
to be accompanied by a decrease in L. This is clear for the
samples 0/—2 and 0/—50, containing basically only «
crystals: L decreases from 168 A to 148 A. However, the
samples with the high 5 content, samples 0.3/—50 and 3/
—50, show an anomalous behaviour. These samples have
lamellar thicknesses L = 188 A and 192 A, respectively,
comparable to those of the samples crystallized during
slow cooling, i.e. 0.3/—2and 3/-2 (L = 180 A and 190 A,
respectively). Taking into account the high cooling rates,
samples 0.3/—50 and 3/-50 possess relatively thick
crystalline lamellae. If one assumes that the crystal-
lization of « and 3 takes place in independent stacks and
does not interfere, one might expect for the long period
in these samples the o lamellae to have the same lamellar
thickness L = 148 A as in the 0/—50 sample which
contains only o type of lamellac. This might indicate
that the long period in the § lamellae is substantially
higher than in the o lamellae.

The area under the Lorentz corrected small angle peak
is called the relative invariant Q « x(1 — x), with x the
average bulk crystallinity in the sample. Q' is plotted in
Figure 8 for sample 0.3/—50. A constant increase of Q' is
found until 138°C. At this temperature the rate of
increase suddenly grows. This increase accompanies the
absolute growth of « crystallinity. Initially the sample is
assumed to have a crystallinity larger than 0.5, in
accordance with d.s.c. results. It is anticipated that the
crystallinity decreases during heating, the maximum in
Q' indicating that a crystallinity of 0.5 is reached. It can
now be concluded that the crystallization of o’ cannot
fully compensate the loss of crystallinity by melting of 3.
At 152°C this maximum is observed. At even higher
temperatures, Q' decreases rapidly until it vanishes at
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temperatures where the crystals completely melt. All
samples formed at a cooling rate of 50°C min~" show this
type of behaviour. It can be concluded that the crystal-
lization of o' cannot fully compensate the loss of
crystallinity by melting of 5.

As an example of a slowly cooled sample, where o and
3 melt independently, the evolution of the invariant for
sample 3/—2 is also plotted in Figure 8. Here the
invariant gradually increases until the maximum. A
decrease in the invariant above 152°C is found, due to
melting of « lamellae.

In Figure 9 the local crystallinity x;,., determined from
the correlation function, is plotted vs temperature for
samples 0.3/—50 and 3/—2. It must be noted that whereas
the bulk crystallinity x, determined from the invariant, is
an average over the scattering volume, x,,. determined
from the correlation function is an average over the
scattering bodies, i.e. the crystal lamellae. If part of the
crystals melt a decrease in x does not have to be
accompanied by a decrease in x;.. For sample 0.3/—50 a
slow decrease of x,,. is found, until 135°C. Then, after

being constant until 152°C, the local crystallinity
increases at even higher temperatures. Samples that
show this trend in x;,. are the samples cooled at high
rates. In the slowly cooled sample 3/—2, x;,. decreases
monotonically, starting at 120°C until it finally seems to
increase close to the final melting process. This behaviour
is also found for sample 30/ — 2.

General discussion

For the fast cooled iPP samples, the moderate increase
of L, the small decrease of x;,. and the slight decrease of
the bulk crystallinity x below 135°C are in agreement
with the conclusion from WAXS data that a few (thin) 3
lamellae melt. In the d.s.c. experiments this is seen as a
slight endothermic curvature of the baseline. Between
135-152°C, from the faster increase of Q' and the
decrease in total WAXS area it can be concluded that the
overall crystallinity decreases substantially. From d.s.c.
and WAXS experiments the 8 — o recrystallization is
clear in the 3 containing samples. WAXS and SAXS
experiments indicate that the § — o' transformation
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and 3/-2 (@)

process is accompanied by a substantial increase in L and
a decrease in overall crystallinity x. Lamellar stacks
consisting of thin 4 lamellae melt completely. However,
part of this material crystallizes again as o lamellae.
These newly formed « lamellae are thicker than those
originally formed, due to the high crystallization tempera-
ture. The d.s.c. trace of sample 0/—50 indicates that «
lamellae also present with low melting point recrystallize in
this temperature regime. At temperatures above 152°C «
lamellae start to melt, starting with the ones being less
perfect, leading to an increasing long period L and an
increasing local crystallinity x,.. Now the absolute
intensity of the WAXS peaks also decrease. The dual
melting process is clearly visible from the d.s.c. traces of
samples cooled at 50°Cmin~! as two separate melting
peaks.

The question under which conditions 3 — o recrys-
tallization occurs has been given attention before.
According to Varga®’ this recrystallization process
could be attributed to the formation of a-nuclei within
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the 3 spherulites during secondary crystallization at low
temperatures. Lotz et al. showed that this formation is
due to the low temperature growth transition from 3 to
o®. During heating these nuclei are very effective
promotors of a crystallization after melting of 3, and,
as a result, a 3 — o transformation takes place. If
annealing has taken place above 100°C before cooling to
low temperatures all material will crystallize as 3 during
this annealing step and no o nuclei will be formed?S.
Subsequent heating will then show a 3 — 3’ process.

The experiments presented here are not fully compar-
able, because of the non-isothermal crystallization
conditions. In general, the same explanation can still be
applicable. However, no evidence for a 3 — 3 recrystal-
lization was found in the slowly cooled samples. Forgasc’
in-situ WAXS data® are confirmed by the present data.
The extension by simultaneous SAXS experiments and
the use of a variety of samples has further explained the
role of formation history and the melting behaviour of
the a and 3 lamellae.



In this study a nucleation agent was used to obtain
homogeneous samples with large S crystal content.
Distinctly different melting behaviour of 5 crystals
was detected depending on cooling rate. The samples
formed at high cooling rates might be best compared
to samples containing 3 crystallinity due to mechanical
deformation.
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