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We have studied the melting behaviour of poly (phenylene sulphide), PPS, that has been crystallized from
the meit over a wide range of undercooling conditions. Two grades of PPS were used in the study: low
molecular weight Ryton V-1 and an experimental medium molecular weight film grade. In this work we
report the melting behaviour after a single stage of isothermal melt crystallization. In nearly all cases, dual
or triple melting endotherms are seen, but the location and shape of the uppermost endotherm depend
upon the degree of undercooling from the melt and on the prior thermal history. At a low degree of
undercooling, for both materials, dual endotherms are observed and both melting points increase with the
crystallization temperature. Using the immediate rescan technique, we show that the dual endotherms exist
together very early in the crystallization process, when only a small fraction of crystals have formed. These
results suggest that multiple crystal perfections form early on in the crystallization at low undercooling.
As the degree of undercooling increases, the melting point of the uppermost endotherm becomes independent
of the crystallization temperature. This result, and the appearance of a triple endothermic response for
Ryton at the highest undercooling, indicate that now reorganization of imperfect crystals is dominating
the observed endothermic response. We present a model in which the distribution of crystal perfections
created during melt crystallization controls the multiple melting behaviour of PPS. At low undercooling
conditions, a bimodal distribution of crystals can form which eventually may become two morphologies.
At high undercooling conditions, a broad distribution of crystals can form, a part of which may melt and

reorganize during the normal d.s.c. scan.
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INTRODUCTION

Melting behaviours of various melt crystallized semi-
crystalline polymers have been studied extensively. This
includes polyolefin!=3, nylon*~®, poly(ethylene tereph-
thalate)®='', polypropylene!?=*5,  poly(etherether-
ketone)'%2%, polystyrene?®-2” and polyester copoly-
mers?®. One very important similarity exists in the
melting behaviours of these semicrystalline polymers:
multiple melting peaks have nearly always been observed
during normal d.s.c. scanning (i.e. at scan rates within
the range 5 to 20°C min~1).

The multiple melting behaviour during normal d.s.c.
scanning is seen in almost every semicrystalline polymer,
in addition to copolymers and blends, that have been
crystallized either from the melt or from the rubbery
amorphous state. Several models have been proposed in
order to explain the multiple melting phenomenon. One
model is based on reorganization and another on the
existence of several morphologies. By studying fibre
materials, such as nylon 66 and poly (ethylene tereph-
thalate), double melting endotherms from both iso-
thermally crystallized and drawn samples have been
interpreted to result from the conversion of kinetically
favoured lamellar crystals (lower melting point) to
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thermodynamically stable extended-chain crystals (higher
melting point)*~>!!. However, later investigations®?°
showed that this behaviour can be explained by the
reorganization of less perfect crystals during the d.s.c.
scan.

Several experimental techniques have been used, such
as irradiation crosslinking®®—32, zero entropy displace-
ment333* and zero scanning rate®>*°, to support the
view that multiple melting endotherms are attributabie
to reorganization during the d.s.c. scan. By studying the
effect of irradiation on crystallized samples®®*!, which
prevents reorganization by crosslinking in the amorphous
phase, the multiple melting behaviour was seen to
disappear and the melting endotherm shifted to a lower
temperature. Wunderlich et al. developed a very fast d.s.c.
scan rate®*3* and a zero scan rate33-*® technique. They
believed the real melting point of the polymer crystals
can only be determined under a zero entropy condition??,
and in order to reach the zero entropy condition, the
d.s.c. sample must be scanned at a very fast scan rate.
They also reported the true melting point of reorganized
crystals can be determined by using a zero scan rate
technique?®.

An alternative view, based on TEM observation of
melt crystallized films, is that multiple morphologies
are the cause of the multiple endothermic response. In
their study of crystal morphology of melt crystallized
polyethylene, Bassett et al.’” and Bassett and Hodge*®
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suggested that the existence of four endotherms seen in
PE melt crystallized at 150°C is correlated to the four
types of lamellar crystals of PE. Recently Bassett’s group
also reported?® that morphology studies of melt crystal-
lized poly (etheretherketone) revealed two distinct kinds
of morphologies which consist of dominant lamellae and
subsidiary lamellae in samples which exhibited dual
endotherms. The dominant lamellae, which may be
formed at the early stage of crystallization, will meit at
the upper melting temperature. The subsidiary lamellae
formed possibly at the later stage of crystallization, which
crystallized and infilled between the dominant lamellae,
have a lower melting point. Cheng et al.?? and Cebe and
Chung?? also reported the possible existence of multiple
morphologies that may be related to the multipie melting
endotherms of semi-flexible polymers like poly(phenylene
sulphide) and poly (etheretherketone).

The purpose of this study, which is presented in two
parts, is to investigate the cause of the multiple melting
behaviour of PPS melt crystallized over a wide range of
undercooling. The techniques used in the first part of this
study include single-stage isothermal crystallization,
immediate rescanning after melt crystallization for various
times and the effect of seed crystals generated at
high temperatures. The second part of the study*® treats
the melting behaviour after multiple stages of heat
treatment. We find that the multiple melting behaviour,
and the dependence of melting temperature on the
crystallization temperature, cannot be explained solely
on the basis of either a reorganization or a morphology
based model. Instead, the nature of the endothermic
response is determined by the degree of crystal perfection
generated during melt crystallization, and this depends
strongly on the degree of undercooling. At low under-
cooling, we suggest that two levels of crystal perfection
are formed, and these may become two distinct morph-
ologies as crystallization proceeds. The melting behaviour
will be dominated by the bimodal distribution of crystal
perfections. However, at very large degrees of under-
cooling, only a broad distribution of relatively imperfect
crystals can be formed, and these will be subject to
reorganization during d.s.c. scanning. The melting be-
haviour will now be dominated by reorganization leading
to the crystallization temperature independence of the
upper melting peak.

EXPERIMENTAL

Two grades of poly (phenylene sulphide) powder, Ryton
V-1 and experimental film grade, were supplied from
Phillips Petroleum Company. The commercial Ryton
V-1 is a low molecular weight linear chain PPS (M,
about 15000) containing very low molecular weight
oligomers. The experimental film grade is a medium
molecular weight grade (M, about 60000) of lightly
branched PPS with melt index of 49g (10min)~*.
Branching is achieved by incorporating tri-functional
monomers into the polymer backbone. Both grades of
PPS powder were Soxhlet extracted in tetrahydrofuran
for at least 24 h to remove the very low molecular weight
oligomers.

The annealing and melting behaviour of the melt
crystallized poly(phenylene sulphide) was examined
using a Perkin—FElmer DSC-4. PPS powders (10—-15 mg)
were used with an accuracy in mass within 0.02 mg in
most of the experiments. The sample size in any set of

experiments was kept as close as possible. During the
sample preparation inside the d.s.c. cell, cooling rates of
200°C min ! or 320°C min~ ! were often used to provide
fast cooling. However, this cooling rate is only nominal :
the real cooling rate of the sample inside the d.s.c. cell
may be slower. The melting peak temperatures and the
heat of fusion of PPS samples were calibrated by using
indium and bismuth standards. A scan rate of 20°C min ™!
was used throughout this investigation unless further
specified.

The crystallization kinetics of both Ryton V-1 and film
grade have been investigated by using an isothermal d.s.c.
program. A PPS sample was heated to 310°C (for Ryton
V-1) or 320°C (for film grade), held for 3 min, and then
quickly cooled at a rate of 200°C min ™! to the isothermal
crystallization temperature, where the crystallization
exothermic peak can be observed by monitoring the heat
flow as a function of time. Due to the limitation of the
cooling rate, the study of crystallization kinetics at very
low temperatures (in the range of 100°C to 135°C) was
performed by using the cold crystallization technique.
The quenched amorphous PPS sample was crystallized
directly from the rubbery amorphous state.

The isothermal crystallization of PPS specimens from
the melt was performed in the d.s.c. cell. The samples
were heated at a rate of 200°C min ™' to 310°C for Ryton
V-1 and to 320°C for film grade. Samples were held at this
temperature for 3 min to remove all of the polymer
crystals before cooling down at 200°Cmin~! to the
crystallization temperature. The samples were held for
60 min before cooling to room temperature at a rate of
320°C min~!. The cooling rates of 200°C min~! and
320°C min~"' used between the stages only refer to the
nominal cooling rate in the d.s.c. cell, and the actual
cooling rate of the samples may not be as fast owing to
thermal lag during the fast cooling stage.

How the crystallization and melting behaviour of PPS
is affected by the existence of crystal seeds has also been
investigated. Different amounts of seed crystals can be
artificially generated by controlling the residence time at
the isothermal crystallization temperature, here chosen
to be 255°C. The Ryton V-1 PPS sample was crystallized
at 255°C for various times (0 to 120 min) and then cooled
at the rate of 200°C min~!. Relatively imperfect crystals
can be formed by crystallizing the uncrystallized fraction
from fast cooling.

When both Ryton V-1 and film grade PPS are
isothermally melt crystallized at 250°C, the fraction of
crystals formed during crystallization is determined by
the residence time. In order to investigate the melting
behaviour of the incompletely crystallized sample, both
grades of PPS samples were immediately rescanned, from
the crystallization temperature without cooling, after
melt crystallization at 250°C for various times. To avoid
any melting of the pre-formed crystals before the d.s.c.
was stabilized, a slow scan rate of 5°C min~ ! was used.

RESULTS

Crystallization kinetics

Plots of t, versus the crystallization temperature,
T,, of the film grade PPS and Ryton V-1 are shown in
Figure 1. Points on the right were obtained from melt
crystallization samples and show that the melt crystal-
lization kinetics of both grades of PPS becomes slower
as the crystallization temperature increases. Points on
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Figure 1 Time required to reach the maximum of the isothermal d.s.c.
crystallization exotherm, t,,,, versus crystallization temperature, T, for
Ryton V-1 ({7) and film grade PPS (@)

the left (T, below 140°C) were obtained by crystallizing
quenched amorphous polymer by heating above T,.
These data have been presented previously when the cold
crystallization behaviour of PPS was reported*!. The
cold crystallization kinetics becomes very rapid as the
cold crystallization temperature increases. We were
unable to obtain the melt crystallization exotherms at
crystallization temperatures below 180°C for film grade,
and below 200°C for Ryton V-1, owing both to the
limitation on the d.s.c. cooling rate and to the very fast
crystallization rate. For the same reason, we could not
obtain kinetic data on cold crystallization from amor-
phous PPS above 150°C for film grade and above 135°C
for Ryton V-1.

Because a portion of the crystallization exotherm
disappears at the d.s.c. machine stabilization stage at low
crystallization temperatures, instead of using t,,, (half-
time ) we use ¢,,, the time required to reach the exothermic
peak maximum, for the purpose of crystallization kinetics
comparison. We observe that the ¢, is within the range
of 325 to 1150 s for Ryton V-1 PPS for T, ranging from
215°C to 265°C, and 90's to 1000 s for film grade PPS
for T, from 185°C to 245°C. The relative crystallization
rate at different crystallization temperatures was com-
pared by the difference of the time (¢,,) required to reach
the exothermic peak maximum. The longer t, is, the
slower is the crystallization rate.

Melting behaviour of melt crystallized PPS

The collective thermograms of melt crystallized Ryton
V-1 and film grade PPS that have been crystallized at
various temperatures from the melt for 60 min are shown
in Figure 2. The double melting endotherms were
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Figure 2 Collective d.s.c. endotherms of PPS melt crystallized at the

temperatures indicated for 1 h (solid curves) or 10 h (dashed curve):
(A) Ryton V-1; (B) film grade
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Figure 3 Melting peak temperatures, T,,, (@) and T, (QO), versus
crystallization temperature for PPS crystallized for 1 h. (A) Ryton V-1;
(B) film grade. See text for explanation of the regions designated R
and M

observed in most samples when the crystallization
temperature was lower than 260°C for film grade and
265°C for Ryton V-1. Careful inspection of the melting
endotherm of Ryton V-1 in Figure 24 shows that there
is a triple melting peak when the PPS was melt
crystallized below 230°C. A third middle peak,T,-,
located in the front shoulder of the upper melting peak
was observed at these very large undercooling crystalliz-
ation conditions. The third middle melting peak shifted
to a higher temperature as the crystallization temperature
was increased from 205°C to 230°C, finally overlapping
with the upper melting peak to form a broad peak. Above
235°C, T,» cannot be separated.

The plots of the upper (T,,) and the lower (T,)
melting peak temperatures of both materials are shown
in Figure 3. The T,,s of both materials show an increase
with crystallization temperature. However, when the
crystallization temperature is lower than 230°C for film
grade or 250°C for Ryton V-1, the T,,,s remain constant
and independent of the crystallization temperature. The
T,..s then increase as T, increases, when T is higher than
230°C for film grade or 250°C for Ryton V-1. The vertical
mark separates the T,, crystallization temperature
dependency into two regions. On the left, T,, is
independent of T., and we consider this region to be
dominated by reorganization (R). On the right, T,
increases with T,, and we designate this region as
morphology dominated (M ). The model to describe the
melting behaviour will be presented in a later section.
The heat of fusion (AH;) of both materials, which refers
to the degree of crystallinity, shows only a slight increase
with T, and is listed in Table 1. The infinite crystal melting
point was calculated by using the intersection of T, with
the line T, = T, and is 335°C for film grade and 305°C
for Ryton V-1. These results are in the range suggested
in other studies?242,

Crystal seed effect

The effect of the crystals formed at a higher crystalliz-
ation temperature on the subsequent crystallization
during fast cooling is the main subject of this study. The
Ryton V-1 was first crystallized at 255°C from the melt
for various times, and this was followed by a very fast
cooling rate of 200°C min~! to room temperature. The
amount of the crystals formed at 255°C for the preset
time can be determined by the immediate rescan
technique (described in the following section). The
collective thermograms of the Ryton V-1 showing the
seed crystal effect are shown in Figure 4. When Ryton
V-1 was cooled very quickly from the melt state, a broad
single peak was observed upon subsequent scanning. If
the melt resided at 255°C for less than 5 min and then
was very quickly cooled, the result of the melting
endotherm is exactly the same as that directly cooled
from the melt without stopping at 255°C. However, when
the residence time at 255°C was longer than 10 min, the
subsequent melting endotherm exhibited a small endo-
therm occurring at a temperature T,,. This lower
melting peak became more significant as the residence
time at 255°C increased, and the upper melting peak
became sharper than that of sample directly cooled from
melt. The upper melting peak temperature, T,,,,, slightly
increases with the residence time at 255°C when the melt
stays at 255°C less than 10 min, and then no longer varies
with time. However, the lower melting peak temperature,

POLYMER, 1992, Volume 33, Number 11 2315



Melting behaviour of poly (phenylene sulphide). 1. J. S. Chung and P. Cebe

Table 1 Melting peak temperatures, T,,; and T,,,, and the heat of fusion of Ryton V-1 and film grade PPS meit crystallized at various temperatures

for1h
Film grade Ryton V-1
T. (°C) Tt (°C) T, (°C) AH (calg™") T, (°C) Ty (°C) Tz (°C) AH (calg™)
185 204.4 272.5 10.1 205 220.5 282.6 12.9
195 2124 271.0 10.2 215 230.1 283.3 13.0
205 218.3 271.7 11.0 225 2358 282.7 13.3
215 2273 271.3 10.7 230 239.8 281.7 13.3
225 236.3 2724 11.4 235 2450 2823 13.6
235 246.0 276.0 11.4 240 249.8 280.5 13.7
245 255.6 278.0 11.6 245 254.1 281.2 13.8
255 264.1 2833 10.2 250 2594 2834 13.8
265 2722 - 11.8 255 262.8 2834 14.0
260 269.6 286.8 139
265 274.6 2919 13.5
270 286.4 - 12.1
lots of heat of fusion of both materials versus the
T=20°C /min P r

ENDOTHERMIC HEAT FLOW

120 min

1 1 1 1 1
190 210 230 250 270 290 30
TEMPERATURE (°C)

Figure 4 Collective endotherms of Ryton V-1 PPS melt crystallized
at 255°C for the times indicated, before fast cooling to room temperature

T.1, shifts to a higher temperature as the residence time

increases.

Melt crystallization and immediate rescan

In order to explore the crystal formation sequence
during melt crystallization, the melting endotherms were
obtained by immediately scanning after the sample was
melt crystallized at 255°C for various times. The collective
endotherms of the immediate rescan of film grade and
Ryton V-1 PPS at 255°C are shown in Figure 5. The

2316 POLYMER, 1992, Volume 33, Number 11

crystallization time at 255°C are shown in Figure 6. When
the residence time at 255°C is not long enough, (under
60 min for film grade or under 2 min for Ryton V-1),
only a small fraction of crystal can be formed. The
majority of crystallization is complete within 900 min for
film grade and 60 min for Ryton V-1 at 255°C. Although
only a small amount of crystals can be formed at short
times, if the endotherm scale is expanded we find the
melting endotherm of the low crystallinity material has
a similar shape to the endotherms from the well
crystallized sample. The endotherm is composed of a
dominant upper melting peak and an insignificant lower
melting peak with a broad melting endotherm in between.
The lower melting peak can still be seen even when only
a very small amount of crystals have formed, and the
size of the lower melting peak slightly increases as the
crystallization time increases. This result suggests that
the double melting endotherm can be formed in a very
short time during crystallization.

DISCUSSION

Crystallization kinetics

From the plots of the time at the exotherm maximum,
tm, Versus the crystallization temperature, T., of both
Ryton V-1 and film grade PPS in Figure 1, we see that
the ¢, of Ryton V-1 is shorter than that of film grade at
the same temperature from both cold or melt crystalliz-
ation. This result indicates that the crystallization kinetics
of the low molecular weight Ryton V-1 PPS is faster than
that of medium molecular weight branched film grade
PPS at the same temperature. A similar result of
molecular weight effect on the crystallization kinetics has
been reported by Lovinger et al.#2, Lopez and Wilkes*3
and Lopez et al.**. Based on the crystallization kinetics
study from linear crystal growth rates and the overall
bulk crystallization rate of various molecular weights of
PPS, Lopez and Wilkes*? reported that the overall rate
of bulk crystallization of different molecular weight PPS
can be described by a single Avrami constant with
exponent around 3. Jog and Nadkarni*® have also
reported the crystallization kinetics of low molecular
weight Ryton V-1 and 40% glass fibre filled Ryton R-4
PPS. They found the crystallization half-time, measured
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Figure 6 Heat of fusion of PPS versus crystallization time at 255°C,
for Ryton V-1 ([J) and film grade (@)

from the isothermal d.s.c. endotherm, is 17 to 240 s for
Ryton V-1 and 36 to 440s for Ryton R-4 when the
crystallization takes place between 215°C to 250°C. They
also reported that the Avrami constant, n, is 2.55 for R-4
and 2.23 for V-1 and does not vary significantly with the
crystallization temperature.

Lopez and Wilkes*?, Lopez et al** and Jog and
Nadkarni*® suggested that there exists a simple poly-
nomial relationship between the t,,,s from both melt and
cold crystallizations. They assumed that the crystalliz-
ation kinetics is exactly the same regardless of the initial
state (amorphous melt or amorphous solid ). This is based
on the assumption that the polymer chain conformations
before crystallization takes place will be the same
regardless of the initial state from either amorphous melt
or amorphous solid. However, our kinetic results for the
relationship between t,, and T, of the isothermal
crystallization from both melt and rubbery amorphous
phases do not fit into a simple polynomial curve. The
bulk crystallization kinetics from the rubbery amorphous
state apparently is faster than that predicted from the
polynomial extrapolation from the melt crystallization.
We have already suggested*! that the existence of the
short range ordered structure may be the cause of the
unusually fast crystallization kinetics from the rubbery
amorphous state.

Although a short range ordered structure can account
for the large difference in the bulk crystallization rate, it
is unlikely to affect the linear growth rate of an individual
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spherulite. Indeed, Lovinger et al.*? report a smooth
transition in the linear growth rate of PPS spherulites
grown over a wide range of undercooling conditions.
Lovinger and coworkers found that measurements of
linear growth rate indicate the existence of a regime II
to III transition in the growth behaviour of PPS. There
was a range of crystallization temperatures over which
the transition occurred, centred at 208°C for the medium
molecular weight PPS studied. The endothermic response
corresponding to the crystallization temperatures above
and below 208°C was not entirely shown. T,,, versus T,
was not plotted over the entire crystallization range
explored by Lovinger et al.*?, but from the data shown
it appears that the regime II to III transition occurs over
the range of undercooling at which the crystallization
temperature dependency of T,,, is changing. At lower
undercooling, in regime II of crystal growth, T,
increases linearly with T, as shown in Figure 3 of ref. 42.
At higher undercooling, where Lovinger et al. observe
regime III growth, the T,, appears to be levelling off,
i.e. becoming independent of crystallization temperature.
We suggest that the degree of undercooling, which is so
important in determining the microscopic characteristics
of nucleation and crystal growth, may control the level
of bulk crystal perfection (e.g., whether fibrillar or
lamellar crystals form, as suggested by Hoffman*®) and
consequently, the bulk endothermic response. Further
experiments to compare the regime of crystal growth with
the subsequent bulk endothermic response are certainly
indicated.

Melting behaviour of PPS

The endothermic response of melt crystallized PPS
may consist of one, two or three endotherms depending
upon residence time and temperature, after a single stage
of melt crystallization. A single endotherm is seen when
the time is not long enough for crystals to be generated
during the isothermal high temperature stage ( Figure 2B,
curve 265°C, or Figure 4, t < 10 min). In this case a single
broad endotherm is seen which represents the melting of
crystals formed during cooling. Once crystals form at the
isothermal crystallization temperature, dual endotherms
are generally seen. However, in Ryton V-1, as the
crystallization temperature is decreased, an additional
third melting peak is seen to emerge on the low
temperature side of the uppermost (T,,,) endotherm*’.
The third middle melting peak, T+, appears to grow
without affecting the peak temperature of T,,,. This third
endotherm may result from the melting of a more perfect
type of crystal present in the material at room tem-
perature, and T, represents the melting of a less perfect
type of crystal, also present in the material at room
temperature. T,,, would then come from the melting and
recrystallization of these two types of crystals during the
d.s.c. scan.

Crystal seed effect

From Figure 4, all of the melting endotherms of the
Ryton V-1 PPS after various treatment times at 255°C
have the same melting range from 253°C to 290°C. The
lower melting peak, T,;, can be observed when the
residence time at 255°C is longer than 10 min. As the
residence time increases, the area underneath the lower
melting peak increases, and the peak shifts to a higher
peak temperature. The broad upper melting peak
becomes much sharper as the residence time increases.
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When the residence time is 120 min at 255°C, the full
width half maximum of the upper melting peak is about
8°C compared to 15°C for 5 min residence time. The
amount of crystals that can be formed at 255°C after
various times can be predicted from the study of
immediate rescan without cooling ( Figure 6 ). The melting
endotherms of the Ryton V-1 crystallized at 255°C for 5
or 10 min indicate that the fraction of crystals formed is
only 5% or 10%. The remaining uncrystallized fraction
must be subjected to crystallization during cooling at
temperatures much lower than 255°C. (We have observed
that the nominal cooling rate of 200°C min~" is not fast
enough to quench the Ryton V-1 from the melt to an
amorphous state, and crystallization takes place during
cooling.) The crystals formed during fast cooling from
the melt state should therefore have a melting endotherm
at a temperature below 255°C, because the relatively
imperfect crystals will be formed at the lower crystalliz-
ation temperature and will melt at a lower temperature.
Then the questions we must address are why the melting

Dominant Lamella

Subsidiary Lamella

Figure 7 Sketch of proposed morphology of PPS crystallized from
the melt at: (A) high undercooling; (B) low undercooling
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endotherm of PPS fast cooled from the melt is located
above 255°C (Figure 4, curve t = () even when the real
crystallization takes place at much lower temperature,
and where is the melting endotherm of the fraction
uncrystallized at 255°C but which becomes crystallized
during fast cooling.

We suggest that the crystals formed during fast cooling
are very imperfect, due to very fast crystallization
kinetics, and the perfection of the crystals would range
over a wide distribution. A sketch of the proposed
morphology of crystals formed at high undercooling is
shown in Figure 74. Here we depict very imperfect
crystals in a highly entangled melt, at low temperature
where chain mobility is very low. The actual size
distribution of the crystal regions may be very broad, as
has been suggested by Bassett et al.>. During the d.s.c.
scan the imperfect crystals melt and reorganize to form
more perfect crystals, and this reorganization process
may be happening on a localized scale. The endothermic
energy required for the localized melting and the
exothermic energy needed for the local reorganization
can be compensated for by each other, and hence no
net heat flow can be observed as an endothermic
maximum from the d.s.c. scan. The wide distribution of
crystal perfection of the pre-existing crystals, formed
during fast cooling, allows localized reorganization to
happen, because melting and reorganization can take
place continuously. Therefore, the observed d.s.c. endo-
therm of the Ryton V-1 crystallized through fast cooling
(Figure 4, curve t = 0) has one broad melting endotherm
because the real melting endotherm is completely over-
lapped with the reorganization exotherm. As the residence
time at 255°C increases ( Figure 4, curves t = 5-120), the
fraction of the imperfect crystals is reduced and the
amount of crystals able to undergo reorganization during
the scan is reduced, and therefore the melting distribution
of the upper melting peak becomes narrow (see Figure
4). Based on this study, we propose that the upper
melting peak is related to the melting of a population of
crystals which have a more perfect crystal structure. This
study supports the view that the very imperfect crystals
reorganize during a d.s.c. scan and contribute to
broadening of the upper melting endotherm.

Perfection of crystals immediately rescanned
without cooling

In the attempt to explore the multiple melting
behaviour of the semi-flexible polymers, Bassett et al.?®
and Cheng et al.??*® have investigated the immediate
d.s.c. rescan of PEEK and PPS after melt crystallization
at an isothermal crystallization temperature for various
times. They reported that the upper melting peak is
formed at the early stage of crystallization and the lower
melting peak formed only after a certain time, such as
after a time longer than required for spherulite impinge-
ment. They therefore suggested that the double melting
behaviour of these semi-flexible polymers is due to two
kinds of morphologies formed during isothermal crystal-
lization from the melt. A sketch of the two morphologies
that may exist together at high temperature is shown in
Figure 7B. Dominant lamellac and subsidiary lamellae
may coexist in the melt at elevated temperatures where
chain mobility is high. Such dual morphologies have
already been observed in PEEK?® crystallized at low
undercooling. While our results in PPS support a role
of morphology in determining the dual endothermic

response at low undercooling, we still find some important
differences in our results for the immediate rescan
compared to those of Bassett et al.?> and Cheng
et al. 2248,

In the immediately rescanned endotherms reported by
Bassett et al.?® and Cheng et al.*® some information
appears to be lost at the start of the scan. In our
experience, at a scan rate of 20°C min ™! it takes about
20s for the Perkin—Elmer DSC model 4 to reach
stabilization. The scan rates used in the previous
investigations are too fast (16°C min~ ! and 20°C min~1!)
and therefore some of the endotherm curve is lost in the
machine stabilization stage. We performed the immediate
rescan at a heating rate of 5°C min~! for Ryton V-1 and
film grade PPS which had been crystallized at 255°C for
various times. The slower heating rate allows us to obtain
the entire d.s.c. rescan endotherm without losing any
information in the initial stage. This is evidenced by the
return to baseline before the endothermic heat flow begins
(see Figure 5). The percentage of crystals formed,
estimated from the heat of fusion of the rescan endotherm
(shown in Figure 6), is less than 10% when the residence
time at 255°C is 60 min for film grade or 3 min for Ryton
V-1. However, we found these rescan endotherms do not
look like the endotherms shown by Bassett et al.23 or
Cheng et al.>>*8, Instead of the single upper melting peak
formation at an early stage of the crystallization proposed
by these authors, we found the rescan endotherm after
short residence time has a very similar shape to that of
a completely crystallized sample, when all melting
endotherms were enlarged to the same size. Even in
the case of the earliest crystallization times reported in
Figure 5 (3 min for Ryton, and 60 min for film grade),
although the curves look very featureless on the scale
shown, we found no differences in the relative sizes of
the endotherms when they were increased to the same
size. We found that double melting endotherms can be
observed in the immediate rescan of both grades of PPS
even after very short time at 255°C. The immediate rescan
endotherm of both grades of PPS consists of a strong
dominant upper melting peak T, and a broad melting
endotherm as a tail in front of the upper melting peak.
The lower melting peak T, is located at the low
temperature end of this broad endotherm and has a
melting peak temperature about 5° to 10°C higher than
the isothermal crystallization temperature.

In an attempt to explain the result for the immediate
rescan of PEEK, Blundell and Osborn!é, Blundell!® and
Lee and Porter?®?! suggested that the cause of the
double melting peak development is due to reorganization.
Both groups proposed that the reason the upper melting
peak develops at short times is solely reorganization.
However, we find the proposed reorganization model
cannot be used to explain our result for the immediate
rescan. In general, the reorganization rate should be
either slower than, or comparable to, the crystallization
rate at the same temperature, because of the hindrance
effect of the existing crystals and the relatively low chain
mobility. The reorganization rate should also behave like
the crystallization rate which (as shown in Figure 1) is
strongly dependent upon the treatment temperature.
Therefore a much slower reorganization rate should be
expected at a higher temperature. Hence, when PEEK
or PPS was melt crystallized at a relatively low degree
of undercooling (which was used for most of the
immediate rescan studies) the crystallization rate is very

POLYMER, 1992, Volume 33, Number 11 2319



Melting behaviour of poly (phenylene sulphide). 1:J. S. Chung and P. Cebe

slow due to the relatively high temperatures used. During
the immediate rescan of the partially or fully crystallized
sample after longer crystallization time, the existing
crystals will not be able to proceed to a major structural
reorganization, because they will be exposed to much
higher temperatures at which the reorganization or
recrystallization rate is much slower compared to the
heating rate. Hence the double melting behaviour of the
immediate rescan of the semi-flexible polymers crystaliized
at relatively small undercooling conditions should not
be due to the reorganization of existing unperfected
crystals.

We suggest that the double melting endotherm of
PPS is due to two distributions of crystal perfection even
at early crystallization times, which eventually become
two kinds of crystal morphologies, as suggested for
PEEK by Bassett et al.>°>. However, unlike the morph-
ology model suggested by Bassett et al.2*>>” and Bassett
and Hodge?®®, we suggest that these two distributions of
crystals are formed at about the same time in PPS, and
that both the perfect (controlled by the balance of both
thermodynamics and kinetics factors) and imperfect
crystals (solely controlled by kinetics factors) may be
formed even in the initial stages of crystallization when
only 5-10% of crystals have formed. During the
crystallization, the relatively imperfect crystals grow in
a geometrically constrained region between the lamellar
crystals, and two kinds of morphologies are eventually
formed : dominant lamellae (more perfect ) and subsidiary
lamellae (less perfect), as shown in Figure 7B. A similar
result has been reported for PEEK by Bassett et al.?®
based on a crystal morphology study.

The melting point of an individual crystal depends on
its lamellar thickness, size of the crystal, perfection of
molecular packing inside the lattice, and the defect
structure and its distribution*-33, Since the crystalliz-
ation of polymers is a kinetically controlled process, it
depends upon the crystallization rate and upon the chain
mobility of the polymer chain segments which can attach
together and initiate the crystallization. From our results,
it appears that any kind of crystal perfection may be
formed as long as the melting points are higher than the
crystallization temperature. The melting point distri-
bution of the melt crystallized crystals is related to the
level of crystal perfection which can be formed during
isothermal melt crystallization and will strongly depend
upon the crystallization kinetics. Therefore the melting
point of crystals formed from the isothermal melt
crystallization would be a distribution that covers from
a few degrees above the crystallization temperature to a
maximum temperature above which all of the crystals
melt.

A model for the melting behaviour of melt
crystallized PPS

In this section we present a model to describe the
differences in distributions of crystal perfection that arise
during melt crystallization at small and large under-
cooling. This model is based on crystallization kinetics
considerations, and was developed in order to explain
the multiple melting behaviour as well as the dependence
of the uppermost endotherm on crystallization tem-
perature : at low undercooling, T,,, increases linearly with
T., while at high undercooling, T,,, is independent of T...
While our description is based on experimental evidence
obtained for PPS, we believe the model to be quite
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generally applicable to the melting behaviour of high
performance polymers that are capable of crystallizing
over a wide range of undercooling conditions.

The melting behaviour of a melt crystallized polymer
sample must be related to the pre-existing crystal
structure and morphology, which are strongly affected
by the crystallization kinetics. The crystallization rate of
PPS is controlled by factors such as crystallization
temperature, molecular weight, chain branching etc.
Changing one of these factors will alter the crystallization
kinetics ; therefore the crystal structure (crystal packing
perfection) and morphology will also be altered. The
random coils of polymer molecules in the melt state are
heavily interpenetrated and entangled with each other.
In order to form a more perfect crystal structure, polymer
chains require enough mobility and time to disentangle
and then pack into lattice crystals to form a folded chain
lamella. Unlike the nucleation rate, the polymer chain
mobility is higher at a higher temperature, and hence the
balance between the nucleation rate and chain mobility
will be very important to determine the perfection of the
crystal structure. In this study, we report that the dual
melting behaviour of the melt crystallized Ryton V-1 and
film grade PPS may be due either to reorganization of
existing crystals or to melting of two kinds of crystals,
depending upon the crystallization conditions. If the PPS
were crystallized at a lower crystallization temperature,
for example 225°C for Ryton V-1, at which the nucleation
rate is very fast and chain mobility is very low, the
appearance of dual melting peaks is dominated by
reorganization. However, when the PPS was crystallized
at a small undercooling condition, for example 255°C for
Ryton V-1, at which the nucleation rate is slow but chain
mobility is high, the cause of dual melting is the existence
of two kinds of crystal perfection as shown in Figure 7 B.

If the crystallization takes place at a large undercooling
condition at which the nucleation rate and subsequent
growth are much faster than the chain disentanglement
rate, the entangled chains will be unable to relax their
entanglement during crystallization, and the perfection
of the crystal and the ability to form chain folded lamellar
crystals will be restricted by the chain entanglement effect.
The resulting crystal perfection has a broad distribution
and its crystal structure is relatively imperfect (Figure
74), as also confirmed by wide angle X-ray scattering
experiments**31:52:55  Based on the multiple stage
crystallization experiment, which is presented in the
second part of the research*?, we suggest that the real
melting point of the imperfect crystals is relatively low.
Since the reorganization rate, like the crystallization rate,
is relatively high at low temperatures, reorganization will
be able to take place very easily after the imperfect
crystals melt at the low temperature during a d.s.c. scan.
Hence the upper melting endotherm of PPS melt
crystallized at very large undercooling contains a large
contribution from the melting and then reorganization
of the imperfect crystals at the lower temperature,
followed by remelting at the higher temperature.

However, if the crystallization takes place at a small
undercooling condition, such that the nucleation rate and
subsequent crystal growth are much slower than the
disentanglement rate, two kinds of crystal populations
can be formed. First, from only thermodynamics con-
siderations, the extended chain crystal should have been
formed since that minimizes the free energy. But kinetic
nucleation factors will favour the formation of the fold
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chain crystal. By balancing the thermodynamics and
kinetics factors at the crystallization conditions, the
folded chain crystal lamellae can be formed through
relaxing the entangled chain. These folded lamellar
crystals have better crystal perfection and will melt at a
higher temperature. Second, based on the crystallization
kinetics consideration, any kind of crystals that have a
melting point higher than the isothermal crystallization
temperature will also be formed. The less perfect crystals
may be formed through the kinetically controlled process
by attaching polymer chain segments together randomly
(more like fringed micellar crystals ). The polymer chains
have not been disentangled before packing into the
crystal lattice and the crystals formed have a relatively
imperfect structure. The perfection of these imperfect
crystals will have a broad distribution, and the crystals
will melt in the range between the isothermal crystalliz-
ation temperature and the melting temperature of the
perfect fold crystals. At just a few degrees higher than
the crystallization temperature, the imperfect crystal
population is higher and results in a small lower melting
peak T,,. Since the formation of these two kinds of
crystal are controlled by different factors, both of the
crystals, perfect folded chain lamellae and imperfect
crystals, can be formed at the initial stage of crystalliz-
ation. As the crystallization progresses, the folded chain
lamellae eventually become the dominant lameliae, and
the imperfect crystals, identified as subsidiary lamellae,
are then excluded to fill the space in between. Therefore,
two kinds of morphologies can be formed at the small
undercooling crystallization conditions. Hence the dual
melting endotherm of the PPS melt crystallized at the
low undercooling condition is due to the melting of these
two kinds of crystals.

Our model is based on the crystallization kinetics
dependency of crystal morphology. When PPS is melt
crystallized at a low crystallization temperature (high
degree of undercooling: here larger than 60°C) the size
and location of the upper melting endotherm is dominated
by the melting of the reorganized crystals. Therefore the
upper melting peak temperature is not a function of the
crystallization temperature. On the other hand, the upper
melting endotherm from PPS melt crystallized at high
crystallization temperature (small undercooling: here
smaller than 25°C) is due to the melting of pre-existing
more perfect folded chain lamellar crystals. Therefore the
upper melting peak temperature is proportional to the
crystallization temperature because the crystal perfection
and the lamellar thickness both increase with crystalliz-
ation temperature. Based on a consideration of crystalliz-
ation kinetics, the transition from reorganization regime
to the regime dominated by two morphologies should be
related to the crystallization rate of PPS. The upper
melting peak temperatures of both Ryton V-1 and film
grade PPS, which have been melt crystallized at T, for
60 min, are plotted versus the time required for the
exothermic peak maximum from the isothermal crystal-
lization experiment. Results are shown in Figure 8, and
indicate that regardless of the large crystallization rate
difference between Ryton V-1 and film grade at the same
temperature, the transition from reorganization domain
to the two-morphology domain is taking place at a
similar crystallization rate for both grades of PPS (at
which ¢, has a value of about 200-300s).

To test the model, we used the scan rate dependency
of the lower and upper melting point temperatures for
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Figure 8 Upper melting peak temperature, T, versus t,, the time
to reach the maximum in the isothermal crystallization exotherm, for
Ryton V-1 ([1) and film grade (@) PPS

Ryton V-1. We selected three crystallizations which
represent the conditions of morphology domination or
reorganization. For the former, we chose melt crystalliz-
ation at 260°C, which according to Figure 34 is in the
morphology (M) dominated region. For the latter, we
chose melt crystallization at 240°C (larger undercooling,
and from Figure 3A just in the reorganization (R ) region)
and cold crystallization at 250°C. From our previous
work reporting the behaviour of cold crystallized PPS*!,
we believe that reorganization of imperfect crystais
during the scan is controlling the observed dual endo-
thermic behaviour. Thus, our model would imply that
the cold crystallized sample should show the same
behaviour as a sample melt crystallized at large
undercooling.

T, should have a strong dependence upon the d.s.c.
scan rate under conditions dominated by reorganization:
T,,» would be expected to increase strongly as the scan
rate decreases during cold crystallization or during melt
crystallization at a large degree of undercooling. On the
other hand, if reorganization is not playing a major role
in determining the size and shape of the upper endotherm,
we anticipate that the upper endothermic peak tem-
perature will not be strongly affected by the scanning
rate. This would be the case for melt crystallization at a
low degree of undercooling.

Results of scan rate dependence are shown in Figure 9
for the three treatments, with scan rate varying from
1°C min~! to 60°C min~!. Figures 94 and 9B show the
scan rate dependence for the cold crystallized sample
(T, = 250°C) and the highly undercooled melt crystallized
sample (T, = 240°C), respectively. Over the scan rates
tested, the upper endotherm temperature increases signi-
ficantly with decreasing scan rate. T,,, for PPS cold
crystallized at 250°C increases 9°, and T,,, for PPS melt
crystallized at 240°C increases 11°, as scan rate decreases
from 60 to 1°C min~'. In contrast, T,, for PPS melt
crystallized at 260°C (lower undercooling) changes only
3° over the scan rates tested. These results support our
idea that reorganization does not play a major role in
determining the upper endothermic response of PPS melt
crystallized at low degree of undercooling, but re-
organization is significant for crystallization at large
undercooling, whether from the melt or from the rubbery
amorphous state. However, these scan rate tests were
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performed for crystallization temperatures near the
dividing line between the reorganization region (R, in
Figure 3) and the morphology region (M, in Figure 3).
Further tests of scan rate dependence are planned at both
higher and lower crystallization temperatures.
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The original melting endotherm, reorganization exo-
therm and remelting endotherm of PPS are shown in
Figure 10 for melt crystallization at large and small
undercooling conditions. In the lower half of each figure
the resultant d.s.c. thermogram is shown. In Figure 104
the original crystals are shown to have a very broad
distribution of melting points, as suggested by Bassett et
al.**. The least perfect crystals are subject to reorganiz-
ation, so a large reorganization exotherm is depicted.
The resultant d.s.c. endotherm T,,, is shown to contain
a significant contribution from reorganization of the
imperfect crystals. In this study, and in the second part
relating to multiple stage melt crystallization*®, we were
never able completely to eliminate the uppermost endo-
therm (for example, by fast scanning to reduce the chance
for reorganization). Thus, T,,, contains a contribution
froznsl the pre-existing crystals as suggested by Bassett et
al.*>,

The positioning of the original melting endotherm in
Figure 104 is arbitrary, as no information is available
about the real shape and position. The resultant thermo-
gram will depend strongly on the location of the
maximum in the original melting endotherm, and may
account for the differences between Ryton and film grade
PPS. In the case of Ryton V-1, triple endotherms are
seen for the highest undercooling conditions, whereas for
film grade we never observed the triple endotherm after
a single stage of isothermal crystallization. Recently,
Nichols and Robertson®® provided a possible explanation
for the triple endothermic behaviour, when a single broad
crystal population exists in the sample prior to the d.s.c.
scan. These workers showed that it is possible for a single
distribution to reorganize so that the low melting tail
gives T,,. Crystals near the centre of the distribution
melt to give T,«. Then the uppermost melting peak,
T2, 18 due to reorganization of the imperfect crystals
during the d.s.c. scan®®. We utilized this idea in Figure
10A. However we have additional evidence to be
presented in Part 2*° that crystals melting to form T,
may also be subject to reorganization, and may contribute
to T,,,.

The proposed endotherms, and the resultant d.s.c.
thermogram of PPS which has been melt crystallized at
a small undercooling are shown in Figure 10B. It shows
that the dual melting d.s.c. endotherm is due to two kinds
of crystals (with two levels of crystal perfection) which
have only a small scale of reorganization. This view is
supported by the morphology studies of Bassett et al.?’
on PEEK in which dual populations of crystals were
identified, as shown in the sketch in Figure 7B. Morph-
ology studies of melt and cold crystallized PPS are areas
of future research.

CONCLUSION

We have proposed a model based on crystallization
kinetics considerations to explain the dual melting
behaviour of melt crystallized PPS. When PPS is
crystallized at small undercooling, the crystal structure
and morphology formed during crystallization may result
in the creation of two different levels of crystal perfection,
which may develop into two distinct morphologies as
crystallization proceeds. The observed multiple melting
behaviour is in the morphology domain. The dual melting
endotherms found in the d.s.c. scan are due to the melting
of the two crystal populations both existing in the sample
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endotherm, reorganization and remelting endotherms, and resultant
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at the crystallization temperature. Reorganization plays
a minimal role in determining the appearance of the
resultant d.s.c. endothermic response. If the crystalliz-
ation takes place in the morphology dominated region,
the upper melting peak temperature T,,, linearly increases
as the crystallization temperature increases.

If PPS is melt crystallized at large undercooling, the
crystals formed are relatively imperfect, forming quickly
by rapid nucleation from a state of low mobility. There
will be a broad distribution in crystal perfection, and
crystals will be subject to reorganization during the d.s.c.
scan. The multiple melting behaviour observed from
this crystallization condition will have a large contri-
bution from reorganization. The crystal structure and
morphology are in the reorganization domain, and the
dual melting endotherms found from the d.s.c. scan are
then due to melting of the imperfect crystals, followed
by reorganization and then remelting. In this case, it may
be impossible to determine the true melting point of the
room temperature population of crystals. When crystal-
lization takes place in the reorganization domain, the
upper melting peak temperature T, remains constant
and is no longer a function of the crystallization
temperature. The transition from morphology domination
to reorganization occurs at roughly the same bulk
crystallization rate for both grades of PPS used in this
study.
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