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Abstract

Syndiotactic polystyrene (sPS)/nmano-CaCO; composites were prepared on a twin screw extruder for the first time. Differential scanning
calorimeter and wide-angle X-ray diffraction were used to investigate the effect of maximum melting temperature (7},,,x) and the content of nano-
CaCOj; on the crystal forms and melting behavior of sPS for non-isothermal crystallization. The results indicated that the increasing 7,.x
decreases the crystallization temperature of sPS and facilitates the formation of B-crystal. The addition of nano-CaCO; changes the melting

behavior and crystal form of melt-crystallized sPS and facilitates the formation of B-crystal. The increase in the content of nano-CaCQOj; decreases
crystallization temperature of sPS and increases the content of B-crystal, which was similar to the effect of increasing Ty,.x. Pure B-crystal in
sPS/nano-CaCOj; composites can be obtained at lower melting temperature due to the effect of nano-CaCOs.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Syndiotactic polystyrene (sPS) was widely studied since
successful synthesis in 1985 [1] because of its high melting point,
fast crystallization rate, good chemical and thermal resistance,
etc. Itis well known that sPS exhibits complex polymorphism and
multiple melting behavior. Generally, four crystal forms, termed
d-, B-, v- and d-crystal have been described. Melt-crystallization
at most accessible temperatures produces solidified sPS contain-
ing both a- and B-crystal forms of various fractions determined by
experiment conditions. De Rosa et al. [2-4] suggested that the
crystallization of the a- and B-crystal forms is mainly dependent
on the maximum melting temperature (7;,,,x) of the melt. At high
Tmax, the sPS always crystallizes in the B-crystal form. At lower
Tmax, the formed crystalline modification depended on the
crystalline form of the starting material of sPS. They proposed
that the T, effect on the formation of polymorphism was
attributed to the memory effect of a-crystal. Woo and his co-
workers [5] suggested that the formation of polymorphism in sPS
was primarily determined by crystallization kinetics. At lower
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nucleation barrier, the crystallization of sPS tends to form
a-crystal. When the residual nuclei are absent at high enough
Tmax, SPS crystallized as B-crystal from due to high nucleation
barrier. Coexistence of a- and B-crystals generally results in
multiple melting behaviors. Woo and his co-workers [6—11] did
much work on the multiple melting behaviors of sPS. When
resolution of DSC is high enough, four melting endothermic
peaks, labeled as P-I, P-II, P-III and P-IV in the increase of
temperature of melting peaks in the order, were observed in melt-
crystallized sPS. The peaks of P-II and P-1V are attributed to the
melting of o-crystal while the peaks of P-I and P-III are
corresponding the melting of B-crystal [7]. Woo [5] and Wang
[12] studied the equilibrium melting temperature (73, of a- and
B-crystals using linear and non-linear Hoffman—Weeks plots,
respectively, and found that the Ty, of B-crystal is higher than that
of a-crystal.

The studies on polymorphism of sPS in its blends and
composites have been reported. It was observed that sPS
blending with miscible polymer, such as PPO and aPS, favors
the formation of B-crystal [3,13—15]. For sPS filled with clay,
the study results of both Chang [16] and Wang [17] indicated
that clay makes sPS decline to yield B-crystal. However, Wu
et al. [18-20] found that addition of clay favors the formation
of a-crystal in sPS.

As one of the most important mineral fillers, nano-calcium
carbonate (nano-CaCQOj3) is commonly used to improve the
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mechanical properties (strength and toughness) of PP [21-25],
PVC [26,27] and HDPE [28,29]. Many studies indicated that
nano-CaCOj can induced the formation of B-crystal of PP
[30,31]. However, sPS composites filled with nano-CaCOs has
not been reported. In this article, sPS/nano-CaCO3; composites
were prepared on a twin screw extruder for the first time. The
main aim of this paper is to make clear of the effect of nano-
CaCOj3 on the polymorphism and melting behavior of sPS
matrix during non-isothermal crystallization.

2. Experiment
2.1. Materials

Syndiotactic polystyrene (sPS) is friendly provided by Dow
Chemical Co. with M, of 226,000 and M,/M, of 2.8,
determined by GPC. Nano-CaCOj; treated with stearic acid is
kindly supplied by Guang Ping Nano Technology Group Ltd,
Guangdong, China. The average particle size range, deter-
mined by TEM, is of 40—-60 nm.

2.2. Preparation of sPS/nano-CaCQO3 composites

sPS pellet was pre-mixed with 2.5 and 5 wt% nano-CaCO;
after being dried. Then the pre-mixed compounds were melted
and extruded in a twin-screw SJSH-Z-30 extruder (Nanjing
Rubber and Plastics Machinery Co. Ltd, China) at the
temperature of 280 °C with a screw speed of 100 rpm. The
extruded products were frozen in-line in a water bath and cut
into pellet form by a pelletizer. The composites containing 2.5
and 5 wt% nano-CaCQO; were named as sPS-CC2.5 and sPS-
CCS5, respectively. The pure sPS was extruded under the same
condition as the sPS/nano-CaCO5; composites.

2.3. Characterizations

2.3.1. Differential scanning calorimeter
Non-isothermal crystallization and melting behavior of sPS
and sPS/nano-CaCO; composites were investigated on a
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Perkin—Elmer 7 differential scanning calorimeter (DSC).
Temperature calibration was performed using an indium
standard (Ty = 156.6 °C and AH} = 28.5J/g). The sample
was heated to the maximum melting temperature (7p,.x) at a
heating rate of 100 °C/min and melted for 10 min to eliminate
the thermal history and then cooled it to room temperature at a
cooling rate of 10 °C/min. After that, the sample was subjected
to reheating at a rate of 10 °C/min to 290 °C. Both the DSC
crystallization and the melting curves were recorded for further
analysis. All measurements were carried out in nitrogen
atmosphere. Each sample was about 5 mg.

2.3.2. Wide-angle X-ray diffraction

The samples of neat sPS and sPS/nano-CaCO; composites
for wide-angle X-ray diffraction (WAXD) were prepared in
DSC cell with the same thermal history as DSC non-isothermal
crystallization experiment. The samples were determined by
using a Rigaku D/max 2200vpc diffractometer (Cu Ka
radiation, A=1.542 10%). The step scanning rate was 2°/min.
The X-ray source was operated at a voltage of 40kV and a
filament current of 30 mA.

3. Results and discussion

3.1. Effect of nano-CaCQOj on the polymorphic
behavior of sPS

The DSC crystallization thermograms of neat sPS and
sPS/mnano-CaCO; composites crystallized non-isothermally
after melting at temperature of 280 °C (A) and 320 °C (B)
are shown in Fig. 1. It is observed that the effect of nano-
CaCOj; on crystallization behavior of sPS is dependent on the
maximum melting temperature (7,.x). The crystallization
temperature of sPS in its composites is lower than that of
sPS at T,,.x=280 °C. However, the addition of nano-CaCO;
has no influence in the crystallization temperature of sPS at
Tmax =320 °C. Therefore, the decrease in the crystallization
temperatures of sPS is higher than that of composites as Trax
increased from 280 to 320 °C. These results indicated that the
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Fig. 1. DSC crystallization thermograms of neat sPS and sPS/nano-CaCQOj3; composites crystallized non-isothermally after melting at temperatures of 280 °C (A) and

320 °C (B) for 10 min.
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Fig. 2. DSC melting thermograms of neat sPS and sPS/nano-CaCO; composites crystallized non-isothermally after melting at temperature of 280 °C (A) and 320 °C

(B) for 10 min.

effect of adding nano-CaCO; on the crystallization behavior of
sPS is the same as the effect of increasing Ty,.x, decreasing the
crystallization temperatures of sPS.

The DSC melting thermograms of neat sPS and sPS/nano-
CaCO;3; composites at Ty, =280 °C (A) and 320 °C (B) are
shown in Fig. 2. It is interesting that the effect of nano-CaCO;
on sPS melting behaviors is also dependent on Ty,x. At
Tmax =280 °C, significant difference between the melting
behaviors of sPS and its composites is observed. For the neat
sPS, two melting peaks and a small shoulder peak on the lower
temperature side were observed in the melting curve, labeled as
P1, P2, and P3 (from low to high temperature in the order),
respectively. The addition of 2.5 wt% nano-CaCOs5; dramati-
cally increases the intensity of P1 and P3 and decreases the
intensity of P2. The P2 was weakened from a strong separate
peak into a very tiny shoulder peak between P1 and P3. When
the content of nano-CaCOs; increases to 5 wt%, the P2
completely vanished, and both P1 and P3 remain. However,
only two peaks, P1 and P3, appear in DSC melting curves of

both neat sPS and composites at Ty, =320 °C. That is, the
addition of nano-CaCO; has little effect on the melting
behavior of sPS at higher T},,,. Compared Fig. 2A with B, it
is suggested that the addition of nano-CaCQOj; or the increase in
Tax produce the same effect on the melting behavior of sPS.

The corresponding WAXD patterns were shown in Fig. 3.
From Fig. 3A, stronger diffraction peaks of a-crystal (20=6.8,
11.7, 14.1, 15.6 and 18.0°) [2,32] and weaker characteristic
peaks of B-crystal (20=6.2, 104, 12.4, 13.7, 18.6, and 21.3°)
[2,33,34] were observed for neat sPS at T,,,=280 °C,
indicating that melt-crystallization from T7,,,,=280 °C pro-
duces solidified sPS containing higher content of a-crystal and a
small quantity of B-crystal. However, the addition of 2.5 wt%
nano-CaCOs5 substantially diminished the intensities of
a-crystal diffraction peaks. As the content of nano-CaCO5; was
increased to 5 wt%, the characteristic peaks of a-crystal entirely
vanished and only the typical peaks of B-crystal was observed.
The results indicated that the content of o-crystal in melt-
crystallized sPS dramatically decreased with increasing content

A B
Tmax=280 °C T 820 °C
=r :
2l E eat sPS
.‘? o o ‘B
E / neat sPS E
£ = sPS-CC2.5
sPS-CC25
sPS-CcC5 sPS-CC5
1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 5 10 15 20 25
20 (deg) 20 (deg)

Fig. 3. WAXD patterns of neat sPS and sPS/nano-CaCOj3; composites crystallized non-isothermally after melting at temperature of 280 °C (A) and 320 °C (B) for

10 min.
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of nano-CaCQOs. It is suggested that the addition of nano-CaCOj;
favored the formation of B-crystal of sPS at lower T,... This
effect was strengthened with increasing nano-CaCOs5 content.
However, only characteristic peaks of B-crystal were observed
in the WAXD patterns of both neat sPS and its composites at
higher T,,.x (shown in Fig. 3B). It is illustrated that pure
B-crystal can be produced for both neat sPS and sPS/nano-
CaCOj; composites. Therefore, the addition of nano-CaCOj has
no influence on the crystal form of sPS at Ty,.,=320 °C.
Because the addition of nano-CaCOQOs favors the formation of
B-crystal of sPS, the T},,.x at which the pure B-crystal is produced
in its composites is lower than that of neat sPS.

Based on the results of DSC and WAXD, P1 in DSC melting
curves was considered as a result of the melting of B-crystal,
while P2 was associated with melting of o-crystal. P3 was
attributed to a result of melting of B-crystal in sPS crystallized
after melting high T}, or a result of melting of o~ and B-crystal
in sPS crystallized after melting low T,,.x. It is suggested that
the decrease in the crystallization temperatures of sPS by
adding nano-CaCO; and the differences of melting behavior
between sPS and its composites are attributed to higher
fractions of B-crystal in the composites.

3.2. Dependence of melting temperature on the
polymorphic behavior of sPS

The WAXD patterns of neat sPS crystallized non-
isothermally after melting at different 7,,,x are shown in

M. Lu et al. / Polymer 47 (2006) 1661—-1666

Fig. 4A. From the WAXD data, the percentage of the a-crystal
content (Pa%) was evaluated with the following approximate
relation [2]:

Po(%) = {[1.8A(11.7)/A(12.4)]/[1 + 1.8A(11.7)/A(12.4)]}
X 100%

The relationship of T, and the content percentage of
a-crystal in the crystalline of neat sPS was displayed in
Fig. 4B. It can be observed that o-crystal is the domain crystal
form while B-crystal only occupied a small portion in melt-
crystallized sPS at lower Ty,.x. As the Ty« increases from 290
to 296 °C, the fraction of a-crystal almost significantly
decrease. At Ty, above 296 °C, no a-crystal was observed
and B-crystal became the exclusive crystal form in melted
crystallized sPS.

Fig. 4C showed the changes of crystallization onset
temperature (T"), crystallization peak temperature (7¢) and
crystallization enthalpy (AH.) of neat sPS with increasing
Trmax- It can be observed that the 7" and 7% decreased while the
AH. increased with increasing T y,.x. It is interesting to observe
dramatic changes at T, between 293 and 296 °C. When the
Tmax 18 below 293 °C or above 296 °C, the T>" and 7%, and AH,,
change slightly with increasing T,,,x. However, as the T,.x
increased from 293 to 296 °C, the T and 7Y significantly
decreased and the AH, remarkably increased. These phenom-
ena may be explained as follows: at lower T,,y, there remained
a small quantity of crystal in melt, which acted as nucleation
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Fig. 4. (A) WAXD patterns of neat sPS crystallized non-isothermally after melting at different 7,,,,, for 10 min. (B) Relationship of Pa% and T, for neat sPS.

(C) Relationship of 72", T, AH, and Ty, for neat sPS.
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Fig. 5. DSC melting thermograms of neat sPS and sPS/nano-CaCOj; composites crystallized non-isothermally after melting at temperatures of 275 °C (A) and 276 °C

(B) for 10 min.

seeds during the crystallization. So the self-nucleation of the
residual nuclei led to higher To" and T¢. Unmelted residual
nuclei has no contribution to the AH.. With increasing T},.x,
the residual nuclei in melt reduced gradually which resulted in
the decrease of T" and 7P. When the residual nuclei were
completely annihilated at higher T, the T,.x had no
influence on the T" and 7Y. Completely melted residual
nuclei crystallized during cooling process and lead to increase
in the AH.. Therefore, the AH, remarkably increased as the
Tmax increased from 293 to 296 °C. Since, the Ty, of a-crystal is
lower than that of B-crystal [5,12], the melting nuclei might be
of a-crystal. As a-crystal was completely melted above 296 °C,
the memory of o-crystal entirely vanished. As a result, the
B-crystal became the exclusive crystal form in melt-crystal-
lized sPS.

Above results indicated that the increasing Ty,,x decreases
the crystallization temperature and the content of a-crystal of
sPS while increased the AH.. A considerable changes were
observed at Tp,,x between 290 and 296 °C. It is suggested
that, co-existence of o- and B-crystal at various fraction in
melt-crystallized sPS at lower T,.. is attributed to the
presence of originally unmelted o-crystal left in the melt,
acting as nucleation seeds of a-crystal crystallization. At
higher T,,.x, the formation of pure f-crystal in melt-
crystallized sPS is attributed to the absence of nucleation
seeds of o-crystal crystallization due to the completely be
melted of a-crystal in the melt. The significant decreasing
crystallization temperature and increasing AH. of sPS are
dependent on the formation of more P-crystal in melt-
crystallized sPS. Our results indicated that the crystallization
temperature of sPS decreases with increasing T},,x and favors
the formation of B-crystal in melt-crystallized sPS. The
addition of nano-CaCOj also decreases the crystallization
temperature of sPS and facilitates B-crystal. Therefore, it is
suggested that the crystal form of melt-crystallized sPS is
dependent of the crystallization temperature of sPS. The
decrease in the crystallization temperature facilitates the
formation of B-crystal.

3.3. Dependence of melting temperature on the polymorphic
behavior of nano-CaCOj3/sPS composites

Fig. 5 shows the DSC melting thermograms of neat sPS and
sPS/nano-CaCO5; composites at Tp,.x =275 °C (A) and 276 °C
(B). It can be seen from Fig. 5A that the two main melting
peaks (P2 and P3) and a very weak shoulder peak (P1) at lower
temperature region of P2 were observed in both neat sPS and its
composite containing 2.5 wt% nano-CaCOj; (sPS-CC2.5).
For the composite containing 5 wt% nano-CaCOj; (sPS-CCS),
the intensity of P1 significantly increased. When the T;,,x was
increased to 276 °C, the melting behavior of neat sPS is the
same as that of sPS at T,,,,=275 °C. However, the melting
behaviors of composites are dramatically different from that of
composites at T, =275 °C and sPS at Ty, =276 °C. In the
composites, P2 was greatly weakened to an extremely small
shoulder peak between Pl and P3, especially composite
containing 5 wt% nano-CaCO;. However, the intensities of
P1 and P3 distinctly increase. The P1 is attributed to a-crystal
and P2 is corresponded to B-crystal. It is suggested that most of
the a-crystal vanished and a large mount of B-crystals were
formed in sPS/nano-CaCO;3; composites when T, increases
from 275 to 276 °C.

The changes of 72", T¢ and AH, of melt-crystallized sPS-
CC2.5 composites with T, were displayed in Fig. 6. It is
observed that when the T, increases from 275 to 276 °C, the
AH, greatly increased while the T" and TP dramatically
decreased. However, the Ty, has little influence on the AH,
and crystallization temperatures of sPS when T, is above
276 °C. This phenomenon was similar to that of neat sPS
crystallized melting at 7}, from 293 to 294 °C. It is suggested
that the crystallization behavior and crystal forms of sPS are
influenced by the addition of nano-CaCO;. The addition of nano-
CaCOj; favors the formation of B-crystal of sPS. The Ty« at
which most of residual o nuclei melted in its composites was
about 18 °C lower than that in sPS. When the T},,,, increased from
275 to 276 °C, most of the residual o-crystal was melted.
Therefore, B-crystal can be obtained in sPS/nano-CaCOj;
composites at T, much lower than that of sPS.
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4. Conclusion

The investigation of the melting behavior and crystal forms of
sPS and sPS/nano-CaCO; composites crystallized non-isother-
mally after melting at different maximum melting temperature
(Tmax) indicated that the increase in Ty, decreases the
crystallization temperature of sPS and facilitates the formation
of B-crystal. When the T, is below 293 °C or above 296 °C, the
Tmax has little influence on crystallization temperature and
enthalpy of sPS. As the Ty, increased from 293 to 296 °C, the
crystallization temperature of sPS significantly decreased while
the crystallization enthalpy remarkably increased. The addition
of nano-CaCOj; produces great changes in the melting behavior
and crystal forms of melt-crystallized sPS, decreasing the
crystallization temperature of sPS and favoring the formation of
B-crystal, which was similar to the effect of increasing 7. .
Because of the effect of nano-CaCOs, pure B-crystal in sPS/nano-
CaCOj; composites can be obtained at lower Ty, .x-
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