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ABSTRACT: A solid—solid crystalline transition from 3 to o
forms in syndiotactic polystyrene (sPS) was found during the
mechanical deformation in the temperature range of 130—
218 °C, studied by X-ray and infrared spectroscopy. o and 3
forms, in contrast to the other two crystalline structures (y and
0 forms) in sPS, are two major crystalline forms manufactured
through a concise molding process which is industrially readily
accessible. There have been a number of structural transitions
found between two crystalline structures among the four
different crystalline forms of sPS. In this work, 8 to o form
transition at well below the melting temperature of sPS
(~270 °C) was found by mechanical deformation, which
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became more pronounced as temperature increased. The structural transition was intimately related to the crystallization

temperature and the densities of &t and j forms.

B INTRODUCTION

sPS has been widely investigated after the first successful
synthesis by Natta et al. using heterogeneous solid catalysts in
1955." The low tacticity and the low purity of the sPS were then
improved by Ishihara et al. in 1986, where they succeeded in
producing new sPS with much higher tacticity ([rr] = 98%).>
Further studies on chemical and physical properties of sPS
including microstructural analyses of the crystalline forms have
been carried out by analyzing sPS with high tacticity in order to
achieve high melting points, fast crystallization rates, high chemical
and thermal resistances, and better mechanical properties.” >

The syndiotacticity of sPS induces several crystalline struc-
tures, while ordinary polystyrene (PS) without tacticity shows
only amorphous features. sPS exhibits complex polymorphic
behavior with four types of crystalline structures: @, 3, 7, and 0
(including J.). In more microscopic view, these crystalline
structures possess different molecular conformations. o and 3
forms contain molecular chains in trans-planar conformations
which can be obtained by melt crystallization or cold crystalliza-
tion.>*® In contrast, ¥, 0, and O, forms contain only molecular
chains in s(2/1)2 helical conformations which can be obtained
by several solvent treatments.>*” Because of the better mechanical
properties of o and 3 forms possessing trans-planar conforma-
tions® that can be produced through brief manufacturing processes,
sPS with a and f forms are widely recognized as prospective
industrial materials.

The crystalline structures of & and 5 forms in sPS can be
obtained by various ways through the controls of temperature,
melting time, cooling rate, initial crystalline forms, molecular
weights, and blend compositions of polymers.**®° De Rosa et al.
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studied the effects of annealing temperature and melting time
during molding on crystalline structures. They found that the
higher annealing temperature and the longer time in melt
induced 3 form, while on the other hand, the lower annealing
temperature and the shorter melting time established o form: o
form decreased and S form increased by increasing annealing
temperatures from 280 to 320 °C, while o form became more
dominant by shortening annealing times from 10 min to 30 s at a
constant annealing temperature of 290 °C.° Sun et al. reported
that the sPS with lower molecular weight (M,, = 63 000 g/mol)
produced only 3 form, crystallized at the temperature range of
230—260 °C.” Recently, it was found that the sPS/aPS blends
made the equilibrium melting temperature lower with producing
(3 form rather than o form.* It is hence understood that o form is
more kinetically stable than f form, whereas 8 form is more
thermodynamically stable than a form.* Therefore, o form can
be obtained at lower temperature by faster cooling and 3 form
can be obtained at higher temperature by slower cooling.

The detailed crystalline structures of o and 3 forms have been
studied, and o form was found to construct a trigonal crystalline
structure of @ = b = 26.26 A and ¢ = 5.04 A with a density of
1.03g/ cm?® in most cases.'”!! The density of o form is lower than
that of amorphous phase (1.06 g/cm®).">'® The packing model
of 8 form is orthorhombic with a = 8.81 A, b =28.82 A, and ¢ =
5.51 A" and the density of f form is 1.08 g/ cm?>, which is higher than
that of o form as well as that of amorphous regions." The o form
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Figure 1. Schematic diagram of the crystallizations and the structural
transitions of sPS.

can be further classified into limit disordered model (o) and
limit ordered model ("), while /3 form can be further classified
into limit disordered model () and limit ordered model
(B").>*S A mesomorphic o form was also reported by Auriemma
et al.' The limit models can be usually obtained by melt or cold
crystallization and solution treatment, where o' is preferably
produced by cold crystallization below 175 °C from amorphous
sPS, and @'’ can be produced at near 270 °C, which is quite close
to the melting temperature of sPS.*® Similarly, 5’ can be formed
by melt crystallization cooled from ~300 °C, while 3" form can
be obtained by crystallization from solutions by rapid removal of
the solution thereafter.>®

Quite a few thermal and mechanical structural transitions
between the four crystalline structures (@, 3, ¥, and ) have been
reported, which are summarized in Figure 1.>”%'77>* For
example, Gowd et al. reported that the thermal O to f3 transition
occurred when O form sample was annealed above 140 °C."
They also found y to o transition by annealing above 190 °C,>**
and Y to f3 transition by annealing at temperature above 190 °C,
while as for the latter transition, the transition temperature
became lower with the higher amount of solvent due to the
plasticizing effect of the solvent remaining in the amorphous
region.7’19 There are no thermal transitions from (, ) forms to
(7, 0, and 0, forms reported so far, which may highly be due to
the thermal stability of the two a and 3 forms.

Just to focus on the transitions related to o and /3 forms, the
thermal crystalline transitions between o and 3 forms are still
controversial,*** >’ while  to o transition has not been
reported yet. Mechanically induced transitions, on the other
hand, where the transitions were induced by external forces such
as drawin% and compression, were confirmed by several
groups.”'®*® Decandia et al. reported that amorphous to meso-
morphic  transition was induced when the amorphous sample
was stretched.”® o to /3 transition induced by compression force
was investigated by Sun et al., where the compression force above
118 kPa was applied to the testing sample at the high temperature
of 260 °C.2 However, this transition should be regarded as a

quasi-solid to solid transition in the sense that, at the process
temperature of 260 °C, sPS already started melting. As was
mentioned above, the transition from /3 to o forms has not been
reported yet, and in this work an actual solid to solid transition
from § to o forms in sPS induced by mechanical strain at
sufficiently below the melting temperature of sPS was found and
reported.

B EXPERIMENTS

Materials. sPS with a molecular weight of 140000 g/mol was
supplied by Idemitsu Kosan Co. Japan. Differential scanning calorimetry
(DSC) analysis (DSC822, Mettler) was carried out with the heating rate
of 10 °C/min from 25 to 300 °C. The glass transition temperature (T,)
was detected at around 100 °C, and the melting temperature was
~270 °C. The results from the second DSC scan were used for the
analysis.

Crystallization and Molding. sPS with two types of microstruc-
tures were prepared: one type consisted of 3 form with an amorphous
region (5 specimen), and the other type consisted entirely of an
amorphous phase (an amorphous specimen). 3 specimen was obtained
by compression molding at 300 °C for 10 min followed by cooling to
room temperature. An amorphous specimen was obtained by compres-
sion molding at 300 °C for 10 min followed by cold-water quenching.
The microstructures of the samples were examined by X-ray scattering
and X-ray diffraction analyses and Fourier-transform infrared spectros-
copy (FTIR) to confirm the inner structures.

X-ray Analysis. Wide-angle X-ray scattering (WAXS) and wide-
angle X-ray diffraction analysis (WAXD) (Bruker D8 Discover) were
conducted to identify the microstructures of sPS before and after tensile
testing using Cu Kot radiation (4 = 0.154 18 nm). The equatorial area of
the X-ray profiles was scanned at the diffraction angle (26) ranging from
5° to 300.3,29*31

FTIR Analysis. FTIR analysis was performed using FTIR-4200
(JASCO) with infrared microspectroscopy (Irtronu IRT-1000, JASCO)
to identify the crystalline structures of sPS by calculating the ratios of o,
p, and amorphous regions before and after tensile testing with a
wavenumber resolution of 2.0 cm ™ .

Spectral subtraction analysis was conducted to clearly identify the
detailed microstructures of sPS, where an amorphous spectrum was
subtracted from a total recorded spectrum to get an intended crystalline
spectrum. 0 and /3 forms were carefully evaluated from the wavenumber
of 1000 to 800 cm™ ' by the spectral subtraction analysis proposed by
Musto et al,** which eliminated amorphous spectra by adjusting the
841 cm™ ! peak to become 0 (baseline).

To calculate the ratios of a and f3, eqs 1 and 2 were used. The ratio of
amorphous regions was calculated using eq 3.

Ags1 /0

C, = x 100%
* Agqr + Ags1 /0o + Asgss/ ag
A 0.178
= 1/ x 100% (1)
Aga1 + Ags1/0.178 + Agss /0.272
Agss /O
C w50/ 0 % 100%

Ay +Ass /g + Asss/0g

- Agss/0.272
" Agar + Ags1 /0.178 + Agss /0.272

x 100% (2)

100 — (Co + Cp) (3)

Agss, Agsy, and Agy; represent the spectrum areas at 858, 851, and
841 cm™ ', respectively with an error of &1 ecm™". 0 and a5 were
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Figure 2. A stress—strain curve of 3 specimen at 218 °C.

indicated as 0.178 % 0.00S and 0.272 4 0.00S, respectively, by Wu
et al. 73 In this work, 0.178 and 0.272 were used for 0ty and 0 to calculate
Cq and Cg. Curve fitting was conducted to measure the areas of Agsg, Asgsy,
and Agy;, referring to the wavenumber ranging from 870 to 825 cm

Tensile Testing. For the mechanical testing, a molded sPS film was
cut into a dog-bone shaped specimen, where the length and the width
were 16.5 mm and 3 mm, respectively. To avoid breaking, the sample
preparation was carried out at 110 °C, well above the glass transition
temperature (T,) of sPS. The tensile testing was performed at 130, 140,
160, 180, 204, and 218 °C by changing nominal strains from 10% to 50%
at a strain rate of S mm/min using a tensile tester (AG-IS/TCE-N300 of
Shimazu and RSA3 of TA Instruments).

B RESULTS AND DISCUSSION

Structural Analyses of an Amorphous Specimen and f
Specimen. X-ray and FTIR analyses were conducted to verify
the original microstructures of an amorphous specimen and 3
specimen (Figures S1—S4 in the Supporting Information). The
WAXD results of the amorphous specimen clearly indicate that
there were two broad peaks at the diffraction angles (26) of
approximately 10.5° and 19.3°, which originated from amor-
phous regions reported in several papers (Figure $1).>"*° FTIR
results of the amorphous specimen showed two clear peaks at the
wavelengths of 905 and 841 cm™ ', which were exclusively
attributed to amorphous regions (Figure S2). In the WAXD
profile of the 3 specimen, plenty of peaks at 26 = 6.2°, 10.4°,
12.3°, 13.6°, 18.6°, 20.2°, 21.3°, and 23.9°, all due to f3 forms,
were detected, while X-ray peaks caused by o forms were not
detected (Figure S3). FTIR results of the 8 specimen also
showed two large peaks at 911 and 858 cm™ ', which came from
p forms in the 5 specimen (Figure S4). It should be noted that
these two peaks appeared after subtracting the amorphous
spectrum. Since there were no o peaks (902 and 851 cm™ ')
detected through FTIR, it was concluded that our 8 specimen
contained only B forms with some amounts of amorphous
regions, however without o forms. It was therefore confirmed
that /3 specimen and an amorphous specimen were successfully
produced as intended.

P to o Transition Observed in f# Specimen. Tensile testing
of f specimen was performed at several temperatures to examine
the effects of mechanical deformation on /3 forms. Figure 2 shows
the stress—strain result of the 3 specimen up to 25% of nominal
strain at 218 °C, which was almost close to the fracture point of
sPS at this temperature. It was found that 3 specimen presented a

(b)

a211) B@11)

Figure 3. WAXS images observed at 218 °C: (a) 10% strain and (b)
20% strain.

clear yield point between 10% and 20%. Moreover, a clear upper
yield point and a lower yield point were observed in /3 specimen.

Structural analyses of 8 specimen at each mechanical strain
were conducted at 218 °C. Figure 3 shows the WAXS images of §
specimen at nominal strains before yielding (10% strain) and
after yielding (20% strain). For the materials stretched at lower
than 10%, the X-ray peaks at the scattering angles of 20 = 6.2°,
10.4°,12.3°,13.6°, 18.6°,20.2°, and 21.3° which were typical of 3
forms appeared. The results also indicated that the specimens
were isotropic (the WAXS profile at 0% strain is in Figure SSa).
The X-ray peak at 260 = 6.2° resulted from (020) reflection, and
other peaks at 20 = 10.4°, 12.3°, 13.6° 18.6° 20.2°, and 21.3°
resulted from (110), (040), (130), (150), (111), and (041)
reflections, respectively. The materials stretched to the strains of
higher than 20% showed clear scattered spots instead of rings,
indicating that the materials were strongly anisotropic with
oriented O-form crystalline structures (the WAXS profile at
25% strain is in Figure SSb). The typical peaks of o form at
the scattering angles of 20 = 6.8°, 11.7°, 13.6° and 20.2° came
from (110), (300), (220), and (211) reflections, respectively.
Thus, it was confirmed that there was a structural transition from
isotropic to anisotropic phases between the strains of 10% and
20%. As was described above, the transition strain corresponded
well with the strain of the yield point (measured between 10%
and 20%) in the stress—strain curve of the samples. Figure 4
shows the X-ray diffraction profiles along the equatorial layer line
of 3 specimen at each strain. Diffraction peak angles of 26 = 6.2°,
10.4°,12.3° 13.6°, 18.6° 20.2°, and 21.3° were observed, which
resulted from 3 forms, while no diffraction peaks from o forms
were detected before yielding (10% strain). After yielding, on the
other hand, not only /3 peaks but also diffraction peaks at 26 =
6.8°, 11.7° and 13.6° all peculiar to o forms, were observed.
From Figure 4, it was confirmed that the specimens before
yielding predominantly contained 8 forms with amorphous
phases, while the specimens after yielding contained o forms
as well as 8 forms. The X-ray diffraction profiles of the f3
specimens after yielding (higher than 20% of strain) showed
almost similar profiles regardless of mechanical strains.

Figure S shows FTIR spectra of the 3 specimen at each strain
measured at 218 °C. The FTIR results matched quite well with
the X-ray results, confirming that the structural transition of the /3
specimen occurred during the mechanical deformation. Figure 5
shows 3 peaks (911 and 858 cm™ ') in the 3 specimens stretched
atlower than 10% of strain, while showing both 3 peaks (911 and
858 cm ™ ') and o peaks (902 and 851 cm ') in the 3 specimens
stretched at higher than 20% of strain. Also at above 20%, which
was beyond the yield point of the /3 specimen, there were not any
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significant changes observed in FTIR signals as well as in X-ray
results, indicating that the structural transition was terminated by
the strain of 20%. Hence, it is concluded that the clear solid to
solid transition from [3 to o forms occurred during yielding. After
yielding, the ratios of o forms, 8 forms, and amorphous regions
remained constant irrespective of mechanical strains.

The actual ratios of o forms, 3 forms, and amorphous regions
at each mechanical strain were calculated from the FTIR results
by using eqs 1—3 (Figure 6). It was found that before yielding
(before 10% strain) the ratios of @, 3, and amorphous regions
remained unchanged regardless of mechanical strains: the ratios
of @, f, and amorphous regions remained approximately 0%,
61%, and 39%, respectively. After yielding (above 20% strain), it
was found that @ forms increased by ~62%, while 5 forms and
amorphous regions decreased by around 43% and 19%,
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Figure 6. Ratios of o (red), 8 (blue), and amorphous (green) regions as
a function of strain at 218 °C, before yielding (circles) and after yielding
(squares).

respectively, where accordingly the degree of crystallinity in-
creased. The ratios of each structure remained almost unchanged
even when an additional mechanical strain was subsequently
imposed on the specimens. It is therefore confirmed that the clear
solid to solid transition (/3 to @ transition) occurred right after
the beginning of the yielding, and the transition was terminated
right before the end of the yielding,

The reverse transition from o to § forms had already been
reported by Sun et al® In their case, since @ to 3 transition
occurred at 260 °C, sPS should have started melting due to the
melting temperature (270 °C), which was confirmed by DSC
measurements. The transition may therefore be deemed as “a
quasi-solid to solid transition” in their case. In our case, however,
since the transition from f3 to o forms took place at 218 °C, which
was well below the melting temperature of sPS, the transition can
be well regarded as a solid to solid transition. This plain solid to
solid transition has not been reported so far in sPS, and since
ordinary industrial products chiefly contain o and 5 forms, the
discovery may well be crucial to be used in industry.

p to a Transition at Different Temperatures. The structural
transitions of 3 to o forms at 130, 140, 160, 180, and 204 °C were
studied. The specimens could be drawn over 25% (Figure S6).
Figure 7 and Figure S7 show the WAXS images of 3 specimen
after yielding at different temperatures. Below 180 °C, two vague
scattered X-ray spots of & form and mesomorphic o form were
observed in the equator area. As temperature increased, the
scattered spots became clearer and divided into three spots up to
the temperature of 204 °C. Figure 8 and Figure S8 show the
X-ray diffraction profiles along the equatorial layer line of 8
specimens at several strains and temperatures. Similar to the
results of the X-ray diffraction at 218 °C, before yielding, only 3
peaks (20 = 6.2°, 10.4°, 12.3°, 13.6°, 18.6°, 20.2°, and 21.3°)
were observed at each temperature. After yielding, not only 8
peaks but also a vague o peak (26 = 6.8°) and other overlapping
o peaks (26 = 11.7° and 13.6°) were observed in each sample at
low temperature (<180 ©°C), while at high temperature
(>204 °C), not only 3 peaks but also clear o peaks were observed
(Figure 8). After yielding, X-ray diffraction profiles remained
almost unchanged regardless of mechanical strains at any tem-
perature. The broader o peaks observed at low temperatures
(<180 °C) were most likely due to the overlap of 5 peaks with
mesomorphic O forms. Figure 9 shows the X-ray diffraction
profiles along the equatorial layer line at different temperatures

2115 dx.doi.org/10.1021/ma200166m |Macromolecules 2011, 44,2112-2119
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Figure 7. WAXS images of specimens after yielding at different
temperatures of (a) 130, (b) 180, and (c) 204 °C.

after yielding, where the o peaks became more pronounced as
temperature increased. These results showed that at low tem-
perature (<180 °C) the specimen contained principally meso-
morphic o forms with small amount of perfect o forms, whereas
above 204 °C, the perfect o forms increased with decrease in
mesomorphic 0 forms until the specimens contained mainly o
forms at 218 °C.

Figure 10 and Figure S9 show the results of FTIR spectra
observed at 130, 140, 160, 180, and 204 °C, stretched at the
strains of 10%, 20%, 30%, 40%, and 50%. Similar to the X-ray
results, it was revealed from the FTIR results that before yielding
only 3 peaks (911 and 858 cm ™ ') existed, and after yielding, not
only 3 peaks but also O peaks (902 and 851 cm ™) were observed
in each sample at different temperatures. Also after yielding, the
peaks of the FTIR signals remained almost unchanged by
mechanical strains at each temperature. It was therefore found
that, from the results of X-ray analysis and FTIR analysis, 5 to o
transition occurred during yielding at all tested temperatures.
The ratios of @, 3, and amorphous regions were calculated from
FTIR results at different temperatures (Figure 11 and Figure
$10). The results also demonstrated that the ratios of o, 3, and
amorphous regions remained almost unchanged before yielding.
During yielding, & forms increased while /3 forms and amorphous
regions decreased. After yielding, the ratios stayed almost con-
stant, whereas the degree of crystallinity increased as temperature
increased. It was therefore confirmed that the /3 to o transition
occurred during yielding for all tested temperatures and that the
ratios of @, 3, and amorphous regions were independent of
mechanical strains after yielding.

It was concluded that there were no o forms at the initial stage
of stretching, which lasted up to the beginning of the yielding.

W DISCUSSION

There have been several reports that dealt with the effects of
the mobility of polymer chains on the structure and the structural
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2116 dx.doi.org/10.1021/ma200166m |Macromolecules 2011, 44,2112-2119



Macromolecules

Intensity (A.U.)
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transitions of PS and sPS.”'*7*® From the researches, it was
found that the mobility of the molecular chains had strong effects
on the structural transitions in crystalline sPS. For example,
Gowd et al. studied a sPS solvent complex and reported that
higher content of solvent exhibited lower transition temperature
in the structural transition from 0 to y forms.>” They considered
that solvent in amorphous phases increased the mobility of amor-
phous polymer chains, which eventually reduced the transition
temperature. As for the structural transition from 7 to /3 forms, Rizzo
et al. concluded that the lower transition temperature was due to the
higher amount of solvent, which brought about the plasticizing effect
in amorphous phases.”' From these researches, it was suggested
that the mobility of molecular chains was a very important factor
affecting the structural transitions in crystalline sPS.

A structural transition from @ to 5 forms was reported by Sun
et al. As was mentioned above, they reported that @ to /3 transition
occurred when @ form was annealed at 260 °C with the compres-
sion pressure of 118 kPa.® The melting temperature of sPS was
around 270 °C, which was only 10 °C higher than the annealing
temperature, where some parts of & forms and amorphous regions
started to melt and transform into 3 forms, confirmed by the broad
peak of the enthalpy of fusion at the melting temperature in DSC.
The reported o to (3 transition can thus be referred to as a “quasi-
solid to solid transition” through a “liquid” state. The important
thing here was that the transition could only be realized at very high
temperature with high mobility of molecular chains.

In our experiments, the reverse transition from 3 to @ forms
was found at significantly low temperature, which can be well
referred to as an actual solid to solid transition. The low
temperature required for the transition indicates that 8 to a
transition would not possibly demand high mobility of polymer
chains, which is unlike the above-mentioned o to /3 transition. It
was reported by De Rosa that an oriented fiber sample of sPS in
the o form was obtained by stretching compression-molded
specimens at 160 °C, which may have contained 3 form."® Sun
et al. introduced an interesting sPS behavior resulted from the
difference in the formation processes of two different crystalline
structures: O forms could be easily produced in partially solidified

(a) B,
=
<
pa
© H
€ i
2 i 10%
< i
i 20%B.Y.
~__40%
~N__50%
1000 950 900 850 800
Wavenumber (cm-)
(b) Bi 1o
5
<
8
2 pa
3 |
< LJ 10%
/E\ 20% B.Y.
k—\ 30%AY.
~_40% |
1000 950 900 850 800
Wavenumber (cm')
(c) B;
=] pa
< ;
8 10% B.Y.
g i 10%8.Y. |
e}
<]
2
< i
A\ 20%AY.
\__50%
1000 950 900 850 800

Wavenumber (cm-')

Figure 10. FTIR difference spectra as a function of strain at tempera-
tures of (a) 130, (b) 180, and (c) 204 °C. B.Y. and A.Y. stand for “before
yielding” and “after yielding”, respectively.

sPS with low mobility of polymer chains in semicrystalline
structures,” whereas /3 forms could be produced in an either
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molten or dissolved state of sPS with higher mobility of polymer
chains. Instead, it was also reported that 0. form was dominant in
cold crystallization which was usually carried out at lower
temperature with lower mobility of polymer chains (in a solid
state), than ordinary melt crystallization. Therefore, we con-
cluded that the 3 to a transition could be accomplished in a solid
state of sPS and that /3 to  transition was indeed a solid to solid
transition. In the same manner, it was also concluded that o to 3
transition could occur in a liquid state of sPS, since 3 form could
be produced in a liquid state of sPS.

Another intriguing result in our experiments was that the
mechanical stretching could cause the 3 to @ transition, while it
was reported that the mechanical compression induced the a to

2118

P transition.® It is known that the densities of o forms, 3 forms,
and amorphous regions are 1.03, 1.08, and 1.06 g/ cm3, respec-
tively. The density of 3 forms is the largest among them, while
the density of & form is the smallest. From our experimental
results, it was found that, when mechanical strain was applied to 3
specimens, the specimens became less dense for 3 forms to
transform into O forms in order to be more structurally stable.
Meanwhile, since the density became lower during the transition
from f3 to o forms, it can be readily stated that the volume of 8
forms increased to become o forms. Considering every density of
the sPS structures, the density of amorphous regions lies in
between that of 3 forms (higher) and that of o forms (lower).
The 8 forms may therefore first transform into amorphous
regions followed by the transition from amorphous regions to
o forms in order to finally complete the overall 5 to o transition.

B CONCLUSION

In this research, a solid to solid transition from /3 to o forms in
sPS induced by mechanical stretching was first discovered and
discussed. From the X-ray and the FTIR results, it was revealed
that this transition occurred during yielding at a temperature
range of 130—218 °C. The difference between the o to 3
transition and the [ to o transition was discussed. For the o to
P transition, high mobility of molecular chains was necessary to
induce the transition, revealing that the o to 8 transition induced
by compression was a quasi-solid to solid transition observed at
around the melting temperature of sPS. The reverse transition
from 3 to o forms, on the other hand, was found to be a solid to
solid transition, occurring at much lower temperature (well
below the melting temperature of sPS) with lower mobility of
molecular chains. The difference between these two transitions
may possibly be due to the difference in the crystallization
behavior of o forms and f forms: @ forms can be produced in
solidified sPS with lower mobility of molecular chains, while
forms can be produced in an either molten or dissolved state of
sPS. The directions of mechanical deformations, such as com-
pression and tension, were found to be intimately related with the
types of the transitions: the process of compression induced o to
p transition with volume contraction (higher in density), while
the process of mechanical tension induced 3 to o transition with
volume expansion (lower in density).

The structural transitions between these two major crystalline
structures, & forms and f forms, can be effectively utilized in
industry owing to the readily accessible crystalline structures
produced by a concise molding process.
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