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Mechanical properties of uniaxially
oriented syndiotactic polystyrene
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Syndiotactic polystyrene has been oriented by uniaxially drawing at temperatures near the
glass transition temperature, starting with amorphous material produced by quenching
from the melt. The hot drawing process involves concurrent crystallization and orientation.
Increasing crystallinity by itself does not affect the mechanical properties to any large
extent. The orientation process is shown to substantially increase the strength and
modulus in the draw direction. The anisotropy of mechanical properties is compared to
mathematical models: the modulus using Arridge’s model for oriented block copolymers,
and the tensile strength using both the Hill-von Mises yield criterion and a modified fiber
composite analog. C© 1999 Kluwer Academic Publishers

1. Introduction
Syndiotactic polystyrene (sPS) has been introduced re-
cently as an important new commodity plastic, and is
being considered for a wide variety of potential ap-
plications [1]. Of great interest is its relatively high
crystalline melting point, which suggests service tem-
peratures which are high for common plastics. It has
been studied extensively in recent experimental work
concerned with aspects related to its crystallization
behaviour [2–6]. The microstructure and mechanical
properties of injection molded and blended material
have been reported [7–13]. Relatively little has been
published on oriented forms [14–15], with interesting
evidence that the glass transition temperature is affected
by drawing [14]. The development of orientation with
uniaxial drawing has been studied very recently using
optical birefringence and thermal analysis [16].

Of continuing interest is the development of high
strength material by orienting molecules, ultimately
producing ultra-high modulus material [17]. Hot draw-
ing is one technique which can induce some degree of
orientation of the long chain molecules [18] and is at-
tractive since it can be incorporated in industrial scale
rapid processing. A considerable amount of work has
been published on this topic, dealing with the crys-
talline commodity plastics such as polyethylene [19]
and polypropylene [19–21]. The role of microstructure
in affecting the anisotropy of mechanical properties has
been extensively discussed in these early studies. The
analysis of the anisotropy of oriented polymers has been
reviewed by Ward [18].

The present work studies the development of ori-
entation and anisotropy of mechanical properties with
uniaxial hot drawing of sPS. Unlike polyethylene and
polypropylene, sPS can be quenched in bulk form to
a largely amorphous state. The subsequent molecular

mobility limited crystallization of this precursor can be
controlled because the mobility of the molecules near
the glass transition can be changed with adjustments in
temperature [6]. Of interest in this work was the char-
acterization of the mechanical anisotropy and of the
parameters which control its development in the tem-
perature range near this transition.

2. Experimental
Syndiotactic polystyrene (Questra from Dow Chem-
ical) with Mw= 2.12× 105 and a polydispersity of
Mw/Mn= 2.06 were compression molded into plaques
of 0.8 mm thickness. The nominal melting point was
266◦C and appropriately high temperatures were nec-
essary to obtain defect free samples. It should be noted
that the exact melting endotherm was sensitive to the
prior thermal history of the sample. Quenching from
the molten state produced optically transparent sheet
with no observable crystalline diffraction maxima in
the wide angle X-ray diffraction patterns.

The amorphous plaques could then be crystallized
by free annealing, or drawn at temperatures above the
glass transition. For tensile testing of anisotropic sheet,
initially amorphous compression molded plaques were
large enough that after uniaxial hot drawing, the re-
duced width specimen could still be cut into small ten-
sile bars. The mechanical properties reported represent
the average of 3 to 5 tests.

The thermal analysis data were obtained using a
Perkin Elmer DSC7 differential scanning calorimeter.
The crystalline content was measured using a heating
rate of 80◦C/min following the procedure described by
Kryzystowczyket al. [22]. The rate of crystallization
increases rapidly with temperature, and the high heat-
ing rate minimizes the amount of crystallization which
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occurs during the heating. The relative areas under the
melting and crystallization peaks could then be used to
calculate the fractional crystallinity, assuming the heat
of fusion for the crystalline sPS is 53.2 J/g [23].

The degree of orientation was estimated by measur-
ing the optical birefringence:

1nTM = ntransverse− nmachine

The experimental method has been previously de-
scribed, and involves the fitting of the theoretical trans-
mitted intensity spectrum (for white light), to the mea-
sured data [24, 25].

3. Results and discussion
3.1. Selection of draw temperature
Earlier work has shown that the rate of crystallization
from the amorphous state increases with increasing
temperature above the glass transition, reaches a maxi-
mum around 190◦C, and decreases towards the melting
temperature [6].
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The first term represents the effect of molecular mobil-
ity, which dominates at low temperatures, near the glass
transition; while the second term represents the thermo-
dynamic driving force for crystallization, which domi-
nates at high temperatures, near the equilibrium melting
temperature. Comparison with isothermal experimental
data showed thatU = 2950 cal/mol,A= 5.45×105 K2

andk0= 0.64× 108 s−1. In the present experiments,
the focus was on the development of orientation near
the glass transition, where crystallization occurred in a

Figure 1 Crystallinity measured after 10 minutes at the indicated temperature.

deformation field. The driving force for crystallization
represented by the second term is relatively insignif-
icant, and the kinetics are controlled by the effective
viscosity in the amorphous state.

Experimentally, it was seen in the earlier work that
crystallization in the absence of strain does not occur
at temperatures below approximately 115◦C. This was
confirmed for the material used in the present study
in Fig. 1. Starting with amorphous samples, the frac-
tional crystallinity was measured after 10 minutes at
the annealing temperature, and essentially no additional
crystallization was observed near the glass transition
temperature (approximately 100◦C). The time scale
was chosen as representative of the subsequent hot
drawing experiments. Rapid crystallization on this time
scale was observed at temperatures above the critical
value of 130◦C, where the molecular mobility increases
significantly. At the higher temperatures, crystallization
is complete (55–60% is the maximum observed).

To obtain crystallization during drawing of the amor-
phous phase, a temperature of 107◦C was chosen, be-
low the critical temperature but above the glass transi-
tion for PS.

3.2. Mechanical properties of isotropic
partially crystalline samples

The measured dynamic mechanical storage modulus
has been shown to increase by approximately 25%
when amorphous (quenched) sPS is annealed to pro-
duce fully crystallized (60%) material [26]. The tensile
modulus increases by a similar amount (Fig. 2a). The
effective modulus of the crystalline phase may be esti-
mated by fitting the data to the Voigt and Reuss models:

Voigt (isostrain):

Ecomposite= EcVc+ Ea(1− Vc)
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Figure 2 (a) The tensile modulus of isotropic sPS increases with crystallinity. The Voigt and Reuss models are calculated using the crystalline modulus
as a fitting parameter (1.8 GPa for the Voigt and 1.9 GPa for the Reuss). (b) The tensile strength shows a large scatter. The linear regression line
suggests a slight decreasing tendency as the crystallinity increases.

Reuss (isostress):

Ecomposite= EaEc

Ec(1−Vc)+VcEa

whereEcompositeis the average modulus of the crystal-
line-amorphous composite,Ea and Ec are the aver-
age moduli for the amorphous and crystalline phases.
The amorphous phase modulus is estimated by mea-
suring the tensile modulus of quenched sPS (1.3 GPa).
The measured composite moduli are fitted to the
two models by adjusting the crystalline modulus. The

result suggests a crystalline modulus between 1.8 and
1.9 GPa. The crystalline phase is, of course, lamellar in
morphology [6], and therefore elastically anisotropic.
The calculated crystalline moduli are volume averages,
and assume isotropy. However, at room temperature,
the similarity in crystalline moduli estimated for the
two models suggests that the composite modulus is in-
sensitive to the exact elastic anisotropy of the lamel-
lae. It should be noted that the values estimated are not
very accurate, and an error of±20% might be expected.
Within this error band the two models show essentially
the same crystalline modulus.
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The tensile strength shows a large scatter (the cor-

relation coefficient for the fitted line is 0.063) with a
slight tendency to decrease as the crystallinity increases
(Fig. 2b). The specimens failed in tension at relatively
small strains, suggesting fracture initiation in the amor-
phous phase. The minimum tensile strength observed
was approximately 27 MPa. The failure of low ductility
material can be described in terms of the statistical dis-
tribution of flaw size, which apparently is quite wide for
the quenched annealed microstructures (corresponding
to a small Weibull modulus). This is expected for the
randomly oriented, widely separated lamellae observed
for this material [6].

Figure 3 Tensile stress-strain curve for initially unoriented sPS at strain rates 10 min−1 and 0.17 min−1 showing the hardening at high strains.

Figure 4 The optical birefringence and degree of orientation increases with increasing draw ratio (for draw rate= 0.17 min−1).

3.3. Development of orientation
strengthening with uniaxial drawing

The stress-strain curve shows the expected large strain
hardening which develops on drawing at 107◦C
(Fig. 3). At strains greater than 2.5 to 3 the material
becomes significantly harder. This is noticeable at the
higher strain rates. The degree of orientation increases
as the material hardens (Fig. 4). At the draw rate used,
a time of 12 min elapses at temperature before a draw
ratio of 3 is achieved. At 107◦C, from the isotropic crys-
tallization kinetics, no significant amount of crystalliza-
tion was expected [6]. The measurement of fractional
crystallinity, however, shows that the deformation
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Figure 5 Draw induced crystallization at 107◦C for a draw rate of 0.17 min−1. The fitted line isy= 0.074+ 0.011x2.4, wherey is the crystallinity
andx is the draw ratio.

Figure 6 Longitudinal tensile modulus versus draw ratio. The series coupled (Reuss) crystalline-amorphous model is fitted to the data using the
crystalline modulus as the fitting parameter. The crystallinity is obtained from the fitted line of Fig. 5. The fit shown is for a crystalline phase which
is rigid (infinite stiffness).

induces crystallization, increasing rapidly above a draw
ratio of 3 (Fig. 5).

Earlier studies of drawing using X-ray diffraction
showed that the crystalline unit cell was oriented
with the molecular axis preferentially aligned paral-
lel to the draw direction [16]. Electron microscopy of
quenched and annealed sPS shows lamellae of the clas-
sical morphology, separated by regions of amorphous
material [6]. The oriented crystallization was therefore
expected to result in alternating layers of lamellae and
amorphous regions along the draw direction, similar to
that seen in polyethylene and polypropylene. The series
coupled composite therefore was expected to follow a
Reuss average. The tensile modulus measured parallel

to the draw direction is plotted as a function of draw
ratio in Fig. 6. The crystallinity as a function of draw
ratio is obtained from Fig. 5, using the fitted curve.
The Reuss average model is shown as a solid line, as-
suming the amorphous modulus to be approximately
1.3 GPa, and fitting the crystalline modulus. The best
fit gives a crystalline modulus which is at least 200
GPa. For a Reuss model, for an amorphous modulus of
1.3 GPa, at a crystalline fraction of 0.6 the maximum
composite modulus expected is for an infinitely stiff
crystalline fraction. The strain is carried completely by
the amorphous fraction and the composite modulus is
Ea/0.4= 3.25 GPa. With only the crystalline modulus
as a fittable parameter, the predicted modulus cannot
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Figure 7 The longitudinal tensile strength increases linearly with draw ratio.

be increased to fit more closely to the experimental
data than shown in Fig. 6. This suggests the amorphous
fraction may have a higher modulus or there is physical
constraint of the amorphous fraction (26) in drawn sPS.

The room temperature tensile strength increases with
draw ratio (Fig. 7). This is surprising in view of the large
scatter in the tensile strength of isotropically crystal-
lized sPS (Fig. 2b), with no indication of any depen-
dence of strength on crystallinity. The data for drawn
material is clearly less scattered (correlation coefficient
for the fitted line is 0.88) suggesting a lower sensitiv-
ity to random flaws, or higher Weibull modulus, and
shows a significantly larger strength compared to the

Figure 8 Optical birefringence versus modulus for 3 sets of tests varying with: draw ratio, draw rate and draw temperature. The degree of orientation
is not a single valued function of modulus.

isotropic solid. This suggests that the oriented material
is tougher, which is confirmed by the slightly higher
ductilities observed in the tensile tests, and by qualita-
tive evaluation.

3.4. Orientation and modulus
Fig. 8 shows the relationship between the measured op-
tical birefringence and the tensile modulus parallel to
the draw direction for a variety of specimens drawn
under different conditions (draw temperature, ratio and
rate). For a given modulus, the degree of optical orien-
tation varies, above a modulus of 2 GPa (the point A).
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Decreasing the draw temperature from 107◦C at (A),
to 90◦C at (B) on the data measured with different
draw temperatures results in a higher degree of orienta-
tion, and a resultant higher modulus. However the latter
temperature is well below the glass transition where the
molecular mobility is very low. Comparison of mate-
rial with similar moduli obtained at higher draw ratio
at 107◦C (curve 1) and at higher draw rate (curve 2),
shows that the high modulus at (B) obtained by draw-
ing at 90◦C is due to amorphous phase stretching rather
than lamellar orientation. This implies that to obtain a
high degree of lamellar orientation, the material should
be drawn above its glass transition temperature, at rela-
tively high draw rates to high draw ratio. However if the
draw temperature is too high, the degree of orientation
and modulus remain low, similar to the isotropic case.

The temperature of 107◦C used extensively in these
experiments therefore appears to be close to the opti-
mal for the strain rates obtainable in the tensile testing
machine. It is likely that for industrial scale process-
ing, where strain rates can be much higher, a higher
temperature can be used.

3.5. Anisotropy of elastic properties in
drawn material

Uniaxially hot drawn crystalline polymers are similar
mechanically to unidirectionally oriented fiber compos-
ites, in which the longitudinal properties are larger than
the transverse. Fiber symmetry dictates isotropy in the
plane perpendicular to the draw direction. Arridge has
analyzed this kind of elastic anisotropy in extruded
block copolymers, in which the microstructure con-
sisted of polystyrene cylinders embedded in a polybu-
tadiene matrix: the longitudinal axis of the cylinders
being the stiff direction [27, 28]. The measured ten-
sile modulus varied with direction with respect to the

Figure 9 Anisotropy of tensile modulus for samples drawn at high rate (10 min−1). The fitted line uses Equation 2 based on Arridge’s model.

longitudinal axis according to:

E−1 = S11 sin4 θ + (2S13+ S44) sin2 θ cos2 θ
(2)

+ S33 cos4 θ

where S11, S13, S33 (longitudinal direction), andS44
are terms in the compliance matrixSi j , andθ is the
angle between the tensile axis and the longitudinal (high
stiffness) direction.

Fig. 9 shows the fit of the above function to the mea-
sured tensile modulus, using the compliances as the
fitting parameters. The values for the compliances are:

S11= 1.72× 10−9 N−1 m2

S33= 0.36× 10−9 N−1 m2

(2S13+ S44)= 1.36× 10−9 N−1 m2

which are consistent with a moderate degree of elastic
anisotropy. It is notable that the model fits very well
over all orientations.

For a sample which is drawn at a much slower rate at
the same temperature, the degree of orientation is much
lower (Fig. 10), and the best fit gives:

S11= 0.66× 10−9 N−1 m2

S33= 0.47× 10−9 N−1 m2

(2S13+ S44)= 0.99× 10−9 N−1 m2

The compliance parallel to the draw direction (S33) is
about 30% higher than for the sample drawn at higher
rate, as expected for the lower degree of orientation. In
addition, it is interesting to observe that the transverse
compliance is much higher in the more highly oriented
sample. The amorphous (low stiffness) phase orients
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Figure 10 Anisotropy of tensile modulus for samples drawn at low rate (0.17 min−1). The fitted line uses Equation 2.

in parallel to the crystalline phase, and the transverse
stiffness decreases. The uniaxial orientation induces a
transversely softer material. This is manifested experi-
mentally as an increasing toughness, or decreasing sen-
sitivity to flaws, mentioned earlier.

3.6. Anisotropy of plastic properties
The tensile strength shows an anistropy which is higher
with higher draw rate (Fig. 11). The data have been

Figure 11 Anisotropy of tensile strength for samples drawn at high rate (10 min−1). The fitted line uses Equation 3 based on the Hill-von Mises yield
criterion.

fitted to the Hill-von Mises yield criterion [29].

σyield = {(G+ H ) cos4 θ + (H + F) sin4 θ

+ 2(N− H ) sin2 θ cos3 θ}−1/2 (3)

where (G+ H )= 1/X2, (H + F)= 1/Y2 and (F +G)
= 1/Z2 with X, Y andZ being the tensile yield stresses
along three principal directions of anisotropy for a sam-
ple with orthotropic symmetry. For fiber symmetry, the
longitudinal (draw) direction isX and the transverse
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Figure 12 Anisotropy of tensile strength for samples drawn at low rate (0.17 min−1). The fitted line uses Equation 3.

yield strengths areY= Z. The best fit gives:

(G+ H ) = 8.5× 10−5 MPa−2

(H + F) = 4.2× 10−2 MPa−2

(N− H ) = 1× 10−4 MPa−2

For a slower draw rate, and consequent lower degree
of orientation, the parameters for the best fit yield
(Fig. 12):

(G+ H ) = 2.6× 10−4 MPa−2

(H + F) = 7.0× 10−3 MPa−2

(N− H ) = 6.3× 10−4 MPa−2

Figure 13 Tensile strength data from Fig. 11 are fitted to the fiber composite failure model, invoking three different failure criteria A, B and C.

The transverse yield stress decreases with increasing
orientation, to about 4.9 MPa, compared to 12 MPa
for the less well oriented sample. However, although
the fit of the function to the experimental data is good,
the observed plastic strains in the transverse directions
do not match the predictions from the Hill-von Mises
model [30].

An alternative method to analyze the anisotropy
of tensile strength is to consider a fiber composite
analog model suggested earlier [30] and based on
work by Kelly and Davies [31] (Fig. 13). In this
model, the maximum tensile strength depends on the
mechanism of failure of the oriented material, which
changes with orientation. Each failure process func-
tion can be independently fitted to the experimental
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data over the appropriate limited range of orienta-
tions.

In the region nearθ = 0◦, the “fibers” fail transver-
sely, following the failure criterion:

σfailure= σc1

cos2 θ
(4)

whereσc1= 110 MPa is the failure stress parallel to the
orientation direction. This is seen as curve A in Fig. 13.

Over the intermediate range, the material fails by
shear parallel to the orientation direction, similar to a
critical resolved shear stress criterion for single crystal
metals:

σfailure= τc

sinθ cosθ
(5)

whereτc= 5.8 MPa is the critical shear stress acting
parallel to the draw direction at failure (curve B).

Close toθ = 90◦, the material fails by fracture on
planes parallel to the orientation direction, delaminat-
ing along planes of weakness:

σfailure= σc2

sin2 θ
(6)

whereσc2= 2.5 MPa is the failure stress perpendicular
to the orientation direction (curve C).

The usefulness of this kind of model lies principally
in its close relationship to the observed failure pro-
cesses which change with orientation, and therefore in
estimating the range of orientations over which each
mechanism is expected to dominate. In Fig. 13, the su-
perposition of these three independent failure criteria is
shown. At a given orientation, the failure process with
the lowest critical stress operates. For smallθ , failure
occurs by fracture transverse to the orientation direc-
tion (across the molecular axis) following Equation 4,
while at largeθ the material fractures on planes parallel
to the orientation direction, following Equation 6. Over
the middle range of orientations, where the resolved
shear stress is relatively high, the specimen fails by
shear along planes parallel to the orientation direction
(Equation 5).

4. Conclusions
The development of anistropy in uniaxially hot drawn
sPS has been studied. The hot drawing in the temper-
ature range near the glass transition was examined for
material which started as almost fully amorphous. By
crystallizing as the specimen was being deformed, ori-
ented material was produced. The longitudinal mechan-
ical properties were correlated with the degree of orien-
tation and crystallinity. The anisotropy of mechanical
properties were measured using tensile tests on speci-
mens cut from various angles with respect to the orig-
inal draw direction. The elastic anistropy followed the
mechanical model proposed by Arridge for uniaxially
oriented block copolymers, while the plastic anisotropy
was most usefully described by a fiber composite ana-
log. The advantage of using the latter model to describe
the plastic anisotropy was that the failure mechanism
was explicitly described over three ranges of orienta-
tion.
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