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The crystallization history of syndiotactic polystyrene is found to affect strongly its
mechanical properties. Samples cooled slowly from the melt have much higher moduli than
do samples quenched from the melt (to the amorphous state) and subsequently heated to
induce crystallization just above T,. The differences are not due to differences in crystallinity.
Examination of the lamellar structure and micromechanical modelling of the two different
micromorphologies which evolve, show that the most likely reasons for these differences
are the constraint of the amorphous phase by the high-modulus lamellae, and the variation
in phase contiguity. In slowly cooled samples, the crystalline phase is contiguous
(mechanically), and the interlamellar amorphous material is more highly constrained than in

the quenched—-annealed samples. © 17998 Kluwer Academic Publishers

1. Introduction
Syndiotactic polystyrene (sPS) is a partially crystalline
polymer which is the subject of both practical and
fundamental interest [ 1-15]. There have been a num-
ber of studies conducted to characterize its structure
and morphology following different processing condi-
tions [2—117]. The amount of crystallinity, the crystal
structure and morphology can be changed by chang-
ing the crystallization conditions. For thin sections, of
the order of 0.5 mm, rapid cooling results in almost no
crystallinity. For larger cross-sections, the surface re-
gion is amorphous while the centre is largely crystal-
line [7-9]. The properties which make sPS attractive
as an engineering thermoplastic (high-temperature
mechanical properties, low permeability, good chem-
ical resistance) are strongly affected by the amount
and distribution of the crystalline phase. Earlier work
has shown that the crystallization processes from the
melt and from the quenched amorphous state are
controlled by different parameters, suggesting a signif-
icant difference in crystalline morphology, which was
confirmed by transmission electron microscopy [10].
In a practical sense, industrial processing can involve
crystallization from the melt or from the quenched,
amorphous state. There have been relatively few pub-
lished studies comparing the mechanical properties in
these two cases. The dynamic mechanical properties
sPS have been studied [5, 6, 12]. De Candia et al. have
reported a substantial difference in dynamic modulus
of sample crystallized at different temperatures [5],
and have suggested that this may be due to variations
in lamellar morphology.

The present work examines this observation in
more detail and develops a micromechanical rationale
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which is consistent with the observed lamellar mor-
phology.

2. Experimental procedure
Syndiotactic polystyrene (M, = 3.72 x 10°) was sup-
plied in the form of pellets from Dow Chemical Cana-
da. Plaques for the dynamic mechanical analysis were
formed by melting the pellets at 340°C for 5 min
in mould. The moulded samples were cither slowly
cooled from the melt (labelled SC) or rapidly cooled
by quenching in cold water (labelled RC) The plaques
were approximately 3 mm thick, 30 mm long and
18 mm wide. Before and after the dynamic mechanical
test, the crystalline content, the crystal structure and
the crystalline morphology of both types of sample
were characterized.

The dynamic mechanical tests were performed in
a single cantilever bending configuration at a fre-
quency of 1 Hz using a Polymer Laboratories DMTA.
The temperature range included the glass transition of
the amorphous phase at 100°C, but was well below
the nominal crystalline melting point at 270°C
(50°C < T < 250°C). The tests started at the low-
temperature limit and increased at a rate of
5°Cmin~ !, linearly with respect to time, similar to the
heating process in the differential scanning calori-
meter. In addition to the variously prepared sPS sam-
ples (slowly cooled from the melt and quenched from
the melt), atactic samples of polystyrene with similar
molecular weight were tested (to a maximum of
160°C).

Samples weighing approximately 10 mg were cut
from the moulded plaques for thermal analysis. These
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samples were used to measure the crystalline con-
tent and to characterize the changes in the thermal
properties which occurred during the mechanical
test. The crystalline content was determined using
the method proposed by Krzystowczyk et al. [13].
The samples were heated at a rate of 80°Cmin~!
in the DSC (Perkin—Elmer DSC 7) to a temper-
ature above the melting point. A rapid heating rate
was used to minimize the recrystallization which
occurs during the DSC scan [14]. The areas of
the crystallization exotherm and the melting en-
dotherm were measured and the crystallinity esti-
mated from the relative difference, using the value for
latent heat of melting suggested by Pasztor et al.
(AHn =53 (Jg™") [15].

Sections cut from the moulded plaques were
heated much more slowly to determine the glass
transition temperature, (Tg), the temperature at
which melting was first detected, and the temper-
ature range over which crystallization occurred.
The linear heating rate (5°C min~ ') that was used in
these DSC scans was identical to that used in the
dynamical mechanical tests. The thermal histories of
the DMTA tests and the DSC scans were therefore
similar. For all the DSC measurements, the instru-
ment baseline and temperature calibrations were
carefully repeated to ensure reproducibility of experi-
mental conditions.

The crystal structure of the moulded plaques was
identified from wide-angle X-ray diffraction patterns
taken prior to and following the mechanical test (using
a Phillips diffractometer with CuK, radiation and
a nickel filter). The samples were scanned from 26 = 5°
—25° with a step size of 0.02°. The diffractometer was
carefully aligned and calibrated using a permaquartz
standard for each run.

The quenched samples were prepared for optical
microscopy by cutting thin sections in a plane perpen-
dicular to the specimen’s long axis. The samples were
sliced from the plaque using a diamond impregnated
slow speed cut-off wheel, and then embedded in an
epoxy mount. The samples were ground and polished
from both sides to a final thickness of approximately
40 um. Thin films were also microtomed from both
types of sample prior to, and following, the DMTA
test. Specimens were examined in transmitted light
with crossed polars in a Leitz optical microscope.
High-magnification images utilized a high numerical
aperture oil-immersion lens which allowed for the
detection of birefringent objects at the limit of resolu-
tion.

Thin films were prepared for examination in a
transmission electron microscope (TEM) to character-
ize the lamellar morphology of the different DMTA
samples. The films were cast from a solution of
0.25 wt % sPS in xylene. Drops of the solution were
placed on the surface of phosphoric acid held at
~285°C. After the solvent evaporated the remaining
thin film was quenched on to the surface of ice—water
to prevent crystallization. The films were then washed,
cut to the correct size and the thinnest portions were
picked off the surface of a water bath using 1000 mesh
TEM grids.
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The solution-cast films were heat treated to simu-
late the thermal histories of the bulk samples. The
small mesh size of the TEM grids were essential to
support the film during the following procedure.
To duplicate the lamellar structure of the slowly
cooled plaques, the thin films were first melted at
340 °C and then cooled slowly at 10°Cmin~! to room
temperature. The lamellar morphology of samples
crystallized at low temperatures was produced by
heating the quenched thin films at 5°Cmin~! from
room temperature to either 142°C or 155°C. The
samples were rapidly cooled at 200 °C min~! to room
temperature from the maximum annealing temper-
ature. The higher temperature coincided with the
completion of primary crystallization at this heating
rate.

The thin films were examined directly in the TEM
without any additional treatment. A Jeol 100 trans-
mission electron microscope was used at an acceler-
ation voltage of 80 kV. All samples were viewed in
bright-field mode with the images slightly defocused
to increase contrast.

3. Results and discussion

3.1. Quenched sample micromorphology
For the bulk specimens, the rapid cooling by immer-
sion in a liquid bath results in heat flow from the
surface of the specimen. The rate of cooling, therefore,
decreases with distance from the outer surface. Optical
micrographs of transmitted light images taken with
crossed polars reveal a core of strongly birefringent
contrast (similar to small spherulites), and a surface
region with no birefringent contrast. There is a rela-
tively sharp boundary between the two regions at a
distance, d, from the surface in the narrow range
340 < d < 390 um. Crystallinities are measured using
fast scans in the DSC, and typically 3% crystallinity
was measured in the surface region, and 48% in the
core. The latter amounts are similar to those found in
slowly cooled samples.

The DMTA tests involve the annealing of the speci-
men by heating the sample at a linear rate (with
respect to time) up to a maximum temperature of
250 °C (below the melting point). The crystallinity of
the specimens after the DMTA scan increases in all
cases: the initially slowly cooled samples to 55%, and
the initially quenched sample to 52%.

3.2. Estimating the mechanical properties
of the quenched region

The variation in morphology across the quenched bar
section, and the relatively sharp boundary delineating
the largely amorphous surface regions from the cry-
stalline core, suggest that these samples are essentially
mechanically composite beams. The layered macro-
structure consists of a crystalline core and the
amorphous outer layers. To obtain an accurate esti-
mate of the modulus of the initially amorphous region
in the bending mode of the dynamic mechanical test,
the measured geometry of the layered structure is used
in a simple three-layer beam model. The modulus of



the outer layers, Ej, is given by:

E. () — Ej.(h®
gy = 2ol = 2l )

(= h”)
where E., and E;, are the measured modulus of the
entire beam and the crystalline core, / is the thickness
of the inner core, and ¢ is the thickness of the whole
bar.

3.3. Changes in modulus resulting from
crystallization

During the dynamic mechanical tests the temperature
increases from 50 °C to 250 °C. For all the samples
there is a large decrease in the storage modulus at
approximately 100 °C (Fig. 1), which corresponds to
the glass transition temperature of the atactic form of
polystyrene [ 16]. The magnitude of this change varies
from sample to sample, and this is discussed below.
The increase in modulus of sample RC immediately
following T is caused by crystallization of the meta-
stable quenched amorphous material (Fig. 2). The
same heating rate is used for both the DSC (crystal-
linity measurements) and the DMTA (modulus
measurements. Crystallization and the change in the
modulus occur over approximately the same temper-
ature range 130 < T < 155 °C. The measured crystal-
linity at T = 150°C is x, = 48%.

As the samples are heated above this temperature,
both the initially amorphous (RC) and melt crystal-
lized (SC) show slight increases in crystallinity, and at
the completion of the DMTA runs, both SC and RC
samples have x. = 53%. Fig. 2 also shows, as expected
for the melt-crystallized material (SC), no crystalliza-
tion exotherm near 140°C. However, it does show
a double crystalline melting peak near 275°C. The
high temperature peak is the result of melting and
recrystallization during the heating scan [11]. The
lamella which first melt at low temperatures sub-
sequently recrystallize due to the high degree of under-
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Figure 1 The storage modulus of (©) the slowly cooled bar (sample
SC), (J) the quenched bar (sample RC), and (¢) atactic polystyrene.
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Figure 2 DSC thermograms at 5°Cmin~! of (—) sample RC and
(——-) sample SC.

cooling. These recrystallized lamella then melt, result-
ing in an additional peak in the melting endotherm.

Surprisingly, although these samples with different
thermal history (RC and SC) have a similar crystalline
content for temperature above ~ 150 °C, their storage
moduli are very different, the sample SC being about
an order of magnitude larger (Fig. 1). In this same
temperature range, the modulus of the crystalline sam-
ples is much larger than that of the atactic sample,
which is expected, because the crystalline phase is not
expected to soften as much as the temperature in-
creases through T,.

In the two-phase crystalline-amorphous com-
posite, the softening which occurs on heating near
T = 100 °C may occur in either or both phases. The
relative contributions to the decrease in modulus asso-
ciated with each phase can be estimated by measuring
the change in loss tangent peak magnitude with chan-
ges in crystallinity [17, 18] (Fig. 3). For comparison,
the purely amorphous atactic polystyrene peak is seen
here to have a peak value (tand-2) which is similar to
the amorphous sPS peak reported in the literature [ 5].
As the initial crystallinity increases, the maximum loss
tangent decreases. Extrapolation to a fully crystalline
sample (x. = 1) shows that the relaxation occurs al-
most entirely within the amorphous phase and mech-
anically the crystalline phase does not soften as the
temperature increases through T,. However, the dif-
ference between the two crystalline (sPS) samples
above the amorphous glass transition temperature is
notable, especially because the crystallinities are ap-
proximately the same. The mechanical properties of
sPS are thus strongly dependent upon not only on the
amount of crystalline phase, but on some other mor-
phological-dependent effect which arises from the dif-
ferent thermal histories. The microstructural origin
of this difference can be studied by examining the
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Figure 3 Peak values of tand for (©) samples of different initial
crystallinity. The data for the 0% crystalline content sample are
from atactic polystyrene.

micromechanical behaviour of this material, taking
into consideration its two-phase composite micro-
structure.

Mechanically, a semi-crystalline polymer is a com-
posite formed of crystalline and amorphous phases
[19]. In macroscopic composites, bulk properties are
averages of the properties of the constituent regions,
with variations due to the size, shape and distribution
of the phases. For sPS, several different crystal struc-
tures are found depending on the thermal history of
the specimen, and some are expected to have different
moduli.

3.4. Thermal history-dependent crystal
structures

There is a difference in the crystal forms found in the
slowly cooled and the quenched—annealed samples.
For sPS, both the type and the quantity of the crystal
form depends on the processing conditions [11, 20].
In the present study, the crystal structure of each
sample was identified by indexing the diffraction pat-
tern [1, 18, 20-23].

The X-ray diffraction patterns for sample SC, which
was slowly cooled from the melt, are shown in Fig. 4.
For this type of sample there is no change in the type
of crystal form(s) present as a result of annealing which
occurs during the DMTA test. The two polymorphs
found in this sample have a planar zigzag conforma-
tion and differ only in the mode of packing [23]. The
appearance of peaks at 260 = 10.3°, 14° and 15.5° indi-
cates the o-form is of the more ordered modification
[11]. In addition, the peaks at 26 = 6.03°, 12.3° and
18.6° indicate the presence of the B-form. The amount
of each form was estimated from the intensity of the
peaks at 11.6° and 12.4° [11, 22]. Sample SC is ap-
proximately 70% o-form and 30% B-form.

The X-ray diffraction patterns for rapidly cooled
sample RC are shown in Fig. 5. The two broad peaks
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Figure 4 X-ray diffraction patterns of sample SC; (1) prior to, and
(2) following the DMTA test.
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Figure 5 X-ray diffraction patterns of sample RC at (a) the outer
surface, and (b) 400 pm from the outer surface. At both depths, the
diffractions patterns were recorded (1) prior to and (2) following the
DMTA test.



centred at about 26 = 9° and 20° in Fig. 5a show that
prior to the dynamic mechanical test the outer surface
of a quenched sample is amorphous. The diffraction
pattern of amorphous sPS is similar to that of atactic
polystyrene [21]. The absence of certain peaks that
are characteristic of the more ordered modification
indicates that after the DMTA scan the crystal struc-
ture is of the less ordered o’ modification. The crystal
form present in this sample agrees with the observa-
tion of Guerra et al. [11] and DeRosa et al. [19], who
found that the formation of the o form is favoured
during a quench from the melt or during crystalliza-
tion at a temperatures close to T.

For sample RC, X-ray diffraction patterns at a
depth of 400 um from the other surface are shown in
Fig. 5b. The very low intensity of all the peaks indi-
cates that there is a low crystallinity at this depth prior
to the DMTA test. After the test there is an increase in
both the number of peaks and in their intensity. The
peaks are however, broad compared to a slowly
cooled samples which indicates a lower degree of
crystal perfection is obtained. Peaks that are charac-
teristic of the more ordered o modification are absent,
which shows that both the core and the outer layer are
of the o’-form after the DMTA test. Both the o’ and o”
modifications have a hexagonal crystal structure [18].
These modifications differ only in the arrangement of
the main chain atoms. In the former there is a statist-
ical disorder in the orientation of these chains but the
benzene rings have the same positions as in the more
ordered modification [11].

Differences in the conformation and in the packing
arrangement of the chains in polymer crystals can, in
some cases, affect the modulus. In crystalline forms of
polystyrene, significant differences in modulus are pre-
dicted only for large differences in crystal structure. In
particular the packing conformation is reported to be
important helical being much softer than the planar
zigzag arrangement [5, 16,24]. Only the o and f
forms (both have planar zigzag conformations) are
found in the variously heat-treated samples, although
the sample SC has a much as 30% . The moduli for
these two polymorphs are essentially identical [25]
and differences in proportions found after different
thermal histories are not expected to affect the com-
posite properties.

3.5. Morphological effects on composite
modulus

The differences in modulus observed between the
samples SC and RC are, therefore, not due to dif-
ferences in crystal structure, but rather due to differ-
ences in morphology of the crystalline and amorphous
phases. Transmission electron micrographs show the
distinctive lamellar structures for the sPS crystal-
lized by slow cooling from the melt (SC) and by
heating the quenched amorphous material (RC)
(Figs 6 and 7).

For the two-phase (crystalline~amorphous) micro-
structures, the expected composite modulus can be
calculated for varying crystallinity samples using the
simple Voigt and Reuss averages which define the

Figure 6 Transmission electron micrograph showing the lamellar
morphology of a melt-crystallized sample.

Figure 7 Transmission electron micrograph of lamellae in an ini-
tially amorphous thin film crystallized by heating at 5°Cmin~!
from room temperature to 155°C.

upper and lower bounds [26-28]
E/co = (1 - xc)E,a + xcE,c (2)

1 (1 _ xc) Xe

B, E K ©

where E; is the modulus of the amorphous compon-
ent, E; is the modulus of the crystalline component,
and x. is the crystalline content. Using Equations
1 and 2 and the experimental data shown in Fig. 3, the
modulus of the crystalline phase is found to be
1.0 x 10° Pa at temperature below T,. This estimate of
E. does not consider the anisotropic character of the
lamellae. At higher temperatures (T > T,), the crystal-
line fraction does not soften appreciably and the upper
and lower bounds for the modulus of the composite
(crystalline + amorphous) can be calculated from
Equation 2 and 3 (Fig. 8).

With heating, the crystallinity of sample RC in-
creases from an initial value of ~3% to a value of
48% at 150°C. For sample SC the crystallinity in-
creases from an initial value of 48% to a final value of
55%. For this sample, the upper and the lower bounds
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Figure 8 (———) Upper bound and (—) lower bound for (a) sample
SC, and (b) sample RC. (©). The storage modulus of the sPS sample.
In (a) the upper and lower bounds were calculated using three
different values for x. (48%, 51% and 55%).

were both calculated in the range 48% < x, < 55%
and are seen to be insensitive to these minor changes
in the initial crystalline content. These simple parallel
and series coupled models clearly predict com-
posite moduli which are very different from the experi-
mental values. A possible source of these discrepancies
may be found by examining the contiguity of the
phases. For composite materials, consisting of two or
more mechanically distinct phases, the average prop-
erties are strongly dependent on which of the phases
is contiguous, i.e. which phase acts as the matrix
material.

Takayanagi and co-workers [24, 29, 30] developed
micromechanical models which address this problem.
These are two component models originally de-
veloped to describe the behaviour of multiphase poly-
mers. Rather than use either a simple series or parallel
coupled model, mixtures of the two are used. The
arrangement of the individual components in the par-
allel-series model is shown in Fig. 9. In this combina-
tion, phase 1 is dispersed in a continuous phase 2. The
terms ¢ and A are parameters which are related to the
mixing state and the phase proportions. The modulus
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Figure 9 Parallel-series Takayanagi model for a two-phase poly-
mer. Component 1 is dispersed in a matrix of component 2. The
volume fraction of phase 1 is given by the product of the mixing
parameters ¢ and A.

(1-A)

of this system is given by [29]

e -9 ,
Ec0—7\.|:E—/l+ E/2j| +(1—MNE, (4

The product @A = x; is the volume fraction of the
dispersed phase, which is determined from the experi-
mental measurement of crystallinity at each temper-
ature. If the crystallites are dispersed in a contiguous
amorphous matrix, A = x.. If the role of the two
phases is reversed the crystalline phase is contiguous
and oA = (1 — x,).

Early applications of this model in partially crystal-
line polymers (high-density polyethylene) assumed the
amorphous phase to be dispersed in a crystalline
matrix [30]. The converse, in which the amorphous
phase is contiguous, has also been used in other cases
[31, 32]. Although some useful qualitative properties
of the micromechanical model can be predicted (for
example, in terms of contiguity of phases) from this
model, its principal value in the present experiments is
to examine the evolution of the modulus with crystal-
lization in parametric terms. Normally the quantitat-
ive comparison of moduli from different specimens is
difficult to make accurately, because of the variation
in specimens and test parameters. In the present ex-
periments, the nature of the experiment lends itself to
an accurate comparison because the modulus is ob-
served to change with increasing temperature in
a single specimen (Fig. 1). The changes in modulus in
one particular experiment, therefore, are not depen-
dent on the specimen-to-specimen variability, nor on
the differences in geometry of the test bar. In a simple
curve-fitting model such as the Reuss and Voigt aver-
ages, or the one proposed by Takayanagi, if the model
predicts the modulus at one temperature, it might be



expected to fit over the entire temperature range with
appropriate changes in the volume fractions.

Applying Equation 4 to the material slowly cooled
from the melt (SC), variations in ¢ result in large
changes in the composite modulus for both possibili-
ties: contiguous amorphous and contiguous crystal-
line. However, if matched at low temperature, the
slopes of the log E’ versus T predicted curves cannot
be fitted to the experimental data and at high temper-
atures there is a large discrepancy, particularly with
a contiguous amorphous component (Fig. 10). The
agreement is better above T, if the crystalline phase is
contiguous but the model still does not predict the
gradual decrease in the sample’s modulus (Fig. 11).
Similarly, the rapidly cooled sample (RC), which cry-
stallizes above T, can be fitted only over limited
ranges of temperature (Fig. 12). For sample RC, there
is a discrepancy between the model and the experi-
mental modulus between 90 and 105°C. Quenched
sPS has a broader dispersion than atactic polystyrene
(Fig. 1) and, as a result, the model predicts a narrower
relaxation. The wider dispersion may be due to the
small initial crystalline fraction in sample RC. The
predicted modulus also does not agree with sample
RC at temperatures above 140 °C (Fig. 12).

There are two simple methods to improve the fit of
the model to the data. The first is to assume the
parameters A and ¢ change with temperature (and
crystallization). For sample SC there is, however, no
evidence to suggest that these parameters change over
the temperature range considered (T < 160 °C): the
crystalline content increases only slightly during the
DMTA test and the lamellar morphology remains
unchanged. The second method to obtain a better fit is
to assume the effective modulus of the amorphous
phase increases with crystallization. There is evidence
that this is a reasonable hypothesis. The relative
amounts of the phases, and the micromorphology do

Log (E’) (Pa}

5-5 T T T T T T T T T T
50 60 70 80 90 100 110 120 130 140 150 160
Temperature (°C)

Figure 10 (©) Storage modulus of sample SC. The modulus cal-
culated using the Takayanagi model with a contiguous amorphous
phase is shown for (—) ¢ =0.55, (——-) ¢ =090, and (—--)
¢ =0.99. Above T,, the model describes the experimental data
poorly, regardless of the value .
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Figure 11 (©) Storage modulus of sample SC. The modulus cal-
culated using the Takayanagi model with a contiguous amorphous
phase is shown for (—) ¢ =0.52, (——) ¢ =0.55, and (—-)
¢ = 0.60. Above T, the best fit is found for ¢ = 0.52.
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Figure 12 (©) Storage modulus of sample RC. The modulus cal-
culated using the Takayanagi model with a contiguous amorphous
phase is shown for (—) ¢ = 0.60, (——-) @ = 0.90, and (—--) ¢ = 0.97
(the best fit).

not change significantly once the major crystallinity
has developed (by 150°C). Hence the Takayanagi
parameters, which reflect the nature of the average
coupling between the phases, are not expected to vary
significantly at these temperatures. The relative direc-
tion of this deviation (the predicted modulus is less
than the experimental), can arise if the amorphous
phase has a stiffness higher than expected.

A physical rationale for this can be found by consid-
ering the crystalline-amorphous composite to be sim-
ilar micromechanically to a steel-rubber layered
composite structure. As the thickness to width ratio of
the incompressible rubber layer decreases, the rubber
effectively becomes stiffer perpendicular to the plane
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of the layer because of the constraint imposed on the
softer phase by the stiffer phase. The conditions are
found in sPS as the temperature increases (T > T),
where the crystalline modulus remains high and the
amorphous phase softens considerably. This macro-
scopic concept has previously been applied by Arridge
and co-workers to the microscopic constraint of
amorphous interlamellar regions in partially crystal-
line polymers such as polyethylene and in lamellar
microstructures in oriented block copolymers
[18,33-36].

The geometry of the model is shown in Fig. 13. The
subscript ¢ refers to the crystalline lamellae and the
subscript a to the interlamellar amorphous layer. Each
layer is of thickness t; (where i = a or ¢) width w and
length L. In this figure, L is parallel to the z-axis. If the
applied stress is perpendicular to the x—z plane then
the stress in each layer may be considered two-dimen-
sional if the lamellae are very much longer in the
growth direction than in the lateral dimensions. For
lamellae in spherulites this assumption is usually cor-
rect because L is much larger than the maximum
lateral dimension, w [34]. Although applied to multi-
layer structures such as oriented crystalline or block
copolymers, the constraint argument will hold for any
thin rubbery layer constrained between stiffer plates.
The constraint effect is observed for tensile stresses
applied perpendicular to the plane of the rubbery
layer, and is not seen for tensile stresses in the plane of
the layer. In spherulitic polymers, only a fraction of
the lamellae are oriented to produce maximum con-
straint, and there is a progressive decrease in con-
straint as the interlamellar plane rotates away from
the perpendicular orientation [33]. In the Takayanagi
model fit for the present experiments a fraction of the
amorphous material is oriented with respect to the
applied stress as shown in Fig. 13 and will therefore be
constrained. The constriant effect is also critically de-
pendent on the relative moduli of the two phases.
Below T, the crystalline and amorphous phases have
similar moduli which diverge drastically as the tem-
perature increases above T,, the amorphous phase
becoming approximately two orders of magnitude
smaller, which is similar to the difference used in

Interlamellar

amorphous layer z

w

Figure 13 Definition of axes for an oriented lamellar stack.
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earlier constraint models on partially crystalline poly-
mers [36].

The micromorphology of the lamellae in the present
study is consistent with this kind of constraint model.
The interlamellar spacing of the SC (melt crystallized)
sPS is about 11 nm (Fig. 6). The visible lateral extent
of the lamellae is greater than 1 um, giving an aspect
ratio of approximately 0.01 (thickness to length) for
the rubbery interlayer. For the rapidly cooled samples,
the interlamellar spacing is larger (30 nm) and the
maximum dimension of the lamellae is smaller, ap-
proximately 1 pm (Fig. 7). The aspect ratio of the
interlamellar layers is therefore larger and as a result
the amorphous material is less constrained.

For the SC sample the increase in the composite
modulus due to the constraint of the amorphous
material can be estimated by modifying the modulus
of this component by a factor k. Equation 4 now
becomes

e =] ,
Eco - }\‘|:E/1k + E/2 :| + (1 - 7\’)EZ (5)

where phase 1 is the dispersed amorphous component.
The value of the parameters @ and A have been deter-
mined from the previous analysis and the best fit was
found for @ = 0.52. The modulus of the SC sample
can now be modelled with a temperature-dependent
k (Fig. 14a).

Over the range of temperatures 90 < T < 160 °C,
the minor increases in crystallinity or changes in
lamellar morphology, are completed for the initially
slowly cooled sample (SC). Starting a low T, k =1,
and no constraint effect is present because the
amorphous phase is glassy [34]. The amorphous
and crystalline phases have similar elastic properties,
with Poisson’s ratio v ~0.35 [37] and modulus
~ 1088 Pa. As the temperature increases, the con-
straint effect is expected to become significant for
T > T, as the amorphous phase becomes softer and
approximately incompressible [36]. The change in the
modulus of the amorphous component is shown in
Fig. 1 by the atactic storage modulus, which becomes
approximately two orders of magnitude softer than
the glassy state as the temperature increases to
T =115°C. At this temperature, the amorphous
phase is soft enough relative to the lamellae that the
constraint effect is fully effective (k = 10 in Fig. 14b).
Between 100 and 120 °C, k increases by a factor of 10.
Above this upper temperature, k and, therefore, the
constraint effect, remain constant.

For the sPS which is initially quenched (sample
RC), the increase in crystallinity above T, occurs
simultaneously to the increase in amorphous phase
constraint (Fig. 14a). The modulus of the amorphous
phase in the series configuration is estimated by ad-
justing the curve fit with variations in k. The modulus
of the constrained interlamellar material in this case if
E’k, because unline the sample SC, for the sample RC
the amorphous phase is contiguous. Below 130 °C this
sample has a small crystalline fraction and the con-
straint effect is negligible. The constraint of the
amorphous material begins to affect the composite
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Figure 14 (a) Modulus of samples (©) SC and (¢) RC. For both, the
modulus is calculated using the Takayanagi model with the best fit
value for ¢ from the previous analysis; (—) sample SC, (———) sample
RC. Above T,, the amorphous phase is constrained with its
modulus increased by a factor k. The change in k with temperature
is shown in (b) for (©) sample SC, and (¢) sample RC.

mechanical properties only as the temperature in-
creases above approximately 140°C (Fig. 14b). Be-
tween this temperature and 160 °C, the constraint
factor, k, increases from 1 to ~2.5 and the crystal-
linity approximately doubles. The interlamellar layers
are thus constrained only at high temperature where
the amorphous phase is soft, and in microstructures in
which there is sufficient constraining crystalline phase
(x¢ > 25%).

As crystallization proceeds in the sample RC at
even higher temperatures, the aspect ratio of the inter-
lamellar material decreases (thickness to lateral di-
mension) and the constraint effect becomes more
pronounced. This can be qualitatively confirmed by
comparing the transmission electron micrographs for
two samples which are both initially quenched to the
amorphous state: the first is heated to 142 °C (Fig. 15)
and the second is heated to 155°C (Fig. 7), and the
progressive crystallization can be observed clearly.
The initial stages of solid-state crystallization result in
a small number of relatively widely spaced lamellae

Figure 15 Transmission electron micrograph of lamellae in an ini-
tially amorphous thin film crystallized by heating at 5°Cmin~!
from room temperature to 142 °C.

(the interlamellar regions have a large aspect ratio),
while the later stages result in more closely spaced and
longer lamellae (the interlamellar regions have a much
smaller aspect ratio).

4. Conclusion

The crystallization history of sPS affects its mechan-
ical properties. As expected, larger amounts of the
stiffer crystalline phase result in higher moduli. How-
ever, samples cooled slowly from the melt are much
stiffer than are samples quenched from the melt (to the
amorphous state) and subsequently heated to induce
crystallization just above T,. This is found for speci-
mens with nominally the same crystalline content. The
experimental measurements follow single specimens
which progressively crystallize on heating, and mea-
sured change in modulus are clearly not ascribable
simply to changes in crystallinity. Examination of the
lamellar structure and micromechanical modelling
of the two different micromorphologies which evolve
show that the most likely reasons for these differences
are the constraint of the amorphous phase by the
high-modulus lamellae, and the variation in phase
contiguity. In slowly cooled samples the crystalline
phase is contiguous (mechanically), and the inter-
lamellar amorphous material is more highly con-
strained than in quenched—annealed samples. The
average mechanical properties of syndiotactic polysty-
rene can thus be strongly affected by the micromor-
phology, which is, in turn, controlled by its thermal
history.
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