
Ultradrawing and Crystallization of Isotactic 
Polystyrene and Blends with Atactic Polystyrene 

LI-HUI WANG and ROGER S. PORTER, Polymer Science and 
Engineering Department, Material Research Laboratory, University of 

Massachusetts, Amherst, Massachusetts 01003 

Synopsis 

Pure isotactic polystyrene (ips, Mw = 8.89 X lo4, Mw/Mn = 4.89) and its blends with an atactic 
polystyrene (aPS,  Mw = 3.9 X 105, Mw/Mn < 1.13) were subjected to draw by solid state coextrusion 
at  127OC within polyethylene. The content of amorphous iPS in these blends was varied from 100 
to 24.4 wt %. The extent of draw-induced crystallization was found to depend on the draw ratio 
and on iPS concentration. The blend with 24.4% iPS was coextruded in two stages. The highest 
effective draw ratio (EDR) was 7.6 and 13.7 for one- and two-stage draw, respectively. The highest 
crystallinity of 33.2% was obtained for pure iPS at the maximum EDR of 7.6. Considerable crys- 
tallinity was induced in blends, requiring successively higher draw ratio to reach similar crystallinity 
with increased aPS content. The tensile modulus increased from 1.5 to 3.2 GPa, independent of 
iPS concentration. Thermal shrinkage results indicate that the elastic recovery of draw in the blends 
is near quantitative for an EDR < 8. For pure ips ,  extrudate elastic recovery was dramatically al- 
tered by the draw-induced crystallinity. 

INTRODUCTION 

The crystallization of iPS and its blends has been previously studied as a 
function of annealing, solvent treatment, and Solid-state coextrusion 
within polyethylene6~~ has been shown to ultradraw aPS8 and to crystallize PS 
of 60% isotactic ~ o n t e n t . ~  Crystallinity increases with EDR on coextrusion and 
is associated with enhancement of tensile properties. 

EXPERIMENTAL 

A polystyrene of nominal 100% isotactic content was obtained from Polymer 
Laboratory;Ltd., U.K. (Mw = 8.89 X lo4, MJM,  = 4.89). The isotacticity of 
this polymer was found by C13 NMR to be 98% isotactic dyads.1° Atactic nar- 
row-distribution polystyrene (aPS, Mu = 3.9 X lo5, MJM, < 1.13) was pur- 
chased from Polyscience Co., Inc., Warrington, PA. 

Intimate binary blends with weight fractions iPS of 0.24,0.50, and 0.73 were 
prepared by freeze drying from dilute benzene solutions. The powder obtained 
was dried in uacuo at 80°C for two days. For coextrusion, blends were then mold 
pressed into films of 0.6 mm thickness at  25OOC and 20,000 psi. This tempera- 
ture is higher than the melting point (T,)  of iPS and lower than for significant 
degradation.11J2 These films were subsequently quenched in ice water to avoid 
crystallization. 

High-density polyethylene billets were used as coextrudate. The sandwich 
geometry for coextrusion draw has been de~cribed.~ In the two-stage process, 
films of an initial EDR - 3.5 were used. The EDR was measured by the ink 
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Fig. 1. Crystallinity as a function of EDR of iPS and iPS/aPS blends obtained by solid-state 
coextrusion at 127°C: ( 0 )  100% IPS; ( 0 )  73.6% ips; (0) 49.6% ips; (.) 24.4% ips. 

marker displacement on the sample after coextrusion. Thermal analysis (DSC 
1-B at 20°C/min), elastic shrinkage, birefringence, and tensile tests were also 
carried out on the drawn samples by the methods given in ref. 9. The percent 
crystallinity was calculated from the area of melting peak using the known heat 
of fusion of Indium as a standard and taking the enthapy of fusion of 100% 
crystalline iPS as 19.9 cal/g.12 The Tg of these samples were also measured by 
DSC. Drawing of IPS by solid-state coextrusion within polyethylene leads to 
crystalli~ation.~ Crystallization on solid-state coextrusion in highly isotactic 
iPS and in its blends with aPS has been investigated in this study. A coextrusion 
temperature of 127°C was chosen to ease processing and to minimize cold crys- 
tallization of ips.  This condition is also nearly equivalent to our prior coex- 
trusion drawing study of atactic polystyrene.8 

RESULTS AND DISCUSSION 

The extent of draw, in terms of EDR, achieved for iPS and its blends at  127OC 
is shown in Figure 1. The crystallinity of iPS increased with both EDR and iPS 
concentration with the highest, 33.2%, obtained at  an EDR of 7.6 for the pure 
ips. Less crystallinity was achieved in blends, with higher EDRs required to 
attain equivalent crystallinity at  even lower iPS content. The crystallinity of 

TABLE I 
Crystallinity Increase on Coextrusion Draw in an Isotactic Polystyrene and in its Blends with an 

Atactic Polystyrene 

Normalized 
Composition, % EDR crystallinity, % Crystallinity, % 

100 (ips) 7.6 33.2 33.2 
5.0 13.2 13.2 
3.6 10.0 10.0 
2.9 8.1 8.1 

73.6 (ips) 5.9 5.8 
4.6 3.2 
3.8 3.6 
2.7 1.6 

4.2 
2.3 
2.7 
1.2 

49.6 (ips) 7.7 8.2 4.1 
6.8 7.4 3.7 
5.2 0.9 0.5 
2.8 0 0 
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Fig. 2. Thermogram of extruded iPS/aPS (73.6126.4; EDR 5.9) and its change during annealing 
at 127°C for different period (a) first run; (b) annealing for 10 min; (c) 20 min; (d) 3.5 hr. 

iPS in blends a t  the same EDR thus decreased with decreasing concentration 
(see Table I). 

Double melting peaks were observed for the drawn iPS blends. These melting 
points were 222 and 208"C, close to literature ~a1ues . l~  Lemstra3 and Over- 
berg14J5 suggest that this double melting involves a partial reorganization or 
recrystallization during heating. 

The draw-induced crystallization was compared here with that produced by 
thermal treatment. This was done by heating samples in the DSC to about 
23OoC, above the highest melting point (T,), followed by quick cooling to 177OC 
and annealing for different times. The area under the lower T,  increased with 
this annealing faster than that of the higher (see Fig. 2). In these experiments, 
the area under the higher T, in the first run was always larger. Thus, draw- and 
thermal-induced crystallizations of iPS are clearly different. Also, the crystals 
induced by draw at 127OC were less stable, i.e., exhibited a lower T, than that 
produced by annealing at  the higher temperature, i.e., 177OC. For all compo- 
sitions, the higher T,  changed with iPS content but not with EDR (see Table 
11). The T, of crystals induced in pure iPS on coextrusions a t  127°C gave the 
highest of all extrudate melting points. The blends with 25% iPS did not crys- 
tallize on single-stage coextrusion and had to be drawn to a EDR > 16 by a 
two-stage coextrusion before crystallization occurred. 

TABLE I1 
Change in Higher of the Two Melting Points with IPS Concentration in Blends with aPSa 

iPS 7'0 in aPS Higher Tm, "C 
100 222 
73.6 218 
49.6 217 
24.4 216 

a Measured by DSC I-B at a heating rate of 20°C/min. 
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Fig. 3. Elastic recovery as a function of shrinkage temperature for iPS/aPS blends drawn at 127OC 
at EDR of: (0 )  2.7; (A)  6.0; (*) 7.7. 

The glass transition temperature, Tg,  of these blends measured by DSC at 
BO"C/min was 96.9OC and apparently did not change with the composition and 
EDR, although annealing during the temperature programming to reach Tg was 
not excluded. For the extrudate of pure iPS a t  EDR > 5, Tg was not readily 
observed. 

The elastic recovery ratio on rapid heating of thin sections in a nonsolvent is 
used to estimate molecular draw. It is defined as: 

where LO and LT are the lengths of the PS film before and after coextrusion, 
respectively, and Ls is the length after subsequent elastic recovery. Thermal 
shrinkage indicated that all blends with EDR < 8 shrink abruptly above Tg for 
PS and that a t  140°C quantitative maximum recovery is observed (see Fig. 3). 
The recovery measured here is consistent with that of amorphous polymer. The 
elastic recovery of these blends is thus equivalent to that for pure aPS,8p9 i.e., for 
samples exposed to lower EDR, a high percent recovery is obtained. This is due 
to the insignificant crystallinity in these blends. On solid-state coextrusion, pure 
iPS develops significant crystallinity. This leads to a markedly different elastic 
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Fig. 4. Elastic recovery as a function of shrinkage temperature for iPS drawn at 127°C at EDR 
Ofi (A) 5.0; (V) 3.6; (A) 7.6. 
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Fig. 5. Molecular draw ratio as a function of EDR for different compositions of blends, symbols 
as in Fig. 1. 

recovery (see Fig. 4). On heating the crystalline samples, shrinkage is a distinct 
two-step process: the first stage above Tg, the second above T,. The marked 
relaxation above Tg suggests an absence of a crystal continuum, consistent with 
only a modest increase in tensile modulus after coextrusion drawing. 

The extent of deformation in solid state coextrusion can be expressed by a 
molecular draw ratio (MDR) as previously defined:15 

MDR = L T - L S +  
Lo 

Figure 5 shows that efficiency of draw on coextrusion, i.e., MDR/EDR - 99% 
for all blends, independent of induced crystallinity and composition. This ef- 
ficient segmental orientation and chain extensions were achieved by the action 
of basically extensional forces on the network of entangled polystyrene 
chains. 
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Fig. 6. Birefringence as a function of draw ratio, symbols as in Figure 1 and (V) 60% IPS extruded 
at 160OC; (v) at 124OC obtained in previous work.g 
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Fig. 7. Modulus as a function of EDR, symbols as in Fig. 1. 

Birefringence measurements provide a combined measure for both amorphous 
and crystal orientations, with detailed explanations being ~ o m p l e x . ~ . ~  On 
drawing, birefringence for PS becomes negative and increases in absolute mag- 
nitude with EDR (see Fig. 6). This is because the pendant phenyl groups are 
basically transverse to the PS chain. The results are also consistent with an 
efficient draw for all blends. The dependence of birefringence on EDR is similar 
to that in our previous work9 (see Fig. 6). 

The increase of tensile modulus with EDR is displayed in Figure 7. This is 
associated with orientations in the tensile direction and the increase of crystal- 
linity on drawing during coextrusion. For the 25% ips,  i.e., the lowest concen- 
tration blend, for EDR < 7, no crystals were found, yet the tensile modulus was 
enhanced. Good agreement is found (see Table 111) between measured moduli 
and a simple two-phase model for crystalline and amorphous components. 

TABLE I11 
Comparison of Measured and Calculated Tensile Moduli for Semicrystalline Isotactic 

Polvstvrene 

iPS1aPS EDR Emeasured, (GPa) Ecaicd, (GPaP 

10010 2.9 1.8 2.0 
3.6 2.4 2.1 
5.0 2.3 2.1 
7.6 2.6 

73.6126.4 2.7 
3.8 
4.6 
5.9 

49.6150.4 2.8 
5.2 
6.8 
7.7 

24.4175.6 2.6 
5.5 
6.3 

2.0 
2.1 
2.0 
2.6 

1.7 
1.9 
2.2 
1.8 

1.8 
2.2 
2.4 

1.9 
1.9 
1.9 
2.0 

1.9 
1.9 
1.9 
2.0 

1.9 
1.9 
1.9 

a The modulus E of a semicrystallized polymer can be estimated by the eq~ation:'~ 1lE = V,/E, 
+ VJE,. V,, V, = volume fraction of amorphous and crystallized part of the sample, respectively. 
E,, measured in previous work is 1.9 GPa.g E, = 10.9 GPa.16 
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CONCLUSION 

A 98% isotactic dyad polystyrene and its intimate blends with an atactic 
polystyrene have been drawn at  127OC by coextrusion in the amorphous state 
within billets of high-density polyethylene. The highest EDR attained was 7.6 
and 13.7 for one- and two-stage coextrusions, respectively. The draw-induced 
crystallinity of iPS increases with both effective draw ratio and IPS concentra- 
tion. The associated orientation was measured by birefringence. Its high and 
negative values are consistent with those in our previous article on only atactic 
polystyrene involving9 coextrusion in one stage. Two melting peaks, -208 and 
-222"C, for drawn iPS were observed by thermal analysis. No change of Tg with 
EDR was found by DSC. The maximum crystallinity for the maximum one- 
stage EDR of 7.6 was 33.2% for the pure ips. The tensile modulus increased with 
EDR for all blends. The thermal elastic recovery and mechanical properties 
are considered in terms of the amount and type of crystallization induced on 
coextrusion draw as a measure of molecular draw and coextrusion draw effi- 
ciency. 

The authors express their appreciation to Dr. Robert Jenkins for obtaining the NMR data and 
to the Army Research Office for financial support. 
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