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Abstract 
 

In order to investigate the effect of molecular orientation at different length scales on the initiation of 

crazes in polystyrene, oriented tapes are produced by hot drawing at different temperatures and relaxing 

while hot for different times. The 300s isochronal craze initiation stress in diethylene glycol is then 

measured in 3-point bending creep experiments on beams cut from the oriented tapes. There is a 

correlation between craze initiation stress and optical birefringence and increases in craze initiation stress 

of as much as a factor of 5 compared with the isotropic have been recorded. The most dramatic change in 

craze initiation is observed where samples are drawn in less than the Rouse entanglement time �e. 

 

1 Introduction 

The susceptibility to crazing is an important criterion in evaluating the performance of optically 

clear amorphous polymers such as atactic polystyrene. It has been previously reported that 

molecular orientation affects both the morphology [1] and the micromechanics [2] of crazes. In 

this study we investigate the effects of molecular orientation at different length-scales, induced 

by controlled process histories, on the stress at which crazes initiate.  

 

2 Materials and Methods 

Oriented tapes 0.3-0.7mm thick were produced from isotropic compression-moulded bars of 

linear atactic polystyrene with a weight-average molar mass MW = 230,000g/mol and 

polydispersity index MW/MN = 2.35 obtained from Dow as GP PS680E. The tapes were hot-

drawn in an Instron 4204 testing machine fitted with environmental chamber at a nominal strain 

rate of 0.02s
-1

. The drawing temperature and subsequent relaxation prior to freezing using a cold 

spray were chosen in order to allow relaxation of the molecules at different length scales, as 

calculated from molecular theory applied to polystyrene [3]. Table 1 gives values of the Rouse 

relaxation time of an entanglement segment �e, the Rouse time �R and the reptation time �d, as 

well as the relaxation time tr for which tapes are held at the drawing temperature prior to 

freezing, and the total experiment time tx (the sum of the drawing time and any relaxation) for 

the temperatures used in the drawing experiments. Strain was measured during the hot-drawing 

procedure using a non-contact video extensometer and the stress-strain curves are shown in 

Figure 1.  
 

 
Small rectangular beam specimens were cut from the oriented tapes with the beam axis aligned 

parallel to the drawing direction, and the optical birefringence was measured on each beam 

using an Olympus microscope fitted with polarisers and a thick Berek compensator. The 300s 

isochronal craze initiation stress in tension �c was then measured by subjecting the beams to 3-

point bending at constant load after 24 hours of saturation in diethylene glycol. The width of the 

crazed region under the applied load was measured within 1 hour of unloading the samples 

Rouse and reptation times  
Temperature (ºC) 

�e (s) �R (s) �d (s) 

Post-drawing 

relaxation tr (s) 
Experiment tx (s) 

105 

115 

125 

135 

721 

65 

2.2 

0.2 

130000 

11900 

401 

31 

18700000 

170000 

5760 

448 

0 

300 

1800 

1800 

 

�e  < 

�R  < 

�d  < 

200 

500 

2000 

2000 

< �e 

< �R 

< �d 

Table 1:  Relaxation times �e, �R and �d at the 4 drawing temperatures compared with the 

post-drawing relaxation time tr and the total experiment time tx. 
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using a low power optical microscope employing the reflective property of the crazed region 

and �c was then determined from simple beam theory. 
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Figure 1:  Stress-strain response of the tapes 

measured during the drawing experiments to 

stretches �=2,3,3.5 and 4 and during the 

subsequent relaxation tr. 
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Figure 2:  Craze initiation stress as a function of 

optical birefringence -�n measured on beam 

specimens cut from the drawn tapes. Curve 

guides the eye through samples drawn at 105ºC. 

3 Results and Discussion 

Figure 2 shows the measured �c as a function of -�n for the full range of beam samples tested. 

Samples cut from tapes where tx < �e show a substantial rise in �c with -�n. The behaviour is 

highly sensitive to the drawing temperature in this regime, and small changes in temperature 

have a large effect on the final birefringence. Samples from tapes where �e < tx < �R exhibit a 

smaller increase in �c at the same stretch. Samples from tapes where �R < tx < �d and �d < tx show 

little to no change in �c compared with isotropic material. 
 

4 Conclusions 

The increase in �c in oriented polystyrene is most affected by short range molecular relaxation at 

times of the order of �e and by stretches greater than 3. The most dramatic increase in �c is 

observed where samples are drawn and frozen in less than �e. Samples which have been drawn 

and allowed to relax for a time greater than �e can show some increase in �c compared with the 

isotropic case provided the relaxation time is less than �R (see diamonds in Figure 2). We can 

speculate that the length scale associated with an increase in �C is longer than the length scale 

associated with optical birefringence. Further experiments are planned on samples drawn at 

105ºC to smaller stretches in order to shed light on this observation. 
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