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MACROMOLECULAR DIVISION 

THE EFFECT OF MOLECULAR ORIENTATION 
ON THE MECHANICAL PROPERTIES OF 

POLYSTYRENE 

Abstract-Oriented sheets of two commercial homopolystyrenes differing in molecular weight, rheological and glass 
transition temperature properties have been prepared by sheet extrusion and drawing. 

The properties of the resulting sheets have been studied at seven different laboratories in Europe. 
The degree of orientation, irrespective of how it is achieved, is defined in terms of the birefringence which is 

proportional to the maximum shrinkage stress through the stress optical coefficient, and to a sonic modulus function. 
The nominal draw ratio and the length reversion ratio are not unequivocal estimates of the degree of orientation. 

The orientation stress can be divided into two parts, the first is associated with Hookean elasticity and the other 
with rubber-like elasticity. It is the deformation due to this latter part that gives rise largely to the properties of the 
odented solid polymers. 

From the value of the stress optical coefficient and the relation between maximum shrinkage stress and length 
reversion ratio estimates of the size of the random link and of the effect of temperature of orientation and strain rate 
on the degree of chain entanglement are obtained. 

Tensile properties including rupture stress, rupture strain and rupture energy have been determined over a wide 
range of strain rates for the various degrees of orientation. Increasing orientation generally improved rupture stress 
as also did strain rate but as odentation increased and rupture took place by yielding the rupture stress tended to fall. 
The rupture strain would then tend to increase as also would rupture energy. These effects, as weil as maxima 
observed in rupture strain with time to rupture are believed due to the secondary or ß relaxation process of 
polystyrene. The effect of angle to draw direction on tensile properties is examined. 

In addition to estimates of the sonic modulus the stress relaxation modulus at increasing times was also 
investigated. 

Other properties examined have been the variation of impact strength with orientation and angle to draw direction 
and also environmental stress cracking. 
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1. INTRODUCTION 

This paper is one of a number of papers resulting from the 
work of a Working Party set up in 1%3 by the High 
Polymer Section of the International Union of Pure and 
Applied Chemistry to study "The Relationship of 

41 

Performance Characteristics to Basic Parameters of 
Polymers". 

So far the working party has published a variety of 
papers dealing with studies carried out exclusively on 
commercial polymers which have been selected because 
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of their technological importance and their ready availa
bility in large quantities.1- 5 More recently therefore the 
purpose of the working party, which is now within the 
Macromolecular Division of I.U.P.A.C. has been restated 
as a study of "The Structure and Properties of 
Commercial Polymers". 

The present paper is the first of a series of papers on the 
subject of the effects of orientation on the properties of 
polymers. It is recognised that a softened polymer 
subjected to any mechanical Operation such as compres
sion or injection moulding, extrusion, vacuum forming, 
film blowing etc., becomes oriented, and that a completely 
relaxed solid polymer is rarely met with in practice. The 
study of the effects of orientation on the properties of 
polymers is therefore an important one and the working 
party agreed that such a study on as wide a variety of 
commercial polymers as possible was most worthwhile. 

The present paper deals with such studies on atactic 
polystyrene, a simple, amorphous, non toughened, non 
crystalline polymer available in sufficient quantities to 
allow the preparation of the required oriented sheets and 
to supply the raw material as required. 

The participants in this study were as follows: 
I 0 Badische Anilin and Soda-Fabrik A. G., Ludwigs

hafen (Rhein), West Germany. 
II /::,. Farbwerke Hoechst A. G., Frankfurt (Main), 

West Germany. 
III 0 Monsanto Limited, 10-18 Victoria Street, London 

S. W.1H. ONQ. Some of the work of Monsanto was 
carried out in collaboration with the Institute of 
Polymer Technology, University of Lough
borough. This will be referred to as IIIL. 

IV V Montecatini Edison S.p.A., Bollate, Milan, Italy. 
V Produits Chimiques Pechiney-Saint-Gobain, 

Antony, France. 
VI <> Solvay and Cie, Laboratoire Central, Brussels, 

Belgium. 
VII x Technical University, Prague, C.S.S.R. 

Each participant will be referred to henceforth by the 
Roman numerals, and experimental points on all figures 
will be designated by the symbols given. Two commercial 
polystyrenes in general use, differing in molecular weight 
and rheological properties and available in large quantity 
were supplied by Participant III. 

The polystyrenes, designated PSA and PSB, were 
available as moulding pellets or as sheets which III 
prepared by sheet extrusion in the unoriented form or as 
oriented sheets at three nominal draw ratios or degrees of 
orientation. The studies are divided into four weil defined 
sections, namely (a) Characterisation of the raw materials, 
(b) Preparation of oriented sheet materials, (c) The degree 
of orientation, and (d) Some properties of the oriented 
sheets. 

2. SECTION (a) CHARACTERISATION OF THE 
RAW MATERIALS 

The polystyrenes PSA and PSB were characterised in 
terms of molecular weight, glass transition temperature as 
determined by a torsion pendulum and rheological 
properties. 

2.1 Molecu/ar weight characterisation 
Participants II, III, IV and V determined number and 

weight average molecular weights of the pellets from 
molecular weight distribution obtained by gel permeation 

Chromatography using tetrahydrofurane as solvent at 
temperatures of 23°, 25° and 45°C. Participant III also 
used toluene as solvent at 80°C. III and V also determined 
the molecular weight characteristics of sheet material. 

In addition, V determined the intrinsic viscosity in 
tetrahydrofurane at 25°C, [ 'II ] ••• , and compared it with the 
value calculated, [ 11 lcaic• from the viscosity average 
molecular weight M, obtained from the distribution curve 
by using the appropriate relations,6 namely 

['II lcaic = 1-17 X 10-2M,0'725 

where 

- = {L W;M;0·725} 1/0·725 

M, . 
LW; 

Table 1 summarises the results obtained. 
It is seen from these results that both Mn and Mw are 

high er for PSB than for PSA while the ratio Mw I Mn is not 
as large. The higher Mw/Mn ratio for PSA is due to the 
presence of relatively more low molecular weight material. 
In all cases the M, values lie closer to Mw than Mn. 

The effect of sheet extrusion is to decrease both Mn and 
Mw the former beingabout 10-15% lower and the latter 
about 3-6%. This is caused by degradation and results in a 
greater polydispersity. 

2.2 Glass transition temperature, T. 
Glass transition temperatures for unoriented PSA and 

PSB were determined by I and VI by means of torsion 
pendula at a frequency of about 1 Hz. Estimates of T. as 
given by the position of the tan 8 lass peak were not in good 
agreement the values found by I being 99°C and 106°C for 
PSA and PSB respectively and those found by VI being 
107°C and l12°C respectively. VII also carried out torsion 
pendulum studies at about 1 Hz but did not investigate the 
position of the damping peaks. However tan 8 bad a value 
of 0·1 at teniperatures of 87°C and 98°C for PSA and PSB 
respectively. It is seen that values of r. at 1 Hz are not weil 
defined but they do differ for the two polymers by about 6 
or 7°C, PSB having the higher T •. Participant IV using a 
differential scanning calorimeter at a heating rate of 
8°C/min found values for r. of 93°C and 100°C for PSA and 
PSB respectively. This confirms that there is a difference in 
r. of about 7°C for the two polymers. . 

2.3 Melt rheology 
Participants III and IV determined the melt viscosity of 

the two polymers at 200°C by means of capillary 
rheometers. A total range of uncorrected shear rates from 1 
to 5000 sec-1 was covered. At 1 sec-1 PSB bad an apparent 
melt viscosity of about 1·4 x 105 P which was over twice as 
much as for PSA while at 5000 sec-1 the viscosity of PSB 
bad dropped to about 6·6 x 10Z P which was about 30% 
greater than for PSA. 

2.4 Conclusions 
The polystyrenes submitted for study differ quite 

significantly in their molecular weight, molecular weight 
distribution, glass transition temperatures and melt 
viscosities. 

Attention will be paid to the part played by these 
differences in infiuencing the process of orientation and the 
ultimate properties of the oriented polymers. 



The effect of molecular orientation on the mechanical properties of polystyrene 43 

Table 1. Summary of molecular weight determinations by G.P .C. and intrinsic viscosity determinations, for PSA and PSB pellets and 
sheets 

Material 

PSA 
pellets 
PSA 
sheet 
PSB 

pellets 
PSB 
sheet 

Meanof Meanof 
number weight 
average Standard average 

molecular deviation molecular 
weight ofMn 

Participants (Mn) (%) 

II,III, IV 67,770 18·8 
andV 

III and V 62,430 15·8 

II, III, IV 114,960 24·1 
andV 

III and V 101,130 25·1 

3. SECTION (b) PREPARATION OF ORIENTED 
SHEET MATERIALS 

weight 
(Mw) 

237,500 

232,000 

311,400 

293,000 

The preparation of sheet material of varying nominal 
draw ratios was conducted on a continuous basis by means 
of sheet extrusion followed by drawing of the extruded 
sheet to varying degrees. In addition to nominally undrawn 
sheet the nominal draw ratios attained were 1·5: 1, 2·6: 1, 
and 3·9: 1, and all sheets were approximately 3 mm thick 
except some required by I at a thickness of 0·5 mm. 

The system used is illustrated schematically in Fig. 1. It 
consisted essentially of an extruder giving a constant 
output of molten polymer sheet through a 14 in. slit die 
having an adjustable gap. The sheet then entered between 
the two top rolls of a triple calender rolls which were 
adjusted to just nip the sheet on entry. The sheet then 
passed between the second and third rolls and eventually to 
the haul-off rolls after passing between two heaters to 
maintain the temperature of the sheet during the drawing 
operation. This was effected by running the haul-off rolls at 
the same speed as the triple rolls or at any desired faster 
speed, the ratio of the two speeds being kept constant. This 
ratio is termed the nominal draw ratio. 

14" wide 
slit die 

Fig. 1. Schematic diagram of extruded oriented sheet preparation. 

In order to maintain a constant final thickness of sheet it 
was necessary to build up varying thicknesses of polymer 
at the triple roll entry position. This was attained by both 
speeding up the extruder output and slowing down the 
triple roll speed until the desired thickness was obtained. 
This thicker polymer sheet, on drawing between the triple 
rolls and the haul-off rolls, yielded the desired thickness of 
oriented sheet. The final sheet material was cut into lengths 
of about 1 m the smallest width at the highest draw ratio 
being about 150 mm and that for the undrawn material 
about 300 mm. 
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Standard Mean 
deviation ratio 

ofMw Mw/ 
(%) Mn 

4·7 3·6 

7-8 3·76 

6·1 2·85 

8·5 3·04 

Intrinsic Viscosity 
viscosity average 

in tetrahydro- molecular 
furane at 25°C weightfrom 
(Participant V) distribution 

bllexp curve 
(ml/g) (Mv) 

82·7 207,690 

76·8 187,400 

103-8 270,670 

88·8 237,800 

4. SECTION (c) THE DEGREE OF 
ORIENTATION 

Intrinsic 
viscosity 
fromMv 

[1))calc 

(ml/g) 

83-8 

77-8 

101·5 

92·4 

In any study of orientation of polymers a measure of the 
degree or extent of orientation is essential since the 
ultimate properties of the oriented polymer must be 
described in terms of the orientation present. 

In the case of cross-linked rubbers the extension ratio A 
is a measure of orientation where A is the ratio of the 
extended length I to the original length lo. 

i.e. A=l/lo. 

The oriented PSA and PSB sheets were prepared while 
the materialswerein the softened rubbery state. But since 
the materials were not cross-linked and since the 
conditions for producing the sheets differ slightly within 
any one nominal draw ratio and quite significantly from one 
nominal draw ratio to the next the degree of extension or 
draw ratio imparted to the material was merely a 
convenient way of describing the sheets produced. The 
degree of contraction or length reversion ratio on annealing 
the oriented material above its T. would be a closer 
approximation to the extension ratio present in the material 
in the solid state. The length reversion ratio is therefore one 
measure of orientation which has been examined. 

A further measure of orientation is that of birefringence. 
Polystyrene is an amorphous polymer which exhibits 
considerable birefringence on Stretching in the rubbery 
state and this is uncomplicated by crystallinity. The 
birefringence of a completely oriented polystyrene can be 
estimated theoretically and so the degree of orientation can 
be defined in terms of the birefringence. The stress 
required to orient the polymer chains is connected with the 
birefringence through the stress optical coefficient. This 
stress, as given by the maximum shrinkage stress, has also 
been investigated as a measure of degree of orientation. 

Finally the extension modulus of oriented amorphous 
polymers is a function of the degree of orientation. This 
relationship was also examined. 

4.1 The length reversion ratio 
The degree of contraction of length that takes place 

when an oriented specimen is kept at a high enough 
temperature for a sufficient time so as to lose its orientation 
and attain a completely relaxed state is termed the length 
reversion ratio, LRR. If /1 is the initiallength along the 
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orientation direction and /2 the final relaxed length, then the 
length reversion ratio LRR = lt/lz. 

Conditions of annealing differed widely as each 
participant endeavoured to attain the maximum reversion 
possible. Figure 2 shows the relationship between LRR and 
nominal draw ratio NDR, for PSA and PSB respectively, 
the participants and conditions of annealing being also 
indicated. Apart from the work carried out by II on 
0·015 mm thick microtomed samples, all other reversions 
were carried out on 3 mm thick samples cut from the sheets 
supplied. Only experimental points for PSA are given. 

There is a wide spread of points for any one nominal 
draw ratio and · the curves have been drawn through 
positions of highest density of points. It is seen from these 
plots that LRR is greater than NDR for both polymers up to 
NDR about 3 · 7 since the curves lie above the line drawn at 
45°. This is due toslight orientation imparted to the sheet 
between the die and top two calender rolls. The trend to 
slightly lower values of LRR at the highest NDR is due to 
relaxation caused by the higher temperature of the sheet 
required in order not to overload the machine. 

The Iack of agreement of LRR amongst themselves may 
refiect the difficulty of making oriented sheet of constant 
thickness and constant orientation rather than any 
difficulties in attaining a reliable estirnate of LRR. Thus a 
number of participants reported results obtaining after 
ensuring that the LRR did not vary after keeping beyond a 
certain time at the temperature and in the medium chosen. 
It is feit however that relaxation kinetics requires further 
study. Evidence of some biaxial orientation was obtained 
by III since the width and thickness expansion ratios wJ w 1 

and t2/t1 were not equal, but their product was not unduly 
different from LRR indicating no change in volume on 
drawing. Slight width-wise orientation was indicated since 
w2/w1 was always a little less than tzltt. 

4.2 Birefringence 
Participants I, II and III measured the birefringence of 

the oriented sheets, t:.n.,, while II also measured the 
variation of birefringence with depth from the surface of 

0:: 
0:: 
_J 

Symbol pcrticipant 
t Conditions of anneol1ng 

0 I 170°C Air, 15 mln 

o- I 140°C Glycerol, 2 min 
5 l::. n 150°C Tale, 60 min 

fr Ir 140°C Silicone, 5mln 

Lf. li 130°C Silicone, 20min 

0 m 140°C Glycerol, 2m in 

'V nz: 160°C Polyethylene gtycol,2min 

\J. nt 140°C Polyethylene glycol, 2m in 

0 ~ 143°C Silicone Oll 60min 

<?::m: 124°C Silicone Oil 60min 
0 :m 124°C A1r 2bmln 

X ll[[ 140°C Glycerol 8minQ 
~ JZli 140°C Air 12 m1ns 

--PSA 

--- PSB 

Nominal draw ratio' NDR 

0 

o-

6 
tr 

4 

Fig. 2. Plots of length reversion ratio against nominal draw ratio for 
PSA and PSB. Experimentalpoints for PSA only. 

the sheet in the orientation direction, t:.n"' and also in a 
direction along the width, t:.n.., the birefringence being 
defi.ned in terms of the following cartesian co-ordinates: z 
along the draw direction; y, along the width of the sheet and 
x, normal to the plane of the sheet. 

4.2.1 Birefringence and nominal draw ratio. In the same 
way as length reversion ratio has been compared with 
nominal draw ratio the way in which the birefringence t:.n., 
varies with NDR may also be observed. Figure 3 shows this 
relationship for PSA and PSB the experimental points for 
PSA only being plotted. 

Again no linear relationship exists between NDR and 
birefringence and this further shows that sheets drawn to 
the same NDR do in fact differ significantly in bire
fringence. The plots are similar in shape to those for LRR 
against NDR but PSB is seen to be decidedly higher in 
birefringence than PSA for the same NDR. 

Since the conditions of drawing, particularly the 
temperature and time of drawing, differed for each NDR, 
and even for any one NDR, it is not surprizing that the 
above rather wide spread of birefringence exists. 

4.2.2 Variation of birefringence with depth within sheet. 
In general the birefringence values were not constant at 
different depths. Whereas the mean of all t:.n.. values at 
different depths was not greatly different from the value for 
t:.n., the variation with depth showed that the material had 
relaxed to varying degrees during drawing the greatest 
relaxation taking place within the sheet and nearer the 
lower surface which retained heat better. 

For a uniaxially drawn material t:.n,. should be zero. 
However, small but signifi.cant values were observed for all 
samples tested which undoubtedly indicates some biaxial 
orientation, the sign of the birefringence indicating slight 
width-wise orientation in agreement with the width 
expansion ratio evidence. 

Figure 4 gives an example of how birefringence varies 
with depth. It is for a sample of PSA sheet at NDR = 2 ·6. 

4.2.3 Birefringence and length reversion ratio. It is now 
evident that NDR cannot be used as a measure of 
orientation. The way in which birefringence varies with 
length reversion ratio however is more reliable. Figure 5 
shows this relationship for PSA and PSB the experimental 
points for PSA only being shown. 

Q 

' ~ 
<l 

" " c:: 

" :? 
~ 

1' -25 
CD 

Symbol participant 

/ 
o I 3mm thick _......"... ...... ' 
o- I 0·5mm th ick .--
6 n 3mm thick ",.,......... 8 
0 m 3mm thick .................. 
D-ill0·5mmthick o _....--

/ 
/ 

I 
9/ 

/ 
/ 

-'_..,-' 
/ 6 

/ 

D

o-
--PSA 

--- PSB 

Nominal draw ratio• NDR 

4 

Fig. 3. Plots of birefringence against nominal draw ratio for PSA 
and PSB. Experimentalpoints for PSA only. 
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" " Q 2 

' ' ' <: <:" 
<I <I 

Depth, mm 

Fig. 4. Variation of birefringence with depth for a sample of PSA 
sheet, NDR = 2·6. 

-75 
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<I .. 
" " .. 
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ID 

Symbol partic ipant 
o I 

" n om 

-PSA 
--- PSB 

Length reversion ratio• LRR 

Fig. 5. Plots of birefringence against length reversion ratio for PSA 
and PSB. Experimentalpoints for PSA only. 

While the scatter of points is still rather high there is a 
better relationship between birefringence and LRR for 
both polymers, with PSB having a greater birefringence 
than PSA for the same LRR particularly at high values of 
LRR. On the basis of rubber elasticity theory however, e.g. 
see Treloar,7 the shape of the plots is incorrect in that 
birefringence should be a function of [(LRR)2 - (LRRt'] 
i.e. the birefringence should increase more rapidly than 
LRR. This is true however for a cross-linked rubber having 
a fixed degree of cross-linking. The polystyrene melts, a 
little above their T,, are not true rubbers but are in a 
rubbery state in virtue of temporary entanglements which 
are both temperature and time dependent. Since the sheets 
were subjected to different strain rates and temperatures 
during orientation it is not to be expected that flnz, would 
be a function of [(LRR)2 -(LRRt']. The more highly 
oriented sheets would be drawn at a higher temperature 
since the thickness of hotpolymer would be greater and so 
retain its heat longer. This would reduce the degree of 
temporary chain entanglement and so the birefringence. 
The relationship between birefringence and LRR is thus 
purely arbitrary and a direct result of the conditions of 
temperature and strain rates required to produce the 
sheets. 

4.3 The orientation parameter 
It is appropriate at this point to consider how orientation 

can be stated in quantitative terms varying from zero 
orientation to 100% orientation. It is not difficult to 
visualise these two extremes. A completely unoriented 
system will be composed of a random mixture of chain 
molecules while 100% orientation would be these chains in 
the fully extended state and aligned parallel to each other. 

lf the chains are considered as composed of statistical 
segments or links joined at random, then in the unoriented 
state these links will be at angles 11,, ll2, 113, ··· to any 
direction along which orientation will take place. After 
orientation thesesamelinks will be at angles II ;, II ~. 113 • · · to 
the direction of orientation. 

It can be shown that the mean value of cos211 for a 
completely random system of links is 1/3, while for a 
completely oriented system 11; = 112 = 113 ... = 0 and so the 
mean value of cos211= 1. Hermans8 has defined an 
orientation factor a = (3 cos28-1)/2, which is termed the 
total molecular orientation and which varies from zero for 
a completely random system to 1 for 100% orientation. In 
the case of non-crystalline polymers this factor is also 
equal to the optical orientation factor f = lln/(na- nß) 
where na is the refractive index along a molecular segment 
and nß that at right angles i.e. na - nß is the birefringence of 
a completely oriented system. 

Moseley9 showed that the total molecular orientation a 
is also given by a = 1 - E.l E, where E. is the sonic 
modulus of the unoriented system and E the sonic modulus 
along the direction of orientation. 

Also Morgan,10 basing his work on that of De Vries," 
confirmed the expected linear correlation between the 
birefringence and the orientation factor a, measured by 
sonic modulus. 

Further, the kinetic theory of rubber-like elasticity,7 

Ieads to an expression for the birefringence of an oriented 
cross-linked rubber namely 

where ii is the mean refractive index, N is the number of 
chains per unit volume, a 1 and a 2 are the polarizabilities of 
the random molecular segment along and transverse to its 
length and A is the extension ratio. 

The same theory connects the stress u produced during 
uniaxial extension with A by the expression 

u = NkT(A 2 - A -•) 

where u is the stress on the strained cross-section, k is 
Boltzmann's constant and T the absolute temperature. 

The ratio of lln to u is the stress optical coefficient, SOC. 
Hence 

an expression which is independent of the extension ratio 
and the degree of cross-linking and which requires 
birefringence to be a linear function of orientation stress at 
constant temperature. 

It is therefore seen that birefringence, the sonic modulus 
function (1- E. I E) and orientation stress are direct 
measures of molecular orientation and studies of each of 
these properties were conducted by a number of 
participants. 
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4.3.1 Birefringence and orientation stress. The actual 
stress required to prepare oriented PSA and PSB sheets 
was not measured but within the oriented sheet is a latent 
stress which manifests itself on heating the sheet above r •. 
This is known as the shrinkage stress and was studied by 
participants I, III, III L and IV. It is this stress that will be 
expected to be linearly related to birefringence. I studied 
the shrinkage stress by heating in air specially prepared 
0·5 mm thick specimens, 10 mm wide, heldinan Instron 
tensile testing machine between clamps 100 mm apart and 
connected to a Ioad cell. As the temperature was increased 
at a rate of 3°C/min the shrinkage stress developed and 
attained a maximum u,~ at about the r. and then subsided 
as the specimen relaxed on further heating. 

IV studied the shrinkage stress using 3 mm thick samples 
cut from the oriented sheets, 10 mm wide and 50 mm gauge 
length. The sample was clamped at the base of a rigid 
transportable frame, the upper clamp being connected by 
means of a steel wire to a Ioad cell at the top of the frame. 
The clamped sample was immersed in a thermostated 
polyethylene glycol bathat 70°C for 10 min and then heated 
at 2°C/min to 150°C. The shrinkage stress developed in the 
same way as observed by I. IV also carried out experiments 
similar to I in an Instron machine heating at 5°C/min, and 

. also measured u,~ by suddenly immersing the clamped 
specimen in a polyethylene glycol bathat 150°C. In al1 these 
experiments the same value of u,~ was obtained showing 
that it is not affected by the rates of heating used. 

Participant III prepared specially oriented sheets of PSB 
in a Brückner Biaxial Orientation Machine at temperatures 
varying from 115 to 180°C. The same draw ratiowas used 
at all temperatures namely about 3 : 1 the starting material 
being 30 cm square nominally undrawn PSB sheet drawn at 
a speed of 63 · 5 cm min _,. The resulting sheets decreased in 
birefringence as the temperature of orientation was 
increased. The u,...,. was determined in an Instron tensile 
testing machine by very rapid heating of a 1·25 cm wide, 
12·5 cm long sample, placed between parallel plate radiant 
heaters 3 · 2 cm long and 6 mm apart maintained at 350°C. 

Participant I also determined the decrease in u,~ for an 
oriented specimen of NDR = 3·9 after annealing at a 
constant length at 105°C for about 25 min and compared it 
with the decrease in birefringence. 

Finally participant III L prepared oriented specimens of 
PSA and PSB by drawing under controlled conditions of 
strainrate, 0·33 x 10-2 to8·33 x 10-2 sec-', and temperature 
100-115°C. The u,m.,. of these oriented specimens were also 
measured relative to their birefringences. 

The results of all the above work are collected in Fig. 6 
where birefringence is plotted against u,m.,. for both PSA 
and PSB. There is essentially no difference between the 
two polymers. The points are seen to lie reasonably on a 
linear plot through the origin as was expected and the slope 
of this line gives the stress optical coefficient, SOC. The 
value so obtained is -5200 Brewsters where 1 Brewster = 
10-6 mm2/N. This value is in good agreement with those 
reported in the Iiterature for polystyrene in the rubbery 
state.'2-'4 

4.3.2 Birefringence, orientation stress, shrinkage stress 
and stress relaxation. Whereas the actual stress required 
to produce the oriented sheets of PSA and PSB at var
ious NDR's was not measured participant IIIL did devise 
experiments in which the orientation stress as weil as the 
shrinkage stress was measured in carefully controlled 
experiments conducted at different strain rates and at 
different temperatures. Carefully moulded, annealed and 
relaxed PSA and PSB sheets were prepared and tensile test 
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Fig. 6. Plot of birefringence against maximum shrinkage stress of 
oriented samples of PSA and PSB drawn under different conditions 
of strain rate and temperature. Birefringence measured on 

specimens that were then used for shrinkage stresstest. 

pieces 14· 5 cm long and 2 cm wide with a reduced width of 
1 cm over a length of 10·5 cm were drawn to a constant 
draw ratio of approximately 3·5 at temperatures between 
100 and l15°C and strain rates 0· 33 x 10-2 sec-' to 
8·33 x 10-2 sec-'. One experimentwas also conducted at 
133°C and the lowest strain rate. The maximum stress u max 

after attaining the fixed final strain was recorded and the 
specimen was then immediately cooled by a hurst of co2 
coolant. The birefringence and maximum shrinkage stress 
of the resulting specimens were measured and have been 
included in the results plotted on Fig. 6. In addition the 
length reversion ratio and the width and thickness 
expansion ratios were also measured. 

It was noticed that the apparent stress optical coefficient 
obtained from the ratio of birefringence to maximum 
orientation stresswas always smaller than the one obtained 
using the maximum shrinkage stress namely the stress 
optical coefficient already reported. The apparent SOC 
approached this highest value the higher the temperature 
and lower the strain rate. Also, owing to the difference in 
molecular weight and viscosities, PSB at a temperature 5°C 
higher than PSA behaved in much the same way as PSA. 
These results are shown in Fig. 7. 

The maximum orientation stress is evidently not attained 
in a maximum shrinkage stress determination although the 
birefringence still remains proportional to the latter. The 
orientation stress must therefore contain a portion which is 
lost or relaxed quickly between the cooling of the oriented 
specimen and the subsequent determination of u,m.,.· 

It is weil known that the SOC of polystyrene depends 
upon whether it is in the glassy or rubbery state e.g. see 
Wilkes and Stein.15 In the vicinity of r. it is therefore not 
unexpected that the polymer can have an apparent SOC 
which lies somewhere between the values for the rubbery 
state and the glassy state. 

The values of the SOC in the rubbery state are in the 
region of -5000 Brewsters as already indicated. The 
negative value is caused by chain orientation along the 
drawing direction causing the phenyl groups, which are 
more polarizable than the chain itself, tobe disposed in a 
direction tending to be perpendicular to the drawing 
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Fig. 7. Relationship between apparent stress optical coefficient and 
strain rate at different temperatures for PSA and PSB. 

direction. This results in a negative birefringence with 
respect to the orientation direction. 

In the glassy state the deformation is largely Hookean in 
character and the phenyl groups are compelled to be 
strained elastically in the direction of orientation. The 
birefringence is thus positive and the stress high for a small 
strain resulting in a very much reduced SOC in the region 
of about + 10 Brewsters at room temperature and 
decreasing significantly as the temperature increases.16 

Thus in the region of the r. this SOC is probably so small 
that it can be neglected in comparison with that due to the 
rubbery elastic deformation. 

Rudd and Gurnee17 recognised that these two kinds of 
deformation can occur simultaneously on stretching 
polystyrene in the vicinity of the r. and that the stress of 
the Hookean elastic deformation relaxed very much more 
rapidly than that of the rubber or entropic elastic 
deformation. It is reasonable therefore to attribute the 
maximum shrinkage stress to entropic elastic deformation 
since the stress due to the Hookean elastic deformation 
would be essentially completely relaxed out during the 
heating up period of the determination. Hence as a first 
approximation the fraction of the total stress f = u,mj u max 
is that due to entropic elastic deformation and the 
remainder, (1-f), that due to Hookean elastic deformation. 
Figure 8 shows how these stresses vary with strain rate, 
temperature and polymer molecular weight. Increasing 
temperature and decreasing strain rate favour entropic 
elastic deformation while decreasing temperature and 
increasing strain rate favour Hookean elastic deformation. 

The entropic elastic deformation is due to the presence 
of time and temperature dependent chain entanglement. 
The high er the temperature and Ionger the time the easier it 
is for these entanglements to be resolved and for viscous 
ftow to take place. Some measure of the degree of 

entanglement is possible from a measure of the maximum 
shrinkage stress and the attendant length reversion ratio 
through the stress equation of rubber elasticity theory7•18 

u = NkT(1-Z~c). (;::). (A 2 -A _,) 

= ~;. ( 1_ 2~c). (~:). (A2- A -1) 

where p is the density of the melt, Mc the molecular weight 
between entanglements, and (f//f02) is a term which 
measures the ratio of volume in the entangled state tothat 
before and can be regarded as unity. From the experiments 
done with polymer A at two temperatures and at three 
strain rates the following values of N and Mc have been 
calculated taking the value of M the average molecular 
weight of the chains as 65,000 (Table 2). 

A decrease in N and a corresponding increase in Mc is 
observed with increasing temperature while the effect of 
strain rate is just the reverse. The same pattern is true for 
PSB except that the effect of the molecular weight 
difference and the corresponding increase in r. is to 
roughly double the value of N and halve the apparent value 
of Mc for the same conditions of temperature and strain 
rate. 

It is also seen from Fig. 8 that increasing molecular 
weight apparently favours Hookean elastic deformation at 
the expense of entropic elastic deformation. However the 
comparison is made at a constant temperature of 110•c. It 
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Fig. 8. Variation of ratio of Hookean and entropy elastic 
deformation stresses to total orientation stress with strain rate for 

PSA and PSB at two temperatures. 

Table2 

Temperature 
Strain rate Usmax 

·c •K (sec-') ..\ = i,//2 (N.mm-2) N X 10-19 Mc 

100 373 1·67 X 10-2 3·588 3·061 6·67 9·5 X 103 

110 383 0·33 X 10-2 2·834 0·924 4·22 1·50x!O" 
110 383 1·67 X 10-2 3-449 1·419 4·26 1·48X 104 

110 383 8·33 X 10-2 3·385 1·751 4·92 1·29x 104 
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is possible however by interpolation of the results of 
participant III L to compare the entropic elastic de
formation for PSA and PSB at the same reduced tem
perature, i.e. T- T, = constant. Participant IV took the 
values found by the differential scanning colorimeter of 
93°C and 100°C for the T, of PSA and PSB respectively 
and compared the values of the ratio f (entropic) at 
temperatures of 7°C and l2°C above these T, 's for both 
polymers. The results are shown on Fig. 9. 

It is now seen that PSB has a decidedly higher value for f 
(entropic) than PSA at both reduced temperatures and so 
increase in molecular weight now favours entropic elastic 
deformation. 

From the value of the stress optical coefficient of 
polystyrene at a fixed temperature it is possible to obtain an 
estimate of (at- a2) the polarization anisotropy of the 
random molecular link from the equation 

Taking a value of -5200 Brewsters at l20°C the value of 
(a 1 - a2) is -1·55 x 10-23 cm3. 

Gurnee19 has calculated the polarization anisotropy of 
the styrene unit az - a, when az is the polarizability 
component along the polymer chain and a, at right angles 
to the chain i.e. along the axis of symmetry of the phenyl 
group. His value, using Denbigh's values of the principal 
polarizabilities of toluene,20 and assuming restricted 
rotation of the phenyl group about its axis of symmetry of 
45° is az- a, = - 5·5 X 10-24 cm3. Although Gurnee19 has 
neglected the contribution of the C-C and C-H bonds of 
the -CH2- group in the chain, these bonds do contribute a 
polarization anisotropy of +0·6 x 10-24 cm3. Saunders et 
af.21 also find values varying from +0·9 to + 1·15 x 10-24 cm3 
for the -CH2- groups in various polyethylenes. In view of 
these results it is thought reasonable to take a value of say 
+ 1·0 x 10-24 cm3 as the contribution of the -CH2- group to 
the polarization anisotropy of the styrene unit and thus 
az - a, = - 4·5 x 10-24 cm3. Hence the number of 
monomeric units per random link is 15·5/4·5 say about 3·5. 
Hence, in spite of the bulk of the phenyl groups, the 
polystyrene chain would appear to be fairly flexible. 

The influence of temperature and strain rate during 
orientation on the degree of entanglement of chains is also 
reflected in the degree of relaxation that takes place during 
the drawing as judged by the relationship between the draw 
ratio imposed and the length reversion ratio attained. 
Participant I studied this problern quite carefully by 

I·Or------------------, 
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Fig. 9. Variation of ratio of entropy elastic deformation stress to 
total orientation stress with strain rate at constant reduced 

temperatures, T -T, for PSA and PSB. 

varying the temperature of draw from 100 to l20°C, the 
time of draw from 1 to 3000 sec and the draw ratio from 
1·7: 1 to 4:1. 

Figure 10 summarises the results obtained at tempera
tures of 105° and l20°C and times of draw 1, 1500 and 
3000 sec. These plots show the increasing relaxation that 
takes place on extending the time of draw or raising the 
temperature of draw. At 105°C little relaxation takes place 
even if the orientation takes place over 3000 sec while at 
l20°C some relaxation takes place within 1 second. 

Accompanying the relaxation is a decrease in bire
fringence, but provided the temperature and time of draw 
are kept constant there is a linear relationship between the 
birefringence and the strain f as given by f = (DR - 1). 
Since the birefringence is proportional to the stress 
required to orient the chains the ratio of the birefringence 
to the strain can be regarded as proportional to a time 
dependent relaxation modulus. The way in which this ratio 
varies with temperature at constant times of draw is shown 
on Fig. 11. 

It can be seen from the way in which tJ.nzy/f varies with 
temperature for constant times of draw that there is a rapid 
fall with temperature reminiscent of the fall in modulus 
with temperature at constant times or frequency. It can in 
fact be verified that the activation energy of the glass 
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Fig. 10. Relationship between length reversion ratio and draw ratio 
at two temperatures and three times of draw for PSA. 
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Fig. II. Variation of the ratio llnzy/(DR -I) with temperature at 
fixed times of draw for PSA. 
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transition of polystyrene also determines the time
temperature shift of the lln,, I f ratio. It is now evident that 
during the orientation of polystyrene at any temperature 
and time of draw the degree of orientation present in the 
final material is greatly dependent on the time taken and the 
temperature of orientation. It is seen however that the 
stress due to rubber-like elasticity which is latent in the 
glassy polymer is proportional to the birefringence and that 
both are direct measures of the extent of orientation. 

4.3.3 Birefringence and sonic modulus 
The linear correlation expected between birefringence 

and orientation factor a as given by the sonic modulus 
function (1- E. I E) 

i.e. ~=a=(l-E.IE), 
na -nß 

was investigated by participant I. 
I measured the Young's modulus of specimens of the 

oriented PSA and PSB along the orientation direction by 
means of a ftexural vibration apparatus at a frequency of 
about 200 Hz which corresponds to a time interval of about 
7·5 x 10-4 sec, and by means ofahighspeedtensiletestalso 
operated in the time interval 10-4-10-3 sec. The modulus 
remains essentially constant even beyond this time interval 
and may be considered as practically identical with the 
sonic modulus. 

In Fig. 12 the values of (1- E. I E) are plotted against lln. 
For both samples a linear relationship is obtained, as 
expected, but the slopes of the two lines are significantly 
different. It should be noted, however, that the observed 
changes in modulus are rather small: work on more 
extended polystyrene samples would be necessary before 
any definite conclusions can be drawn and the observed 
value of the slope compared with theoretical estimates of 
maximum birefringence (a = 1). 

4.4 Conclusions 
In view of the good linear relationship found between 

birefringence and u,m,. and the general agreement found 
between the estimate of SOC obtained from these 
quantities and those reported in the Iiterature it may be 
taken that the oriented sheets supplied are extended 
rubbers which have been solidified in the extended state. 
Their birefringence can be taken as a direct measure of 
orientation but the degree is uncertain due to the ambiguity 
as to the birefringence of a fully extended chain. The 
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Fig. 12. Relationship between modulus and birefringence. 

expected linear relationship between birefringence and the 
so nie modulus function (1 - E. I E) is also observed but the 
relationship needs to be tested for material of much higher 
degrees of orientation than those studied here. 

The nominal draw ratio and the length reversion ratio are 
not unequivocal estimates of the degree of orientation. 

Birefringence will be used as a measure of degree of 
orientation in discussing the properties of the oriented 
materials in the remainder of this paper. 

5. SECTION (d) SOME PROPERTIES OF THE 
ORIENTED SHEETS 

In the study of birefringence already discussed a 
knowledge of the tensile stress and strain in polymers when 
in the oriented rubbery state was required. The present 
section deals largely with tensile stress and strain 
relationships of the oriented polymers in the glassy state. 
Other aspects also considered will be impact behaviour and 
environmental stress cracking behaviour. 

5.1 Tensile properties 
It is known that oriented structures become quite strong 

in the direction of orientation and correspondingly weak at 
right angles unless biaxial orientation is introduced. N early 
every participant therefore studied properties in tension at 
different strain rates and different angles to the orientation 
direction. The majority determined rupture stress while 
some paid attention to the yield stress and strain and to 
rupture strain. The energy required to rupture was also 
determined by some or could be estimated. 

The tensile test piece agreed upon was that given in ISO 
Recommendation R527 Type 1 and most participants 
adhered to the dimensions specified but there were some 
small variations. The machining and finishing of the test 
pieces also differed slightly and ranged from the finish left 
by a high speed milling tool to polishing with a Silicon 
carbide paper, a benzene wetted pad or fusion. 

All participants used an Instron Tensile Tester except 
VII who used an adapted Schopper apparatus with 
tensometric loading device. In addition I used a Plastechan 
Mod. 581 High Speed Testerand IV a modified impact 
pendulum capable of recording load-time plots,22 for high 
speed testing. 

5.1.1 The estimation of strain rate. In order to compare 
the results of the participants on a common basis it was 
necessary to select independent parameters which each 
participant had used or which could be estimated from the 
results submitted. The birefringence used as a measure of 
degree of orientation of course is one such parameter. 
Another parameter selected was the strain rate. If an 
estimate of the strain rate can be carried out for all the 
participants, at least as far as the yield point, then this can 
form a basis for comparing results. An estimate of the 
strain rate can be arrived at from a knowledge of the 
dimensions of the actual test piece used, the cross-head 
speed, and the initial distance apart of the grips. The 
method of calculation is given in the Appendix. 

Participant I also made a careful note of the time 
required to yield and to rupture. These times can also be 
calculated from the yield strain and rupture strain and the 
strain rate, and can be used as the independent parameters 
for comparing properties. 

5.1.2 The estimate of specific rupture energy, W,. Notall 
participants measured the specific rupture energy, W" 
which defines the energy expended to rupture per unit 
volume. 
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Participant measured the area under the 
stress/elongation plot which gives the energy required to 
break unit area of that particular specimen. If this quantity 
is divided by the length of the necked narrow portion into 
which the energy required to extend the remainder of the 
sample is largely released at rupture a good estimate of the 
rupture energy per unit volume is obtained. 

Participant II noted the stress and elongation at yield and 
stress and elongation at rupture. This information, the 
cross head speed and the dimensions of the sample enable 
the strain of the narrow portion at yield and at rupture to be 
calculated. From the stress-strain relationship thus 
available the rupture energy per unit volume can be 
estimated. 

5.1.3 The variation of rupture stress with strain rate and 
orientation. All the participants measured rupture stress, u, 
at various strain rates and with test pieces cut at 0°, 45° and 
90° to the orientation direction. Figure 13 shows how u, 
varies with birefringence for different strain rates at each 
of the three angles for PSA.* 

For the 0° Sampies increasing strain rate and bire
fringence in general improve u,. F or the lowest strain rates 
however increasing orientation does not necessarily cause 
improved strength and this is associated with yielding 
before rupture. The 45° samples also improve in rupture 
stress with orientation and strain rate but not as rapidly as 
the oo samples. However, due to the yielding before rupture 
that takes place with 0° samples with increasing bire
fringence at low strain rates the 45° samples are seen to be 
actually stronger under these conditions since they break 
without yielding. 

The 90° samples show a consistent fall in strength with 
orientation while strain rate again improved strength in 
general. 

The lower strength values found by participant VII are 
believed due to the finishing of the edges of the test samples 
by fusion. 

*In Figs. 13-15 inclusive experimental points have small figures 
alongside. These denote the estimated strain rates as follows: 5 
represents 10-s sec-•; 4 represents 10-• sec-•; 3 represents 
10-' sec-•; I represents 6·1 x 10-2 sec-•; 50represents 50 sec-';260 
represents 260 sec-•. The Ietter Y denotes yielding. 

260 and 50sec-1 

Y yield by necking 
Y• yield by crazes 

-50 -100 

There was not a great deal of difference between PSA 
and PSB except that the latter was slightly stronger. 

Some tests done by participant III on PSB in bending 
gave rise to significantly higher rupture stresses of almost 3 
times those in tension for the same strain rate. This is 
believed to be due to the fact that the surface under 
greatest stress in a flexure test is the virgin surface of the 
oriented sheet which has not been machined. 

5.1.4 The variation of rupture strain with strain rate and 
orientation. Participants I, II, IV and VI measured rupture 
strain E, directly or the elongation at break Äi, from which 
it could be calculated. The results are plotted on Fig. 14 
against birefringence for different strain rates and at each 
of the three angles for PSA. 

At 0° improvement in rupture strain is observed with 
increasing birefringence particularly at low strain rates 
where very !arge increases in rupture strains occur for both 
polymers. PSB in particular reaches very high values as 
much as 46% for the highest birefringence and lowest 
strain rate. These high rupture strains are indeed the result 
of yielding without crazing. As strain rate is increased the 
rupture strains at 0° decrease particularly at high 
orientations the lowest strains being recorded at 50 sec-1• 

The apparent increase at 260 sec-' is believed due to the 
use by Participant IV of smaller ASTM D 1822 Type S 
specimens which may be less subject to flaws. An apparent 
maximum in rupture strain is indicated at about 10-1 sec-' 
at low birefringence. 

At 45° effects arenot as markedas for 0° samples but the 
general pattern of improvement of S, with birefringence is 
true at low birefringences but maxima in E, are observed as 
birefringence increases. In general increase in strain rate 
decreases E, except at low birefringencies when there 
again appears to be a maximum at about 10-' sec-1• 

At 90° the E, is quite small at high birefringences and has 
been plotted on a logarithmic scale to prevent confusion. 
Increasing birefringence causes a decrease in E, at all strain 
rates. The effect of strain rate would appear to be an 
improvement in E, as far as 10-1 sec-' then a decrease at 
50 sec -1• The anomalaus high position of the 260 sec_, plot 
is again believed associated with shorter test specimens. 

5.1.5 The variation of specific rupture energy, W., with 
strain rate and orientation. The specific rupture energy, 
W.., of course combines the stress and the strain behaviour 
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Fig. 13. Variation of rupture stress, G.., with birefringence for different strain rates at angles o•, 45• and 90" to the draw 
direction for PSA. 
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Fig. 14. Variation of rupture strain, E., with birefringence for different strain rates at angles 0°,45° and 90° to the draw 
direction for PSA. 

to the point of rupture and Fig. 15 shows how W, varies 
with birefringence at the difference strain rates for each of 
the three angles for PSA. 

At oo increasing birefringence improves the rupture 
energy but it does not increase as much as the rupture 
strain under yielding conditions due to the decrease in 
rupture stress that ensues. Apart from the maximum at a 
strain rate of about 10-1 sec-1 at low birefringences, 
increasing strain rate generally causes a decrease in W, 
with the experiments at 260 sec-1 again giving increased 
values. 

For 45° samples increased birefringence does not 
produce a marked improvement and the results at about 
10-1 sec-1 do in fact exhibit a maximum. This also results in 
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a maximum with increasing strain rate at low bire
fringences and a decrease in W, with strain rate at higher 
birefringencies. For 90° samples which have been plotted 
on a logarithrnic scale since they become sosmall the effect 
of increasing birefringence is a decided reduction in W,.. 
However there appears to be an improvement in W, with 
strain rate but the results at 50 sec-1 tend tobe somewhat 
out of line. The results at 260 sec-1 again are distinctly 
higher than the other strain rates particularly at high 
birefringencies. 

PSB behaves in a sirnilar manner to PSA except that the 
values of W, are in general greater. 

5.1.6 Variation of rupture strain with time to rupture. 
Another way of examining the stress/strain relationships is 
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Fig. 15. Variation of specific rupture energy, W., with birefringence for different strain rates at angles 0°, 45° and 90° to 
the draw directionfor PSA. 
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in terms of the time required to produce the effect rather 
than in terms of strain rate. It has already been commented 
on how variation of strain rate has produced certain effects 
e.g. maxima in €, at low birefringences. Since the time to 
yield or rupture is in general inversely related to strain rate 
it might be expected that such maxima should be observed 
as time to yield or time to rupture varies. Participant I in 
particular measured yield time and rupture time while the 
time to rupture could be calculated from the results of II, 
IV and VI. Oberstand Retting4 have shown that behaviour 
in the non-linear region such as rupture strain, €" is 
intluenced by molecular relaxation processes in the range 
of small deformations and the effect of these relaxation 
processes may be seen by observing the time to rupture, t" 
as an independent parameter. Figure 16 illustrates the way 
in which €, varies with t, for each NDR, at 0° and 90° to the 
direction of orientation for PSA. For the nominally 
unoriented polymer there is evidence of a maximum in the 
region of about 1 sec fort,. This maximum moves to Ionger 
times with orientation and becomes amplified for 0° 
samples while the reverse is true for 90° samples. It is 
believed that this transition is due to the secondary or ß 
relaxation process of polystyrene which occurs at about 
20°C at 1 Hz (t = 0·16 sec23-25). Orientation therefore 
causes a shift in the relaxation process to Ionger times at 
constant temperatures or higher temperatures at constant 
times. This would suggest that it is becoming more difficult 
for the motion to take place in the orientation direction. 
This is not unreasonable in the oriented state where the 
entropy is less. In addition, for 90° samples the reverse 
appears tobe true, i.e. the more restricted the chain motion 
becomes in the orientation direction the easier it is to 
separate the chains at right angles. The effect in fact is more 
marked for PSB than PSA. Further light on the above 
proposal is obtained from a study of the time dependent 
Young's Modulus of Elasticity which is discussed in the 
next paragraph. 

5 .1. 7 The time dependent Young 's Modulus of Elasticity, 
E(t) and the relaxation spectrum H(ln T). Participant I 
carried out a detailed study of the time dependent Young's 
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Fig: 16. Relationship between rupture strain, E" and time to rupture, 
t" for each nominal draw ratio and at angles of o• and 90• to the 

direction of orientation for P SA. 

Modulus E(t) following the principles described in the 
paper by Oberst and Retting4 on a similar study on PVC 
which originated within the present Working Party. The 
time dependent modulus E(t) is the stress relaxation 
modulus at appointed times, t, and can yield through the 
relationship: 

f+® 

E(t) = -® H(ln T) e-'!Td(In T), 

a measure of the relaxation spectrum H(ln T). For long 
times the value of E(t) may be obtained in the usual way 
from stress relaxation experiments. For shorter times, 
tensile tests at constant strain rates yield E(t) through the 
tangential modulus du /d€ measured at the appointed time, 

i.e. du/d€ = E(t). 

For very short times the storage modulus E' in tlexural 
vibration experiments carried out at different frequencies, 
w, is ameasure of E(t) where time is defined att = 1/w i.e. 
E'(w)"" E'(t),~ 11.,. The results of these studies over a time 
range of 10-4-W sec are given on Fig. 17 for PSA and 
PSB for the various draw ratios and for angles of 0° and 90° 
to the draw direction. 

The increase in E(t) with orientation at short times has 
already been mentioned in connection with the relationship 
between birefringence and sonic modulus at 0° to the 
direction of orientation. This increase is clearly seen in the 
above fi.gures and it persists with increasing time. At 90° the 
modulus falls with orientation although not much 
information was available for PSA. 

There is little to choose between PSA and PSB at very 
short times, but as time increases both polymers exhibit a 
decrease in modulus for all draw ratios and both angles. 
For PSB this decrease does not starttobe significant until 
times of 1 sec and over are reached. For PSA however the 
decrease starts much sooner, probably at a time of 1 o-4 sec, 
which agrees with its lower r •. 

In order to obtain the relaxation spectrum H(ln T) a first 
order approximation is given by the expression4•26 

H(ln T)"" - dE(t) I = - E(t) d(log E(t))l . 
d(ln t) c~7 d(log t) t~7 

Hence if log E(t) is plotted against logt and the slope at 
specified times t is multiplied by the value of - E ( t) at that 
time then the product to a first approximation is the value 
of H(ln T) at that time. 

Figure 18 shows the relaxation spectra obtained in this 
way for PSA for the draw ratio 1·0: 1 and 3·9: 1. A decided 
shift of the spectrum towards Ionger times is seen on 
increasing the draw ratio in support of the shift of the €, vs 
t, maximum towards Ionger times shown on Fig. 16. The 
spectra are in the appropriate position to correspond with 
the ß relaxation of polystyrene and if experiments had 
been conducted over a similar range of times at higher 
temperatures it would be expected that the ß relaxation 
spectrum would move to shorter times . 

5.1.8 The effect of temperature on tensile properties. 
Although the effect of temperature on the time dependent 
modulus E(t) over a wide time spectrum was not carried 
out, Participant VI did study the tensile properties of PSA 
and PSB at 40°C and 60°C as weil as at 23°C at one strain 
rate namely 1·1 x 10-4 sec-1• The results of this work are 
shown on Fig. 19 where rupture properties are plotted 
against birefringence for the three temperatures and for 
angles of 0° and 90°. 
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Fig. 18. Relaxation spectra for PSA at NDR = 1·0: I and 3-9: I and 
atangleo•. 

As temperature is increased u, at an angle of 0° 
decreases while E, increases particularly at high bire
fringence due to yielding. The nett result of these two 
effects is a decrease in W, with temperature at low 
birefringence and then an increase to quite high values at 
higher birefringences. Specimens cut at 90° become very 
weak as temperature and birefringence increase and 
although temperature does improve f, slightly the nett 
effect on W, is to reduce it to quite small values. 

The behaviour of PSB was similar tothat of PSA except 
that the effects of temperature on f, and W, were more 
marked while u, was not greatly different. Participant VI 
also studied the effect of temperature on the storage 
modulus E' at 200Hz which corresponds to a time of about 
8 x 10-4 sec. The results of this work areshownon Fig. 20 
for PSA and PSB for undrawn and 3·9: 1 NDR material. 
This shows the effect of temperaturein reducing E' as weil 
as the effect of orientation in increasing the modulus for 0° 
samples and decreasing it for 90° samples. The effect of 
increasing temperaturein decreasing the modulus is similar 
to that of increasing time as shown on Fig. 17. 

5.2 Impact strength 
A study of impact strength was carried out by 

Participants I, II, IV, VI and VII using essentially similar 
methods based on the Charpy ftexural impact test, using 
unnotched specimens, 50 mm x 6 mm x 3 mm, placed 
against two anvils 40 mm apart and broken by a hammer 
travelling at 290 cm sec-' which corresponds to a strain 
rate of approxirnately 32·6 sec-' for the portion that 
ruptures first opposite the point of impact. 

IV also used a span of 100 mm and a hammer speed of 
345 cm. sec-' which results in a reduced strain rate of 
6·2 sec-'. 

The results of these experiments areshownon Fig. 21 on 
a logarithmic scale against birefringence. As orientation 
increases very high impact strengths are observed for 
specirnens cut at 0° to the direction of orientation and 
correspondingly very low values for those cut at 90°. For 
the 45° samples a ftat maximum is observed reminiscent of 
the behaviour in tension. PSB is seentobe stronger than 
PSA but not unduly so. When the conditions of test are 
varied as done by IV by increasing the span which causes a 
fall in strain rate as weil as increasing the volume of 
material under stress, the impact strength is seen to 
increase as shown by the dotted lines. 

Participants VI and VII also notched their samples with 
1 mm deep and 0·8 mm wide notches. The weil known 
reduction in impact strength was observed as shown on 
Fig. 22. The notch has the effect of confining the volume 
under greatest strain tothat portion beneath the root of the 
notch and so the work of rupture is also confined to this 
volume which is a good deal smaller than the volume 
involved in rupture when unnotched. In addition, the 
effective span of the test piece is a good deal shorter 
because of the notch and so the strain rate is correspond
ingly greater. This may also cause a reduction in impact 
strength. 

While the notched impact strength is lower than for the 
unnotched, the effect of orientation is to increase the value 
for 0° samples, there is also a continuing increase for the 45° 
samples and the 90° samples do not decrease as rapidly as 
for unnotched samples. 

5.3 Environmental stress cracking 
Another important aspect of the strength properties of 

polymers is their resistance to cracking when immersed in 
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Fig. 20. Effect of temperature on storage modulus, E' (200Hz) of PSA and PSB for 1·0: 1 and 3·9: I NDR samples and 

angles o· and 90°. 

certain media which can diffuse into the structure and give 
rise to internal stresses. 

Participant I examined the behaviour of the oriented 
polystyrenes immersed in one such media namely a 
rnixture of 1 : 5 volumes of n -heptane/ iso -propyl alcohol at 
23• for 60 rnin. Circular holes 3 mm in diameter are drilled 
through the oriented sheet specimens and steel balls of 
slightly oversize diameter are pressed into the holes, the 
oversize increasing regularly so as to give rise to increasing 
strains. The mixture causes cracks to grow around the 
holes the length and direction of which depend on the 
oversize of the ball and the orientation of the specimen. 

The results are given on Fig. 23 as plots of the length of 
the cracks along the orientation direction against the 
uniaxial strain caused by the oversize of the ball for each 
polymer and each draw ratio. 

It is seen that crack length is both a function of the strain 
imposed and the degree of orientation and that PSA is a 

good dealless resistant than PSB. It appears that at the 
higher draw ratios, and moreso for PSA than PSB, an 
upper strain Iimit exists the exceeding of which causes a 
catastrophic crack growth. 

6. SUMMARY AND CONCLUSIONS 

This paper seeks to consider some of the consequences 
of orienting a typical non-crystalline atactic homopolymer 
namely polystyrene. Two commercial polystyrenes of 
different molecular weight, glass transition temperatures 
and rheological properties were chosen for study and the 
properties studied included the length reversion ratio, the 
birefringence, the orientation stress, the shrinkage stress 
and various mechanical properties such as the rupture 
stress and strain, the specific energy of rupture, the sonic 
modulus, the relaxation modulus, impact behaviour and 
environmental stress cracking behaviour. The two poly
mers were sheet extruded and then drawn to the same 
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nominal draw ratios, hut the length reversion ratios that 
resulted were always a little higher than the NDR due to 
some orientation heing imparted hefore the orientation 
step except at the highest NDR where some relaxation took 
place during the drawing operation owing to the higher 
temperatures required. There was good agreement he
tween the LRR for polystyrene A and polystyrene B for 
any NDR. 

When hirefringence is compared with NDR it does not 
increase as quickly as NDR while PSB has a higher value 
than PSA. This latter feature is accentuated when 
hirefringence is plotted against LRR i.e. for any value of 
LRR the hirefringence of PSB is greater than that of PSA. 
This is reasonahle since the viscosity of PSB at any one 
temperature is higher than that of PSA. However, the 
hirefringence does not increase rapidly enough to satisfy 
ruhher elasticity theory and this is attrihuted to the fact that 
the sheets were suhjected to different strain rates and 
temperatures during orientation which would inftuence the 
degree of temporary chain entanglement, hence the 
orientation stress and so the hirefringence. 

Birefringence is shown to he a quantitative measure of 
orientation of PSA and PSB and the linear relationship 
hetween it and the stress required to orient the polystyrene 
at temperatures in the vicinity of r. is in two parts, one 
produces Hookean elastic extension while the other 
results in ruhher-like or entropic extension. The Hookean 
elastic extension is small in magnitude hut high in stress 
which relaxes very quickly and is associated with a small 
positive stress optical coefficient. The ruhher-like exten
sion on the other band is !arge in magnitude for the same 
order of stress which requires much Ionger to relax and is 
associated with a !arge negative SOC. 

The relative amounts of the two stress components 
during any orientation procedure are greatly dependent on 
the strain rate and the temperature, increasing temperature 
and low strain rates favouring ruhher-like extension. The 
degree of entanglement present during ruhher-like exten
sion is also dependent on temperature and strain rate, the 
high er the temperature and lower the strain rate the smaller 
is the degree of entanglement. The temperature and strain 
rate also inftuence the degree of relaxation as judged hy the 
relationship hetween the draw ratio imposed and the LRR 
attained, increasing temperature and times of draw 
favouring relaxation and a decrease in LRR. The same 
effect is found for the hirefringence of the resulting 
oriented material which can he shown to decrease quite 
rapidly with increasing temperatures and times of draw for 
the same NDR. Tensile rupture properties of the oriented 
polymers in the glassy state i.e. rupture stress, rupture 
strain and specific rupture energy are shown to he 
dependent on the degree of orientation, the strain rate and 
the angle of the long axis of the specimen to the orientation 
direction. There is also evidence that the dimensions of the 
sample and the finish can inftuence the properties. 

In general for 0° samples increasing orientation improves 
rupture stress, rupture strain and specific rupture energy. 
At high orientations however due to the onset of yield hy 
necking a decrease in rupture stress occurs at low strain 
rates. Another effect also is that at low orientations there is 
an apparent maximum in rupture strain as strain rate is 
increased hut at higher orientations strain rate causes a 
decrease in rupture strain. The use of a shorter test piece at 
an even higher strain rate reverses this trend and this is 
attrihuted to a shorter sample having less ftaws. For 45° 
samples the properties do not change markedly with 
orientation except to improve slightly for rupture stress 

since no yielding is present for these samples and an 
apparent maximum in rupture strain at low orientations as 
strain rate is increased. 

For 90° samples there is a decided fall in all properties 
with hirefringence with rupture stress, rupture strain and 
specific rupture energy improving with strain rate. 

If time to rupture is taken as an independent parameter 
for the study of rupture strain then a maximum in rupture 
strain is ohserved with increasing time for the unoriented 
material at 0°. This maximum appears also in the 1·5: 1 
NDR material hut amplified and at a Ionger time and it 
would seem it would appear at still Ionger times further 
amplified at higher orientation. This maximum is helieved 
to he due to the ß relaxation process of polystyrene and the 
maximum ohserved in E, with strain rate is also attrihuted 
to the same process. For 90° samples the ahove effects are 
reversed. 

The movement of the relaxation process to Ionger times 
with orientation at 0° is in keeping with the process 
hecoming more difficult with orientation and conversely at 
90°. Theeffectis more markedfor PSB thanfor PSA. Some 
evidence for the existence of the ß process is also seen 
from the relaxation spectrum ohtained from plots of the 
time dependent modulus E(t) against log time. It is 
helieved that the short time flank of the ß process is seen 
for the unoriented material and that this shifts to Ionger 
times for the 3·9: 1 NDR material. 

The effect of increase in temperature at one low strain 
rate has resulted in a decrease in u, at 0° and an increase in 
E, particularly at high orientations due to yielding. The nett 
effect on W, is to decrease it as temperature increases at 
low hirefringences and then to increase it at high 
hirefringences. 

At 90° the general effect of increase in temperature is to 
depress all rupture properties. 

The effect of temperature on the storage modulus E' at 
200Hz is a uniform decrease in value similar to the 
decrease in time dependent modulus E(t) with increasing 
time at constant temperature. The oriented materials at 0° 
and 90° also exhihit the same decrease in E' with 
temperature. 

Charpy impact testing at one hammer speed show the 
very high impact strength resulting from orientation for 0° 
samples and the correspondingly very low values for 90° 
samples with PSB slightly stronger than PSA. 

A decrease in hammer speed and increase in span 
improve impact strength due prohahly to decrease in strain 
rate and the !arger volume involved in the rupture process. 
The effect of notehing is to reduce the impact strength due 
presumahly to the reverse effects. 

The environmental stress cracking experiments showed 
that the oriented polymers suhjected to lateral strains can 
develop catastrophic crack growth when immersed in an 
active liquid. The onset of the cracks depends on the lateral 
strain imposed, and the degree of orientation. PSB was 
found to he more resistant than PSA. 
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APPENDIX 

Estimate of strain rate in stress Istrain experiments in tension 
If the test piece is divided into three portiuns namely the narrow 

inner part of length 11 and width w 1 the curved portion of radius r 
and the outer wider portion which is gripped, the distance between 
the grips and the outer Iimit of the curved portion being /2/2 and the 
width w2 then it can be shown that if K is the constant crosshead 
speed 

B=a 

K = llil + 2 L lll.i .. ,, + 12i2 
8=0 

(A.l) 

Fig.Al. 

strain rate of a small element of length 111. situated at an angle fJ 
from the radins normal to one end of the inner narrow portion and 
i 2 is the strain rate of the outer wider portion. 

1t can also be shown that provided all parts of the structure are 
obeying Hooke's Law then 

(A.2) 

where w "''' is the width of the small element of length 111,. 
The value of 

w .. ,, = W, +2r(1-cos 9) (AJ) 

the full magnitude of fJ namely a being determined by the value of 
r, w1 and w2 in that 

r -(w2- w,)/2 cos a = . 
r (A.4) 

Substituting for E"''• and E, in equation (A.l) from equation (A.2) it 
follows that 

where i, is the strain rate of the inner narrow portion, i .. ,. is the From which i, may be calculated. 




