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Abstract The physical aging behavior of atactic polystyrene (aPS) films achieved
under different drawing conditions has been studied by optical birefringence and modulate
differential scanning calorimeter (m.d.s.c.). The results show that on annealing at specific
temperature below glass transition temperatue (Ty), the enthalpy relaxation (AH) and T,
decrease with increasing of birefringence (An). On the other hand, the effect of molecular
draw ratio (MDR) is confusing: AH and T, decrease with increasing of MDR in the early
stage of aging, but the MDR's effect become unobvious with the development of aging.
It may be concluded that the ordered domain generated by the drawing below or above
glass transition temperature will affect the development of physical aging behavior. The

viewpoint of cohesional entanglement is used to account for the above observations.
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INTRODUCTION

Physical aging of glassy polymers has been studied by various measuring tech-
niques such as impact testing, differential scanning calorimetry, infra-red spec-
troscopy, tensile testing, dynamic mechanical spectroscopy, X-ray diffraction method,
fluorescence spectroscopy, electron spin resonance spectroscopy and positron annihi-
lation lifetime spectroscopy, etc!t!, and the results have been the subjects of reviews,
papers, and books indicating that this phenomenon would exert an unnegligible
effect on the performance of polymeric materials.

Amongst the polymeric materials that have been studied, atactic polystyrene
(aPS) has been the one that deeply arouse men’s interest as it is a well known poly-

mer with important industrial applications and theoretical significances. Although
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the physical aging of aPS has been studied in great detail, the effect of draw con-
dition on physical aging phenomena has not yet brought to our enough attention,
very few studies on this subject can be found in the literatures. In fact, draw or
orientation processes, as the most conventional way to obtain the final products,
would inevitably play an important role in the physical aging of aPS.

In the present work, we studied the physical aging behavior of samples with
different extension and orientation, in order to relate the presented orientation in

the materials with the following aging performances.

EXPERIMENTAL

Materials

The atactic PS granulate is provided by Jiamusi Synthetic Materials Factory,
P.R. China, with number average molecular weight M, = 8.2 x 10* (determined by
GPC-210, Polymer Laboratories). PS samples for ensuing tests were cast into films
from a 7.8% toluene solution with an average thickness of 150um.

Oriented samples from thin films were obtained on an apparatus developed in
this laboratory, i.e. a stretching machine operating at variable strain rate and with a
special oven to maintain a rather constant temperature (within £0.5°C) over all the
sample. Draw ratios were determined by measuring the distance between ink marks
on the sample. Different strain rates (from 0.21/min to 1.78/min) and stretching
temperature (from 85 to 135°C) were used. Thereafter, specimens were air quenched
below T}, then they were maintained at a sub-T; annealing temperature for different
time (from 26 to 257 h). In order to retain the original orientation, 78°C, which was
rather lower than T, (100°C, detected by d.s.c at 20°C/min™!), was selected as the
aging temperature and the samples were kept at constant length during the aging

treatment.

DSC test

Differential scanning calorimetry (d.s.c.) was carried out on a Model 2910 m
dss.c. cell and a DuPont Thermal Analyst Model 2100 based on an IBM PS/2
Model 60 computer. Excellent review of this technique can be found in Ref.[2] and
a typical m d.s.c curve of aged aPS sample was illustrated in Fig.1. A heating
rate of 5°C/min, an oscillation amplitude of 0.8°C and an oscillation period fo
40s were used throughout this investigation. These modulation parameters were
chosen so that the heating rate was always above zero, i.e. no cooling occurred

during the scanning process for the temperature region of interest. In order to
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maximize the signal as well as to reduce the heat transfer delay, an average sample
weight of about 10 mg was used, with an empty pan as the reference. Indium
was used to rectify the temperature and energy. The heat capacity calibration
was made by running standard sapphire sample over a wide temperature range
and comparing the determined heat capacities with the literature values. 30°C and
140°C were selected respectively for the initial and final temperature of the scanning
measurement. Nitrogen purge of 40 mL/min was used for all samples.

The enthalpy relaxation AH, which defined as the relative departure of aging
polymers from glassy polymers, was estimated from m d.s.c. thermograms by mea-
suring the area enclosed between the traces of peak that showed in the non-reversible
heat-flow curves. T, was defined as the inflection point in the reversible heat-flow
curves. Tryax was taken as the maximum position of endothermic C), peak in the

same curves as that of AH. The details can be found in Fig. 1.
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Fig. 1 The typical m d.s.c. curves indicating the reversible and non-reversible heat flow of

a drawn aPS film

Birefringence

Birefringence can reflect the extent of all segment orientation in the polymer sys-
tem. The orientation of the samples was characterized by using optical anisotropy
measurements/®l. The difference between refractive indexes (An) parallel and per-
pendicular to the draw direction were measured by using an Abbe refractometer
(Model WZS-1, Shanghai), illuminated by monochromatic light (A = 589 nm) from
a sodium vapor lamp. To avoid scattering of light from the surface, cinnamon oil
(refractive index=1.590~1.610 at 20°C) was used as immersion fluid, all the mea-

surements were conducted at room temperature (ca. 16°C).
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Molecular draw ratio
Due to viscous chain slippage or relaxation during drawing, the nominal draw
ratio (DR) cannot always express the molecular draw ratio, the efficiency of draw

can be measured by elastic recovery of drawn samplesl?.
MDR = (Ly — Ls)/Lo+1= AL/Ly + 1

Ly is the total length after draw, L, is the shrunken length of a drawn sample heated
well above its Ty. The MDR of the samples was measured at room temperature by
using a measuring microscope, Model JXD-12.

The bulk densities (p, g-cm™2) of the film specimens were measured at 21°C in a
density gradient column containing isopropyl alcohol/diethylene glycol. The column
had a density measurement range from 1.02~1.08 g-cm™3 with the density accuracy
of 0.0001g-cn 3.

RESULTS AND DISCUSSIONS

First we investigate the temperature dependence, Table 1 showed the samples
obtained under different drawing temperatures, all the resulting films have nearly

the same draw ratio (DR) and draw speed.

Table 1 Preparation of drawn aPS samples at different drawing temperatures

Draw temperature” MDR An(x10%) Density (g. cm™?)
85 1.38 214.2 1.0468
95 1.47 201.1 1.0482
100 1.54 174.5 1.0480
105 1.69 126.1 1.0471
110 1.82 106.4 1.0471
115 1.51 88.0 1.0474
120 1.39 34.6 1.0465
125 1.24 10.2 1.0469
130 1.20 1.6 1.0475
135 1.16 0.8 1.0477

* Draw speed =0.12/min; Draw ratio=1.22

Owing to the intrinsic brittleness especially near or below T, the samples were
obtained under relatively low draw speed and were drawn up to only DR=1.24.
Unsimilar to crystallizable polymers, such as poly(ethylene terephthalate) (PET),

drawing can not give rise to any obvious density increase. It can be noted that,
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MDRs, which could be regarded as the efficiency of draw or orientation of molecular
scale, were varied but have a maximum with increasing of drawing temperatures;
whereas the An, which could be taken as the degree of segmental orientation in
general sense, shows a decreasing tendency with increasing of drawing temperature.
Then at constant temperature, the obtained samples were subjected to aging for
different time. Fig.2 and Fig. 3 showed the effect of aging time on the enthalpy
relaxation AH and Tj. respectively. AH increases as a linear function of logt,
(ta, aging time) and the T, moves towards higher temperatures with increasing of
aging time, these behaviors are well established features of physical aging for glassy

polymers as observed by others!10],

~ . 135°C + 130°C [ - 135°C * 130°C 2 125°C

ok, %3)2 . 11‘3(())0% 103.0F L1500+ 1150¢ » 110°C

= Tt . TThe & L < 105°¢ + 100°C

- - 15°C * 110°C »G59C « 850("

= e 105°C © 100°C

3.0 - 937C - 8C

o)

. 1.0[

=00 I ! ! ! [ R 2 L

. | 1.4 1.8 2.2 2.6 9&00 60 120 180 210 301
lgt, (t, in h) Aging t (h)

Iig. 2 Enthalpy relaxation AH vs. loga- Fig. 3 Effect of aging time on glass transi-
rithmic aging time (logt,) for aPS tion temperature (Tg) for aPS films
films obtained at different drawing obtained at different drawing tem-
temperatures T as indicated peratures 7" as indicated

Then it is interesting to note that all the specimens, which have nearly same
draw ratio and density, display different physical aging behavior, why? What is
the main reason that responsible for this result? Under same draw ratio and draw
speed, MDRs changed saddle-like with the drawing temperatures, An showed the
decreasing tendency with temperature increasing, as details that were depicted in
Fig. 4, there was a maximum MDR in the vicinity of 115°C.

This observation is comprehensible because the drawing is a process in which ori-
eutation and relaxation (tend to disorientation) can take place instantaneously, the
final effect is dependent on the drawing condition. A number of studies have shown,
that if the temperature is relatively high (above T,) and the strain rates is low,
stretching without resultant orientation may occur, this is called flow drawing®. It

was suggested that under these condition, molecular relaxation processes predomi-
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nate over the orientation process. Consequently, the drawing tension drops to low
levels and results in flow drawing. It has also been suggested that above certain
critical temperature, the intermolecular linkages are broken down, and as a result
of which the polymer molecules may slip over one another and flow individually,
exhibiting a large deformation without inducing any molecular orientation just like

in flow of a simple liquid.
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Fig. 4 The drawing temperature dependence of MDR and An for aPS films

Fig. 5 shows clearly that the AH and T are the functions of An, the AH and T,
all decrease monotonically with the increasing of An of samples. Three periods of
aging time, 26, 124 and 257 h, corresponding to early, intermediate and final phase of
aging in these investigation respectively, were selected to explicate the effect of An
on the aging behaviors. In the same way, AH and T; were plotted against MDR of
drawn samples. In early stage of aging, AH and T all decrease with the increasing
of MDR, but the trend becomes unnoticeable in the middle and final stage (unshown
in this report).

In order to corroborate the above results and find which one has the main ef-
fect on the physical aging, a series of experiments were performed on the samples
achieved on different circumstances (Table 2 shows the samples and corresponding
conditions). The aging results are shown in Fig. 6 in which a part of the values is
taken from Table 2. The results have the consistency that when the amorphous sam-
ples were stretched at higher speed and up to higher ratio, which would inevitably
give rise to increased An, the AH became lower and the Ty became unobvious.
Apparently, the development of physical aging is ‘interrupted’ by escalating orienta-
tion. These results come from the decrease of the available amorphous phase which

undergoes relaxation as the ordered phase of the material increases!®.
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Fig. 5 Enthalpy relaxation AH vs . An for aPS samples aged for three selected times

Table 2 Preparation of aPS samples at different drawing speeds and draw ratios

(all films are drawn at temperature 120°C)

Draw ratio (DR)* MDR An{x10%) Density (g-cm™3)
1.10 1.02 110.2 1.0474
1.18 1.06 100.8 1.0472
1.22 1.08 94.4 1.0472
1.37 1.12 82.9 1.0476
1.47 1.23 78.1 1.0477
1.59 1.30 70.5 1.0471
1.82 . 1.47 62.6 1.0469
1.96 1.49 43.0 1.0468
2.04 1.26 32.3 1.0470
2.56 1.28 24.4 1.0471

Draw speed (/min)** MDR An(x10°) Density (g- cm™?)
0.21 103 19.6 1.0476
0.35 1.08 22.7 1.0477
0.47 1.14 45.2 1.0472
0.59 1.21 57.6 1.0470
0.74 1.26 96.4 1.0477
0.96 1.33 120.5 1.0479
1.23 1.37 131.2 1.0472
1.50 1.42 162.0 1.0473
1.78 1.44 177.1 1.0478

* Draw speed =0.21/min; ** Draw ratio =1.22



Vol.16 No.2 PHYSICAL AGING OF ATACTIC POLYSTYRENE 183

Drawing, even at temperatures above Ty, will inevitably introduce the alignment
of chains, so the samples studied are not in the isotropic state which generally is the
essential state of physical aging of amorphous glassy polymers, but it is relatively
reasonable to assume that the physical aging can evolve in this formed unisotropic

state.
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Fig. 6. Variation of AH vs. aging time for samples achieved under different drawing conditions

Until now, on the study of physical aging, there are several theories and models
have been put forward in an attempt to shed more light on this area of research!”.
As to the decrease of AH and 7T, with increasing of An, this could be tentatively
interpreted with the viewpoint of cohesional entanglement. As Qian termed!®!, the
‘cohesional entanglement’ is the local alignment of neighboring chain segments orig-
inated from inter-chain ccohesion. As topological entanglement, the new kind of
entanglement can also serve as physical crosslinks to form a temporary network. So
it became understandable that the alignment caused by drawing would profoundly
hinder the development of entanglement points.

However, it should be made clear that the data presented here do not provide
direct evidence for this speculation. Further studies in our laboratory are under
way currently on some other polymers such as polycarbonate (PC) and polymethyl
methacrylate (PMMA), in order to verify ultimately whether orientation in the local
sense or/and global sense should play an unfavorable effect on the physical aging.

CONCLUSION

Relaxation enthalpy (AH) and Tg, which can act as the criterion of physical aging
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in the d.s.c. tests, have variant dependence on the molecular draw ratio (MDR) and
optical birefringence (An) which can be treated as the degree of extension and
orientation of segment, respectively. M d.s.c. results show that the local segmental
orientation would retard the evolution of physical aging; the molecular orientation
presents an unfavorable effect on the development of physical aging in the amorphous
region of atactic PS especially in the early stage of the process, but when the samples
are strained up to high extent, the drawing effect on the successive aging will become
undetectable.
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