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Synopsis

The low-temperature 3 relaxation has been studied via thermally stimulated depolarization current
(TSD) method for polycarbonate that had been cold-rolled and subsequently undergone the o’ re-
laxation at 70°C as a function of time. It has been found that the intensity of the 8 process increased
as the annealing at 70°C increased. The analysis of the activation energy spectrum associated with
the 8 relaxation indicated that the enhancement in the 3 intensity was due to the liberation of local
dipoles from their aligned orientation as a result of undergoing the o relaxation process. Tensile
flow curves have also been determined for the same set of specimens. Similar enhancement was
also observed in the yield stress behavior. In view of the good correlation between the mechanical
property and the structural change revealed by the relaxation study, it was concluded that the
variation of the yield stress and the work-hardening in the rolled polymer was primarily associated
with those parts of the chain that had been disoriented from their frozen-in conformations.

INTRODUCTION

The mechanical behavior of polymers has long been associated with the mo-
lecular relaxation transition, in particular, the secondary (8 mode) relaxation.
In many cases, high impact strength is ascribed to the existence of a secondary
transition!-® which, during the fracture process, is presumed to dissipate a large
amount of energy. In the case of ductile-brittle transition brought about by
thermal pretreatment below T}, however, the accompanied change in the sec-
ondary relaxation as measured by conventional dynamic-mechanical or dielectric
methods, if any, is too small to account for the macroscopic difference in the
impact strength.5-® The relaxation transition also manifests itself in the behavior
of yield stress. The temperature and/or strain rate dependence of yield stress
has been ascribed to Eyring’s rate theory?-12 and the molecular motion occurring
momentarily at the yield point is dominated by the relevant processes.!317 In
addition, rate theory has also been applied to the time dependent fracture of
polymeric materials.!® In the light of these findings, a change in the relaxation
process is expected to result in a corresponding change in the yield stress or vice
versa.

In the previous paper,l? we reported a o’ relaxation process at ca. 70°C for
cold-rolled polycarbonate measured by thermally stimulated depolarization
current (T'SD) technique. In this work, the mechanical behavior and the local
mode £ relaxation have been studied in parailel for the rolled specimens that
have undergone the o’ process and the correlation between the 3 relaxation and
the mechanical behavior, in particular the yield stress, as influenced by the o’
relaxation process was investigated.
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EXPERIMENTAL

The material and its treatment are as previously described.1®

In this work, one set of the rolled specimens with thickness reduction of 24%
were placed in the oven maintained at 70°C, i.e., o’ peak temperature, and an-
nealed for various periods of time. Their tensile flow curves and 3 relaxation
were then determined as a function of the 70°C annealing process, respec-
tively.

For TSD measurements of the ( relaxation, specimens were first poled at room
temperature with an electric field of 30 kV/cm for 10 min. The specimen was
then rapidly cooled down to liquid nitrogen temperature with the field sustained.
After short-circuiting the specimen for 15 min following the removal of the field,
the temperature was raised linearly at 3°/min and the TSD current was regis-
tered. Again, as in the previous work,!9 partial heating method was used to
determine the activation energy spectra associated with the 8 relaxation pro-
cesses.

Tensile specimens were cut in dumbbell shape with a 3, in. gauge length and
I in. width. An Instron Tensile Tester was used with a head speed of 0.05 in./
min. Measurements were conducted at room temperature. The error in the
value of o, as a result of variation in the specimen’s thickness and width was
estimated to be less than 7%.

No significant thickness change in the specimen was observed as a result of
annealing treatment at 70°C, in agreement with a previous report.2°

RESULTS

B Relaxation

When the cold-rolled specimens were annealed at 70°C, it was found that, as
aresult of the o relaxation process, both the yield stress and the low-temperature
B mode relaxation change accordingly. Figures 1(a) and 1(b) depict the evolution
of B relaxation with annealing time at 70°C of up to 161 hr. It is seen that the
peak broadens and generally increases in height as the annealing time increases.
The activation energy associated with the § relaxation processes for several of
the specimens is plotted against temperature in Figures 2(a) and 2(b). The ac-
tivation energy spectrum for the cold-rolled LEXAN can be compared with that
for solution-cast polycarbonate?! [Fig. 2(a)]. Unpublished data?? also showed
a significant increase in the activation energy at ca. 190°K upon cold-rolling. For
annealing times up to 18 hr, the activation energy data falls on a single curve with
4 steps of constant energy: 0.20, 0.28, 0.36, and 0.83 eV [Fig. 2(a)]. However,
long-time annealing, e.g., 161 hr, results in a reduction in the activation energy
from 0.83 to 0.70 eV in the fourth step [Fig. 2(b)].

Tensile Stress

An as-rolled specimen generates two different engineering stress-strain curves
depending on the relative orientation of the rolling direction and the tensile test
direction as shown in Figures 3(a) and 3(b). The tensile specimen oriented with
the tensile axis perpendicular to the rolling direction is seen to exhibit higher
ductility than the one oriented parallel to the rolling direction. Also plotted in
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Fig. 1. Evolution of the 8 relaxation in TSD measurements with the annealing time at 70°C for
one set of polycarbonate cold-rolled to 24% reduction in thickness. The experimental conditions
and the annealing times are indicated.

Figure 3 are the tensile flow curves after 30 min of annealing at 70°C. In either
orientation, annealing tended to promote a yield point (heterogeneous yielding)
and decreased the rate of work-hardening. Because the parallel orientation gives
no clear yield points in the as-rolled specimens, only those values obtained in
the perpendicular orientation are reported here. Figure 4(a) depicts the evo-
lution of the stress at the upper yield point with annealing time at 70°C for the
same set of cold-rolled specimens as those depicted in Figures 1(a) and 1(b).
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Fig. 2. (a) Temperature dependence of the activation energy for the 3 relaxation processes in the
rolled polycarbonates annealed at 70°C for the times indicated (—), as well as that for the solu-
tion-cast undeformed polycarbonate reported by Aoki and Brittain (ref. 21) (---). (b) Activation
energy spectrum for the rolled specimen annealed for 161 hr at 70°C (—0O—) compared to the ac-
tivation energy spectrum depicted in (a) for rolled specimens annealed 18 hr (---).
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DISCUSSION

The molecular mechanism associated with the o’ process discussed previ-
ously,!® namely, local disorientational motion of aligned molecular groups, can
also be perceived from the behavior of low temperature 3 relaxation in the rolled
specimens. It is seen in Figures 1(a) and 1(b) that 8 process is enhanced by
annealing the rolled specimen at o’ peak temperature. Since the area under the
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Fig. 3. Engineering tensile flow curves for the rolled polycarbonate: (a) the specimen oriented
with its rolling direction parallel to the tensile test direction; (b) the specimen oriented with its rolling
direction perpendicular to the test direction.

8 curve is the total charge released, we have

T=w
Q=j;0 I(T)dT

where I(T) is the T'SD current, this means that more charges are released as a
result of the annealing process. On the molecular level, this could arise from
a decrease in the activation energy associated with this 3 process and/or an in-
crease in the number of dipoles available for alignment under the given poling
field. It appears that the former is immediately ruled out by the single activation
energy curve in Figure 2(a) for annealing time under 18 hr and the enhancement
of the 3 peak is thus mainly due to the progressive liberation, upon annealing,
of more dipoles that had been frozen in during the cold-work. Furthermore, the
lack of change in the local environment to each particular constituent group for
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Fig. 4. Property changes as a function of annealing time at 70°C: (a) stress at the upper yield
point; (b) area under the 8 relaxation curve (in arbitrary units).
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Fig. 5. Correlation between the stress at the yield point and the area under the 3 relaxation curve
for the cold-rolled polycarbonates annealed at 70°C for various periods of time.

up to 18 hr of annealing as implied by the single solid curve in Figure 2(a) requires
this liberating motion to be localized, e.g., wagging or torsional motion of phe-
nylene and/or carbonate groups. Thus, the conclusion arrived here on the
mechanism of o’ process is seen to justify the one described previously.1® The
reduction in the fourth energy step in Figure 2(b) suggests, in combination with
Figure 1(b), that long-time annealing eventually lead to the weakening in in-
termolecular interaction as the number of the disoriented molecular groups in-
creases to certain extent. This seems to be consistent with the observation il-
lustrated in Figure 2(a) that the isotropic solution-cast polymer?! has a consid-
erably lower value in its fourth energy step as compared to the rolled polymer
in this work.

Annealing at o’ peak temperature causes the yield stress to increase sharply
first followed by leveling off, as shown in Figure 4(a). This type of behavior is
somewhat similar to that of undeformed polycarbonate annealed at temperatures
above 80°C.232¢ The interpretation, however, is rather different. In the present
case, it can be better appreciated if the concurrent structural change is also taken
into consideration. This is done in Figure 4(b) where the area under the 3 peaks
determined from Figures 1(a) and 1(b) is plotted as a function of annealing time
at 70°C. A behavior in close resemblance to that of the yield stress is observed,
indicating a coherent relationship between the evolution of the yield stress and
that of the 3 relaxation. The latter can be better perceived if one combines
Figures 4(a) and 4(b) into a plot of the yield stress versus the area shown in Figure
5. Itis interesting to see that for the annealing time under 18 hr, ¢, increases
linearly with the area, suggesting that it is those parts of the chain which have
been disoriented from the frozen-in configuration that cause and predominate
the promotion of the stress at the yield point. This is, perhaps, due to the greater
degree of freedom enjoyed by these parts than the rest of the chain. Figure 5
further illustrates that as the annealing time progresses, more chain segments
are liberated, causing the area to increase continuously. The enhancement of
the stress at the yield point, however, suffering from the weakening in intermo-
lecular interaction which sets in at this stage, begins to level off, even though more
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regions of the material are becoming capable of carrying the load. Similar
argument can also explain the suppression of the work-hardening (Fig. 3) as a
result of annealing. It has been proposed that work-hardening is prompted by
the lining up of the molecular chain along the tensile axis.?®> As the alignment
proceeds increasingly, more stress is required to cause the molecular chains to
slide over each other. Consequently, a liberation of the local chain segments
from their aligned orientation as a result of annealing at 70°C would reduce the
stress required to deform the material. Thus, it is seen that the mechanical
behavior of the rolled polymer can be well correlated with its structural change
revealed by the relaxation study. Finally, it is to be noted that a similar curve
was used by Boyer? to correlate the impact strength of plasticized PVC with its
8 relaxation height and a linear relationship between toughness and the me-
chanical dissipation factor was observed by Sacher?® for several untreated
films.

CONCLUSIONS

(i) Low-temperature (8 mode) relaxation study has further confirmed the
nature of localized motion associated with o’ process at 70°C reported previ-
ously.1®

(ii) Cold-work has modified polycarbonate in its tensile property at room
temperature as well as its 5 mode relaxation: both the stress at the yield point
and the relaxation intensity are suppressed.

(iii) The yield stress and (3 relaxation tend to vary in a coherent way in de-
formed PC undergoing the o’ process.

(iv) Yield stress in the rolled polymer is primarily associated with those parts
of the chain that have been disoriented from their frozen-in conformations re-
sulting from cold-work.

This research was supported under the NSF-MRL Program (Grant No. DMR 76-80847) through
the Materials Research Center of Northwestern University.

References

J. Heijboer, J. Polym. Sci., Part C, 16, 1755 (1968).
R. F. Boyer, Polym. Eng. Sci., 8, 161 (1968).
G. Locati and A. V. Tobolsky, Adv. Mol. Relax. Process, 1, 375 (1970).
E. Sacher, J. Macromol. Sci. Phys., B9(1), 163 (1974).
E. Sacher, J. Macromol. Sci. Phys., B11(3), 403 (1975).
D. G. Legrand, J. Appl. Polym. Sci., 13, 2129 (1969).
. G. Allen, D. C. W. Morley, and T. Williams, J. Mater. Sci., 8, 1449 (1973).
. D. C. Watts and E. P. Perry, Polymer, 19, 248 (1978).
. R. E. Robertson, J. Appl. Polym. Sci., 7, 443 (1963).
10. O.1Ishai, J. Appl. Polym. Sci., 11, 963 (1967).
11. R. E. Robertson and A. M. Patel, Polym. Eng. Sci., 12, 346 (1972).
12. K. R. Evans, in Rate Processes in the Plastic Deformation of Material,dJ.C. M. Liand A. K.
Mukherjec, Eds., ASM, Metals Park, OH, 1975, p. 707.
13. J. A. Roetling, Polymer, 6, 311 (1965).
14. J. A. Roetling, Polymer, 6, 615 (1965).
15. C. Bauwens-Crowet, J. C. Bauwens, and G. Homes, J. Polym. Sci., Part A-2,7, 735 (1969).
16. J.-C. Bauwens, J. Polym. Sci., Part C, 33,123 (1971).
17. J.-C. Bauwens, J. Mater. Sci., 7, 577 (1972).
18. E. Sacher, J. Macromol. Sci. Phys., B15(1), 171 (1978).
19. J. Hong and J. O. Brittain, J. Appl. Polym. Sci., 26, 2459 (1981).

©® AP o e o



2478 HONG AND BRITTAIN

20. K. C. Rusch, Polym. Eng. Sci., 12, 288 (1972).

21. Y. Aoki and J. O. Brittain, J. Appl. Polym. Sci., 20, 2879 (1976).

22. Y. Aoki, unpublished results.

23. J. H. Golden, N. L. Hammant, and E. A. Hazell, J. Appl. Polym. Sci., 11, 1571 (1967).

24. K. Neki and P. H. Gelil, J. Macromol. Sci. Phys., B8, 295 (1973).

25. J.C. M. Li, C. A. Pampillo, and L. A. Davis, in Deformation and Fracture of High Polymers,
Battelle Colloquium, Kronberg, Germany, Sept. 1972, Plenum, New York, 1973, p. 239.

26. E. Sacher, J. Appl. Polym. Sci., 19, 1421 (1975).

Received July 17, 1980
Accepted January 19, 1981





