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ABSTRACT: The influence of physical aging on the tensile fracture behavior of notched
Polyphenylquinoxaline (PPQ-E) samples has been studied. The dependence of fracture
stress and strain on physical aging has been explained. The glass transition tempera-
ture (T,) and the endothermic peak at the end of T', transition with different physical
aging were characterized using differential scanning calorimetry (DSC) and the results
have also been explained. The morphology of fracture surface was observed by scanning
electron microscopy (SEM). © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 1275-1279,

2000
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INTRODUCTION

Physical aging is a phenomenon known as the
structure recovery where the enthalpy and the
volume change with time and/or temperature as
the material progresses from a metastable equi-
librium value to true equilibrium value. The prop-
erties associated with the structure recovery are
changed.’"® In fact, physical aging occurs also
when an amorphous polymer held above its glass
transition temperature (7T,) is slowly cooled to
below Tg.7

Physical aging affects the deformation process
and the fracture, which is the last state of defor-
mation process. Some papers discussed the effect
of physical aging on fracture behavior. Arnold®
found that the strain to failure decreased with
increasing the aging time on fracture behavior of
polystyrene (PS). Ye and Shen® reported similar
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result on poly(methylmethacrylate) (PMMA). How-
ever, Crissman and McKenna'® observed that
the strain to fracture do not change with the
aging time in studying the creep rupture of
PMMA.

It is well known that the failure process of
polymer is a relaxation process.'''? The failure
occurs before the yielding point for brittle poly-
mers. But for ductile polymers, the failure always
occurs after the yielding point. Thus, the effect of
large strain on failure process is complex for duc-
tile polymer. Large deformation will release the
effect of prephysical aging and produce a new
aging process,!%1* which derived from large de-
formation is equivalent to molecular motion
above T,. The new aging effect is an unpredict-
able factor for ductile polymer. Although samples
with different conditions of physical aging un-
dergo large deformation, they have no compara-
bility due to the new aging effect. In order to avoid
the effect of new aging process on polymers, it is
necessary to choose a suitable experimental
method. Generally, the notched method is used in
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Figure 1 The chemical structure of polyphenylqui-
noxaline.

impact tests. In order to solve the problem, we
used the tensile test method for notched speci-
mens in our experiments.

Polyphenylquinoxaline (PPQ-E) is an aromatic
helerocyclic polymer; its chemical structure is ex-
pressed in Figure 1. PPQ-E has many potential
usages due to its high performance, which is
mainly used as a gas separation membrane in an
H,, monitor. It can be used as a coating to cover
the wire in submerged electric motors and can
also be used as a high sensitive element in capac-
itance transducers for measuring liquid surface
under high temperature and pressures, and so
on.'® It is also a ductile polymer at room temper-
ature, its deformation mechanism is both of craz-
ing and shear yielding.'”

In the present paper, tensile tests have been
performed on PPQ-E samples with two different
states of physical aging. To observe the morphol-
ogy of fracture surface, scanning electron micros-
copy (SEM) was used. Differential scanning calo-
rimetry (DSC) was used to characterize physical
aging of the samples. The effects of physical aging
on fracture behavior were determined.

EXPERIMENTAL

Materials and Specimen Preparation

PPQ-E synthesized in the laboratory was casted
to form a 0.05 mm thickness film. The film was
then cut into rectangular specimens of 35 mm
long and 1.7 mm wide. The specimens were
notched on one side perpendicular to the direction
of length with a sharp razor. The notch length
was approximately 0.2 mm as shown in Figure 2.

Heating Process

The above specimens were annealed at 320°C for
1.5 h in nitrogen gas to eliminate past mechanical
history and then were classified into two sets: one
set of specimens was quenched in steel to room
temperature at 18°C, which was denoted as sam-

PPQ-E sample
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Figure 2 The schematic presentation of a notch spec-
imen for tensile test.

ple 1. The other set was also quenched to room
temperature but annealed again at 280°C for
1.5 h and then slowly cooled to room temperature
at 18°C in nitrogen gas with the average cooling
rate of 1.5°C/min, which was denoted as sample 2
(see Table I).

Tensile Properties Test

The tensile properties of the samples were tested
using Shinkch tensile Test Machine with a strain
rate of 3.3% min . The length of specimen be-
tween the two clamps of the tensile machine was
about to 15 mm. The load-displacement curve
during deformation was generated. Five speci-
mens were tested for each set of samples and the
average values were reported.

DSC Analysis

The T, and the endothermic peak at the end of T,
of samples 1 and 2 were measured using TA 2100
Modulated DSC with heating rate 10°C/min un-
der nitrogen gas. Only first heating curves were
recorded for study physical aging effects.

Morphology Observation

The fracture surface of the samples were observed
using a Hitachi S-530 Scanning Electron Micro-

Table I Heating Condition of Two Kinds of
Samples for PPQ-E

Samples Heating Conditions
1 Quenched to room temperature after
annealed at 320°C for 1.5 h
2 Quenched to room temperature after

annealed at 320°C for 1.5 h,
annealed at 280°C for 1.5 h again,
then slowly cooled to room
temperature
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Figure 3 The DSC curves for two samples.

scope. The fracture surfaces were sputter coated
with gold prior to examination.

RESULTS AND DISCUSSION

Analysis of DSC Curve for Two Samples

The DSC curves of these samples with different
physical aging are shown in Figure 3. On curve of
sample 1, it can be seen that there is only 7',
transition at 298°C and no obvious endothermic
peak at the end of T, transition. However, curve
of sample 2 shows that not only 7', transition at
299.8°C but also the obvious endothermic peak at
the end of the glass transition appears. The T, of
sample 2 is higher about 2°C than that on sample
1. All the results are related to physical aging of
samples as discussed next.

Over the past three decades, the essence of
physical aging was progressively revealed. On a
basis of free volume theory, free volume of poly-
mer decrease with physical aging.’? On a mo-
lecular level, it is considered that physical ag-
ing makes segments packed tightly by motion of
polymer chains or local segments configuration
rearrangements of molecular chains for non-
crystalline polymer.2~* Research on enthalpy
relaxation and density with physical aging has
supplied enough evidence that physical aging
leads to increase in the degree of packing of
polymer chain and reduction in molecular mo-
bility.?® In view of molecular interaction, a new
interpretation is that local nematic interaction
between neighboring segments of a few mono-
mer units can be formed during physical ag-
ing.18:19

For sample 1, the annealing above T, temper-
ature and then the quenching to room tempera-
ture made molecular chains freeze at the state of
above T,. The molecular chains had no chance for

rearrangement. But sample 2 was annealed again
at 280°C (below T',) for 1.5 h and then was slowly
cooled to room temperature. The Sub-T, anneal-
ing and the slow cooling processes were in fact
structure relaxation process of molecular seg-
ments. In this case, molecular segments had
chance to repack and to form stronger and more
local nematic molecular interaction. Therefore, in
the heating process of DSC, sample 2 at the end of
the glass transition will absorb more energy to
overcome the potential energy resulted from
stronger local nematic interaction between seg-
ments. As a result, not only T, temperature
slightly shifts towards higher temperature but
also the endothermic peak is obvious. The endo-
thermic peak is caused by the changes in struc-
ture from a nonequilibrium state to metastable
state during physical aging. So, the endothermic
peak results from the changes in the repacking
structure, specifically in local nematic molecular
interaction between segments.

Tensile Properties of Two Samples

The nominal stress-strain curves of notched sam-
ples with two different heating conditions are
shown in Figure 4. Figure 4 shows that fracture of
the quenched sample and the Sub-T, annealed
sample occurs before yielding. This result shows
that the two samples exhibited macroscopic brit-
tle fracture.

The values of the fracture strain ¢,, the frac-
ture stress o,, and the fracture energy E,, which
was attained through integration on the nominal
stress-strain curve for the sample, are shown in
Table II. The values are different for two samples.
Here, E, expresses energy absorbed by the sam-
ple in unit volume.

Although both the samples fractured in macro-
scopic brittle manner, sample 2 has higher value
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Figure 4 The nominal stress-strain curves of tensile
test for single-edge notched samples.



1278 LIU ET AL.

Table II Fracture Stress, Strain to Break, and
Deformation Energy of Samples 1 and 2

Samples 1 2
gy, % 6.16 + 0.21 5.71 + 0.16
oy, 107 N/m? 9.32 + 0.18 10.07 = 0.27
E,, 10° J/m? 33.21 = 0.04 31.98 = 0.04

of fracture stress, lower value of fracture strain,
and lower fracture energy than sample 1. The
difference of E, between sample 1 and 2 is a real
response of physical aging on fracture behavior.
Also this is a response of the difference between
the structure of sample 1 and 2 on fracture be-
havior. Sample 1 and 2 have the same molecular
weight, the topological entanglement in sample 1
and 2 is identical, and the effect of the topological
entanglement on tensile properties of sample 1
and 2 is identical.?° For the two samples, the
main difference of structure results from physical
aging. According to the view of the molecular
interaction,'®!® local nematic interaction be-
tween segments during physical aging increases.
According to the view point of molecular mobili-
ty,> the packing degree of polymer chains in
sample 2 is tighter and molecular motion will be
more constrained, so molecular mobility is de-
creased. Thereby, in the tensile process, com-
pared with samples 1, tensile stress of sample 2
increases, the fracture strain decreases, and frac-
ture energy decreases.

The ability of two sets of PPQ-E samples to
deform under an applied load depends on the
repacking structure of PPQ-E. The characteristic
of fracture surface of the PPQ-E samples can re-
flect their tensile fracture behavior.

Morphology of Fracture Surface for Two Samples

The morphology of the fracture surface of sample
1 is shown in Figure 5. The fracture was coarse
and showed brittle manner. Yet some localized
ductile character of the fracture morphology can
be observed. That was induced by the higher frac-
ture strain. This means that the structure of sam-
ple 1 is loose because the chains were frozen in
the glassy state. The morphology of fracture sur-
face of sample 2 is shown in Figure 6. The fracture
surface is smooth. This reflects more compact
structure of the annealing sample due to the fact
that molecular chains have a chance to repack.
On the one hand, the above results manifest that

the morphology of fracture surface partly repre-
sents the changes in structure derived from phys-
ical aging. On the other hand, the above results
show the effects of the changes in structure due to
physical aging on tensile fracture behavior.

CONCLUSION

Physical aging in PPQ-E generates obvious endo-
thermic peak on DSC curves. The endothermic
peak results from the repacking structure into
stronger local nematic molecular interaction be-
tween segments. This changes in structure affects
tensile fracture behavior of PPQ-E, and leads to
an increase in break stress and a reduction in
fracture energy and break strain. Simulta-
neously, the morphology features of fracture sur-
face are also affected by the local molecule inter-
action.

Figure 5 The SEM micrographs of fracture surface of
sample 1.
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Figure 6 The SEM micrographs of fracture surface of
sample 2.

This work was supported by the National Key Projects
for Fundamental Research—“Macromolecular Con-
densed State”, the State Science and Technology Com-
mission of China and by the foundation of PPLAS.

REFERENCES

1.

12.

13.
14.
15.
16.

17.

18.
19.

20.

Struik, L. C. E. Physical Aging of Amorphous Poly-
mers and Other Materials, Elsevier, Amsterdam,
1978.

. Sandreczki, T. C.; Hong, X.; Jean, Y. C. Macromol-

ecules 1996, 29, 4015.

. Chow, T. S. Advances in Polym Sci 1991, 103, 152.
. Greenfield, M. L.; Theodorou, D. N. Polym Mater

Sci Eng 1997, 76, 429.

. Freeman, B. D.; Hill, A. J. Structure and Properties

of Glass Polymers, ACS Symposium Series. No.
710, American Chemical Society, Washington, DC,
1998, 306.

. Echeverria, 1.; Su, P-C.; Simon, S. L.; Plazek, D. J.

J Polym Sci Part B: Polym Phys 1995, 33, 2457.

. Hutchinson, J. M. Prog Polym Sci 1995, 20, 703.

. Arnold, J. C. Polym Eng Sci 1995, 35, 165.

. Ye, W.; Shen, J. Acta Polym Sinica 1995, (3), 380.
. Crissman, J. M.; McKenna, G. B. J Polym Sci Part

B: Polym Phys 1990, 28, 1463.

. He, M.; Chen, W.; Dong, X. Polymer Physics (Re-

vised Edition), Fudan University Press, Shanghai,
1990.

Ma, D.; He, P.; Xu, Z.; Zhou, Y. Structure and
Properties of High Polymers (Second Edition), Sci-
ences Press, Hefei, 1995.

Strenstein, S. J Appl Polym Phys 1972, 43, 4370.
Struik, L. C. E. Polymer, 1997, 38, 4053.

Lu, F. Chin Polym Bull 1996, (1), 1.

Lu, F. J Macromol Sci—Rev Macromol Chem Phys
1998, 38, 143.

Liu, W.; Shen, J.; Lu, F.; Xu, M. Acta Polymeric
Sinica. In Press.

Qian, R. Macromol Symp 1997, 124, 15.

Qian, R.; Wu, L.; Shen D.; Donald, H. N.; Richard,
A. M.; David. F. S. Macromolecules 1993, 26, 2950.
Berger, L. L. Macromolecules 1990, 23, 2926.



