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ABSTRACT: The incorporation of trans cyclohexylene (C-ring) groups into the main chain glassy polymers
has been found to increase chain motion. With the increase in trans C-ring content, Young's modulus
and yield stress both decrease. A linear correlation among Young's modulus, yield stress, and the inverse
of the coefficient of thermal expansion has been found in this work. With the increase in trans C-ring
content, post-yield stress drop (PYSD) decreases, the tendency to necking in tensile test decreases, and
the activation volume increases. The results are consistent with the idea that thermal expansion, Young's
modulus, and yield stress are predominantly controlled by intermolecular forces. Necking and PYSD are
related not only to chain stiffness but also closely to polymer chain motion. On the basis of the results,
the hypothesis that the incorporation of trans C-ring enhances local segmental motions, which effectively
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modulates interchain interactions, is proposed.

1. Introduction

Main chain segmental motions in polymer glasses
have been proposed to play a crucial role in their
mechanical properties, such as yield stress, craze stress,
and impact strength;1= it has been further proposed
that these molecular motions can be enhanced by
conformational transitions in the main chain, such as
the ring inversion of cyclohexylene (C-ring).2=> In previ-
ous papers,®7” the synthesis, characterization, secondary
relaxation behavior, and physical properties of three
series of high-Tg glassy polymers with the incorporation
of main chain C-rings have been reported. The chemical
structures of these polymers are shown in Figure (1),
and their Tgs are listed in Table (1). In this paper, the
effects of main chain C-ring incorporation on some
mechanical properties, such as Young's modulus, yield
stress, and post-yield stress drop (PYSD), are reported.

Conventional efforts to design and synthesize high-
Ty polymers often result in compromised mechanical
properties. For example, by introducing two methyl
groups ortho to the carbonate group of BPA-PC, tet-
ramethyl bisphenol A polycarbonate (TMBPA-PC) is
obtained with a T4 of 200 °C;8 by replacing BPA with
SBI, a polycarbonate (SBI-PC) with Ty of 230 °C is
produced? (for structures see Figure 2). But these two
polymers are extremely brittle at room temperature. A
common feature of these two polymers is that they are
both restricted in the types of possible local molecular
motions. In SBI-PC, SBI is locked into a twisted bulky
banana shape, and SBI-PC has a very limited, confined
local motion.® In TMBPA-PC, the local motion is re-
stricted by the steric interaction between the carbonate
groups and their ortho methyl groups.’® By constrast,
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Figure 1. Chemical structures and short names for all the
polycarbonates, polyesters, and poly(ester carbonate)s.

TmcPC has a high T4 of 240 °C, but its mechanical
properties are comparable to those of BPA-PC.1! The
motions are also restricted in TmcPC by the severe
steric hindrance between the axial methyl group and
the axial phenyl ring, but motions of the carbonate
group are not restricted.® These examples point out the
very important influence of molecular motions on me-
chanical properties.

10.1021/ma0489568 CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/25/2004
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Figure 2. Chemical structures of TMBPA-PC, SBI-PC, and
TmcPC.

Table 1. Molecular Weight and Glass Transition
Temperature of the Polymers

polymer Mn Mw Ty/°C
sC 51K 778K 275
SCBC 39K 77K 246
SB 126K 262K 198
TmcPC 106K 204K 240
TmcsC 80K 137K 245
TmcsC 75K 119K 252
TmciC 40K 84K 283
TmcCBC 66K 131K 257
ZPC 32K 79K 182
ZsC 92K 164K 190
ZC 63K 109K 195
Z,C 52K 111K 228
ZCBC 87K 171K 220

Yielding and crazing are the two principal modes of
irreversible deformation in thermoplastics. Brittle fail-
ure is often associated with crazing while ductile failure
is associated with shear yielding. If the craze stress in
a given stress state is higher than the yield stress, then
yielding will be the preferred form of deformation, and
the material will fail in a ductile manner.

Phenomenologically, yielding is temperature and rate
dependent and can be described as a nonlinear stress
relaxation process in response to a large imposed strain
or their conjugate set in creep and imposed stress.
However, despite extensive research activities in this
area, there is still not a generally accepted model of the
molecular mechanism of yield. Different molecular
models have been proposed to explain the yield process.
These include Eyring's state transition model,’> Rob-
ertson’s conformational change model,'® Argon’s disloca-
tion model,'* and others. A detailed review of molecular
models on yielding was given by Crist!> and Stachur-
ski.1® All the models enjoy some success in explaining
and fitting experimental results. Among these, the
Eyring model is the most general and the most success-
ful, but perhaps because it lacks molecular detail.
Robertson’s model emphasizes intramolecular interac-
tions, whereas Argon’s model emphasizes intermolecu-
lar interactions.

The Eyring equation can be represented in a simpli-
fied form as

9 AH_ R, 2

where ¢ is the strain rate, ¢y a constant preexponential
factor, v the activation volume for the molecular event,
oy the yield stress, R the gas constant, and T the
absolute temperatrue. Thus, plots of ¢,/T vs In ¢ should
give a series of parallel, straight isotherms from which
the activation energy AH and activation volume v can
be extracted. Eyring’s equation describes the relation-

Macromolecules, Vol. 37, No. 19, 2004

ship between yield stress and activated molecular
motions. The scale of the molecular motions can be
described by the activation volume v. v is defined as the
volume swept out by the chain or chain segments during
their flip or climb over the potential energy barrier.
Previous research results indicate that this volume is
much larger than the sizes of Kuhn segment of various
polymers. Haward and Thackray'” showed that the
Eyring flow volumes varied from 2 to 10 times those of
the “statistical links” in a series of polymers. The
statistical link is the same as the Kuhn length, which
is indicative of the segment size of the polymer chain,
which in turn is equivalent to a freely jointed chain in
determining the overall configuration in dilute solution.
The result suggests that the yield process involves the
cooperative motions of a larger number of chain seg-
ments than would be required for conformational change
in dilute solution. In the glassy state, since each polymer
chain is surrounded and interpenetrated by other
polymer chains, it is not physically possible for Eyring’s
flow volume to be caused by the movement of segments
from a single chain; instead, it must involve some
collection of segments from neighboring chains.

A correlation between activation volume v and the
scale of molecular motion at yield was given by Chen
and Yee? and by Liu and Yee.# Chen and Yee? studied
structurally similar polyesters while Liu and Yee*
studied structurally similar poly(ester carbonate)s. They
observed that as the activation volume increased, the
yield stress dropped. The increased activation volume
was interpreted as an increase in the scale of polymer
chain motions, which could relax stress more effectively,
thus facilitating the yielding process. A more direct
correlation between the scale of molecular motion and
yielding process was given by Xiao et al.1 By systematic
chemical modification of their polymer structures, they
tailored different scales of molecular motion which were
observable by DMA. They found that when the scale of
in-chain cooperative motion was small, a higher tem-
perature was needed to activate the copolymer to yield;
when the scale was large, the brittle to ductile transition
temperature shifted to a much lower temperature.

Even though the activation volume cannot be cor-
related with the scale of molecular motion at yield for
all polymers, the above discussion demonstrates that it
is possible to make this correlation for at least a family
of polymers whose structures are systematically varied
through chemical modification.

2. Experimental Section

Tensile tests were performed on dog-bone-shaped polymer
films prepared from polymers shown in Figure 1. The films
were prepared from dry polymer powders dissolved in dichlo-
romethane, forming 5% solutions. The solution was filtered
through a microfilter and cast on clean glass slides. The solvent
was evaporated slowly at room temperature overnight. The
films were then floated off the glass slides with distilled water.
They were placed under vacuum at 65 °C for 48 h to remove
residual solvent. No further heat treatment was applied prior
to the tensile tests. Because the temperature used to drive off
the residual solvent was at least 150 °C lower than the glass
transition temperature for most of the polymers, physical aging
effect can be assumed to be negligible. All the films were
visually clear and were confirmed to be amorphous by DSC.
The polymer film was cut by a custom-made stainless steel
cutter into dog-bone-shaped test specimens with thickness of
0.1 mm. The shape and dimensions of the specimen are shown
in Figure 3.

The strain rate dependence of yield stress at 25 °C for the
polymers studied in this paper was determined by a series of
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Figure 3. Geometry of the dog-bone-shaped specimen, units
in inches.
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Figure 4. Tensile behavior of SCBC, SB, and SC at a strain
rate of 2.1 x 1072s74; T = 25 °C.

tensile tests with a screw-driven testing machine (Instron
4502). The nominal yield stresses are reported as averages
from no fewer than three duplicate tests. Since attaching an
extensometer on a film is not feasible, the engineering strains
were obtained through a calibration procedure. The calibration
experiment was performed on a SCBC specimen and a video
camera. The specimen had gauge marks millimeters apart. An
experiment session—pulling the specimen in tension—was
videotaped and played back to measure displacements in the
gauge section. The grip separation was the same as the
crosshead displacement and was used to calculate the apparent
strain. An apparent strain ¢ was calculated by dividing the
displacement in grip separation (AL) by the original grip
separation (Lo). An engineering strain (¢) was calculated
from dividing the displacement in the gauge section (Al) by
the original gauge length (lo). By plotting the engineering
strain against the apparent strain, a calibration was ob-
tained. Only the linear portion of the data set was used to
set up the calibration factor. Since this calibration factor was
used to compensate for deformations outside the gauge sec-
tion, the reasonable assumption was made that, in the elas-
tic range, the ratio of the deformation in the gauge section to
the overall deformation was constant. This method was
found to be reproducible and showed little dependence on the
strain rate and was thus applied to all polymers at all strain
rates.>1®

The coefficients of thermal expansion of all the polymers
have been reported previously.”

3. Results and Discussion

3.1. Yielding. SBI-PC is extremely brittle.® By in-
corporating main chain C-rings to induce some motion,
it had been hoped that the polymers could be made
ductile. But the polymers with C-ring mole fraction up
to 0.5 failed to behave in a ductile manner. Shown in
Figure 4 is the tensile behavior of SC, SB, and SCBC.
Both SC and SB fail in a brittle manner, whereas SCBC
is ductile. In a previous paper,b it had been concluded
that the C-ring inversion is still active in SC. From its
brittleness in tension, it can be reasonably deduced that
the C-ring inversion is not able to impart much motion
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Figure 5. Tensile behavior of SCBC at different strain rates;
T =25 °C.
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Figure 6. Tensile behavior of Tmc polymers at a strain rate
of 21 x 1072s7%; T = 25 °C.

to its bulky neighbor, SBI. Thus, it can be deduced that,
overall, any backbone motion is still quite localized.
Apparently, the motions from carbonate groups, BPA
moieties, and the combination of these two entities
similarly fail to impart much motion to SBI; therefore
SB is brittle. Interestingly, SCBC is capable of undergo-
ing plastic deformation at different strain rates ranging
from 8.4 x 107410 4.3 x 1072571, as shown in Figure 5.
In SCBC, on a single polymer chain, between every two
SBI moieties, there is, on average, a CBC segment.
From DMA results, the characteristic C-ring inversion
is shown to be active in SCBC, and its ductile behavior
suggests the strong possibility that cooperative segmen-
tal motion takes place in a CBC segment. This segmen-
tal motion apparently provides a “softer” environment
to SBI entities and may even facilitate their motion to
such an extent that plastic flow can take place when a
sufficiently high stress is applied. The molecular mech-
anism involved is still not clear, but by comparison with
SC and SB, where a single C-ring unit or a BPA unit
alone does not provide sufficient motion to facilitate the
yield process, it can be surmised that the CBC segmen-
tal motion plays a crucial role in whether plastic
deformation in shear is possible.

Figure 6 and Figure 7 show the tensile behavior of
polymers based on Tmc and BPAZ. Both figures show
that with the increase in main chain C-ring content
yield stress drops. This change is seen more clearly in
Figure 8. Also, with the increase in main chain C-ring
concentration, Young's modulus drops as shown in
Figure 9. By contrast, a plot of the yield stress or
Young's modulus vs total C-ring concentration in Figure
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Figure 7. Tensile behavior of BPAZ polymers at a strain rate
of 2.1 x 1072s71; T = 25 °C.
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Figure 9. Change in Young's modulus with the change in
main chain C-ring concentration at a strain rate of 2.1 x 1072
s, T=25°C.

10 shows there is no correlation. This suggests that the
change in yield stress or Young's modulus is mainly
determined by the change in main chain C-ring content,
not by the total C-ring content. This observation is
similar to that on the change in thermal expansion’ and
obviously different from that on the secondary relax-
ation strength.® The similarity in the dependences of
thermal expansion, yield stress, and Young’'s modulus
on the change in main chain C-ring concentration
indicates that they have similar molecular origins.
3.2. Yield Stress and Young’s Modulus. Figure 11
shows there is a linear correlation between Young's
modulus and the inverse of linear thermal expansion
coefficient at 25 °C for all the polymers studied. Inter-
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Figure 10. Change in yield stress and Young's modulus with
the change in total C-ring concentration for BPAZ polymers
at a strain rate of 2.1 x 1072s71; T = 25 °C.
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Figure 12. Correlation between yield stress and the inverse
of LCTE for Tmc polymers; strain rate is 2.1 x 1072s™ 1, T =
25 °C.

estingly, there is also a near linear correlation between
yield stress and the inverse of LCTE as shown in Figure
12 and Figure 13. These correlations imply that there
should be a near linear correlation between yield stress
and Young's modulus, which is indeed observed in
Figure 14.

As discussed previously,” thermal expansion is mainly
the expansion of the distance between polymer chains,
since the expansion of the primary covalent bonds is,
by comparison, negligible. Therefore, thermal expansion
is controlled by intermolecular potentials. Young's
modulus for glassy polymers is in the range of GPa,
similar to that of polymer crystals in the direction
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stress at a strain rate of 2.1 x 1072 s7%; T = 25 °C.

perpendicular to the chain directions, which is far less
than 100 GPa, the value for typical polymer crystals
along the chain direction.1® The similarity in Young's
moduli for glassy polymers and polymer crystals in the
transverse directions indicates that intermolecular in-
teraction controls the elastic deformation in polymer
glasses. Therefore, the linear correlation between elastic
modulus and the inverse of thermal expansion coef-
ficient is simply a natural manifestation of the reason-
able conclusion that the same interchain interaction
governs their behaviors.

The near linear correlation between Young's modulus
and yield stress suggests that interchain interaction also
dominates the yielding process. In this sense, this
phenomenon is in accord with Argon’s model for plastic
demormation.!* In this model, the plastic deformation
is assumed to be a process wherein chain segments,
driven by external stress, overcome intermolecular
interactions. Yang found, in her molecular dynamic
simulation of the deformation of amorphous polyethyl-
ene, that the strain energy from Lennard-Jones poten-
tial dominates the total strain energy as shown in
Figure 15.20 A similar result was observed by Fan, who
found in his molecular mechanics study of the yielding
of glassy polycarbonate?! that the maximum of the
derivative of total strain energy with strain gives the
yield stress. Therefore, in this sense, yield stress is also
governed mainly by interchain interactions. The linear
correlation between Young’s modulus and yield stress
has been reported by many researchers.?22=24 This
observation may lead to the conclusion that interchain
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Figure 15. Average bending, torsional, nonbonded Lennard-
Jones, and total internal energies vs strain during tensile tests
at 100 K. The thin solid line indicates how the energy of the
system would evolve with strain if the deformation was purely
elastic.?°
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interaction is the sole factor controlling the yielding
process. Numerically this seems to be correct, but
stating so underestimates the effect of intrachain in-
teraction on interchain forces. As discussed previously,’
the incorporation of main chain C-rings in the polymers
studied here leads to enhanced in-chain segmental
motion. These motions, especially the fast flip-flop
motion of main chain C-rings, probably modify the
interchain interaction through decreasing the effective
contact areas and interacting times. As a result, the
intrachain motion modulates the interchain interaction.
This modulation effect is most effective through main
chain segmental motion, as demonstrated by the re-
markably good correlation between LCTE, yield stress,
Young's modulus, and the main chain C-ring concentra-
tion instead of total C-ring concentration (including side
chain C-rings).

3.3. Activation Volume and Post-Yield Stress
Drop. The log strain rate dependence of yield stress at
room temperature for all the polymers follows quite well
the Eyring equation as shown in Figures 16—18. From
the slope of the Eyring plot, the activation volume for
the yielding process can be calculated. Figure 19 and
Figure 20 show that in both Tmc and BPAZ polymers
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the Eyring flow volume increases with the increase in
main chain C-ring concentration. This means more
molecular segments are involved in the yield process
as more main chain C-rings are incorporated. As
discussed in a previous paper,” the main chain C-ring
inversion may require large-scale reorientation of its
neighbors; thus, this cooperative motion is probably
more effective in dispersing strain energy. The denser
this cooperative motion is in the system, the easier it is
for the local stress to be relieved by distributing it
among other polymer chains. SBI has the same molec-
ular weight as Tmc; the former is severely restricted in
the freedom of motion because of its locked configura-
tion, while the latter has restricted motion due to the
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steric interaction between the axial phenyl group and
the axial methyl group. Interestingly, TmcCBC and
SCBC have basically the same Tg, very similar LCTE,
and mechanical properties. Figure 19 shows that SCBC
has a similar activation volume to that of TmcCBC.
This, in a sense, is remarkable because in the external
thermal or stress field TmcCBC and SCBC respond
similarly despite their inherent differences in mobility.
This suggests that in SCBC the mobility of SBI, which
is very similar to that of Tmc, is probably mobilized by
the cooperative motion of CBC segments.

In most engineering stress vs engineering strain plots
for ductile polymers, a post-yield stress drop (PYSD) is
observed; this phenomenon is shown in Figure 21. It is
due to strain softening and is usually accompanied by
necking in tensile tests. Vincent proposed that strain
softening was a geometric effect.?> Brown and Ward
found that in most cases there was clear evidence for
the existence of an intrinsic yield drop, i.e., a fall in true
stress (true strain softening).26 True strain softening
was shown in video-controlled tensile tests®® and a
uniaxial compression test.3® In most cases, amorphous
glasses display true strain softening if they are ductile.*°
From Considere analysis, it can be easily shown a
material with true strain softening will exhibit PYSD
in tensile test. So the observed PYSD can be a combina-
tion of intrinsic material property as well as geometric
effect.

As shown in Figures 6 and 7, all the polymers studied
here exhibit PYSD except Z;C and ZCBC, while it
(PYSD) is barely noticeable for Tmc1C and TmcCBC.
Except for Z,C, ZCBC, Tmc;C, and TmcCBC, all other
polymers exhibit readily visible necking. It is interesting
to discover why these differences exist under the same
tensile test conditions.

Necking is due to strain localization. The tendency
for glassy polymers to undergo localized plastic defor-
mation (necking) or diffuse deformation was correlated
with the “natural hinge length” | of a group of polyim-
ides by Argon and Bessonov.?” The chemical structures
of the polymers they studied are listed in Figure 22. For
the four polyimides, it was observed that as the natural
hinge length increased, the tendency for necking de-
creased (Figure 23). Kapton had the highest I, did not
neck, and exhibited very diffusive plastic yielding. It was
hypothesized by these authors that “plastic flow in
glassy polymers is of a highly local nature, but tends to
become less so as the natural hinge spacing on mol-
ecules increases.”

Along a similar line of reasoning, the effect of persis-
tence length on yielding behavior was studied by Ha-
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Figure 21. Representation of stress—strain curve showing
post-yield stress drop (PYSD).

ward et al., who changed the length of stiff chain
segments in a series of poly(ester carbonate)s.2® The
series consisted of poly(ester carbonate)s synthesized
from bisphenol A and terephthaloyl/isophthaloyl entities
(Figure 24). The phthalate ester can be either tere-
phthalate or isophthalate. By changing the ester block
length n or the type of phthalate ester group, the length
of chain stiff segment can be changed. For ester block
length n of 4, it was observed that if the phthalate group
was terephthalate, the poly(ester carbonate) did not
exhibit necking or strain softening, whereas if the
phthalate group was isophthalate, the polymer necked
and exhibited post-yield stress drop. The latter had a
smaller stiff segment length (persistence length) due to
a kink introduced by isophthalate, while the former
polymer had a larger stiff segment length. It was argued
that the observed difference was due to different amounts
of strain hardening: in poly(ester carbonate) with
terephthalate groups, the chain was more extended, and
strain hardening set in earlier than in the polymers with
isophthalate groups, where it had a less extended chain
configuration. It was also shown by Haward*! that when
the ratio of yield stress to the strain hardening modulus
is less than 3, a polymer will deform uniformly. In the
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case that this ratio is greater than 3, necking will tend
to occur. From this argument, polymer chains with large
persistence length are conducive to strain hardening,
therefore decreasing the tendency to necking.

Further support for Haward’s hypothesis came from
two sets of experimental results. First, polyisocyanates
were reported to have a very large persistence length
and always exhibited uniform deformation.?® Second,
based on a molecular dynamics simulation of Brown and
Clarke,?® the effect of chain configurations on the
stress—strain behavior of glassy polymers was studied
by McKechnie et al.3% Different configurations of poly-
ethylene-like polymers with different persistence lengths
and trans concentrations were modeled. Then these
polymers were subject to tension. It was found that
polymers with higher persistence length or higher trans
content have more strain hardening. Since these poly-
mers have the same chemical structures, the results are
less ambiguous, and the effect of chain stiffness on
stress—strain behavior is obvious.

The present results do not contradict the results of
either Argon and Bessonov?’ or Haward et al.?8 In the
current case, with the incorporation of main chain trans
C-rings, the polymer chains are extended, resulting in
an increase in the persistence length,” and the polymers
are found to have a greater tendency to undergo plastic
deformation diffusively instead of locally. Furthermore,
with the incorporation of main chain trans C-rings, the
yield stress drops which will help to lower the ratio of
yield stress to the strain hardening modulus, therefore
a less tendency to necking. In both Tmc and BPAZ poly-
mers, with the increase in main chain C-ring incorpora-
tion, post-yield stress drop decreases; in TmclC, Tmc-
CBC, 7;C, and ZCBC, PYSD does not occur (Figure 25).

Although there is apparent correlation between chain
stiffness and the tendency to diffusive plastic deforma-
tion, the strain hardening explanation by Haward et
al.2® may not be the primary reason. Hints to the
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Figure 22. Chemical structures and physical properties of glassy polyimides and some previously investigated glassy polymers.?”
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existence of other reasons come from the stress—strain
behavior of aged amorphous polymers. PVC quenched
from 90 °C shows hardly any necking or PYSD, but
annealed PVC shows prominent necking and PYSD.%8
This behavior was also observed in amorphous poly-
(ether ether ketone)3132 and in amorphous poly(ethylene
terephthalate).33 In all these polymers, physically aged
specimens below Ty exhibit increased yield stress and
increased post-yield stress drop compared with those of
quenched specimens. There are some reports of the
effect of annealing on chain conformational change. Ito
et al. proposed that physical aging of amorphous poly-
(ethylene terephthalate) results in a decrease in the
amount of trans conformation relative to gauche con-
formation based on their IR results.3* However, Garcia
reported no change in the relative concentration of trans
vs gauche conformations with annealing of glassy PET
in his more recent FTIR measurements.3® According to
Bubeck and Bales,3® there was no radical change in
molecular conformation associated with physical aging.
Therefore, from the available data on the effect of
annealing on chain conformation, a correlation between
PYSD and chain stiffness cannot be deduced. Further-
more, the physically aged and quenched samples of the
same material display identical true stress—strain
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behavior at large strain levels (therefore identical strain
hardening behavior), but they can have different PYSD
behavior.#? So the yield process seems to be more
relevant to PYSD.

On the basis of these observations associated with
physical aging, the tendency to uniform plastic defor-
mation can be proposed to be closely related with the
nature of the dynamics of segmental motions. Physical
aging results in slowed-down segmental mobility, i.e.,
longer relaxation times,3” so the stress cannot be delo-
calized to other segments as quickly. Also, physical
aging densifies polymers and reduces the average chain
spacing. Both effects lead to increased intermolecular
forces, which according to our previous arguments lead
to higher resistance to plastic deformation, therefore
higher yield stress, as confirmed experimentally. In the
current polymers, with the increased concentration of
main chain C-rings, the thermal expansivity is in-
creased, which is indicative of an increase in the volume
fluctuation occupied by each molecular segment. When
an external stress is imposed, the ensemble of molecules
responds by lowering its internal energy via molecular
rearrangements. The more chain motion, the faster the
stress can be relaxed, and the lesser the chance for
strain localization. This is also in accord with what was
found in this work in terms of activation volume. With
the increase in main chain C-ring content, the activation
volume for yield also increases, which means more chain
segments are involved in relaxing the external stress.
This is obviously more effective than localized chain
motions.

4. Summary

In this paper, it has been shown that with the
increased incorporation of main chain C-rings yield
stress and Young's modulus both decrease, while the
activation volume and the tendency for undergoing
uniform deformation both increase. Yield stress and
Young's modulus do not have a good correlation with
the total C-ring concentration (including side chain
C-rings). Main chain C-ring inversion involves larger
scale segmental motion, which results in enhanced
chain motion. The intrachain polymer motion reduces
the interaction area and contact time between polymer
chains, resulting in reduced frictional force between
polymer chains and therefore reduced resistance to
plastic flow. Also, the enhanced chain dynamics can
relax imposed external stress faster and more ef-
fectively, which results in a lessened tendency to strain
localization.

The near linear correlation between yield stress and
Young's modulus and the linear correlation between the
latter with the inverse of thermal expansion coefficient
indicate they all are mainly governed by the relatively
weak intermolecular potentials. But overemphasizing
this will underestimate the effect of intrachain molec-
ular motion on interchain molecular interaction. Both
kinds of interaction need to be taken into account in
discussing any physical and mechanical properties:
Interchain interaction dictates the thermal expansion
coefficient, yield stress, and Young’'s modulus, while
intrachain interaction acts on these properties through
modifying the interchain potentials.
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