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Studies on the mechanical properties of polymers
such as yield behavior have been the keys to success-
ful use of polymers in various mechanically functional
purposes. The yield behavior of polymers has been in-
vestigated by using polymers with varying structure
(copolymer structure and composition,"? amorphous
or crys'[21lline,3’4 differential orientation and crystallin-
ity,> presence of functional linkage,’ etc.). Strain rate
and temperature have been the experimental parame-
ters in those studies, as polymeric molecules display
temperature and rate dependent phenomena. On the
nature of the yield behavior of polymers, there have
been reported a variety of phenomenological descrip-
tions and molecular interpretations. One is to correlate
the yield behavior with secondary mechanical relaxa-
tion behavior.>68 It is based on the general under-
standing that such relaxations mediate macroscopic
mechanical properties. We previously observed for
oriented, semicrystalline poly(ethylene terephthalate)
(PET) that tan § maxima of both primary and secon-
dary relaxations are linear increasing functions of
the activation volume calculated by the Eyring’s yield
model.®

All the above researches have focused mainly on
the yield stress with no particular interest on the yield
strain. In practical cases in mechanical applications,
however, an elongational limit before the onset of a
plastic deformation is also critical. To our knowledge,
only one article can be found in the literature focusing
on the yield strain,’ in which it was reported that there
is a transition in the yield strain for polyethylene at a
temperature where a change in deformation mode oc-
curs from elastic-plastic to viscoelastic manner. In this
study, we report the yield strain variation in PET as a
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function of stain rate, temperature, and PET structure
to reveal the similarity and difference with the yield
stress behavior. In addition, a novel dimensional anal-
ysis correlating the yield strain with the activation vol-
ume of the yield was proposed.

EXPERIMENTAL

PET samples with varying orientation and crystal-
linity were produced by the high speed melt spinning
of high molecular weight PET (intrinsic viscosity of
0.98dL/g). PET was extruded at a constant mass flow
rate and spun at a take-up velocity range of 2.5—
5.5 km/min to have different degree of melt draw ratio.
Details of the melt spinning process and characteriza-
tion methods are reported elsewhere,'” and the proper-
ties of PET samples are listed in Table 1. Tensile tests
were performed using an Instron 4303 equipped with a
temperature-controlling chamber. Measurements were
done at various temperatures, e.g., 20, 50, and 75 °C.
Filament sample was clamped under a pretension of
0.01 g/den and placed inside the chamber preset to a
desired temperature. The tensile test started after the
thermal force generated in the sample became equili-
brium (after 300s).!! To impose strain rate variation,
the crosshead speed varied at 0.3-300 mm/min at a
constant gauge length of 50 mm corresponding to sev-
en nominal strain rates from 10~ to 10~'s~!. Yield
point was determined as the peak in the load-displace-
ment curve. When the stress—strain curve shows no up-
per yield peak, e.g., for filaments displaying tensile be-
havior similar to drawn filaments, the 0.5% offset yield
point calculation was used. Average of seven measure-
ments is reported.
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Table I. Properties and Eyring’s activation parameters of PET

Take-up X Crystal size, Eyring’s activation parameters
velocity ) (010) AnP [ T, for yielding
. (%)* oyd -
(km/min) &) Q) AH (kcal/mol)® V (nm?)f
2.5 2.6 — 0.045 — 78 55.7+0.13¢ 1.30 £ 0.003"
3 6.5 16.8 0.067 0.214 78 55.8£0.13 1.13 +£0.003
3.5 13.4 33.0 0.089 0.266 80 58.1£0.11 1.12 £ 0.002
4 26.0 55.1 0.112 0.291 81 60.3 £0.16 1.09 £ 0.003
4.5 32.7 57.6 0.124 0.308 82 62.1 +0.13 0.98 +0.002
5 36.2 56.8 0.130 0314 83 64.2+0.18 0.91 +0.003
5.5 37.2 57.1 0.132 0.313 84 64.2+0.16 0.86 + 0.002

dyolume fraction crystallinity. Pbirefringence. “amorphous orientation factor. Yglass transition temperature. ®activation enthalpy.
factivation volume. #"standard errors for the multiple regression with the Eyring’s model.

RESULTS AND DISCUSSION
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Figure 1. Variation in the yield strain (left panels) and the
temperature-normalized yield stress (right panels) as a function

ranges of temperature as parallel isotherms. With in-
creasing orientation and crystallinity, both ey and its
strain rate dependence decreased continuously, which
is contrary to the oy variation. This is understood con-
sidering the structural development during the molec-
ular aligning process. The orientation during the PET
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of strain rate at various temperatures for PET filaments spun at
2.5 (al, a2), 3.5 (bl, b2), 4.5 (cl, c2), and 5.5 (d1, d2) km/min,
respectively. For the yield strain data, linear regression lines were
drawn for each temperature without any formulation, while re-
gression using the Eyring’s equation 1 was drawn for the yield
stress data.
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Figure 2. Variation in the ratio of the yield stress to the yield
strain as a function of strain rate at various temperatures for PET
filaments spun at 2.5 (a), 3.5 (b), 4.5 (c), and 5.5 (d) km/min, re-
spectively.

fiber spinning or film drawing process not only short-
ens the amorphous chain length between the physical
crosslinks, but also accelerates the orientation-induced
crystallization which also decreases the chain length
between the physical crosslinks.'” This renders the
maximum possible molecular elongation up to the
yield point shorter, which possibly makes its strain
rate dependent variation small.

The similarity and difference between the non-inde-
pendent oy and ey variations may be reviewed in terms
of modulus. Figure 2 plots oy /ey that is calculated
from the two corresponding regression lines in
Figure 1. For each strain rate and temperature, the
yield stress value given by the regression with the
Eyring’s equation 1 is divided by the yield strain value
given by the arbitrary linear regression. As the yield
stress was determined from the upper yield point, this
presentation of modulus is a secant modulus up to the
yield point (slope from the origin of the stress—strain
curve to the upper yield point) but not a Young’s mod-
ulus (the initial tangential slope of the stress—strain
curve). It was found that the higher the temperature,
the higher the strain rate dependence of oy/ey. This
is an alternative presentation of the above observation
that the strain rate dependence of e, decreased with
increasing temperature under the same strain rate de-
pendence of oy. Other oy /e, variation results follow
the general, reported results on the Young’s modu-
lus,!* e.g., oy/ey was lower at higher temperature
but higher for more developed structure. A slightly
negative strain rate dependence observed for 20 °C,
which is unusual, originates from the secant modulus
calculation at the load maximum but not from the in-
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trinsic material properties. For polymers including
PET, the stress—strain curve displays an initial linear,
elastic region, a gradual deviation from the linear line,
a load maximum, a load drop, and a plastic deforma-
tion region. The upper yield point occurs after the de-
viation from the straight line. Therefore, the secant
modulus calculation up to the upper yield point results
in lower modulus value than the Young’s modulus
calculation. In our data, difference between Young’s
modulus and secant modulus was significantly large
only for 20°C data, in which such a difference was
larger at a higher strain rate test than that at a lower
strain rate test. As a result, the secant modulus line
for 20 °C in Figure 2 became slightly negative with re-
spect to the strain rate. For 50 and 75 °C, difference
between two modulus calculations was small.
Figures 1 and 2 suggest that formulating the strain rate
and temperature dependence of the tensile modulus as
E = E(e, T) can enable to predict e, = ey(e, T), or vise
versa. Therefore, the strain rate and temperature de-
pendences of three yield-related parameters are
strongly dependent each other and also on the polymer
crystallinity and orientation.

Examples of PET structural effect on ey are shown
in Figure 3. The strain rate dependence of ey is low for
PET having higher crystallinity and increased bire-
fringence, as seen by the narrow band width at the ap-
plied strain rate of 107*~10~! s~!. The band width de-
creased continuously from amorphous, less oriented to
highly oriented, semicrystalline PET samples, with no
typical transition behavior. It is, however, usually dif-
ficult to separate the effects of crystallinity and orien-
tation for oriented semicrystalline PET due to the
strain-induced crystallization.®!?

We propose a novel dimensional analysis (Figure 4)
correlating ey with the activation volume, V, obtained
from the Eyring’s plot. V is defined as the swept vol-
ume in the yield process or the product of a cross-sec-
tional area (A) of coherently moving segments and a
moving distance (/) of the yield movement over a po-
tential energy barrier, AH.? This definition is too con-
ceptual to assign a specific molecular motion for the
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Figure 3. Variation of the yield strain as a function of crystal-
linity (a) and birefringence (b) of PET at various strain rate of
1074=10~"s~! and at temperature of 20°C.
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Figure 4. Plot of the yield strain vs. the activation volume of
PET at various strain rate of 107*~10~" s~ and at temperature of
20°C (a), 50°C (b), and 75°C (c).

yield. However, this instead allows a freedom to apply
the model to a wide range of yielding phenomena cov-
ering even extremes of strain rate, temperature, exper-
imental apparatus, and also polymers studied.>® This
is because the Eyring’s model groups all possible mo-
lecular displacements into two activation parameters,
V and AH.?

Let us assume that the deformation up to the yield
point is affine or the deformation on the molecular
level is equivalent as that on the macroscopic level.
This assumption is general for the elastic deformation
region and is even utilized for theorization of rubber
elasticity.'* Then, ey (in macroscopic sense) can be re-
garded as a proportional measure of / (in molecular
sense). In such an ey—V plot (Figure 4), one can ob-
serve a distinct transition in ey at V of ca. 1.1 nm®.
PET filaments spun at 3, 3.5, and 4 km/min belong
to this transition region, where a steep increase in
crystallinity and orientation occurs (Table I). We thus
propose that such a structural development at those
take-up velocities makes specifically the molecular
moving distance up to the yield short, while not much
affecting the swept volume. Below and above the tran-
sition, the decrease in V appears to originate mostly
from the decrease in A but not by the decrease in [,
for ey varies little. As for the strain rate dependence,
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one can also observe a similar transition at V of ca.
1.1nm? by the substantial band width difference be-
fore and after the transition. The characteristic transi-
tion in ey and its strain rate dependence can be seen
most dramatically at measurement temperature of
20°C. As higher temperatures of 50 and 75°C, one
can still see such transitions but in a less pronounced
manner (Figure 4). This is predictable from the tem-
perature sensitiveness result in Figure 1, that is, the
less strain rate dependent ey variation at higher tem-
peratures results in less pronounced transition with re-
spect to the activation volume at higher temperatures.
The hypothetical V of 1.1 nm? is at least order of mag-
nitude smaller than that of the individual crystallites
(see the size of the PET crystallographic plane in
Table ). This analysis using a single material param-
eter of V may solve the above-mentioned difficulty in
separating the effect of crystallinity and orientation.
Furthermore, it may help to identify the molecular
motion of the yield.

CONCLUSIONS

Oriented semicrystalline PET samples displayed a
linear increase in e, with logarithmic strain rate, sim-
ilar to oy. The strain rate dependence of e, was small-
er at higher temperature and for PET of increased
crystallinity and orientation. This was in sharp con-
trast with oy in that the strain rate dependence of oy
was the same at ranges of temperature and was higher
for highly developed structure. The secant modulus
plot indirectly described ey and oy variations. A di-
mensional analysis revealed that PET had a distinct
transition in both ey and its strain rate dependence at
the activation volume of ca. 1.1 nm>.
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