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Synopsis

The stress-strain characteristics of poly(ethylene terephthalate) fibers, heat set under different
conditions have been studied under tension, and mechanical properties such as tenacity, yield point,
elongation at break, and work of rupture are presented and discussed. An attempt has been made
to correlate these mechanical properties with structural parameters. The orientation of the molecules
in the fiber and the size and distribution of the crystallites emerge as important factors controlling
the tensile properties.

INTRODUCTION

Though a considerable amount of work has been done on studying the
stress—strain characteristics of poly(ethylene terephthalate) (PET) fibers,1-13
a systematic study to assess how structure and morphology influence the shape
of the stress—strain curve and the tensile properties obtained from the curve does
not appear to have been made. To achieve this, PET fibers having a wide
spectrum of structure and morphology were prepared by heat setting the com-
mercial fiber under different conditions. The room-temperature load—elongation
behavior of these samples was studied. From these curves, data were obtained
on elastic modulus, yield point, tenacity, elongation at break, and work of rupture.
The elastic modulus data have already been discussed!6 in part II. In this article,
properties other than tensile modulus are presented and correlated with the
structural parameters reported!4 in part L.

EXPERIMENTAL

Sample Preparation

Details of sample preparation appear! in part I of this series. Briefly, the
commercial multifilament PET yarn was heat set in a silicone oil bath while free
to relax (FA) or held taut at constant length (TA) between 100 and 220°C for
times ranging from 1 to 60 min. In one case, the samples heat set for 60 min, the
cooling time was also varied.
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Load-Elongation Behavior

Load—elongation curves of multifilament yarn of gauge length 5 cm were ob-
tained using an Instron Tensile Tester at an extension rate of 100%/min. From
the load—elongation curves, the stress—strain curves were constructed; and from
the latter, the following parameters were computed (the values reported represent
an average of at least 40 measurements in each case):

Elongation at Break

This was measured in two ways, viz., by noting the percentage elongation at
the first and the last fiber break.

Specific Work of Rupture

The area under the stress-strain curve gives the specific work of rupture and
is reported in grams per denier.

Yield Stress and Yield Strain

The yield point was located using the Coplan construction,'® and the stress
and strain at the yield point were taken to represent the yield stress and yield
strain, respectively.

Tenacity

The nominal and true tenacity represent, respectively, the maximum breaking
load divided by the original and final denier of the yarn.

RESULTS AND DISCUSSION

To illustrate the type of data obtained, the average stress—strain curves for
the control and the free- and taut-annealed samples at 100, 160, and 220°C for
a heat-setting time of 1 min are shown in Figure 1. The data for all other samples
follow a similar trend. It may be noted that the stress—strain curves for samples
annealed at constant length are quite close to one another and fall above the
control. The shapes of the curves indicate closeness to brittle rather than to
ductile behavior. The curves for the free-annealed samples, on the other hand,
show considerable variations and fall below the control. These samples show
a more distinct yield behavior and their ductility increases with increase of
heat-setting temperature. The control sample shows a reasonably distinct yield
point, and its behavior is intermediate between the taut-annealed and the free-
annealed samples. The breaking stress of most taut-annealed samples is gen-
erally higher than that for free-annealed samples. Free-annealed samples show
comparatively high elongation.

While these characteristics of the stress—strain curves will be discussed later
when individual properties are discussed, it can be stated here that, as observed
in the case of modulus, while the properties of the free-annealed samples show
a predominant effect of the amorphous phase, in taut-annealed samples this is
not so. Obviously, the presence of two distinct phases coupled in series in the
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Fig. 1. Stress-strain curves for samples heat set for 1 min at 100, 160, and 200°C and for control
sample (FA, free-annealed; TA, taut-annealed).

case of free-annealed samples and the two phases distributed without distinct
boundaries and with no clear-cut series coupling in the case of taut-annealed
samples would be expected to contribute to these differences.

Yield Point

Examination of Figure 1 reveals that in the taut-annealed samples the yield
point is quite close to the fracture point. There are two yield points in the
free-annealed samples—the first in the small strain region and the second close
to the fracture point. The control sample shows only one reasonably distinct
yield point and has characteristics intermediate between the taut-annealed and
the free-annealed samples.

The differences in the arrangement of molecules in the crystalline and amor-
phous regions in the free- and the taut-annealed samples have been shown
schematically!7 in part ITI (Fig. 7 of part III). These figures show that while in
free-annealed samples the crystalline and amorphous phases are quite distinct
and are stacked in series, in taut-annealed samples there are no sharp boundaries
and the crystallites are distributed within the amorphous mass. The load sharing
is therefore better in the taut-annealed samples; and hence when a tensile force
is applied, the material initially extends uniformly. In this region, the stress—
strain curves of the control and taut-annealed samples will show a structural
dependence similar to that for modulus, which has been discussed!6 in part II,
where it was shown that the two-phase model, which is based on a series coupling
between the crystalline and amorphous regions, is not very satisfactory for
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taut-annealed samples. The distribution of strains being more uniform in these
samples, the crystalline phase also contributes to the resistance to deformation.
The initial amorphous orientation of these samples is high, and hence they offer
more resistance to further extension. By the time the yield point is reached, it
is likely that most of the tie molecules could have snapped and fibrillar slip could
become possible, thus resulting in a bending of the curve toward the strain axis.
It must be appreciated that PET is a glassy material at room temperature, and
therefore such deformation can occur only to a limited extent.

In free-annealed samples, on the other hand, there is a different arrangement
of the crystalline and amorphous regions, and the number of taut interlamellar
ties is very small. The straight connecting molecules will be the first to take up
the load. Due to their limited number,the stress concentration will be high and
they will quickly snap. The initial portion of the curve and the first yield point
can arise from these phenomena After this the molecules in the interlamellar
amorphous regions, which have a distribution of orientation, will start uncoiling.
This will result in some amount of strain hardening. In the samples heat set at
higher temperatures, the rather low amorphous orientation is quite perceptible
in the form of considerable deformation at relatively low stresses. The decrease
in yield stress and the increase in yield strain (relating to the first yield point)
of the free-annealed samples as a function of heat-setting temperature, as shown
in Figures 2(a) and 2(b) respectively, lend support to the above explanation. The
second yield point will relate to the slip processes, as explained in the case of
taut-annealed samples.

It has been shown18 that the oriented amorphous phase or the third phase is
related to the amorphous orientation factor. It will be expected that the number
of taut-interconnecting chains will be less if the amorphous orientation factor
is small. Therefore, yield stress and yield strain should correlate with amorphous
orientation factor. The yield stress and yield strain for the first yield point in
free-annealed samples are plotted as functions of amorphous orientation factor
in Figures 3(a) and 3(b), respectively. A reasonably clear trend is apparent, thus
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Fig. 2. Dependence of (a) yield stress and (b) yield strain on heat-setting temperature for free-
annealed samples: (O) 1 min; (A) 15 min; (O) 30 min; (X) 60 min.
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Fig. 3. Dependence of (a) yield stress and (b) yield strain on the amorphous orientation factor
(fa) for free-annealed samples.

adding substance to the arguments presented to explain the structural depen-
dence of the yield phenomenon.

Elongation at Break

In the testing of multifilament yarn, all the filaments may not have the same
length; some will be longer than others, and hence the stress distribution will not
be uniform. The individual filaments break at different times during the
stress—strain test. The data on extension at the first fiber break and at the last
fiber break are presented in Figures 4(a) and 4(b), respectively, for all the samples
as a function of the heat-setting temperature. They show similar trends. The
discussion will be confined to the elongation at the first fiber break. The fol-
lowing points should be noted from Figure 4:
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Fig. 4. Dependence of elongation at break on heat-setting temperature: (a) first fiber break; (b)
last fiber break.
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(1) The elongation at break for the control sample is, in general, intermediate
between that of free- and taut-annealed samples.

(2) The elongation at break increases with heat-setting temperature in free-
annealed samples, while it decreases in taut-annealed samples.

(3) The elongation at break of free-annealed samples is higher than that of
the taut-annealed samples.

It has been shown!4 in part I that during heat setting there is considerable
shrinkage in free-annealed samples. Due to this shrinkage, the orientation of
the molecules has been shown to be reduced. When these fibers are subjected
to a tensile test, it is expected that they will extend relatively more than the
taut-annealed and the control samples, as is indeed the case (Fig. 4). The
elongation at break is plotted as a function of birefringence in Figure 5, and there
is a reasonable correlation between the two. In free-annealed samples there is
a marked reduction in elongation at break with increasing birefringence, while
in taut-annealed samples the effect is relatively smaller. This type of behavior,
in which the slope changes, has been reported by Samuels® for isotactic poly-
propylene. The dependence of elongation at break on the amorphous orientation
factor does not show any clear-cut trend; in fact, for taut-annealed samples the
elongation at break shows a slight increase with increase in amorphous orien-
tation factor, thus indicating that other factors such as the amount and distri-
bution of crystallite size must also be considered.

Tenacity

Nominal tenacity of all the heat-set samples is shown in Figure 6 as a function
of heat-setting temperature. The nominal tenacity of the free-annealed samples
is less than that of the control, while for the taut-annealed samples it is higher
than the control. In free-annealed samples, nominal tenacity decreases with
increase of heat-setting temperature, while in taut-annealed samples it increases.
The nominal tenacity represents the breaking load divided by the linear density
of the yarn before deformation. In free-annealed samples, since deformation
is large, the linear density will decrease considerably by the time the fiber breaks,
and this will increase the tenacity, if the change in denier is accounted for. Ac-
cording to Samuels,® when the rate of deformation is slow enough for the mole-
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Fig. 5. Dependence of elongation at break on birefringence: (0) FA; (0) TA; (A) control.
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Fig. 6. Nominal tenacity vs. heat-setting temperature: (O) 1 min; (A) 15 min; (3) 30 min; (X)
60 min.

cules to reach the highest orientation possible before the flow mechanism pre-
dominates, the force required for failure for a given cross-sectional area of the
sample is independent of the starting orientation of the sample. The reason
given for this is that the molecules in all samples are equally oriented at the time
of break, irrespective of the initial orientation state. True tenacity for the
present set of samples, as plotted aginst heat-setting temperature in Figure 7,
is obviously not constant. It shows a trend similar to the nominal tenacity re-
sults.

Nominal tenacity shows a reasonable correlation with amorphous orientation
factor for the free-annealed samples, as shown in Figure 8. In the taut-annealed
samples, such a linear dependence does not exist. In Figure 9, the nominal te-
nacity data for all the samples is presented as a function of birefringence. There
is a reasonable correlation; it may however be noted that some taut-annealed
samples with high values of birefringence show relatively low tenacity; for iso-
tactic polypropylene, Samuels® showed a similar effect.

It was shown!6 in part II that the initial modulus, measured on an Instron
Tester, correlates with the amorphous orientation factor for both sets of samples.
This is apparently because initial modulus is a low strain property and therefore
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Fig. 7. True tenacity vs. heat-setting temperature: (a) FA; (b) TA; (O) 1 min; (&) 15 min; (0O)
30 min; (X) 60 min.
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Fig. 8. Nominal tenacity vs. amorphous orientation factor for free-annealed samples.

leans heavily on the initial response of the sample to an externally applied force
which will be expected to be dominated by the weaker and more compliant phase,
viz., the amorphous phase. Tenacity and elongation at break, on the other hand,
are large strain properties and involve, to different degrees, the deformation of
both the amorphous and crystalline phases. Thus, in these cases, the average
molecular orientation of the sample will determine to what extent it can be fur-
ther extended or what would be the ultimate load at break, as observed experi-
mentally.

Work of Rupture

The work of rupture, sometimes called the toughness, is defined as the energy
needed to break the fiber. It is given by the area under the load—elongation curve.
The area under the stress—strain curve, on the other hand, gives the specific work
of rupture. Specific work of rupture has been calculated for free- and taut-
annealed samples and is shown as a function of heat-setting temperature in
Figure 10 for all the heat-setting times. The free-annealed samples possess
higher specific work of rupture compared to taut-annealed samples. The control
sample appears to be more close to the free-annealed samples in this respect. As
shown earlier, ductility shown by free-annealed samples is also reflected to some
extent in the control sample, whereas the taut-annealed samples are closer to
the behavior of a brittle solid. With increase in heat-setting temperatures, the
specific work of rupture does not change much in free-annealed samples [Fig.
9(a)] but decreases gradually in the case of taut-annealed samples.
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Fig. 9. Nominal tenacity vs. birefringence for all samples: (0O) FA; (Q) TA; (A) control.
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Fig. 10. Dependence of work of rupture on heat-setting temperature for (a) free- and (b) taut-
annealed samples: (O) 1 min; (A) 15 min; (O) 30 min; (X) 60 min.

Effect of Heat-Setting Time and Rate of Cooling

The time of heat setting and the rate of cooling have no significant influence
on the tensile properties compared to that shown by temperature and tension;
this is in keeping with the results presented in the other parts of this series.
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