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This paper describes the bundle strengths of PET filaments from a statistical point of view.
A bundle is an arrangement of a number of filaments. We applied the weakest-link theory
and probabilistic load-sharing rules to estimate the bundle strength from the breaking
strength data of PET filaments. We analyzed the breaking behavior of 12 filament bundles
according to their length and number of filaments and compared the breaking behavior of
a prepared specimen yarn with that of a commercial PET filament yarn. The breaking
strength of the PET filaments, which we tested using a MANTIS® tester, was compared with
that of the actual yarn. We compared the actual tested values obtained by INSTRON® with
the expected values, which we calculated from the MANTIS® data by using Peirce’s theory
and Knox’s hazard function. The key effects that determine the actual random breakage
behavior of a bundle include not only the load-sharing rules in the constituent filaments but
also the slippage and friction between adjacent filaments, the appearance of which we
distinguished especially in the bundle consisting of a large number of filaments and in
small-denier filaments. The PET filaments were better approximated when using the
Peirce’s weakest-link theory than they were by Knox’s hazard function. In a series-parallel
model, we found that the number of parallel filaments and their load-sharing behavior had
larger effects on the bundle strength than did the weakest-link effects of continuous
elements. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Although the tensile strengths of textile materials are
determined by those of their components, it is well
known that the tensile strength of fiber bundles and
yarns is not predicted accurately from that of its single
fibers by the use of simple averaging methods or math-
ematical calculations, because of variations in their
strength. Textile fibers are not uniform: their compo-
sition and fineness both vary from one fiber to an-
other in a sample and along the length of each fiber;
consequently, their tensile properties are also variable.
Therefore, when determining the tensile strength of a
textile fiber, it is necessary to approach the problem
through statistical concepts because of these variations
[1-13]. First, we could consider the weakest-link effect
on the tensile strength of the filament. The weakest-
link effect is concerned with the effect of variability
on strength [1]. For a filament under a given tension,
the stress will vary from place to place and will follow
the variations of the cross-section. At each point, the
specific stress will be given by the tension divided by
the linear density at that point. As a consequence of
the variation of stress, the strain will also vary from
place to place. Second, if we test a number of fila-
ments together, i.e., a bundle of filaments, rather than
testing a single filament, the form of the specimen has
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a considerable influence on the result of the strength
test. Practical cases are usually complicated and diffi-
cult to formulate mathematically. The simple examples
given by Peirce may be used to evaluate the composite-
specimen effects. The composite type given by Peirce
may be classified according to the gripping, original
length, loading, and slipping. The test method will be
different according to each composite specimen type.
Finally, the load-sharing rules should be determined;
these values can be analyzed from load-elongation
curves of the bundles [14-21]. The load-sharing rules
may be changed according to the composite-specimen
effect. For example, if filaments are gripped at the
ends, of equal original length, and of uniform break-
ing extension, all of the filaments will break together,
and the breaking load of the composite specimen will
be equal to the sum of the breaking loads of the
filaments.

In this study, we considered filaments to be com-
posed of an element and a bundle to be an ar-
rangement of a number of filaments. We discuss sta-
tistical approaches to determine the parallel-bundle
breakage mechanism from data from single-filaments
of PET. We prepared twelve sets of composite
specimens having different lengths from 262d/12f
PET yarn, and then their normality and distribution
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identity were tested using the MINITAB® statistics
package. We applied generally accepted series models
to the tested results and evaluated their applicability to
the analysis of PET filament yarn. The random break-
age model was considered for arrangements of these
elements in series and parallel. We compared the ten-
sile properties of the bundles and their component fil-
aments of commercial PET using an INSTRON® ten-
sile tester and a MANTIS® single-fiber tensile tester.
The tested values obtained when using the INSTRON®
tester were compared with the expected values pro-
vided by the Peirce and Knox models by apply-
ing the data from the MANTIS® single-fiber tensile
tester.

2. Experimental

2.1. Materials

To study the random breakage behavior of bundles, we
prepared bundles from a different number of filaments
of 262 denier(d)/12 filament(f) PET yarn provided by
Kanebo Co. Ltd. Filaments having large denier could
be separated readily from the yarn. All filament yarns
were drawn from relatively restricted sections of the
package, to avoid any large effects that might be en-
countered through the packages. Single filaments were
separated from the raw filament yarn and artificially
prepared into 1-12-filament bundles. We considered
bundles to be parallel arrangements of component fil-
aments that might behave independently from one an-
other and filaments to be continuous chains of com-
ponents of unit length. We selected lengths of 10, 20,
30, 40, 60, and 80 mm from twelve filament bundles.
For the tensile tests of the bundles that were arranged
in a series-parallel combination of filaments, we glued
the specimens to a paper tab using a polyamide-epoxy
resin. We considered N-filament bundles to be an ar-
rangement of component filaments of PET yarn, as
illustrated in Fig. 1, which exists in a continuous chain
of components of unit length. We made the following
basic assumptions for the series-parallel combination
model:

1. No inter-filament friction exists in a bundle.

2. All filaments within a clamped bundle have equal
length.

3. Filament axes are parallel to the extension and
direction when the filament was clamped between the
upper and lower gripper.

4. Filaments within a bundle are ideally clamped,
permitting no filament slippage or damage at clamping
points as a result of load concentration.

In a well-combed and brushed filament bundle, as-
sumptions 1 and 3 should hold; assumption 2 is satisfied
when bundles are glued at the same tension; assumption
4 should hold when a default specimen is checked after
testing, which is a safeguard against the usual experi-
mental errors that stem from the flowed clamping con-
ditions. These assumptions provide a great simplifica-
tion when studying large filament bundles and their ten-
sile behavior. To investigate the relationship between
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Figure I The series-parallel combination model of bundle strength: (a)
bundle and filaments; (b) series-parallel combination.

the breaking strength of single filaments and bundles,
we prepared four partially drawn yarns (DPY) that were
75d/36f and 50d/24f PET yarns. We performed single-
filament tensile tests using a MANTIS® single-fiber
tensile tester. The information achieved was stored in a
computer database for subsequent analysis. The tensile
tests of bundles were performed using an INSTRON®
tester (Table I).

2.2. Measurements

2.2.1. Tensile test of N-filament bundle

The tensile tests of N-filament bundles were performed
on an INSTRON® (model 4468, UK) tensile tester by
using a 100-N load cell. Lengths of 10, 20, 30, 40, 60,
and 80 mm were selected from each of twelve filament
bundles, i.e., from a single-filament bundle to a twelve-
filament bundle (Table I). The specimens were then
mounted in clamps and tested at a cross-head speed of
60 mm/min. We performed a total of 720 tensile tests,
which we repeated 20 times for twelve N-bundles of
each gauge length. The data obtained from each test
were treated as a set of breaking strengths and breaking

TABLE I The classification of PET samples

Sample name Denier/filament Company Instrument

PET-A 262/12 Kanebo Instron®

PET-B 75/36 Kolon Instron® & Mantis®
PET-C 75/36 Hyosung Instron® & Mantis®
PET-D 50/24 Kolon Instron® & Mantis®
PET-E 50/24 Hyosung Instron® & Mantis®




strains and were compared with those sample properties
from other sets for filaments of the same PET yarns.

2.2.2. Tensile testing of a single filament
Single-filament tensile tests were performed using a
MANTIS® single-fiber tensile tester (Zellweger Uster
Inc.) having a 3.175-mm gauge length at a 60 mm/min
extension rate, as given in Table I. We performed a to-
tal of 225 or 150 single-filament tests, which were re-
peated three times for each filament, on the MANTIS®
for each filament type. The information was stored in
a computer database for subsequent analysis. We ac-
quired a large amount of data on the tensile properties
of single filaments through MANTIS® single-filament
tensile testing. The single-filament tensile properties in-
cluded strength, elongation, modulus, work, and crimp.
The modulus is defined as the ratio of the breaking
strength to the breaking elongation. The work is defined
as the total area under the load-elongation curve. The
crimp is defined as the difference between the filament
curvilinear length between the clamps and the gauge
length expressed as a percentage of the latter. The sin-
gle filament test used by the MANTIS® tester consists
of two measurement modes: mechanical and optical.
The filament was mounted automatically, i.e., the op-
erator placed a filament across the jaw face and the
filament was then straightened by the use of a vacuum
pipe. To permit optical measurement, the filament was
placed under a small stress (<0.2 g) at a fixed length
of 3.175 mm. The filament was then radiated with an
infrared light source, and a detector determined the at-
tenuation of this light due to the filament diameter. A
second detector measured the scatter of the light at an
angle of 45 ° from the horizontal plane, as indicated in
Fig. 2. After these measurements were performed, one
end of the filament was released and the filament was
relaxed for a short period of time before being clamped
again at the pre-determined gauge length for the tensile
tests.

2.2.3. Tensile testing of PET yarn on the
INSTRON® tester

The specimens were prepared from 75d/36f (PET-B,

PET-C) and 50d/24f (PET-D, PET-E) PET filament
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Figure 2 The MANTIS® single-fiber tensile tester.
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yarns provided by Kolon Co. and Hyosung Co., Ko-
rea. Lengths of 10, 20, 30, 40, 60, and 80 mm were
selected from each PET yarn. Paper tabs were glued
to the ends of the specimen using a polyamide-epoxy
resin. The prepared specimen was then tested on an
INSTRON® (model 4468, UK) tensile tester by using
a 10-N load cell. The specimen were then mounted in
clamps and tested at a cross-head speed of 60 mm/min.
Data obtained from each test were treated as a set and
the breaking strengths, breaking elongations, and mod-
uli were compared with those sample properties ob-
tained from the data obtained using the MANTIS®
single-fiber tester.

3. Results and discussion
3.1. The bundle strength of N-filament
bundles

In this study, we prepared 1-12-filament bundles from
262d/12f yarn (PET-A). Fig. 3 provides the breaking
behavior for the 1-12-filament bundles having differ-
ent gauge lengths. As the load-extension curve of each
bundle indicates, single filaments of each bundle broke
at a constant load and the two-filament bundles broke
perfectly at twice the load of the first breakage. Ac-
cording to further breaking experiments, the breaking
point lost its clear-cut features, but a point of inflec-
tion remained. However, no trace in the load-extension
curve remained. Consequently, the load is supported
by all of the filaments when none of the filaments is
broken. When one filament breaks and slips free, be-
cause there is no friction between the filaments, it no
longer contributes to the strength of the bundle and the
surviving filaments stand load one after another, and
finally the system brakes abruptly. This force from the
broken filament can be redistributed in many ways. It
can be distributed to all surviving filaments (equal-load
sharing) or it is possible that only the filaments adja-
cent to the broken filament support the load from the
failed filaments (load-load sharing). In the latter case,
the adjacent filaments support a much greater load than
do the filaments that support only their own load. Af-
ter only a few percent of the filaments in the bundle
break, the entire bundle fails catastrophically. Fig. 4
displays a typical load-extension curve of N-filament
bundles for 262d/12f PET filament yarn; this figure in-
dicates that the bundle strength increased linearly with
respect to the increase in the number of filaments, but
the breaking extension does not display any signifi-
cant relationship with this number. In the case the
parallel bundles, no significant interactions occurred
between adjacent filaments and so, for example, slack,
slippage, and friction did not occur when the bundle
was loaded. The breaking loads of the N-filament bun-
dles integrally and linearly increased with the num-
ber of filaments, as indicated in Fig. 5, which displays
the regression fit of the breaking strength as a func-
tion of the number of filaments. Fig. 5 displays that
single filaments within a bundle were relatively inde-
pendent and inter-filament friction had little effect in
a bundle. Although the number of filaments increased,
there was little change in the efficiency of the breaking
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Figure 3 The load-extension curves of the 1-12-filament bundles for the 262d/12f PET yarn at different gauge length.
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Figure4 The breaking load and linear regression fit of the 1—12-filament
bundles at 20-mm gauge lengths for the 262d/12f polyester yarn.
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strength at maximum load. The efficiency of the break-
ing strength at breaking load decreased exponentially,
however, because the load concentration increased on
adjacent filaments upon increasing the number of fila-
ments and then failure occurred catastrophically. Fig. 6
illustrates the weakest-link effect and bundle size effect
of the N-filament bundles. As the length of a specimen
increased, the probability of the existence of defects
should increase. However, there was no significant ef-
fect when compared to the effect of the bundle size, i.e.,
the number of filaments. Therefore, we believe that the
major effects that determine the bundle strength are the
number of filaments and the load sharing behavior of
the single filaments constructed into that bundle.

3.2. The strength of single filaments and
bundles

We measured the breaking strength of PET single fila-
ments by using a MANTIS® single-fiber tensile tester
and the bundle strength of PET yarn by using an
INSTRON® tensile tester. The measured strength data
of the single filaments were compared with the bun-
dle strength of the PET filament yarn. As mentioned
above for the results of testing a single filament, the
breaking strengths of the single filaments were dis-
tributed normally when conducted using MANTIS®
tests. It remained doubtful, however, whether or not the
bundles of PET filaments had normal distributions, be-
cause the bundles displayed wholly different behavior.
Therefore, we needed to determine whether the tensile
properties of the bundles were similar to those of the
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Figure 5 The efficiency of the breaking strength of the 1-12-filament
bundles for the 262d/12f PET filament yarn: (a) at maximum load; (b)
at breaking load.

single filaments. In addition, we compared the results
obtained for PET filament yarns prepared by different
spinning techniques. PET-B possessed a similar prob-
ability distribution function (p.d.f.) to that of PET-C,
but a different p.d.f. to that of PET-C in filaments. With
regard to the hazard function, the PET-B yarn appeared
to have a higher slope than did the PET-C yarn, but its
tendency was reversed in filaments. This finding pro-
vides evidence that the breaking strength of the PET-B
filament was higher than that of the PET-C filament,
even though the breaking strengths of PET-B yarn and
PET-C yarn were similar. Therefore, we conclude that
a bundle’s strength is determined by the strength and
arrangement characteristics of its component filament.
In 50d/36f PET yarn, the bundle strength gave different
values of p.d.f., in location parameter, even though two
of the yarns appeared to have similar breaking strengths
in their single-filament states.

3.3. Comparison of the tested and
expected values

We compared our tested values with the values ex-
pected from calculations using Peirce’s theory and
Knox’s hazard function. From the breaking strength
data tested by the MANTIS® single-fiber tester, we
acquired the mean and standard deviation of the break-
ing strength, and then in-putted these values into the
Peirce’s equation. The second expected value was ac-
quired from the hazard function described by Knox.
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Figure 6 The weakest-link and bundle size effects of the 1-12-filament
bundles for the 262d/12f PET filament yarn.
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Figure 8§ Comparisons between the tested values obtained using
INSTRON® and the expected values obtained using MANTIS® for
the 50d/24f PET single filaments: (a) PET-D; (b) PET-E.

The results are presented in Figs 7 and 8, which indi-
cate that the expected values obtained using Peirce’s
theory are better approximations of the tested values
than are those predicted by the hazard function. The
expected values obtained using Peirce’s theory, how-
ever, also present a number of differences in relation
to the tested plots. Consequently, we conclude that the
PET filaments followed a normal distribution because
Peirce assumed the breaking strength of a filament to
be normally distributed. Fig. 9 illustrates the effects
that the length and bundle size have on the breaking
strength of commercial PET yarn. Fig. 9a indicates
that the breaking load of the PET filaments decreased
as the gauge length increased, i.e., the weakest link
theory. Fig. 9b displays a plot of the efficiency of com-
mercial PET filament yarn. For PET-B, PET-C, PET-E
was appeared the similar scale with the exception of
PET-D. Despite having the same denier, the filaments
displayed different behavior. This finding indicates that
the difference is due to the load sharing breakage. The
load sharing behavior on the random breakage of PET
bundles is very complicated because of the effects of
slippage and friction between adjacent filaments; these
effects are more significant in small-denier filament
bundles.

4. Conclusions

In this study, we prepared N-filament bundles from
262d/12f PET filament yarn to investigate the behav-
ior of the random breakage of a bundle; we com-

5346

390'. —O—DPY1
360 —O—DPY3
] k@\ —/A—DPYS$
S 330 4 TR —<+—DPY?Y
; ] \e é
g 300 -
= ;
£ 270 4
f‘ E
2 240 - o—o
] . < \O\o\
- (@]
210 - N\v\ o
4 " %
180 -

Gauge Length (mm)
(a)

——DPY1
—O—DPY3
—-—DPYS$
—~—DPY9

10.0

] S
95 §

1 A%
9.0 H \
Y.

. \N

8.0 4

Efficiency (gf)

75 T T T T T
0 10 20 30 40 50 60 70 80 90

Gauge Length (mm)
(b)

Figure 9 The effects that length and bundle size have on the break-
ing strength of commercial PET yarn: (a) the breaking load; (b) the
efficiency.

pared these results with those obtained using a com-
mercial PET filament yarn. We compared the breaking
strengths determined by MANTIS® tests with those
from INSTRON® tests. In addition, we evaluated the
strength of both filaments and bundles by using the
MINITAB statistic package. The normality tests for
PET filaments indicated that commercial PET single
filaments and prepared N-filament bundles followed
normal distributions and that the bundle strength could
be predicted from the distribution function of each sin-
gle filament of PET yarn. The results of N-filament
bundles are explained by the weakest-link effect and the
bundle size effect of the N-filament bundles. That is to
say, although when the length of a specimen increases,
the probability of the existence of defects should also
increase, but we found that the major effects that deter-
mining the bundle strength are the number of filaments
and the load sharing behavior of each single filament.
In a comparison between the expected and tested val-
ues in the PET filaments and bundles, Peirce’s theory
provided a better fit than did a simple hazard function.
Consequently, in both series and parallel effects, we
found that the breaking strength of a bundle was in-
fluenced by the length effect (the weakest link theory),
but the load-sharing behavior of the component fila-
ments in a bundle had a greater effect on the bundle
strength. We implicate that the load sharing behavior
has an effect on the random breakage of a polyester
bundle because slippage and friction between adjacent
filaments have more significant effects in small-denier
filament bundles. For further study, it is worthwhile



investigating how much effect the slippage and fric-
tion have on the load-sharing behavior of the random
breakage of the bundles.
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