
Figure 1.  (a) Schematic of spinning two polymer 

melts together to form bicomponent ibers.  
(b) Schematic of an island-in-the-sea (IS) iber, 
where the cross-section consists of islands of 

one polymer embedded in a matrix (or, sea) of 
another polymer.
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Introduction 

A bicomponent iber is a single iber 
that contains two different polymer 

components within the same ilament. 
Sometimes it is also known as a ‘conju-

gate’ iber 1. The concept of producing 

bicomponent ibers is not very new as 
Dupont introduced it in mid 1960s. In 

the beginning simple bicomponent ibers 
were produced with either a sheath-core 

or a side-by-side morphology. With the 

advent of new technologies in recent 

years, a wide variety of bicomponent 
ibers with complex morphology is being 
produced to address a wider range of 

performance features. One major reason 

behind the increasing research interest 

in this area is that bicomponent ibers 
with inely tailored properties can now be 
produced to it speciic design needs 2.

One interesting structure for novel 

bicomponent iber is known as island-in-
the-sea (IS). In the cross-section, areas 
of one polymer (islands) are in the matrix 

of another polymer (sea). Figure 1a shows 

a schematic of the spinning process of 

IS bicomponent ibers from two separate 
polymer melts 3. The schematic of the IS 

iber is shown in Figure 1b. The number 
of islands in the earlier version of IS 

ibers were limited, however with innova-

tions in new spinning technologies, IS 
ibers are now being produced with thou-

sands of islands in a few microns diam-

eter cross-section 2. In the present study, 
we focus on individual bicomponent 

ibers with IS cross-sectional geometry, 
where the islands are Nylon and the sea 

(or, the matrix) is PET. Addition of PET to 
nylon results in increase in modulus of 

the iber, reduction in moisture regain, 
improvement in texturing ability, and a 
lustrous appearance 1. Besides using 

them as composite bicomponent ibers, 
the IS ibers are also an attractive way 
to produce micro and nano ibers, after 
removing the sea component by dissolv-

ing it in a solvent. The micro and nano 

ibers produced by this method are used 
in synthetic leather, ultra-high iltration 
media, artiicial arteries, among other 
specialty applications. 

Tensile strength and elastic modulus of a 

iber are important parameters for most 
applications. However, our knowledge 
about the complete deformation behav-

ior of these novel bicomponent ibers is 
still limited. In this work, we studied the 
mechanical response of the composite 

Nylon-PET IS bicomponent ibers. We 
also address the evolution of the me-

chanical properties of these composite 

ibers as a continuous function of strain.



Figure 2.  (a) Individual bicomponent IS iber mounted on a card template. (b) The card template 
with a single iber specimen is mounted on the Keysight T150. The sides of the template are 
clipped to release the iber for the tensile test.
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Figure 3.  Engineering stress-strain curves for nylon-PET bicompo-

nent IS ibers, with 85% nylon and 15% PET. The molecular weight of 
PET in NP5 ibers is higher than that in NP3 ibers. The dashed lines 
at the initial part of the curve indicate linear elastic deformation. Re-

gime A is prior to formation of any neck in the iber, whereas regime B 
indicate strain hardening in the necked region.

Continuous Dynamic Analysis 

It has been recognized that the molecular 

structure of a polymer evolves with their 

deformation. For example, in semi-crys-

talline polymers, the amorphous polymer 
chains tend to align themselves along the 

iber axis as it is stretched. This alignment 
of polymer chains results in signiicant 
changes in the polymer structure (and in 

some cases increase in crystallinity), which 
in turn cause signiicant changes to the 
elastic properties of the iber. However, 
most of our understanding of the elastic 

mechanical properties, such as storage 
and loss moduli, of a polymer iber is lim-

ited to the very small strain (mostly, up to 
1%) deformation regime.

To address this lack of understanding of the 

evolution of elastic properties of polymer i-

bers during tensile deformation, a novel test 
methodology called continuous dynamic 

analysis (CDA) has been introduced, using 
the nanomechanical actuating transducer 

technology in the Keysight Technologies 

T150 UTM. In addition to the quasi-static 
uniaxial loading, the CDA module applies a 
high frequency harmonic force to measure 
the dynamic storage and loss modulus of 

the iber at each and every point of strain 
during a uniaxial tensile test. It is important 

to mention here that the harmonic force 

is much smaller compared to the quasi-
static force on the iber specimen. Hence, 
the CDA measurements do not affect the 

quasi-static stress-strain response. 

Because of the viscoelastic nature of 

polymer ibers, the harmonic displacement 
(z0) lags behind the harmonic force (F0) 

by a phase angle φ. Hence, the dynamic 
storage modulus of the specimen is related 

to the harmonic force and displacement 

amplitudes and the phase angle by [4]:

  

      (1)

where, l and A are the instantaneous gage 

length and iber cross-sectional area, 
respectively.

Similarly, the dynamic loss modulus can be 
calculated from:

  

       (2)

And, the loss factor is represented by:

  

             (3)

As mentioned above, the CDA enables the 
measurement of these dynamic me-

chanical properties of the iber at each 
and every point over the complete range 

of strain during one single uniaxial tensile 

test. The CDA method has been success-

fully employed to characterize the evolu-

tion of mechanical properties of synthetic 

polymer, metal and ceramic micro-ibers 
and spider silk 4–6.

Experimental Details

Nylon-PET bicomponent IS ibers, with nylon 
islands in a PET matrix, were obtained from 
Hills Inc. (Melbourne, FL). The individual 
composite ibers contain 85% nylon and 
15% PET. The diameter of the bicomponent 
IS ibers was about 10μm. During this study, 
we characterized two different types of 

nylon-PET bicomponent ibers, namely NP3 
and NP5, where the NP5 contains higher 
molecular weight PET compared to the NP3. 

Individual nylon-PET bicomponent IS ibers 
of each type were carefully mounted on 

thick paper-based card templates, as shown 
in Figure 2a. The gage section of each iber 
specimen is measured using a caliper, and 
the diameter of the ibers was measured 
using an optical microscope. The card 

template was then mounted on the Keysight 

T150 nanomechanical UTM (Figure 2b) us-

ing the template-grips and the sides of the 

template were clipped to release the iber 
for testing. The micro-positioner is used to 

ensure proper alignment of the ibers before 
testing. Three iber samples each of NP3 and 
NP5 variety were characterized.

The NanoSuite (Keysight Technologies) 

test method named “UTM T150 Standard 
Toecomp CDA” was used for tensile testing 

of the individual bicomponent IS ibers, along 
with continuous dynamic analysis. All the 

tests were performed with a strain rate of 

1x10-3 s-1. The continuous dynamic analysis 

during each test was performed using a har-

monic force of 4.5mN at a frequency of 20Hz.
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Results and Discussion

The quasi-static engineering stress-strain 
curves for the individual NP3 and NP5 
ibers are shown in Figure 3. Initially the 
ibers exhibit a linear elastic regime due to 
homogeneous elastic deformation (up to 

about 1% strain), before the engineering 
stress increases nonlinearly up to the yield 

point (regime A, as marked in Figure 3). The 
Young’s modulus, measured from the slope 
of the initial linear elastic region (dashed 

lines in Figure 3), is 12 ± 1GPa for NP3 
ibers and 6 ± 1GPa for the NP5 ibers. As 
noted above, the NP5 ibers contain PET of 
higher molecular weight compared to the 

NP3 ibers. As PET has high stiffness due 
to the presence of benzene ring in its mol-

ecule 7, it is supposed to be the load bear-
ing component in the IS ibers. Hence, the 
difference in the modulus for the NP3 and 

NP5 ibers can be attributed to the differ-
ence in PET molecular weight. The PET in 

the NP5 ibers contain more amorphous 
regions due to the high molecular weight, 
resulting in lower stiffness (or, modulus) 
of the iber 8. The difference in molecular 

weight also explains the lower yield points 

observed for the NP5 ibers. 

After the yield (regime B, as marked in Fig-

ure 3), the small drop in engineering stress 
most probably related to formation of a 

neck that propagates across the gage sec-

tion 8. The necked region then strain hard-

ens as seen from the increase in engineer-

ing stress until the iber fractures. During 
this time, the amorphous molecules in the 
iber also tend to align themselves along 
the iber axis, resulting in the increase 
in stress 7, 9. The fracture strain of low 

molecular weight NP3 ibers was signii-

cantly lower than higher molecular weight 

NP5 ibers. This high ductility of NP5 ibers 
can be attributed to longer amorphous 

PET molecules, causing larger number of 
entanglements that increases the stability 

of the neck up to a greater strain 8. This 

engineering stress-strain response is in 

good agreement with previously reported 

results for PET ibers, conirming that the 
PET has the more dominant contribution 

towards the mechanical properties of the 

nylon-PET bicomponent IS ibers. 

The CDA measurements on the NP3 ibers 
are shown in Figure 4. Figures 4a and 4b 

show the evolution of the storage modu-

lus and the loss factor, respectively, as a 
continuous function of strain. It is impor-

tant to note here that the initial value of 

the dynamic storage modulus (dashed 

horizontal line in Figure 4a) matches quite 
well with the Young’s modulus measured 

from the quasi-static stress-strain curves. 
This conirms the validity of our continuous 
dynamic analysis results. Figure 4a also 

shows that the storage modulus starts 

to increase at a slightly lower strain than 

the yield point (vertical arrow). Such a be-

havior implies that some amorphous PET 

chains start to align prior to macroscopic 

yield. Once the neck forms at the yield 

point the alignment procedure becomes 

more coherent and results in a linear 

increase in storage modulus until failure 6. 

The CDA reveals that the storage modulus 

for the NP3 iber increases signiicantly 
from about 12GPa to 30GPa during the 
deformation process. On the other hand, as 
the PET chains starts to align along the i-

ber axis, the deformation process becomes 
less viscoelastic which shows excellent 

agreement with the decrease in loss factor 

with increasing strain (Figure 4b).

Figures 5a and 5b show the CDA results 
from the measurement on a NP5 nylon-
PET bicomponent IS iber. Similar to the 
NP3 iber, the changes in dynamic storage 
modulus and loss factor can be correlated 

with molecular orientation in the PET com-

ponent. Due to higher molecular weight, 
the initial storage modulus (dashed hori-

zontal line) for the NP5 iber is almost half 
of the modulus of NP3. However, at failure 
strain, the dynamic storage modulus for 
the two ibers becomes almost similar, 
even if the NP5 iber withstands a larger 
strain before failure. As NP5 contains more 
amorphous molecules, it requires larger 
strain to reach similar molecular align-

ment as the NP3. Such behavior strongly 

suggests that the CDA is a potential tool 
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Figure 4.  The evolution of dynamic storage modulus (a) and loss factor (b) in a NP3 iber as a continuous func-

tion of strain.

Figure 5.  The evolution of dynamic storage modulus (a) and loss factor (b) in a NP5 iber as a continuous 
function of strain.
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to relate molecular alignment in polymer 

ibers to their mechanical properties. 
Note that the contribution from nylon is 

not considered here as it has lower stiff-

ness than PET and both the NP3 and NP5 
ibers contained same amount of nylon. 
This comment notwithstanding, more 
experiments are needed to measure the 

inluence of the nylon molecules on the 
mechanical properties, especially at  
high strains.

Summary and Conclusions

Mechanical properties of individual nylon-

PET bicomponent IS ibers, with two dif-
ferent PET molecular weights, were char-
acterized using the Keysight T150 UTM. 
The quasi-static stress-strain curves show 
signiicant difference between the two 
different types of ibers. Higher molecular 
weight NP5 ibers contain more amorphous 
PET molecules resulting in lower modulus 

and yield strength. However, the greater 
amount of amorphous molecules caused 

more entanglements resulting in larger 

failure strain of the higher molecular weight 

ibers. The CDA measurements show signif-
icant increase in dynamic storage modulus, 
and corresponding decrease in loss factor, 
of the iber with increasing strain. The CDA 
not only provides fundamental informa-

tion about the deformation process, but 
also becomes an important tool to relate 

molecular structure of polymer ibers with 
their mechanical properties.
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