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Abstract: In this study, side-by-side bicomponent fibers were prepared by melt spinning using bio-
based thermoplastic polyurethane (TPU) and TPU/polylactic acid (PLA) blends. The morphology,
thermal and mechanical properties of the fibers were investigated. To this end, the synthesis of
TPU using biomass-based polyols and the preparation of TPU/PLA blends were preceded. Their
morphological and structural characteristics were investigated. The synthesis of TPU was confirmed
through Fourier transform infrared analysis, and as a result of gel permeation chromatograph analysis,
a compound having a weight average molecular weight of 196,107 was synthesized. The TPU/PLA
blends were blended in the ratio of 80/20, 60/40, 40/60, and 20/80 through a melt extruder. They
formed a sea-island structure as a result of scanning electron microscope analysis, and an increase in
the PLA content in the TPU matrix caused a decrease in the melt flow index. Finally, TPU/(TPU/PLA)
side-by-side bicomponent fibers were prepared by utilizing the above two materials. These fibers
exhibited tensile strengths of up to 3624 MPa, with improved biocarbon content of up to 71.5%. These
results demonstrate the potential of TPU/(TPU/PLA) side-by-side bicomponent fibers for various
applications.

Keywords: bio-based polyester polyols; thermoplastic polyurethane; polylactic acid; side-by-side

bicomponent fiber; melt spinning

1. Introduction

Petroleum-based polymers have been utilized as significant materials in many appli-
cations due to their excellent properties and ease of processing, both thermosetting and
thermoplastic polymers [1]. However, with the expected depletion of fossil energy and
environmental problems due to increasing carbon and greenhouse gas emissions, the need
for the development of eco-friendly biomass-based polymers is required [2]. Therefore,
bio-based thermoplastic polymers can be one of the potential alternatives to conventional
petroleum-based polymers and composites as they have a very low environmental im-
pact [3-5].

Thermoplastic polyurethane (TPU) is an important polymer that combines the soft
and elastic properties of rubber with the easy processing performance of thermoplastics [6].
The TPU chain is usually composed of soft segments (SS) and hard segments (HS), and
the SS providing elasticity and HS providing mechanical stability give the TPU material
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its unique properties [7]. In general, HS is made of a rigid diisocyanate and a chain
extender such as diols, whereas SS is mainly composed of a soft long polyol [8]. Because
TPU has many advantages such as simple processing technology, recyclability, excellent
thermal properties [9,10], and biocompatibility [11,12], it is used in various fields [13-15].
However, so far, the main starting material for TPU is still derived from non-renewable
fossil fuels [16,17]. Therefore, bio polyol derived from vegetable oil, not from petroleum,
can be to TPU with improved bio-contents [18-20].

Thermoplastic polymers can further improve their bio-content through blending
with fully renewable biopolymers. Among them, polylactic acid (PLA) is one of the
most important thermoplastic biopolymers having an aliphatic polyester structure. It is
a material with superior biodegradability and high mechanical properties compared to
other biopolymers [1]. Polyester polyol-based TPU and PLA have partial compatibility
due to intermolecular hydrogen bonding [21,22]. For this reason, research on improving
the physical properties of the composite through the general TPU/PLA blends has been
steadily progressing. Jaso et al. [23] prepared reinforced TPU/PLA blends with 200-800 nm
fibrils by blending 10-40 wt% PLA microfibers in a TPU matrix. Hong et al. [24] showed
that the addition of TPU elastomer to PLA can progressively transform brittle fractures into
ductile fractures. Feng et al. [14] blended PLA with 20 wt% TPU to improve elongation at
break and notch impact strength by 350% and 25 k] /m, respectively.

According to the literature review, studies so far have focused on the blending of
TPU and PLA and mainly analyzed the effects. The field of application must also be
considered for the wide use of TPU/PLA blends that can replace the existing petroleum-
based plastic polymers. However, according to our investigation, there are no studies
on the preparation and properties of side-by-side bicomponent fibers that can be used
in various industries by applying bio-based TPU/PLA blends. Bicomponent fibers are a
type of composite fiber and are also commonly known as “conjugated fibers”. A fiber is
formed by two different polymers, each molten and fed to a different spinning channel
and finally extruded from the same nozzle hole [25-27]. This method makes it possible to
prepare fibers with various properties in which the advantages of the two raw materials are
combined [28]. Among them, side-by-side bicomponent fibers are fibers in which two types
of polymers having different shrinkage rates or melt viscosities are distributed adjacently
along the fiber axis [29-31].

However, the difference between the two components constituting side-by-side should
not be too large, and compatibility should be somewhat satisfied. Otherwise, the two parts
will not be able to withstand excessive mechanical forces during processing, as the adhesion
between the two parts may not be sufficient and may cause separation [32]. Therefore, in
this study, a TPU/(TPU/PLA) side-by-side bicomponent fiber with improved physical
properties was prepared using a TPU and TPU/PLA blend to ensure compatibility between
the two components. The TPU/(TPU/PLA) side-by-side bicomponent fiber consists of TPU
and TPU/PLA blends. The presence of the same component, TPU, in the bicomponent fiber
may impart miscibility between the interfaces. In the case of fibers in which the TPU and
TPU/PLA blend form a continuous phase at the interface of two components, an increase
in the PLA content of the TPU/PLA blend is expected to bring about an improvement in
tensile strength.

For the production of these side-by-side bicomponent fibers, the preparation and char-
acterization of the constituent components were preceded step by step. First, the synthesis
and structural characterization of TPU based on bio-polyester polyol was performed, and
then, by blending with PLA of specific contents, TPU/PLA blends were prepared. The con-
tents of the TPU/PLA blends were 80/20, 60/40, 40/60, and 20/80, and the morphological
characteristics of the blends were observed. Various properties of TPU/(TPU/PLA) side-
by-side bicomponent fibers finally prepared using them were analyzed. Fourier transform
infrared (FT-IR), scanning electron microscope (SEM), differential scanning calorimeter
(DSC), and tensile properties were studied.
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2. Materials and Methods
2.1. Materials

Bio-based polyester polyols with number average molecular weights (Mp) of 1000 and
2000 g/mol, respectively, and 4,4’-methylene diphenyl diisocyanate (MDI, CAS No. 101-68-8)
were provided by Union chemicals (Bucheon, Korea). The provided polyester polyols were
synthesized from 1,3-propanediol (CAS No. 504-63-2) and sebacic acid raw material (CAS
No. 110-20-6). When synthesizing TPU, 1,4 butanediol (BDO, Daejung, Siheung, Korea,
CAS No. 110-63-4) was used as a chain extender. Other auxiliaries such as catalyst (stannous
octoate, CAS No. 301-10-0) and heat stabilizer (triphenyl phosphite, CAS No. 3076-63-9)
were provided by Sambu Fine Chemicals (Gimhae, Korea). TPU Bio-60D 220719E (Sambu
Fine Chemical, Gimhae, Korea) and PLA LX 175 (TotalEnergies Corbion, Gorinchem, The
Netherlands) containing 96% L-isomer were used as spinning resins.

2.2. Methods

For the production of TPU/(TPU/PLA) side-by-side bicomponent fibers through melt
spinning, the fabricating process of TPUs and TPU/PLA blends, which are the main raw
materials, was preceded. First, bio-polyester polyol-based TPU was synthesized, and then
TPU/PLA blends were prepared for each PLA content. Detailed procedures for each step
are presented below.

2.2.1. Synthesis of Biomass-Based TPU

TPUs were synthesized based on bio-polyester polyols through a one-shot polymer-
ization process, which does not use solvents and has environmental advantages [33]. The
bio-polyester polyol was heated in a vacuum oven at 80 °C for 2 h, and MDI was melted
in an oven at 70 °C for 2 h. A completely molten polyester polyol, BDO, was placed in a
polytetrafluoroethylene (PTFE) reaction vessel and mechanically stirred at 80 °C. To this
was added about 0.2 wt% of thermal stabilizer and catalyst. Then, an appropriate amount
of MDI was slowly added by adjusting the molar ratio of polyol/BDO/MDIto 1/1/2. It
was carried out under nitrogen purge conditions to prevent a reaction between moisture in
the air and isocyanate. After the temperature was stabilized by the reaction of the polyester
polyol with isocyanate, stirring was continued at 80 °C and 400 rpm for 1 h resulting in a
large increase in viscosity of the TPU. Then, the polymer after polymerization in the vessel
was poured onto a thin layer of PTFE film and heated in an oven at 80 °C for one day. This
was to ensure the complete reaction of the isocyanate groups and the results were further
monitored by FT-IR [34]. The polymerization process is detailed in Figure 1.
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Figure 1. Schematic diagram of TPU synthesis mechanism.

2.2.2. Preparation of TPU/PLA Melt Blends

TPU and PLA resins were dried in a vacuum oven at 100 °C and 85 °C, respectively,
for 4 h. The dried TPU and PLA were quantified and mixed in a quantitative ratio of 80/20,
60/40, 40/60, and 20/80, and then supplied to a Rhomex CTW 100 OS Twin-Screw Extruder
(HAAKE, Paramus, NJ, USA). The inner extruder barrel and die temperatures were set at 210,
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220, 225, 230, 230, 230, and 225 °C, and the twin-screw speed was set at 80 rpm. The blend
strands extruded through a 6 mm die were passed directly through a coagulation bath filled
with water and pelletized using a Pelletizer 557-2684 (STONE, Stafford-shire, UK).

2.2.3. Melt Spinning of TPU/(TPU/PLA) Side-By-side Bicomponent Fibers

The TPU resin and the TPU/PLA blend for each ratio were dried in a vacuum oven
at 85 °C for 3 h for the fiber spinning process (Figure 2) and then put into KSP SDY (Tmt
Machinery, Osaka, Japan), respectively. The extruder’s internal temperature was set to 210,
220, 220, 220, 230, 230, and 230 °C. TPU resin was fed to one hopper, and TPU/PLA blends
in 80/20, 60/40, 40/60, and 20/80 ratios were provided to the other hopper. Then, the fiber
strands spun along the side-by-side spinneret were directly drawn by godet rollers at 60
and 80 °C at 800 and 1400 mpm and then wound. Then, TPU/(TPU/PLA) side-by-side
bicomponent fibers of 150 denier/12 filament specifications were prepared.

TPU biaid

| Gear Gear |
3 / pump pump j é
——————
Extruder Spin pack Extruder

.
.

Finish

applicator Godet rolls

. o
. o
............

Take up rolls Winder

Figure 2. Schematic diagram of the preparation of TPU/(TPU/PLA) side-by-side bicomponent fibers.

2.2.4. Characterization

Gel permeation chromatography (GPC) analysis was performed through Ecosec GPC
(Tosoh Company, Tokyo, Japan) to measure the number average molecular weight (My),
weight average molecular weight (M), and polydispersity index (PDI) of the TPU samples.
The sample solution for analysis was prepared by adding 50 mg of dried polymer to 5 mL
of inhibitor-free tetrahydrofuran solution, completely dissolving it at room temperature for
one day, and then filtering it with a 0.45 pm PTFE filter [35]. The HS content of the TPU
samples was calculated as a percentage of the mass of the chain extender and isocyanate
making up the HS out of the total mass of all starting materials [36]. Biomass content was
measured according to standard ASTM D6866-20. All samples were used for measurement
graphitization. The instrument reported raw percent Modern Carbon (pMC) results for
each test sample on the isotopic ratio of C to 1>C. These test results were then adjusted for
the 13C to 12C isotopic ratio reported by the instrument at the time of measurement. The
adjusted pMC values were assigned a carbon year and adjusted further using Equation (1)
to obtain an uncorrected biobased carbon content:

pMC

YoBiobased C = Ref

x 100 1)
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where %Biobased C stands for uncalibrated bio-based carbon from the test sample and
pMC is the instrument’s adjusted percent Modern Carbon result. Ref is the reference
percent of Modern Carbon for the year atmospheric carbon was incorporated into biomass
via photosynthesis. The reference value used for the carbon year adjustment was 100 pMC
per ASTM D6866-20 [37].

FT-IR of all samples was performed through a Nicolet Continuum (Thermo Scientific
Inc., Middlesex, MA, USA) with attenuated total reflection (ATR) mode. The spectra were
collected in the range of 4000-500 cm~! at a resolution of 4 cm~!. SEM analysis was
performed using an FE-SEM SU 8230 (Hitachi, Tokyo, Japan). Each sample was sputtered
with gold prior to measurement. TPU/PLA blend samples were immersed in ethyl acetate
(Samchun, Seoul, Korea, 99%) to dissolve PLA partially, and cross-sections were observed.
Melt flow index (MFI) testing of this blend sample was also performed using an MFI
QM280A (QMESYS Corp., Uiwang, Korea) at 210 °C under a 2.16 kg load, according to
ASTM D1238.

Thermal characterization of the fiber samples was performed using a DSC model Q
2000 (TA Instruments, New Castle, DE, USA). Approximately 6 mg of samples were placed
in an aluminum pan for measurement. It was carried out for one cycle at a heating/cooling
rate of 10 °C/min at —80 to 230 °C in a nitrogen atmosphere. The crystallinity (X.) was
estimated using Equation (2). AHy, is the enthalpy of crystallization per gram of the sample,
and AHy, o is the enthalpy of crystallization per gram of 100% crystalline TPU. The latter
was taken as 196.8 J /g [38,39].

_ AHp,
~ AHpp

Xc x 100 2)

Mechanical property analysis was performed using a Universal Testing Machine
model 5565 (Instron, Norwood, MA, USA) at a 50 mm gauge length and an extension speed
of 100 mm/min. At least five specimens were tested for each sample material to obtain an
average value.

3. Results and Discussion
3.1. Characterization of TPU

Table 1 shows the My, M;,, and PDI of TPU samples based on bio-sebacic acid (SA)
polyester polyol. SA_TPU-1 with an My, of 1000 g/mol of the polyol used for TPU synthesis
exhibited a higher average molecular weight than SA_TPU-2 with 2000 g/mol, and all
PDI values satisfied two or less. In addition, the HS content of SA_TPU-1 synthesized
with a low molecular weight polyol was 35.9%, which was higher than that of SA_TPU-2
at 22.1%. According to previous studies [40-42], the lower the molecular weight of the
polyol used for TPU synthesis, the higher the HS fraction, which is consistent with our
results in Table 1. In addition, when the HS content in TPU is about 25% or more, it
shows a physical crosslinking effect through crystallization, thereby exhibiting desirable
thermoplastic elastomer properties [43,44]. Through this, we could expect that SA_TPU-1
would have sufficient properties of a thermoplastic elastomer since it had an HS content
of 25% or more. M,, of about 190,000 is also enough for use in polymer processing (e.g.,
extrusion, spinning) and commercial applications to make blends. Through this study,
we successfully synthesized bio-polyol-based TPUs with higher M,, and My, than in our
previous study [35]. In an earlier work, CA_TPU-1 and CA_TPU-2 were synthesized using
bio succinic acid (CA)-based polyester polyols with My, of 1000 and 2000 g/mol. Compared
with these samples, SA_TPU-1 and SA_TPU-2 have higher bio content as well as average
molecular weight. According to another document [45], it was determined that the SA-
based TPUs having more methylene groups had a higher bio content due to the difference
in the number of methylene groups in the bio polyol.
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Table 1. Molecular weight, polydispersity, HS content, and bio-content of TPU samples.

Samples My, M, PDI HS Content Bio-Based C Reference
(g/mol) (g/mol) (Myw/Mp) (wt%) (%)
SA_TPU-1 196,107 94,030 2.0 35.9 54.8 This work
SA_TPU-2 136,489 89,659 1.5 22.1 56.1 This work
CA_TPU-1 120,158 88,125 1.3 38.8 54.1 [35]
CA_TPU-2 113,738 84,906 1.3 22.3 53.0 [35]

FT—IR analysis was used to confirm the termination of the reaction and the change
in the functional groups during polymerization, and their spectra are shown in Figure 3.
The complete reaction of the —OH group and the N=C=0 group was confirmed by the
disappearance of the 2270 cm ™! vibration table and the vibration of the urethane group [46].
The completion of TPU synthesis was confirmed by the presence of vibrations of 3330 cm ™!
and 1529 cm~! appearing due to the stretching and bending of —NH bonds in urethane
bonds. At about 1730 and 1703 cm !, peaks corresponding to the C=O stretching of the
urethane group were observed [34]. The 1596 and 1470 cm ™! peaks appeared due to the
presence of a benzene group. The spectrum also contains a 1412 cm~! absorption band that
appears due to stretching vibrations of the C—C aromatic benzene ring group [47]. The
peak at 1233 cm ! is due to the C—O—C vibration of urethane, while the peak at 1160 cm !
is assigned to the C—O—C vibration of the ester group. The peak at 770 cm ™! comes from
C—0—-0 urethane vibrations [48,49]. Depending on the presence or absence of hydrogen
bonding, the C=0 stretching vibration peaks of the urethane group show absorption bands
at different positions at 1730 cm~! (Free C=0 peak) and 1703 cm~! (H-bonded C=0 peak),
respectively [35]. As the HS content increases, the phase-separated structure becomes from
isolated domains to interconnected domains. Therefore, the interfacial area between the
two-phase is reduced, making it the HS domain easier to form hydrogen bonds [43,50].
Therefore, SA_TPU-1 with a high HS content showed a higher fraction of hydrogen-bonded
C=0 peaks, which is consistent with the results of the GPC analysis.

SA_TPU-1

SA_TPU-2

3330
2850

Absorbance

14?0
1412

2961

1596
\ 1529

21703 1233 ™~
1730 1160

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 3. FT—IR spectra of synthesized TPU samples.



Fibers 2022, 10, 95

7 of 15

3.2. Characterization of TPU/PLA Blends

Figure 4 shows the SEM cross-sectional shapes of TPU/PLA blends prepared with
TPU and PLA at 80/20, 60/40, 40/60, and 20/80 ratios, respectively. At this time, the TPU
was based on SA_TPU-1, which was selected based on the results of the previous section.
Images of pure TPU and PLA were also included in Figure 4a and f, respectively. Both
TPU and PLA showed no or little surface texture. Some PLA and TPU particles were lost
during sample preparation for SEM observation at the fracture surface of the TPU/PLA
blends, which left some shallow pores in the TPU and PLA matrix, respectively [51]. In the
blends of (b) 80/20 and (e) 20/80 ratios of TPU/PLA, spherical PLA particles distributed
throughout the TPU matrix showed a clear dual-phase sea-island structure. At this time,
the higher the PLA content, the more spheres could be seen. TPU/PLA (c) 60/40 and (d)
40/60 blends showed co-continuous morphology of TPU and PLA. It was found that the
phases of TPU and PLA were mixed, the spherical shape merged, and the size increased.
This phenomenon is also in good agreement with previous studies [52,53].

Figure 4. SEM images of TPU, TPU/PLA blends, and PLA: (a) TPU, (b) 80/20, (c) 60/40, (d) 40/60,
(e) 20/80, and (f) PLA.

Figure 5 shows the cross-sectional shape with PLA removed to observe the co-
continuous morphology of the blend better. In fact, after PLA removal, the TPU/PLA (a)
80/20 and (d) 20/80 blends showed a relatively regular spherical shape. On the other hand,
the (b) 60/40 and (c) 40/60 blends had a spongy-like structure, suggesting a co-continuous
conformation [14,22]. Through these results, it was confirmed that TPU and PLA can have
some miscibility.

Figure 6 shows the MFI values for each ratio of TPU/PLA blends, including TPU and
PLA. The MFI value of the blends is an important parameter for melt processability during
the fiber spinning process [54]. The MFI value of the TPU/PLA blend steadily decreased
with increasing PLA ratio compared to pure TPU, and it was found that the 20/80 ratio
almost reached the MFI value of pure PLA. That is, it can be seen that the incorporation of
PLA into TPU causes a decrease in MFI and an increase in melt viscosity. This difference in
viscosity also affected the cross-sectional shape of the bicomponent fiber produced through
melt spinning in the following process, which will be analyzed in detail in the next section.
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Figure 5. SEM image of TPU/PLA blends with PLA removed: (a) 80/20, (b) 60/40, (c) 40/60, and
(d) 20/80.

90

MFI
8

100/0 (TPU) 80/20 ~ 60/40  40/60  20/80 0/100 (PLA)
TPU/PLA ratio

Figure 6. MFI test results of TPU, TPU/PLA blends, and PLA.

3.3. Characterization of TPUATPU/PLA) Side-By-Side Bicomponent Fibers

Side-by-side bicomponent fibers were prepared by melt spinning using TPU and a
TPU/PLA blend as base materials. Moreover, also included were (e) TPU/PLA 50/50
side-by-side bicomponent fibers composed of pure TPU and PLA, respectively. The side-
by-side cross-sectional shape of the actual samples was observed through SEM analysis
and is shown in Figure 7. The interface between TPU and TPU/PLA showed a concave
shape at the periphery of the TPU and a convex shape at the center of the TPU/PLA.
This deformation is due to the viscous dissipation phenomenon [55]. Since TPU and
TPU/PLA blends flow at different rates due to differences in viscosity, the low-viscosity
component tends to encapsulate the high-viscosity component [32,56]. Based on the MFI
results in the previous section, it can be seen that the high-viscosity TPU/PLA blend
and PLA were encapsulated by the low-viscosity TPU. In the samples composed of TPU
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and TPU/PLA blend (Figure 7a—d), no significant change in morphology was observed
according to the difference in the content of PLA in the TPU/PLA blend. However, at this
time, fibers with a high PLA content in the TPU/PLA blend could better distinguish the
interface with TPU. It is judged that this is because the same component between the two
components is reduced in samples with a high content of PLA and a low content of TPU on
the TPU/PLA blend. From this point of view, it was confirmed that these properties were
more pronounced in sample (e), some of which consisted of pure PLA. This is considered
due to the lack of interconnectivity between the two components, TPU and PLA, as there are
no identical components. Nevertheless, it has been confirmed by previous studies [21,22]
that carbamates and PLA in the HS of TPU can form hydrogen bonds and that TPU and
PLA can have some compatibility because both have ester bonds. Therefore, in sample (e),
it is judged that a composite fiber can be formed without being completely separated.

Figure 7. SEM image of TPU/(TPU/PLA), TPU/PLA side-by-side bicomponent fibers cross-section:
(a) 50/(40/10), (b) 50/(30/20), (c) 50/(20/30), (d) 50/(10/40), and (e) 50/50. The arrows visualized
the characteristic cross-sectional morphology of the bicomponent fiber.

Table 2 shows the biocarbon content of the (a)-(d) TPU/(TPU/PLA) and (e) TPU/PLA
side-by-side bicomponent fibers. The biocarbon content of (e) TPU/PLA side-by-side bi-
component fiber was the highest at about 71.5% because PLA, a biodegradable biopolymer,
contained the highest content. For TPU/(TPU/PLA) side-by-side bicomponent fibers, the
sample with a PLA content of 10/40 was the highest among the TPU/PLA blends. Through
this, we confirmed that the bio content of the final fiber could be improved by applying
TPU/PLA blending with TPU.

Table 2. Biobased carbon contents of TPU/(TPU/PLA) and TPU/PLA side-by-side bicomponent fibers.

Samples Biobased C (%)
(a) TPU/(TPU/PLA)_50/(40/10) 56.6
(b) TPU/(TPU/PLA)_50/(30/20) 59.2
(c) TPU/(TPU/PLA)_50/(20/30) 63.8
(d) TPU/(TPU/PLA)_50/(10/40) 68.4
(e) TPU/PLA_50/50 715

Figure 8 shows the FT—IR structural analysis spectrum for component and miscibil-
ity analysis of TPU/(TPU/PLA) bicomponent fibers. The vibrations of 3327 cm~! and
1530 cm ! appear due to the stretching and bending of the —NH bond in the urethane bond
and the 1730 and 1703 cm~! peaks corresponding to the C=0 stretching of the urethane
group are characteristic peaks of TPU [34]. These peaks were observed in (a)—(e) bicom-
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ponent fibers, and the strength decreased with the addition of PLA. This consequently
involves some molecular interactions within the blends [57,58]. The diversity of the weak
bands around 3000 cm ! seen in all (a)-(e) bicomponent fibers is due to the —CH oscilla-
tion of the TPU [59,60]. In addition, a peak of 1596 cm ! appears due to the presence of
a benzene group in TPU [47]. On the other hand, in (e) bicomponent fiber composed of
each TPU and PLA, strong peaks due to —CO bonding of PLA were observed together at
1745 and 1081 cm~! [58]. In addition, 2996 and 2920 cm~! (asymmetric and symmetric,
respectively) peaks due to the stretching vibrations of PLA appeared. Through these results,
it was confirmed that the fibers were TPU/(TPU/PLA) and TPU/PLA bicomponent fibers.

TPU

(a)_50/(40/10)

(b)_50/(30/20)

Absorbance

——TPU
(a)TPU/(TPU/PLA)_50/(40/10) |
—— (b)TPU/(TPU/PLA)_50/(30/20) ”
—— (c)TPU/(TPU/PLA)_50/(20/30)

—— (d)TPU/(TPU/PLA)_50/(10/40)
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Figure 8. FT—IR spectra of TPU/(TPU/PLA) side—by—side bicomponent fibers ((a)-(e)), pure TPU,
and PLA fibers.

DSC thermograms for the TPU and TPU/(TPU/PLA) side-by-side bicomponent fiber
samples are shown in Figure 9, and the quantitative values are shown in Table 3. The
endothermic peak observed at about 61 °C of the bicomponent fiber samples ((a)-(e))
corresponds to the Tg on PLA, and the endothermic peak at about 149 °C corresponds to
the Ty. In addition, the exothermic peaks appearing at about 70 °C in samples ((a)—(d))
except for (e) sample are related to the crystallization of the SS, and the double endothermic
peaks at about 193 °C and 218 °C are attributed to the melting of the TPU phase [44,61].
Saiani et al. [62] proved these two endotherms were caused by the melting of the ordered
structure appearing in the hard phase and microphase mixing of the soft and hard parts,
respectively [63]. It is noteworthy that some different characteristics exist when comparing
the (e) sample composed of pure TPU and PLA with samples ((a)—(d)) composed of TPU
and TPU/PLA blends. The (e) sample showed a strong Ty peak of PLA, whereas samples
((a)~(d)) showed decreased Ty and crystallization temperature. Among the TPU/PLA
blends, the sample containing more PLA content showed a stronger crystallization peak
and X, than TPU, and the (d) sample had the highest X. value of 2.28%. For the TPU/PLA
blend, it is speculated that the PLA present in the TPU amorphous matrix influenced the
crystallization. In addition, the shoulder peak existing in the Ty, section of PLA disappears
and shows a sharp and narrow shape in samples ((a)—-(d)), so it can be inferred that there is
an interaction and compatibility between TPU and TPU/PLA. These results are consistent
with the previous SEM results, and together with the FT-IR results, it was possible to
confirm that the fibers were TPU/(TPU/PLA) bicomponent fibers.
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Figure 9. DSC thermograms of TPU fiber and TPU/(TPU/PLA) side-by-side bicomponent fibers
((a)-(e)). Two endothermic peaks(], II) indicate the melting points of TPU.

Table 3. DSC characterization studies of TPU fiber and TPU/(TPU/PLA) side-by-side bicomponent
fibers ((a)-(e)).

Samples Tg, pra (°O) T (°C) Tm,pra €O Ty (CO) T CO X (%)
TPU - 69.62 - 193.29 217.92 0.44
(a) TPU/(TPU/PLA)_50/(40/10) 62.81 70.56 149.92 193.92 218.62 1.19
(b) TPU/(TPU/PLA)_50/(30/20)  62.97 70.95 149.75 193.22 218.42 1.70
(c) TPU/(TPU/PLA)_50/(20/30)  61.52 70.13 149.99 194.45 21895 201
(d) TPU/(TPU/PLA)_50/(10/40) 61.45 70.01 149.85 193.46 217.89 2.28
(e) TPU/PLA_50/50 60.98 150.28 193.50 218.08 -

Figure 10 shows the stress—strain curves of TPU and TPU/(TPU/PLA) side-by-side
fibers. The quantitative values of physical properties are summarized in Table 4. The stress—
strain curves of side-by-side bicomponent fibers ((a)—(e)) were changed from the elastic
behavior of TPU to partial plastic deformation characterized by the yield point [23]. The
samples ((a)—(d)) showed increased tensile and yield strengths as the fibers composed of
TPU/PLA blend with higher content of PLA with TPU. The modulus also tended to increase
as the PLA content increased to 40%. Among them, sample (d) with a TPU/(TPU/PLA)
ratio of 50/(10/40) had the highest tensile and yield strengths of 3624 and 1235 MPa,
respectively. The modulus also increased the most to 3125 MPa. In other words, it can
be seen that the PLA applied to the TPU/PLA blend can act as a reinforcing material to
reinforce the TPU elastomer to improve the strength of the final fiber. On the other hand, in
the case of the elongation at break, the opposite tendency was shown. This phenomenon
is considered because PLA, which is present in the TPU/PLA blend among the side-by-
side components, is a material with inherent brittleness and excellent strength. It is also
noteworthy here, as in the FI-IR and DSC results, that in the case of the sample (e) in which
pure TPU and PLA are in a 50/50 ratio, it can be seen that they exhibit unique behavior
as they maintain the original properties of TPU and PLA, respectively. The initial curve
showed a sharp increase in modulus and tensile strength like other bicomponent fibers,
but after the yield point, the value was maintained with little change, and then the strain
increased again by around 30%. This sample’s tensile strength and yield strengths were
2152 and 909 MPa, respectively. Despite containing 50% pure PLA, it showed lower values
of tensile strength than TPU fiber and lower yield strength than other samples ((b)—(d)).
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In addition, the modulus is also 2979 MPa, indicating a lower value than the samples
(c)—~(d). These features may be related to the degradation of interfacial adhesion due to the
lack of interconnectivity, as the presence of prominent boundaries between side-by-side
fibrous TPU and PLA was confirmed in the SEM images. This is sufficiently predictable
from previous studies [32] that the compositional difference between the two components
should not be too large. Otherwise, they could separate, and the insufficient adhesion
between the two components would not be able to withstand excessive mechanical forces.
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Figure 10. Stress—strain curves of TPU fiber and TPU(TPU/PLA) bicomponent fibers.

Table 4. Mechanical properties of TPU fiber and TPU(TPU/PLA) bicomponent fibers.

Samples Tensile Strength Yield Strength Elongation at Young’s Modulus
(MPa) (MPa) Break (%) (MPa)
TPU 2432 £ 114 - 113 £ 36 1452 £ 81
(a) TPU/(TPU/PLA)_50/(40/10) 2627 + 101 864 + 84 68 + 11 2820 + 60
(b) TPU/(TPU/PLA)_50/(30/20) 2796 + 145 960 £ 26 53+ 8 2880 £ 53
(c) TPU/(TPU/PLA)_50/(20/30) 3410 £+ 113 994 £ 30 43£5 3011 £ 45
(d) TPU/(TPU/PLA)_50/(10/40) 3624 + 128 1235 + 101 37+t4 3125 + 49
(e) TPU/PLA_50/50 2152 + 109 909 + 54 90 + 20 2979 + 55

4. Conclusions

In this study, side-by-side bicomponent fibers composed of TPU, a bio-based raw
material, and TPU/PLA blends were designed and characterized through melt spinning.
To this end, two raw materials (TPU, TPU/PLA blends) were prepared for producing
bicomponent fibers. TPU with M,, of 190,000 or more was synthesized based on bio-
polyester polyol, and blends were prepared in which TPU and PLA were mixed in different
ratios. As a result, the presence of PLA in the prepared TPU/(TPU/PLA) side-by-side
bicomponent fibers affected the physical properties along with the increase in the bio-
content. PLA applied to the TPU/PLA blend acts as a reinforcing material to reinforce the
TPU elastomer, improving the strength of the final fiber. Bicomponent fibers composed of a
blend of TPU and TPU/PLA ratio of 10/40 showed increased tensile strength values up
to 3624 MPa. On the other hand, side-by-side bicomponent fibers composed of pure PLA
and TPU rather than a TPU/PLA blend had slightly different characteristics. At their side-
by-side interface, the boundary was relatively clear, and the unique characteristics of TPU
and PLA were observed in the FT-IR and DSC results. Among the prepared bicomponent
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fibers, despite containing up to 50% of PLA, the tensile strength was lower than that of
TPU fibers due to the deterioration of interconnectivity. Therefore, the presence of the same
component between TPU and TPU/PLA blends affected the interfacial adhesion, resulting
in improved physical properties. All these results indicate the successful preparation of
TPU/(TPU/PLA) side-by-side bicomponent fibers with improved bio-content and tensile
strength, and furthermore, they are expected to be applied to eco-friendly fiber applications.
Moreover, it is expected that it will be able to play a sufficient role as a substitute for
petroleum-based TPU used in the existing industry and apparel sector.
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