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Abstract: Recently, bicomponent fibers have been attracting
much attention due to their unique structural characteristics
and properties. A common concern was how to characterize
a bicomponent fiber. In this review, we generally summar-
ized the classification, structural characteristics, preparation
methods of the bicomponent fibers, and focused on the
experimental evidence for the identification of bicomponent
fibers. Finally, the main challenges and future perspectives
of bicomponent fibers and their characterization are pro-
vided. We hope that this review will provide readers with
a comprehensive understanding of the design and charac-
terization of bicomponent fibers.

Keywords: bicomponent fibers, classification, structural
characteristics, preparation, identification

1 Introduction

Synthetic fibers based on polymers have been developed
for about 100 years. During these times, different types of
fibers were fabricated and applied in various fields. With
the expansion of production scale and increasingly fierce
market competition, the development of synthetic fibers
has entered a stage wherein the focus of development has
shifted from “quantity” to “quality” and from conven-
tional products to new products from the 1960s. Within
this framework, differential fibers have attracted a lot of
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interest, especially the bicomponent fibers (1-9). The ori-
ginal intention of preparing bicomponent fibers was to
achieve wool fiber-like structure and self-crimping effect,
and this concept was first proposed in the 1940s, and was
first commercialized in the mid-1960s (10). With the
development of dissolved composite fibers in Japan in
the 1970s and the appearance of core/shell fibers as
well as the “ultrafine heat” set off by the emergence
of textiles spun from ultrafine fibers such as leather-
mimicking and silk-mimicking products in the interna-
tional textile market further promoted the development
of bicomponent fibers. Moreover, the raw materials and
types of bicomponent fibers were also further supple-
mented and expanded, the raw materials changed from
a single type to a mixture of multiple types, and the cross-
sectional shape also expanded from the common cross-
sectional shape to an irregular shape.

Generally, the bicomponent fibers belonged to a type
of composite fiber, also known as “conjugated fiber”,
which referred to the fibers formed by two different poly-
mers fed into different spinning channels in the form of
melt or solution, respectively, and finally extruded from
the same nozzle hole (11-13). Bicomponent fibers with
different cross-sections could be prepared from different
shapes of the spinneret, and the preparation methods of
bicomponent fibers were diverse, and mainly included
spun bonding, electrospinning, melt-blowing, and gel
spinning. Through these methods, the advantages of
the two raw materials were combined, so as to obtain
fibers with various properties (14). The emergence of
these bicomponent fibers with excellent properties not
only enriched the types of fibers but also advanced the
quality of the prepared textiles, thus attracting the atten-
tion of many scientific researchers (15-27). At present, the
production technology of bicomponent fibers is mainly
focused on the filament, staple fibers, and heat-bonded
nonwoven fabrics, and its application also widely involves
the fields of medicine, energy, and clothing (28-33). The
importance of bicomponent fibers is gradually increasing
due to their multiple uses.

Actually, the structures and component materials of
the bicomponent fibers were determined by the prepara-
tion methods. However, to identify their structures and
components, different types of methods were used that
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could be directly observed by the microscope and energy
dispersive spectrometer (EDS) analysis. However, there
are few literature studies to discuss the evidence for the
bicomponent fibers.

In this review, we first discussed the definition of the
bicomponent fibers in Section 2, and then in Section 3 the
preparation methods of bicomponent fibers with different
structures were summarized. In Section 4, we mainly
focused on the identification of bicomponent fibers and
how to distinguish these different structures. Finally, a
conclusion and perspectives were provided.

2 Classification of bicomponent
fibers

2.1 Classification

There were a wide variety of bicomponent fibers, which
could be classified differently according to different
standards. According to the composition of polymer
materials, they might be divided into three categories:
polyethylene (PE)/polypropylene (PP), PP/polyethylene
terephthalate (PET), high-density polyethylene/low-den-
sity polyethylene, etc. (34-38). According to the cross-
sectional shape, they could be generally divided into
three categories: side-by-side type, core/shell type, and
matrix/protofibril type, etc., and their shapes are shown
in Table 1 (39-41). These types were also introduced in

Table 1: Schematic diagram of the bicomponent fiber
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detail according to the classification of the fiber section
below.

2.1.1 Side-by-side bicomponent fibers

Side-by-side fibers referred to the fiber made from two
kinds of polymers with different shrinkages or melt visc-
osities distributed in adjacent states along the fiber axis,
and the original purpose was to imitate the curled and
fluffy structure of wool (43-45). According to the differ-
ence of side-by-side mode between the two components,
it could be divided into side-by-side, side-by-side hollow,
and side-by-side eccentric hollow types. The side-by-side
type not only had a common double-layer side-by-side
type but also had a multilayer side-by-side type and a
triangular side-by-side type. The most important feature
of side-by-side bicomponent fibers was that they could
produce permanent three-dimensional curling due to the

following reasons (46):

(1) the cross-sectional shape of the fibers, as well as the
independent cross-sectional shape of the two compo-
nents, was different;

(2) the bicomponents had different modulus;

(3) shrinkage differences between two components;

(4) the different fineness of fibers; and

(5) the two polymers had different composite ratios and
melt viscosities.

Side-by-side bicomponent fibers used different shrinkage
rates of the two components and asymmetric distribution of

Species of bicomponent fibers
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Reprint with permission (42) Copyright 2013, Elsevier Ltd.
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sections to obtain permanently contracted three-dimensional
crimped fibers when subjected to stretching or heat treatment,
which can increase the bulkiness, heat preservation, and
softness of the fabric (47-52). For example, Yan et al. (53)
used polytrimethylene-terephthalate (PTT) and low-visc-
osity PET as raw materials to prepare side-by-side bicom-
ponent fibers with good curling performance by spinning
technology using the difference in shrinkage properties
between the two components.

However, the two components in side-by-side bicom-
ponent fibers need to meet certain compatibility, and the
difference in composition between the two components
should not be too large, otherwise, they might be sepa-
rated and would not form a component state due to insuf-
ficient adhesion between the two components resulting
in the inability to withstand excessive mechanical force
during processing.

2.1.2 Core/shell bicomponent fibers

The core/shell bicomponent fibers consisted of two inde-
pendent fiber chambers; the inner compartment “core”
was completely surrounded by the outer one “shell”
(54,55). In the core/shell bicomponent fibers, the adhe-
sive force between the two components was not the main
force, and the mechanical connection was generated by
using the surrounding interface between the shell and
the core. This interface played a certain bonding role
and then avoided splitting during processing. The target
function of the core/shell bicomponent fibers was clear,
i.e., the shell mainly provided the surface properties of
bicomponent fiber, such as luster, thermal adhesion,
hygroscopicity properties, and dyeing properties (56—-61).
The core material could be a material with a wide range
of sources, low cost, high strength, and stable perfor-
mance, so it could provide better mechanical properties
and achieve the purpose of reducing costs (62-67). A
very important advantage of the core/shell bicomponent
fiber was that it could help a material that could not be
spun into a fiber single form as the core component. For
example, Sun et al. (68) successfully prepared PEQ/PDT
core/shell bicomponent fibers by co-electrospinning for
the first time and observed the obvious core/shell structure
under a microscope. However, in this experiment, PDT
could not only form a fiber due to its low molecular weight,
but also form fiber through the role of PEO as a template
to promote its molding. Therefore, the appearance of the
core/shell bicomponent fibers improved the spinnability
and performance of the fibers.
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2.1.3 Matrix/protofibril bicomponent fibers

Matrix/protofibril bicomponent fibers mainly included
islands-in-the-sea (INS) type and segmented-pie type.
INS fiber, also known as ultraconjugated fiber, had two
forms of filament and staple fiber, and it was composed of
“island” formed by one component dispersed in “sea”
formed by the other component (69); segmented-pie
bicomponent fiber was composed of two kinds of poly-
mers with close viscosities but incompatibility, which
passed through the spinning assembly separately, pooled
before the nozzle hole, and finally ejected by the nozzle
hole for cooling/molding so that the fiber with a section
similar to the shape of segmented-pie was formed (70).
Since the interfacial force of the two components of
matrix/protofibril fibers was not strong and incompatible
with each other, when the INSbicomponent fibers or
interphase distributed segmented-pie bicomponent fiber
formed fabrics, the two components were separated by
chemical or physical methods to obtain microfibers. Con-
sequently, the as-spun fibers were applied in the field
of adsorptive materials, sound-absorbing materials, or
leather. Once the island components were dissolved to
obtain porous hollow fibers, then the sea components
could be microfined by expansion to increase the heat
preservation of fabrics (71-78).

3 Preparation of bicomponent
fibers

To obtain bicomponent fibers with different structures,
the selection of raw materials, spinning equipment, and
composite spray assemblies were the most important fac-
tors. In this section, the preparation methods of different
types of bicomponent fibers were summarized briefly.

3.1 Side-by-side bicomponent fibers

The basic principle for the production of side-by-side
bicomponent fibers was that the two polymer melts or
solutions reached the separated nozzle holes with a
separator or knife-edge, and finally, flowed in the nozzle
hole in a side-by-side form. The general preparation
methods included the melting spinning method (79) and
electrospinning method (80-85), and the specific prepara-
tion processes are listed as follows (86):
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Figure 1: Schematic diagram of the preparation of side-by-side bicomponent fibers by direct feeding: (a) melt spinning and (b) electro-
spinning (87).

)

)

3
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One of the most commonly used ways to produce
side-by-side bicomponent fibers was direct feeding,
in which the two components were fed directly into
the nozzle assembly in the form of a solution or melt,
and finally, merged near the nozzle to form bicompo-
nent fibers, as shown in Figure 1. Particularly, for the
electrospinning methods, it mainly depended on the
side-by-side spinneret to form a side-by-side bicom-
ponent fiber.

The two components also could form a multilayer
structure first, and then fed into the navigate nozzle
at a lower speed without turbulent interference, so
that the polymer penetrated through the internal
interface of each interlayer and formed a multilayer
cross interface.

The two components first formed a multilayer struc-
ture, but the nozzle did not run through the inner
interface, which could prepare fibers with a large
range of composite states whose components could
be arbitrarily partitioned from 0% to 100%.

The two polymer slicing components were extruded
into a multilayer film, followed by the slider, stretched

to improve polymer orientation, then through the car-
ding machine for fibrillization, and finally, through
thermal shrinkage to improve coiling.

(5) The two components in the molten state were pooled
on a roller with a V-shaped grooved cylinder, and
after extrusion and stretching of a group of rollers,
the two components could be bonded together in a
side-by-side mode and then followed by elastic treat-
ment to have ideal mechanical curling.

3.2 Core/shell bicomponent fibers

Generally, there were two types of core/shell fibers:
concentric and eccentric bicomponent fibers. Concentric
bicomponent fibers almost could not curl spontaneously;
otherwise, most of the eccentric fibers could curl sponta-
neously (88-90). The core/shell fibers could be prepared
by melt spinning as suggested in Figure 2a (91,92), elec-
trospinning as shown in Figure 2b (9,93-97), and gel
spinning (98), as listed in Table 2 (99).
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Figure 2: Schematic diagram of the preparation of core/shell bicomponent fibers: (a) spun bonding and (b) electrospinning. (a) Adapted
with permission (91) Copyright 2011, Springer Science Business Media; (b) adapted with permission (100) Copyright 2004, American
Chemical Society.
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Table 2: Fabrication of core/shell bicomponent fibers
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Core/shell fibers

Eccentric core fibers

(1) A liquid or melt of both polymers was introduced into the
vicinity of the nozzle and then extruded according to the core
shape

(2) The fiber was coated by another polymer melt

(3) During spinning of the core polymer, a water latex
solidification bath containing another polymer is used

(1) Adjusting variable factors such as the location of channels
inside the polymer, the output rate of the two polymer
components, etc.

(2) Before the concentric core/shell component comes out of the
nozzle, a separate group shunt was introduced to merge with it
(3) Deform the concentric fiber through a hot knife-edge

Hot air
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Figure 3: Schematic diagram of the preparation of islands-in-the-sea bi-component fibers: (a) melt blowing and (b) electrospinning. (a)
Adapted with permission (108) Copyright 2019, The Korean Fiber Society; (b) adapted with permission (109) Copyright 2007, American

Chemical Society.

3.3 Matrix/protofibril bicomponent fibers

The main methods to produce INShicomponent fibers
were melt blowing as shown in Figure 3a (101-103) and
electrospinning (Figure 3b) (104), and the main methods
to prepare segmented-pie bicomponent fibers were melt
spinning as shown in Figure 4 (105-107).

There were two main processing principles for the
production of INS fibers: in the first one, the two polymer
fluids formed a composite fine flow in the form of

%

Figure 4: Schematic diagram of the preparation of segmented-pie
fibers by the melt-spinning process.

core/shell or side-by-side mode, and then they were
pooled together. One of the polymers existed in the other
polymer melt in the form of suspended droplets and after
spraying and stretching treatment, the dispersed droplets
could be stretched into microfibers parallel to the axial
direction of the fibers, and finally, the obtained bicompo-
nent fibers were treated according to the application needs
(110). In the second one, one polymer was blended with
another polymer in the form of microspheres, and INS
fibers could be obtained by stretching under high tempera-
ture and speed air flow during spinneret (108).

4 ldentification of bicomponent
fibers

There were many patterns of bicomponent fibers and var-
ious types of combinations, which caused difficulties in
identifying their composition and structure to some extent.
Bicomponent fibers were different from other chemical
fibers. In general, since the two components of bicompo-
nent fibers did not undergo a chemical reaction, they were
only combined in a physical way. Therefore, the identifi-
cation of their categories included not only the types of
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their constituent fibers but also the structural types. Here,
we summarized the reported methods to examine the bicom-
ponent fibers from structures and component analysis.

4.1 Structure evidence for bicomponent
fibers

4.1.1 Direct identification with a microscope

Microscopic observation using a microscope to observe
the cross-section of fibers directly was the most common
method to identify the structure of bicomponent fibers.
Since different components had different refractions
to light, they would present different colors under the
microscope, so as to judge the position distribution of
the two components.

Previously, microscopic observation was performed
using optical microscopy. For example, Ayad et al. (111)
prepared side-by-side bicomponent fibers by melt spin-
ning using PP and PA6 as raw materials and characterized
their structural characteristics using optical microscopy.
As shown in Figure 5a, the fibers showed interfacial irre-
gularities and the two components presented a side-by-

Figure 5: Cross-section of the fiber characterized by optical micro-
scopy: (a) side-by-side bicomponent fiber with 50 wt% PP;5/50 wt%
PA6, (b) core/shell melt-spun PCM32 bi- fibers, (c) islands-in-the-
sea PTT/m-iPP (75/25) conjugated filaments, and (d) segmented-pie
PA6/PET bicomponent fiber (x1,000). (a) Reproduced with permis-
sion (111) Copyright 2016, ASM International; (b) adapted with
permission (112) Copyright 2018, Express Polymer Letters;

(c) adapted with permission (113) Copyright 2007, Springer Science
Business Media B.V; (d) adapted with permission (114) Copyright
2012, Zhao and Liu.
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side morphology, both with an external boundary. Cherif
et al. (112) prepared core/shell bicomponent fibers by the
melt-spinning technique using PP as the shell material; PP
and phase change material (PCM) co-mixes as the core
material and then the structure was characterized using
an optical microscope. From Figure 5b, it can be seen that
the components with PCM and PP mixture as the core were
firmly surrounded by PP shell components, and the inner
and outer layers were clearly demarcated. Shu and Hsiao
(113) used polytrimethylene terephthalate (PTT) as the
“island” component and metallocene isotactic polypropylene
(m-iPP) as the “sea” component to prepare INS PTT/m-iPP
bicomponent microfilaments by conjugate spinning. It can
be seen from Figure 5c that the “island” components showed
a dispersed phase structure and were dispersed in the “sea”
component composed of PTT and the two components were
incompatible with each other. Zhao and Liu (114) used PA6
and PET as raw materials to prepare PA6/PET segmented-pie
bicomponent fibers by spun bonding process and charac-
terized them by using an optical microscope. It can be seen
from Figure 5d that the two components presented a seg-
mented-pie shape, the interface was clear, and there was no
mutual extrusion of components.

Besides, electron microscopy also could be used for
microscopic observation of the bicomponent fibers, including
SEM and TEM observation. Im et al. (115) prepared core/shell
polyvinyl alcohol (PVA)/zirconia (ZrO,) bicomponent nano-
fibers by electrospinning technique and examined the bicom-
ponent nanofibers structure using SEM. From Figure 6a, it
can be seen that the core/shell structure was well-formed,
and the shell material (white) was wrapped with the core
material (black). Yeom and Pourdeyhimi (116) used PA6 as
the “island” material and PE as the “sea” material to prepare
INS fibers by bicomponent spun-bonding technology, and
characterized their cross-sectional morphology using SEM.
As shown in Figure 6b, PA6 was evenly dispersed in PE,
and there was an interface between the “sea” component
and the “island” component. Zhao et al. (117) prepared a
hollow segmented-pie bicomponent fiber by the multifluid
compound jet electrospinning technique with Ti(OiPr), and
poly(vinyl pyrrolidone) as external solutions and paraffin oil
as internal solutions and then calcined the obtained fiber to
obtain a TiO, three-channel tube (TiO, TCT), which was char-
acterized by SEM. The microstructure of the fiber is shown in
Figure 6c; the whole fiber presented a hollow structure, the
fiber interior was divided into three cavities by Y-shape, and
the section presented a segmented-pie shape.

TEM was also an effective way to identify the struc-
tures of bicomponent fibers (118-120). For example,
Rajgarhia et al. (121) used polyvinyl acetate (PVAC) and
polyvinyl pyrrolidone (PVP) as materials to prepare
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Figure 6: SEM images of (a) core/shell PVA/ZrO, composite nanofibers, (b) INS web with several numbers of islands in the sea, and (c)
hollow segment-pie bicomponent fibers. (a) Adapted with permission (115) Copyright 2014, The Korean Fiber Society and Springer Business
Media Dordrecht; (b) adapted with permission (116) Copyright 2011, Springer Science Business Media, LLC; (c) reproduced with permission

(117) Copyright 2007, American Chemical Society.

side-by-side bicomponent fibers by vaporization-induced
polymer phase separation using the gas jet fiber (GJF)
method. To characterize the fiber structure, the TEM
image was taken as shown in Figure 7a; a side-by-side
fiber can be seen clearly with a double spherical mor-
phology, and half of the fiber cross-section was occupied
by PVAc and the other half by PVP, reflecting a 1:1 wt/wt
ratio of the two polymers in the starting solution. More-
over, PVP appeared darker in the image due to the higher
electron density compared to PVAc. The side-by-side
structure was also confirmed by selectively dissolving
water-soluble PVP in deionized water for 6 h at room tem-
perature. Nguyen et al. (122) prepared poly(lactic acid)
(PLA)/chitosan (CS) core/shell bicomponent nanofibers
by coaxial electrospinning and characterized their struc-
tures using TEM. As shown in Figure 7b, due to the differ-
ence in the density of the core and shell material, the
contrast difference of the core and shell was obtained
and it could be seen that the PLA core was completely
wrapped by the CS shell and the interface between the
shell and the core was clearly observed.

In addition to the observation using a single type of
microscope, it could also use the combination of two
types of microscopes to identify the bicomponent structure

more clearly and intuitively (123). For example, Gernhardt
et al. (124) clearly observed the side-by-side structure of
poly(N-isopropylacrylamide) (PNiPAAm)/methyl metha-
crylate and butyl methacrylate (P(MMA-co-BMA)) bicom-
ponent fibers by the combination of TEM and Raman/AFM.
As shown in Figure 8a and b, the bicomponent fibers pre-
sented asymmetric side-by-side structures.

4.1.2 Direct identification by fluorescent labeling

To avoid the fact that the two-component materials were
not sensitive to light, fluorescent labeling methods were
selected as an effective method to identify the bicompo-
nent fiber structures. The principle of fluorescence labeling
was that when the fluorescent substance was irradiated
with light, the fluorescent substance absorbed the energy
of light consistent with its characteristic frequency. Then it
transits from the ground state to the excited state and emit
fluorescence when it dropped from the lowest vibration
energy level of the first excited state to the original ground
state (125).

Lee et al. (126) selected polythiophene polymers
(PDS306PT and ADS406PT) as photoluminescent red and

- 127nm 278nm

i

Figure 7: TEM images of (a) side-by-side PVAc/PVP fibers and (b) core/shell PLA/CS nanofibers. (a) Adapted with permission (121) Copyright
2016, Elsevier Ltd.; (b) adapted with permission (122) Copyright 2011, Elsevier Ltd.
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Figure 8: SEM image and AFM topography image of side-by-side bicomponent fibers made from P(MMA-co-BMA) and PNiPAAm (a) SEM
image and (b) Roman cross-section of the side-by-side bicomponent fibers. Adapted with permission (124) Copyright 2017, WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.

blue dyes and blended them into poly(lactide-co-glyco-
lide)-oly(vinyl cinnamate) (PLGA-PVCi) and poly(vinyl
cinnamate) (PVCi), respectively, and fabricated side-by-
side PLGA-PLGA/PVCi bicomponent fibers by the electro-
hydrodynamic (EHD) co-spray method. The fiber structures
were characterized by confocal laser scanning microscopy
(CLSM). From Figure 9a, one can observe that the cross-
sectional CLSM image of the biphasic microfibers presents
two different colors: blue and red, showing the obvious
boundary of side-by-side fibers, distributed on both sides
of the fibers. Jin et al. (127) prepared PCL/PVP side-by-side
bicomponent nanofibers by electrospinning by adding
fluorescent dyes coumarin (green) and rhodamine B (red)
to PCL and PVP solutions, respectively. The structure of the
as-spun fiber was examined by CLSM. As shown in Figure 9b,
the PVP fibers presenting red were arranged parallel to the
PCL fibers with green, and there was a clear color boundary
between the two single-component fibers. Similarly, Lee
et al. (128) prepared poly(lactide-co-glycolide)/thermal cross-
linkable polymer/poly(lactide-co-glycolide) (PVCi/ER/PLGA)
Janus core/shell fibers using PLGA as the shell and PVCi/ER
as the core through double-core flow coaxial co-wetting and
characterized them using CLSM. Figure 8c shows the cross-

sectional CLSM image of the double-core core/shell fiber.
From Figure 9c, it can be seen that all fibers contained two
parallel cores, the cores were blue and green, and the shell
was light black due to the addition of blue fluorescent to
PVCi and green fluorescent to ER. In addition, clear bound-
aries between individual cores and between the cores and
shell confirmed the internal core/shell structure of the
microfiber.

4.1.3 Infrared chemical imaging

Infrared chemical imaging was also one of the common
methods to identify the structure of the bicomponent
fibers. Infrared chemical imaging combined traditional
chemical imaging and infrared spectroscopy methods
and had the advantages of both. Infrared chemical ima-
ging could spatially distinguish two spectrally different
regions, and infrared spectroscopy can be used to identify
the overall chemical composition of fibers. A major disad-
vantage of infrared technology was that the spatial structure
of fibers needs to be known before infrared analysis. Infrared
chemical imaging can fully characterize bicomponent

Figure 9: CLSM images of (a) PLGA-PLGA/PVCi side-by-side bi-component fiber, (b) PVP/PCL side-by-side fiber, and (c) PVCi/ER core/PLGA
shell microfibers. (a) Adapted with permission (126) Copyright 2010, Wiley-VCH GmbH & Co. KGaA; (b) adapted with permission (127)
Copyright 2014, Springer Science Business Media New York; (c) adapted with permission (128) Copyright 2013, American Chemical Society.
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fibers, enabling the simultaneous collection of hundreds
to thousands of infrared spectra from the entire sample
to potentially reveal any inhomogeneity present in the
sample. A number of different infrared sampling methods
were used to analyze each two-component fiber sample,
including normal transmission analysis and two micro-
sampling techniques.

Flynn et al. (129) characterized the structure of poly-
urethane/nylon side-by-side fibers by infrared chemical
imaging. From Figure 10, it can be seen that the infrared
chemical image formed by imaging the integrated spec-
tral intensity under peaks centered near 1,641 cm™ (amide I
in polyamide) and 1,735 cm™ (carbonyl stretching in poly-
urethane), clearly revealed that this sample not only con-
sisted of two components, but also its spatial configuration
was a side-by-side bicomponent fiber (in Figure 10a), and
the two components were clearly distinguished. The infrared
spectrum of each component was obtained by clicking one
pixel on each side, and the infrared spectra of each compo-
nent are shown in Figure 10b and c, where Figure 10b is the
infrared spectrum of nylon, corresponding to the red part in
Figure 10a, and Figure 10c is the infrared spectrum of poly-
urethane, corresponding to the blue part in Figure 10a.

4.2 Component evidence for
bicomponent fiber

4.2.1 EDS analysis for bicomponent fiber
Energy dispersive spectrometry (EDS) was also believed

to be a useful way to distinguish the different compo-
nents in a bicomponent fiber. EDS analytical methods
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included point analysis, line scan analysis, and surface
distribution, and different analytical methods had dif-
ferent characteristics. The point analysis was mainly per-
formed by fixing the probe on the point of interest of
the sample for quantitative and qualitative analysis; the
linear scanning analysis could visually display the dis-
tribution of elements in different phases or regions; and
the surface distribution was mainly shown by the distri-
bution of elements on the sample surface in the lumi-
nance distribution on the screen, which was usually
used for the distribution of impurities and phases in the
material and elemental segregation. Consequently, EDS
could be applied to the identification of the bicomponent
fiber structure.

Chen et al. (130) prepared Janus nanofibers from
polyvinylpyrrolidone K60 (PVP K60)/rhodamine b and
Eudragits® L100/8-anilino-1-naphthalenesulfonic acid
ammonium salt (EL100/ANS-NH4) by a side-by-side elec-
trospinning process and characterized them by EDS. As
shown in Figure 11a(I), three points (A, B, and C) were
selected for EDS analysis and the results were shown
in Figure 11(a(Il)-(IV)). An amount of 0.6 wt% sulfur
detected in the analysis shown in Figure 11a(Il) indicated
that the A point was on one side of EL100/ANS-NH4.
While the presence of chlorine in the spectrum shown
in Figure 11a(Ill) indicated that point B was on the side
of PVPK60/rhodamine b, and the spectrum of point C
in Figure 11a(IV) showed the coexistence of sulfur
and chlorine because it was the result of the transverse
topology of the entire Janus nanofiber. Liu et al. (131)
prepared side-by-side TiO,/SnO, bicomponent fibers through
a side-by-side double-spinneret electrospinning setup and
characterized the elemental distribution of the as-spun fiber
using EDS. The EDS analysis of the nanofibers is shown in
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Figure 10: (a) Infrared chemical image of polyurethane/nylon bicomponent fiber formed by imaging at 1,641 and 1,735 cm™?, (b) infrared
spectrum of the red part, identified as nylon, and (c) infrared spectrum of the blue part, identified as polyurethane. (a—c) Adapted with
permission (129) Copyright 2006, American Academic of Forensic Sciences.
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Figure 11: (a) Janus PVP K60/rhodamine b and EL100/ANS-NH4 fiber, where | is field emission scanning electron microscopy FESEM image of
the Janus nanofibers, I1-1V are EDS spectra of the elements contained at points A, B, and C. (b) Typical EDS microanalysis on selected areas
of a single Ti0,/Sn0, nanofiber. (a) Reproduced with permission (130) Copyright 2015, Royal Society of Chemistry; (b) adapted with

permission (131) Copyright 2007, American Chemical Society.

Figure 11b. From the EDS results, it could be obviously found
that one of the two small nanofibers corresponds to SnO, and
the other to TiO,.

4.2.2 Infrared spectroscopic analysis

Infrared spectroscopy was a common characterization
method in materials science, and it also could be used
for the identification of bicomponent fibers. Since different
substances could selectively absorb the electromagnetic
radiation in the infrared light area to perform structural
analysis, the number, position, shape, and intensity of the

sample bands were used to identify the type of fibers by
comparing the spectrum of the standard sample.

Han et al. (132) prepared polyurethane (PU) (core)/
polyurethane (PC) (shell) bicomponent nanofibers by
using coaxial electrospinning technology and character-
ized their shell and core structures using infrared spec-
troscopy. Figure 12a shows the TEM image of the PU
(core)/PC (shell) bicomponent fiber, and the obvious
core/shell structure of the fiber can be seen. Figure 12b
shows the infrared spectra of bicomponent fibers with
different composite ratios, and Figure 11c shows the
infrared spectra corresponding to single components. In
Figure 12b, there are 2,965cm™" (2,975-2,950 cm ™) and

316nm

V}_WW\W

003000 2500 2000 IS0 1000 nomee asp0 2000 1500 1000
e satie] Wavenumber cm! Wavenumber cm!

Figure 12: (a) TEM image of transmission electron microscopy of the PU (core)/PC (shell) fiber; (b) FT-IR spectra of various fiber samples of
PU (core)/PC (shell): 20 wt%/4 wt%; 20 wt%/6 wt%; 20 wt%/8 wt%; and 20 wt%/10 wt%; (c) FT-IR spectra of various fiber samples (I: PC, II:

PU). (a-c) Adapted with permission (132) Copyright 2008, Society of

Plastics Engineers.
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2,868 cm ™! regions (2,885-2,860 cm™Y), reflecting the C-H
asymmetric and symmetric flexing vibrations of alkyl (-CHs),
and its distortion caused 1,466 cm™ (1,470-1,435cm™) and
1,386 cm™ regions (1,386-1,370 cm™). All of these regions
correspond to the I-curve in Figure 12c, Thus, it is confirmed
that PC existed in bicomponent fibers. From similar regions
in Figure 12b, we compared the appearances of 2,937, 2,854,
1,730, 1,702, 1,479, 1,109, and 1,080 cm™ regions corre-
sponding to the II-curve in Figure 12c, and thus confirmed
the presence of PU polymer in the composite fiber. Therefore,
the bicomponent fiber was confirmed.

However, for bicomponent fibers with a core/shell
structure, the ability of infrared light penetration was
poor so it might be not strong enough to completely pass
through the shell and then reach the core. Consequently,
the collected information was mainly the characteristic
information of the shell material, and the information
about the core material was weak.

4.2.3 DSC analysis

Differential scanning calorimeter (DSC) could reflect the
thermal properties of the materials. Specific to the bicomponent
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fiber, the DSC results of a bicomponent fiber may be usually the
superposition of the single-component polymers. Therefore, it
was feasible to further confirm the composition of bicomponent
fibers by comparing the positions of melting peaks (melting
points) on the secondary heating curve in the DSC spectrum
with the relative results of single-component fibers (133).

Rungiah et al. (134) prepared PP/PLA side-by-side
bicomponent fibers using a melt blow process and cha-
racterized them by DSC. Figure 13a shows the SEM image
of the as-spun side-by-side bicomponent fibers. Figure 13b
shows the thermal curves of the PP/PLA fiber obtained by
DSC analysis at a high air flow rate (300 m*>h™’, so PP/PLA
is named as PP-PLA300). In Figure 13b, from the DSC
images of PP, it can be seen that there is only one melting
peak at 170°C and there is no sign of phase transition,
indicating that PP had a crystal structure. There are
two exothermic peaks, melting peak and glass transition
peak (658°C) in the PLA curve, and two endothermic
peaks are observed at 90°C and 150°C, which are related
to the crystal phase transition of cold crystals and
crystal phase transition from the beta to the alpha
crystal form, respectively.

The thermogram of the PP/PLA bicomponent fiber
shows the combination of PP and PLA single components,
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Figure 13: (a) SEM image of the cross section of a PP/PLA S/S filament (PP-PLA300), (b) DSC thermograph of PP, PLA monocomponent, and
PP/PLA bicomponent melt-blown. (c) TEM images of electrospun nanofibers, (d) DSC thermograph of electrospun nanofibers. (a and b)
Adapted with permission (134) Copyright 2016, Wiley Periodicals; (c and d) adapted with permission (135) Copyright 2019, Elsevier B.V.
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and it could also be seen that the glass transition and
crystallization peaks corresponded to the PLA map, but
shifted to lower temperatures with minimal intensity, which
was mainly due to the reduction of PLA components. From
the results, it can be inferred that the side-by-side structure
of the bicomponent fibers did not change much compared
with the single component of the composition.
Mohammad et al. (135) had fabricated a core/shell
nanofiber with PVA: Rosuvastatin (RSV) as the core and
silk fibroin (SF) as the shell and analyzed and charac-
terized their components using DSC. The TEM image in
Figure 13c ensures its core/shell structure, and Figure 13d
shows the DSC curves of pure PVA, PVA-RSV (F1; core
part), and core/shell SF/PVA-RSV nanofibers (F4). It was
found that the PVA DSC spectrum showed T, at 41°C
and endothermic peaks at 48°C, 275°C, and 305°C; the
former was related to water evaporation, and the latter
peak can be attributed to the thermal degradation of
PVA. While, for the F1 sample, the T, of PVA shifted to
a higher temperature (T = 49°C), indicating success-
ful hydrogen bonding of RSV to PVA; in addition, the
core/shell nanofibers (in the F4 sample) clearly showed
two different T, values at 49°C (PVA) and 191°C (SF),
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while the F1 sample showed only one T, at 49°C. This
result indicated the presence of two different phase struc-
tures in the nanofibers and the successful coverage of the
core of PVA/RSV with the shell of SF.

4.3 Other identification methods

The abovementioned identification methods were sui-
table in the situation that there was no chemical reaction
between the two components in the bicomponent fibers.
However, if some reaction occurred between the compo-
nents, a reaction product would be generated and locked
at the interface between the two components. Another
method may be needed to identify the bicomponent fibers
(136).

Zhao et al. (137) had prepared poly(i-lactic acid)
(PLLA)/poly(p-lactic acid) (PDLA) bicomponent fibers
by the side-by-side electrospinning process by selecting
PLLA and PDLA in a 1:1 ratio. The prepared bicomponent
fibers were characterized by diameter measurements,
XRD, and FTIR spectroscopy.
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Figure 14: SEM micrographs and diameter distribution of (a) PLLA, (b) PDLA, (c) PLLA/PDLA mixture, and (d) S-S-1 bicomponent nanofibers.
(e) FT-IR spectra of PLLA, PDLA, S-S-1 bicomponent, and PLLA/PDLA mixture nanofibers. (f) X-ray diffraction profiles of PLLA, PDLA, S-S-1
bicomponent, and PLLA/PDLA mixture nanofibers. Reproduced with permission (137) Copyright Wiley-VCH Verlag GMBH & Co. KGaA.
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As shown in Figure 14a-d, the diameter distribution
of 100 randomly selected fibers for each sample was mea-
sured. For the single-component fibers, their diameter
distribution presented a continuous monotonic distribu-
tion, while the bicomponent fibers presented a bimodal
distribution. For PLLA, PDLA, and PLLA/PDLA mixed
electrospun fibers, the peak diameters were 373.5, 578.5,
and 516.8 nm, respectively (see Figure 14a—-c); while the
bimodal diameter of PLLA/PDLA bicomponent fibers was
approximately 730 and 950 nm as shown in Figure 14d.
The lower peak diameter was the single-component fiber
separated from the main body, and the higher peak dia-
meter might respond to the bicomponent fiber. The dia-
meter distribution may support the as-spun fiber with a
side-by-side structure.

To examine the components of the as-spun fibers,
FTIR spectra were measured. As shown in Figure 14e,
the peak value of 1,037 cm ™ in the side-by-side bicompo-
nent fiber indicated that not only the molecular stereo-
complexation between PLLA and PDLA existed, but
also the stereo-complex crystal structure was formed in
the bicomponent fibers and the interaction between the
enantiomeric chains formed by the stereo-complex drive
the nucleation in sc-crystals. The XRD patterns of the four
different types of fibers are shown in Figure 14f, and the
diffraction peaks at 20 = 11.9°, 20.7°, and 24.1° correspond
to the diffractions of the (110), (300/030), and (220)
planes of the sc-crystal, respectively. It was found that
the XRD patterns of the side-by-side bicomponent nano-
fibers with syringe speed of 1mLh™ (S-S-1 bicomponent
nanofibers) had characteristic diffraction peaks of HC and
SC crystals, which fully demonstrated the presence of crys-
talline sandwich structures in the bicomponent nanofi-
bers. These results indicated that the reaction occurred
during the side-by-side electrospinning process between
the two single components.

5 Conclusion and perspectives

In conclusion, the bicomponent fibers mainly contained
side-by-side, core/shell, and matrix/protofibril types, accord-
ing to their cross-sectional shapes. To prepare these
bicomponent fibers, spun bonding and electrospinning
were the main methods used recently. Moreover, the iden-
tification of bicomponent fibers depended on their phy-
sical structures and chemical components.

Generally, examination of the cross-sectional shapes
of the bicomponent fibers by using a microscope was
the most common and convenient way to identify their
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physical structures. Meanwhile, the EDS analysis, FTIR
spectra, and DSC analysis were the common methods to
ensure their chemical components. Each of these methods
had its own characteristics and scope of application for
finding evidence for bicomponent fibers. In practice, a single
method was not enough to identify the bicomponent fibers,
and several methods including both physical and chemical
ones were needed. Moreover, since more and more electro-
spun bicomponent fibers were fabricated, their smaller dia-
meters, below 1 pm, may cause difficulty in examining the
cross-sectional shape of the fibers, and therefore, fluores-
cence labeling and TEM may be the effective ways.

At present, the structure of bicomponent fibers was
mostly a symmetrical structure and there were a few sui-
table materials. In the future, with in-depth research, the
asymmetric structures would appear and the preparation
technology would tend to be mature. More and more
materials would be used for the preparation of bicompo-
nent fibers, and their properties might be increasingly
better, and the application fields could be much more
extensive. Different types of new methods will be applied
to identify the newly prepared bicomponent fibers. Moreover,
for within the different types of bicomponent fibers, more
attention was focused on the side-by-side and core/shell
ones and INS structures might the next fashion, especially
for electrospinning.
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