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Abstract

Melt-spinning is a conventional method for the production of synthetic fibers. The development of
melt-spun liquid core or liquid filled fibers in which the liquid component is already incorporated dur-
ing fiber spinning has been reported as a viable alternative to traditional hollow fibers. The elucidation
of the mechanical behavior of this new type of bicomponent fiber is of interest, with particular empha-
sis on its fracture mechanics. In this paper we describe a microfluidics method used to induce liquid
flows through these fibers (internal diameter 15 — 30 pm), aiming at analyzing the influence of flow
rate on crack formation and/or propagation. Although only a very small number of fibers show the
presence of cracks (1 — 4% of the tested specimens), it is possible to establish a clear correlation be-
tween flow rate and the appearance of cracks. The main fracture mechanism found to be operating in
these melt-spun fibers is the type I (opening mode) fracture, evidenced as the internal pressure exerted
by the liquid being injected through the fibers increases during microfluidic testing. As fiber spinning
and drawing force the polymer chains that compose the sheath to be preferentially oriented in the fiber
direction, the formation of axial cracks over transverse cracks is favored due to a lack of strong inter-

molecular interactions between polymer chains in the transverse direction of the fiber.
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1. Introduction

There has always been a high demand for fibrous materials in our society [1]. Besides normal
solid cross-sectional fibers, synthetic fibers can be produced in other cross-sections e.g. hol-
low, delta or even multicomponent configurations [2, 3]. There are three main methods for the
production of synthetic staple fibers or continuous filaments from polymeric materials: melt-
spinning, wet-spinning and dry-spinning [4, 5]. Multicomponent melt-spinning is a well-
established technique for the production of thermoplastic fibers which benefits from the char-
acteristics of two or more different polymers [6]. To produce bicomponent filaments, two
molten polymers come together at the outlet of the spinneret to make different configurations
such as core/sheath (C/S) or side by side (S/S) [7]. Bicomponent fibers exhibit different prop-
erties such as conductivity and self-crimping, based on the configuration and nature of the
polymers used in their production [8, 9]. In addition to direct production of hollow fibers
through C shape or segmented cross-section spinnerets, dissolving the core part in C/S
bicomponent fibers can also provide fibers with perfect circular hollow channels [10]. Hollow
fibers are able to provide an optimal performance in numerous applications (e.g. light-weight
or thermal isolation), while a growing number of reports in the literature account for the use
of hollow filaments and membranes that enable solid-liquid interactions in fields such as

microextraction [11].

A popular idea in the fiber science world is to use specific nanomaterials as fillers that impart
special properties e.g. antibacterial [12], heat resistance [13], reinforcement [14-17],
tribological enhancement [18] and flame retardancy [19]. In a recent work, a liquid core
bicomponent fiber (LCF) was produced via continuous high-speed melt-spinning process
[20]. For this purpose, different co-flowing morphologies were studied using a transparent co-
flowing setup [21] to develop a co-extrusion die [22]. Extrusion trials led to the design of a

bicomponent spin pack from which a CFD analysis confirmed that a jetting biphasic flow re-



gime is responsible for the continuous liquid core channel observed in actual experiments
[23], enabling the production of such a fiber in a single-step melt-spinning process [20]. The
development of such a fine fiber (50 pm in outer diameter) containing a liquid channel (15
um in diameter) with high-speed winding (1500 m/min) is a promising material for different
applications e.g. damping [22], self-healing [24-26], optics [27] and drug delivery [28].
Hufenus et al. [22] reported that the viscose characteristics of the liquid core in LCFs causes
higher energy absorption in comparison with conventional synthetic fibers. This novel feature
can be exploited by enhancing flexural and fracture resistance in garments, armor, etc. In the
same line Leal et al. [28] developed a new technique to manipulate the core liquid in LCFs
and inject liquids in hollow and LCFs using a microfluidic approach. They also showed the
applicability of the Hagen-Poiseuille theory to analyze the flow of distilled water in both
aforementioned fiber types [28]. Meanwhile, microfluidic studies carried out on melt-spun fi-
bers [28] showed the existence of sporadic fluid leakage from the polymeric body, which may
be due to the fracture or damage of the sheath during the melt-spinning process, during han-

dling, or as a result of internal pressure induced during microfluidic testing.

Crack formation and propagation are important fracture mechanisms in different materials in-
cluding polymeric composites and fibers. Fracture and cracks in cylindrical bodies (e.g. fibers
or tubular structures) behave differently depending on whether these bodies are composed of
brittle or ductile materials. The possible reasons for crack propagation include tensile, flexural
and shear stresses as well as fatigue, among others [36]. According to the Irwin’s theory there
are three classifications corresponding to the crack propagation [37]: mode I, or opening
mode, mode II, or sliding mode and mode III, or tearing mode. Moreover, morphological as-
pects of the polymers such as spherulite nucleation [38], environmental conditions [36], as-
pect ratio [39], thermal history and residual stresses [40] are very important factors in the
formation and propagation of microcracks in cylindrical bodies such as fibers [36] or pipes

[41, 42]. Recently, some research has been focused on improving fracture behavior of adhe-
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sives [29-32] and developing self-healing materials [33-35] to extend the lifetime of fibrous

materials.

Historically, crack analysis on fibers has been a relevant research topic in the field of textile
science [36]. Therefore, the purpose of the present work is to study the conditions leading to
the leakage of a liquid through the polymer sheath of melt-spun LCF and hollow fibers. For
this, a newly developed specimen preparation technique is employed which, in combination
with a microfluidics pump, allows to analyze the crack propagation phenomenon. The differ-

ences in crack propagation behavior observed for the two fibers under analysis are discussed.

2. Experimental

2.1. Materials

LCFs were produced using polypropylene (PP) as polymeric sheath and complex ester as lig-
uid core, by means of a special spin pack illustrated in a previous paper [28] in combination
with a multicomponent melt-spinning pilot plant originally built by Fourné Polymertechnik
(Alfter-Impekoven, Germany), also described previously [6]. Hollow fibers with the same
outer diameter were produced using a three segmented arcs spinneret from HEH, Germany,
with the same PP and processing parameters on the aforementioned melt-spinning pilot plant.
More details about melt-spinning process can be found elsewhere [20, 23, 28]. Distilled water
was used for the microfluidic experiments and an acidic dye (Bezanyl Red E-3BS 200) was
used as a coloring agent to enhance the visibility of the leakages through the microcracks

formed on the body of the melt-spun fibers.

2.2. Morphological characterization



Melt-spun LCFs and hollow fibers were subjected to morphological characterization. Fiber
cross-sections were analyzed using an optical microscope VHX-100, (Keyence, USA) with
magnification of 100-1000X, utilizing normal and polarized light. Longitudinal views of the
fibers under analysis were acquired by means of a high-resolution scanning electron micro-
scope (SEM), (S-4800 Hitachi, Japan) with a 2 KV beam. In order to improve the .conductivi-
ty of the samples during electron microscopy, they were initially coated with a5 nm layer of

gold using a sputter coating machine (Leica ACE-600, Switzerland).

2.3. Specimen preparation

As shown in Figure 1, in order to prepare fiber specimens from melt-spun filaments for mi-
crofluidic experiments, a roving composed of 100 filaments is used (a). For this, the folded
roving is inserted through a Teflon tube with a diameter of 1 mm (b), allowing a few cm of
the roving to stick out from the tube. The exposed fibers are then immersed in two component
epoxy (c¢) and pulled back into the tube (d). Once the epoxy hardens, the tube is cut to obtain a
clean cross-section with 200 filaments. The specimen thus prepared serves as an adaptor (e)
that allows to connect the fibers to the microfluidics pump (f). With this, the 200 filaments
(liquid core or hollow) with lengths of up to 40 cm can be employed as individual microfluid-

ic capillaries.

Figure 1. Steps to prepare microfluidic test specimens from melt-spun filaments

2.4. Microfluidic experiments

Microfluidic tests have been performed using a neMESYS microfluidic syringe pump
(Cetony, Germany) with a 14.1 gear that delivers a maximum pusher force of 290 N to four 1
mL/60 mm stroke syringes, allowing to achieve total flow rates in the range of 5-250 pL/min
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through 200 filaments. Liquid flow through the fibers was observed with an optical micro-
scope AXIO observer Al (Zeiss, Germany) equipped with polarized and fluorescent light, al-
lowing to detect the number and extent of the leakages against a white background. A detailed

view of the microfluidic setup is illustrated in Figure 2.

Figure 2. A bundle of LCFs during microfluidic testing and its observation under an optical microscope

3. Results and discussion

As reported in our recent papers [20, 23, 28] melt-spinning trials have successfully resulted in
production of LCF and hollow fibers in continuous length. Microscopic observations con-
firmed the cylindrical cross-section for both fibers, as well as the presence of complex ester in

LCF [20].

3.1. Morphology

As shown in Figure 3, optical microscopy confirms the preparation of a clean cross-section af-
ter slicing the tube containing 200 filaments. Therefore, this method successfully maintains
the fibers as open channels for liquid microflow while the gaps between fibers are sealed with
the epoxy adhesive. The morphological and mechanical performance of the individual fibers
has been studied and reported in a previous contribution [20]. The existence of a continuous,
uninterrupted internal channel in the fibers has been confirmed by x-ray microcomputed to-

mography, as reported elsewhere [28].

Figure 3. Optical micrograph with a zoomed-in region showing the hollow fibers with sealed inter-fiber regions

in the Teflon tube



Attachment of the prepared specimens to the syringe pump allowed to carry out microfluidic
experimental trials which led to the successful liquid manipulation in LCFs and liquid injec-

tion in hollow fibers, as illustrated in Figure 4.

Figure 4. Liquid microflow through melt-spun hollow fibers

As shown in Figure 5 (and Supporting information, Video S1, S2 and S3), in some cases the
microfluidic tests led to liquid leakage in a few of the fibers under evaluation, confirming the

existence of nano/microcracks on the walls of the fibers.

Figure 5. Leakage from micro-cracks on (a) LCFs and (b) hollow fibers

3.2. Fracture analysis

The results of microfluidic tests for crack analysis on 10 specimens containing 200 LCFs
each, and 10 specimens containing 200 hollow fibers each are presented in Table 1 and Table

2 respectively, while

Figure 6 shows the average cumulated number of cracks in LCFs and hollow fibers as a func-

tion of microfluidic flow rate (5-200 puL/min).

Table 1. Number of cracks in LCFs microfluidic test, based on the leakages at each flow rate level

Table 2. Number of cracks in hollow fibers microfluidic test, based on the leakages at each flow rate level

First of all, it is important to note that only 1% of the LCFs (wall thickness of 20 pm) and

4.5% of the hollow fibers (wall thickness of 12.5 um) used in the test presented cracks, high-



lighting the important role played by wall thickness. Interestingly, the results evidence the
presence of cracks already at the beginning of the microfluidic test, when operating in the low
flow rate range. Also, according to the very low number of leakages recorded at high flow
rates, the initiation and propagation of cracks on the fibers’ body is either due to damage in-
duced by previous processing steps, or the consequence of weak spots which only require a

marginal increase in internal pressure to give way to crack formation and propagation.

Figure 6. Average cumulated number of cracks in 200 (a) hollow fibers and (b) LCFs as a function of microflu-

idic flow rate

As shown in Table 1 and Table 2, achieving the high flow rates (approximately 200 pL/min)
in hollow fibers was simple, due to the fact that the core was initially empty, and the existence
of a larger internal diameter (30 pm). In contrast, the presence of the highly viscous oil in the
core of the LCFs (contact angle of 30 ° on PP [20]) and their significantly smaller internal di-
ameter (15 um) caused very high back pressure (BP), making it difficult to pump the colored

distilled water through the LCFs.

It is concluded that the hollow fibers suffer more leakages than the LCFs. This is attributed to
the higher number of nano/microcracks present in the hollow fibers, which could be created in
the spinning, drawing and winding process steps, as well as during handling, since the hollow
fiber only has a very thin 12.5 pm polymeric wall, while the LCFs have a wall thickness of 20
pum [20]. Additionally, in the case of the LCFs, the presence of the oil in one hand protects the
fibers against bending forces during handling, while on the other hand it enhances the damp-
ing properties of the fiber [22]. When liquid is pumped through the fibers during the microflu-
idic experiments, preferential crack formation at weak spots, coupled with liquid flow through
any pre-existing cracks, lead to the appearance of most cracks at relatively low flow rates. At

higher flow rates, the cumulated number of cracks reaches a plateau, as observed in Figure 6.
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SEM images of damaged fibers are shown in Figure 7 and Figure 8 for crack analysis. In both
cases, nano/microcracks were evidenced as the liquid was pumped through the fibers. The
main observed fracture mode was type I (opening mode). The pumping of liquid through the
fiber leads to an increase of internal pressure which tends to expand the fiber diameter, forc-
ing the cracks to propagate according to a mode I type of fracture: opening mode. It is inter-
esting to see that crack propagation happens in the fiber’s axial direction and not in the trans-
verse direction. This is mainly due to the polymer chain parallelization process that takes
place during fiber spinning and drawing, which leads to the outstanding axial and poor trans-
verse mechanical properties that fibers are known for. Polypropylene, as most polyolefins, is
unable to establish strong lateral interactions (crosslinks or intermolecular hydrogen bonds),
providing a preferential path for propagation once a crack is formed [43]. From the SEM mi-
crographs, it was noted that the fiber fracture surfaces were ductile, where extensive plastic
flow occurs in the material before fracture. Nevertheless, ductility appeared to decrease with
increasing flow rates. Additionally, in the case of the LCF, the osmotic pressure of the oil
could eventually play a role in the formation of cracks. Such type of degradation of the matrix

has been observed by other researchers in tubular specimens [44].

Figure 7. SEM micrographs of hollow fibers (a) without crack (leakage), (b) cracked segment (c) propagated

crack and (d) propagated microcrack at high magnification

Figure 8. SEM images of LCFs (a) before leakage, (b) after leakage and (c) with damaged sheath

Conclusion

Liquid core and hollow fibers were produced using a melt-spinning process. The internal mi-
cro channels of the fibers were employed as a new media for microflow, developing a bun-

dling technique and attaching the fiber bundles to a microfluidic pump. The microflow and



leakage behavior of the hollow fibers and LCFs were investigated by means of microfluidic
tests and the fracture mechanisms were identified via SEM images of the fractured surfaces.
Microfluidic tests indicated that most of the cracks appear in the early stages (low flow rates)
of the microfluidic studies. Moreover, LCFs showed a lower number of leakages compared to
the hollow fibers. The strengthening and toughening of the LCFs is a result of the thicker
sheath walls and the damping properties of the core liquid already present in the fiber. From
the SEM images, the main mechanism of crack propagation involves the type I (opening
mode) initiated by the mechanical loads during operation in addition to residual stresses,
where the cracks are formed preferentially in the axial direction. Optimization of the fiber
spinning process can certainly lead to a significant reduction of the already very low propor-
tion of cracks appearing in these fibers. Future work will include a parametric study to ana-
lyze the relation between fiber spinning parameters and crack formation, where the insights
gained on nano/microcrack formation and propagation will allow to perform an optimization

of fiber spinning parameters.
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Table Captions

Table 1. Number of cracks in LCFs microfluidic test, based on the leakages at each flow rate
level

Table 2. Number of cracks in hollow fibers microfluidic test, based on the leakages at each

flow rate level
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Figure Captions

Figure 1. Steps to prepare microfluidic test specimens from melt-spun filaments

Figure 2. A bundle of LCFs during microfluidic testing and its observation under an optical

microscope

Figure 3. Optical micrograph with a zoomed-in region showing the hollow fibers with sealed

inter-fiber regions in the Teflon tube

Figure 4. Liquid microflow through melt-spun hollow fibers

Figure 5. Leakage from micro-cracks on (a) LCFs and (b) hollow fibers

Figure 6. Average cumulated number of cracks in 200 (a) hollow fibers and (b) LCFs as a

function of microfluidic flow rate

Figure 7. SEM micrographs of hollow fibers (a) without crack (leakage), (b) cracked segment

(c) propagated crack and (d) propagated microcrack at high magnification

Figure 8. SEM images of LCFs (a) before leakage, (b) after leakage and (c) with damaged
sheath
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Table 1. Number of cracks in LCFs microfluidic test, based on the leakages at each flow rate level

Specimen No 5 10 20 40 50 75 100 More
/Flow rate (uL/min)  (uL/min) (pL/min) (uL/min) (uL/min) (uL/min) (uL/min)
1 1/200 1/199 1/198 2/197 0/195 0/195 BP' -
2 1/200 2/199 0/197 1/197 0/196 0/196 1/196 BP
3 0/200 1/200 0/199 1/199 0/198 BP - -
4 1/200 1/199 0/198 0/198 BP - - _
5 1/200 1/199 0/198 BP - - - _
6 0/200 1/200 BP - - - - _
7 0/200 0/200 0/200 BP - - - -
8 0/200 1/200 0/199 BP - - - -
9 1/200 0/199 BP - - - - -
10 0/200 1/200 1/199 0/198 BP - : -

' Back Pressure

16



Table 2. Number of cracks in hollow fibers microfluidic test, based on the leakages at each flow rate level

Specimen No 5 10 20 50 100 150 200
/Flow rate (uL/min)  (pL/min) (uL/min) (pL/min) (pL/min) (pL/min) (pL/min) ore
1 2/200 3/198 4/195 1/191 0/190 0/190 BP -
2 3/200 1/197 2/196 2/194 1/192 - BP -
3 3/200 1/197 1/196 2/195 2/193 1/191 0/190 BP
4 1/200 1/199 1/198 2/197 2/195 - 0/193 BP
5 1/200 1/199 0/198 1/198 1/197 - BP -
6 0/200 1/200 2/199 7/197 3/190 0/187 BP -
7 1/200 1/199 1/198 3/197 2/194 BP - -
8 1/200 2/199 0/197 1/197 2/196 2/194 0/192 BP
9 0/200 1/200 3/199 2/196 2/194 0/192 BP -
10 1/200 1/199 1/198 5/197 4/192 2/188 0/186 BP
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ACCEPTED MANUSCRIPT

. L - - A
Figure 1. Steps to prepare microfluidic test @n melt-spun filaments
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Microfluidic Pump Microscope

Syringe Fibers

Figure 2. A bundle of LCFs during microfluidic testing and its observation under an optical microscope
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Figure 3. Optical micrograph with a zoomed-in region showing the hollow fibers with sealed inter-fiber regions

in the Teflon tube
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Figure 4. Liquid microflow through melt-spun hollow fibers
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Figure 5. Leakage from micro-cracks on (a) LCFs and (b) hollow fibers
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Figure 6. Average cumulated number of cracks in 200 (a) hollow fibers and (b) LCFsas a function of microflu-
idic flow rate
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Figure 7. SEM micrographs of hollow fibers (a) without crack (leakage), (b) cracked segment (c) propagated
crack and (d) propagated microcrack at high magnification
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Figure 8. SEM images of LCFs (a) before leakage, (b) after leakage and (c) with damaged sheath
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Highlights:

e Liquid core and hollow fibers were spun from polypropylene and complex ester
using multicomponent high-speed melt-spinning pilot plant.

e A new technique was developed for bundling melt-spun filaments and attaching
to the microfluidic pump.

e Nano/microcrack-induced leakages during the microfluidic trials were used for
crack analysis on fine polymeric fibers.

e Liquid core fibers showed less nano/microcracks compare to the hollow fibers.
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