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in the application of free surface melt electrospinning, mainly by
highlighting the importance of the solidification point. A systematic
approach to mapping the solidification point and temperature profile in
an electrohydrodynamic jet in the melt electrospinning process was
developed experimentally through the backlit imaging technique and
numerically through computational fluid dynamics. The effect of the
different spin-line temperature profiles on the robustness of the process Increased Spin-Line Temperature
as well as the fiber morphology was investigated. Scanning electron S m .
microscopy analysis demonstrated that at high spin-line temperature
profiles, the fiber diameter dropped by four times compared to the room $

temperature spin-line environment. Both in situ backlit images from the
jets in the spin line and the numerical phase fraction analysis revealed an
immediate solidification of the jet, which is elongated twice in the case of the high spin-line temperature profiles. The elongated
freezing length for the high spin-line temperature profiles as a result of the delayed solidification was identified as one of the main
factors contributing to the jet thinning and subsequent fiber diameter reduction. Based on the simulation, the temperature profile of
the jet demonstrated an approximately 20 °C drop along the jet length in the nonsolidified portion (freezing length), proposing the
viscosity drop as a second factor in the fiber diameter reduction mechanism. Ultimately, the molten film thickness on the plate was
identified as a semiphysical confinement parameter, controlling the size of the formed cones and subsequently the fiber diameter,
despite the free surface nature of the unconfined melt electrospinning.

KEYWORDS: unconfined melt electrospinning, solidification point, spin-line temperature profile, electrohydrodynamic jet,
computational fluid dynamics

1. INTRODUCTION forces acting on a two-layer system. They observed that several
cones form on the free surface of the fluid, increasing the

Electrospinning is a versatile technique for producing
production rate 12-fold as well as eliminating the frequent

continuous fibers. A wide variety of polymers are viable to

turn into fibrous structures of micro- to nanosize through clogging problem in traditional electrospinning setups. Lukas
electrospinning.l These sub-micrometer-scale structures pos- et al. explained the theoretical concept of the self-organization
sess an extensive surface area-to-volume ratio, which enables of the jets from the free surface of a one-dimensional liquid.""
them to be used in a variety of ap’plications.2 Applications of The phenomenon is explained by the initial wave formation on
nanofibers include biomedica1,3_° textiles,6 ﬁltration,7 and the free surface of the liquid, following by the domination of
sensors.”” The electrospinning technique, even though is the “fastest forming instability” at a certain electric field that
simple with easy setup and straightforward to fabricate creates the so-called perturbation or cones. The insightful

materials with advanced functions, has not yet become a
potential source of fabrication for large-scale manufacturing
The low production rate has been a long-lasting bottleneck for
this technique, which has recently become an emerging topic
of investigation for researchers.

Yarin et al. (2004) introduced free surface electrospinning,
which explored the potential of the electrosplnmng technique
for upscale and high production rate purposes.'’ In their first
trial, both electrical and magnetic fields were utilized as driving

knowledge of the fundamentals of free surface electrospinning
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has facilitated many interventions on the setup design for the
technique.'”~"” Many of the current free surface designs use a
polymer solution to fabricate fibers.

Solution electrospinning, despite the popularity, encom-
passes various challenges, including the usage of toxic solvents,
low production rate, presence of residual solvents in fiber, and
the limitation to be employed in thermoplastics, like
polyolefins, that do not readily dissolve in a solvent at room
temperature.”’ Melt electrospinning, which utilizes the
polymer melt directly as a spinning fluid, has gained popularity
in recent years. This green approach provides versatility for
thermoplastic fiber fabrication, offers sustainability by elimi-
nation of the toxic solvent, and enhances the overall
throughput.”"*> The recently introduced free surface melt
electrospinning overcomes the challenges associated with the
pumping of the high-viscosity polymer melt through a tiny
needle and increases the viability of the technique for industrial
upscaling. The first configuration was proposed in 2010, called
rod electrospinning, in which the polymer is fed on top of a
rod electrode and after melting, self-organization of multiple
jets on the free surface of the rod produces spinning jets."®
Several more designs of free surface electrospinning have been
proposed that even though meets the essential shortcomings of
the melt electrospinning technique yet suffers from difficulty in
the feeding mechanism or complexity of the design.'”** Melt
electrospinning from a plate surface, developed in 2014 by
Gorga and Clarke et al, is a simple approach for fabricating
micrometer-scale fibers.”* Due to the high-viscosity nature of
the polymer melt and the lack of whipping motion, fibers
obtained from this technique are shown to have larger
diameters than those from the solution techniques. Therefore,
further thinning optimization is required to obtain fibers with
size ranges comparable to their solution-spun counterparts.
Many researchers have identified that the main factor affecting
the jet thinning is the viscosity, which is normally controlled by
temperature. However, Naraghi et al. observed a reverse
dependence of fiber diameter to melt viscosity for free surface
melt electrospinning, attributed to the viscosity-dependent
flow rate in this method. The effects of the spin-line
temperature, the temperature of the surrounding air around
the spinning jet, on the morphology of the fibers have been
studied before. This was obtained by the utilization of extra
heating modules in the spin-line region, which could
complicate the setup design further. The further thinning of
the fiber by increasing the spin-line temperature is attributed to
the decreased viscosity of the jet and, as a result, the
enhancement of the stretchability.”*° Joo et al. utilized an
infrared camera to tentatively monitor the inside jet temper-
ature and observed rapid jet quenching, faster than model
predictions, which was linked to electrohydrodynamic
effects.”’

Achieving sub-micrometer-scale fibers from melt-phase
spinning processes, including melt electrospinning, has been
a long-lasting challenge. To date, there is no study that
fundamentally investigates the essence of the solidification or
phase-change process in an electrospinning jet and its
correlation with further thinning of the jet and the final fiber
diameter. In this work, a backlighting technique, developed by
the authors,”® was utilized to precisely determine the
solidification point in a melt electrospun jet. The electro-
spinning jet was considered as a phase-change material that
undergoes solidification to become a fiber. This concept
became the basis for the utilization of the computational fluid
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dynamics, introduced as a practical tool to monitor the jet
behavior in a melt-phase electrospinning process. The
approach here is unique because it introduces a systematic
method to precisely control the spinning zone temperature
without the need to increase the melt temperature or
incorporate any second-part heating module along with a
real-time monitoring tool. The strategies and tools are in
particular discussed for the relatively new field of free surface
melt electrospinning; however, it should translate to other
melt-phase fiber fabrication techniques.

2. EXPERIMENTAL SECTION

2.1. Materials. In this work, a linear low-density polyethylene
(PE) granule was used for all experiments. PE, ASPUN 6850 fiber-
grade resin, with a melt index of 30 g/min under 190 °C/2.16 kg
based on the data sheet provided by the manufacturer, was supplied
by Dow Chemical company. PE powder was obtained with a
cryogenic grinder using a freezer mill grinder, and SPEX CertiPrep
6750 was purchased from SPEX SamplePrep. PE powder was used to
create a uniform molten film on the plate. The melting temperature of
this PE (T,), based on the obtained differential scanning calorimetry
thermogram, is 129 °C.

2.2. Apparatus. The unconfined melt electrospinning apparatus
(Figure 1) consists of an aluminum sharp edge plate with a surface

Camera
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Fiber in the

spin-line
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. «—
Light source

\ +

|

DC HV Power supply

Figure 1. Schematic of the apparatus inside the chamber from side
view accompanied by a backlighting camera setup.

area of 13.6 X 4.8 cm and edge walls of 1 mm thickness and 0.8 cm
height on the sides (with no wall on the sharp edge where fibers are
formed). As aluminum has a low abrasion resistance, to get a
consistent sharpness in the spinning edge of the plate that undergoes
heavy cleaning after each run of the process, a steel blade was cut and
screwed in on to the edge. A commercial hot plate (Fisher Scientific,
model: HP88857100) was used to heat up the source plate in two
modes: in the first mode, the source plate is placed on the hot plate
off-centered where the edge of the plate protrudes by 2 cm. In the
second mode, the source plate is attached to the hot plate from the
back wall and the entire plate protrudes (Figure 2). The two modes
provide the spin-line environment with different temperature profiles
that are discussed in more detail in Section 2.4. In both modes, the
entire apparatus is placed in a wood chamber with a transparent front
door and the top wall made of acrylic to observe the process. Thermal
grease (Halnziye HY880) was used between the source plate and the
hot plate for better thermal contact. One side of the source plate is
connected to a K-type thermocouple to monitor the temperature of
the source plate. The opposite side of the plate is attached to ground
wire. The counterelectrode consists of a square aluminum plate with a
surface area of 30 X 30 cm, which is connected to the negative
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Figure 2. Schematic of the different modes of configuration; mode 1-a
(open environment, vertical heater), mode 1-b (closed chamber,
vertical heater), mode 2-a (open environment, horizontal heater), and
mode 2-b (closed chamber, horizontal heater). Each mode provides a
different spin-line temperature profile (Section 2.4).

polarity of a high voltage source (Glassman, Model FC60R2). A
hand-made thermocouple holder is placed inside the chamber to
measure the inside melt temperature before and after each run.

2.3. Experimental Characterization. All the spinning experi-
ments were carried out at an electric field of 1.84E6 V/m at 500
microns away from the plate edge. Simulations were carried out using
Ansys Maxwell software version 19.2. Voltages were set to 40 kV for
the mode 1 and 32.7 kV for the mode 2 configuration to obtain the
same electric field magnitude, as the simulation showed that the plate
protrusion affects the electric field around the edge, which can result
in different electric fields for the two modes. More information
regarding the electric field simulation is provided in the Supporting
Information (Figure S1 and Table S1). The spinning distance was set
to 10 cm. The source plate was set to 190 °C due to which the
temperature of the molten film on the plate reaches 165 + 2 °C and
remained almost constant throughout the running process for all the
experiments with +2 °C increase after 20 min, which is assumed to be
negligible. A camcorder (Canon, Model HF R72) was used to record
the spinning process (run for 20, 40, and 70 min) for further analysis
of jet evolution after the process. Still images were taken using a
Canon DSLR camera (Canon EOS Rebel T5i with 18—135 mm EF-S
IS STM Lens) for cone diameter and interjet spacing analyses using
the Image]J software. Each experiment was repeated three times, and
the averaged results were reported. The backlighting technique was
developed to obtain high-resolution images with clear object edges.*®
In this technique, a wireless portable LED lamp (33 LED Super Bright
Wardrobe Lights, Portable Magnetic Stick Wireless, geometry 9.5 inch
by 1.5 inch by 0.7 inch, manufacturer: CHNXU) was placed in the
spinning region shining the camera lens directly with the spinning jets
located between the camera and the lighting source (Figure 1). The
process began with heating up the source plate to 190 °C and after
the temperature of the plate was steady, 10 g (except for where noted)
of the polymer powder was uniformly spread on the plate. When the
source plate temperature became steady at 190 °C (experimentally,
this was obtained after 15—20 min), the temperature of the molten
polymer film was measured by inserting a thermocouple inside the
melt. Lastly, a high voltage is applied between the source plate and the
collector and electrospinning starts after the induction time is reached.
The induction time is the time for the waves to reach the critical
growth factor to maintain the formed waves on the surface of the fluid
beyond the critical electric field and turn in the perturbations.

2.4. Spin-Line Temperature Profile. Four spin-line temperature
profiles were obtained through different configuration designs (Figure
2) and were measured by inserting a thermocouple at 0.5, 1, 2, 3, and
10 cm distance from the plate edge, in the spin line (Figure 3). Cone
zone, defined as the region 0.5 cm from the plate edge in the spin line,
is where cones are initiated after ejecting from the plate. As the cone-
zone temperature is an important feature of each spin-line
temperature profile (due to the nonsolidified nature of the jet in
this region that is discussed later in more detail), in this work, spin-
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Figure 3. Spin-line temperature profiles specified by their cone-zone
temperatures. Profiles are related to their respective configuration as
Cone-Zone T: 115 °C relates to mode 1-b, Cone-Zone T: 95 °C
relates to mode 1-a, Cone-Zone T: 53 °C relates to mode 2-b, and
Cone-Zone T: RT relates to mode 2-a (mode configurations are
shown in Figure 2).

line temperature profiles were described by their cone-zone
temperature (e.g., the cone-zone temperature of RT (room temper-
ature, 35 °C) refers to the dark blue curve shown in Figure 3).

It was observed that the temperature is almost uniform throughout
the 13.6 cm length of the plate (from left to the right side) and only
changes through the spin line, the path that the fiber travels after
ejecting from the plate to reach the collector, as is specified by the
spin-line temperature profiles. The hot plate is the main source of
thermal heating for both the source plate and the spin line. The
farther away from the hot plate into the spin line, larger the drop in
temperature to lower degrees, as observed in the profiles. Another
factor changing the temperature profile is the configuration of the hot
plate. In the vertical mode (1-a and 1-b), the spin-line region was
directly exposed by the hot plate and was heated up through the
convection mechanism. In the case of a horizontal configuration, (2-a
and 2-b), the spin-line region was less exposed by the hot plate and
therefore was not directly being heated up; hence, a different profile
was obtained.

2.5. Fiber Characterization. The fiber mat morphology was
characterized using a scanning electron microscope (SEM) (Hitachi
S3200N Variable Pressure SEM) at an accelerating voltage of S kV.
The fibers were coated using a sputter coater with Au—Pd with a
thickness of approximately 50 nm to form a conductive surface. To
analyze the fiber diameter from the SEM images, the Image] software
was used. For each sample, approximately SO fibers were analyzed
using at least three SEM images from different samples, and the
average fiber diameter and standard error were reported.

2.6. Numerical Modeling and Simulation. A comprehensive
numerical approach was applied in order to describe the phase-change
process of the polymer melt in the electrospinning process. Heat and
momentum transport equations along with continuity equations (eqs
1—3) were numerically solved using the finite element method to
describe the fluid flow and temperature gradients throughout the fiber
jet. Zero shear rate viscosity of polyethylene at the experimental
temperature was experimentally measured and substituted in the
momentum equation. This was also in line with other researchers’
approach for the modeling of the melt electrospinning jet.”**” As the
system is a continuous process, the steady-state model was utilized.
All simulations were performed in a 2D axisymmetric framework with
the aid of commercial code COMSOL Multiphysics S.5.

Momentum transport equation

p(u-V)u==Vp + uVu (1)
Continuity equation
Vau=0

Heat transport equation

)
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Figure 4. Illustration of the electrospinning process for (a) self-initiation of the cones, (b) in process view of the spinning jets, and (c) final
product. The electrospinning parameters are set as 10 cm distance between the plate and the collector, 32.7 kV voltage, and the mode 1-a setup
configuration with a cone-zone temperature of 95 °C; (d) jet evolution of electrospinning at 40 kV and a cone-zone temperature of 53 °C for 70
min run of the process. Analysis is done for the entire plate (black curve) as well as the middle, right, and left sections of the plate (colored curves).

pepuVT = KV*T (3)

where p is the pressure, p is the density (kg/m?), and k is the
thermal conductivity (W/m‘K), which is assumed to be constant in
the melt electrospinning process,”®*” C, is the specific heat capacity at
a constant pressure (J/kg-K) and u is the velocity of the polymer jet.
Table S2 (Supporting Information) lists the material properties and
operational conditions used in simulations, which are the same as our
experimental conditions. Simulations have been carried out for the
four different cases of spin-line temperature profiles categorized based
on the surrounding air temperatures as shown in Figure 3.

In order to take the phase-change process into account, instead of
using the latent heat directly into the energy balance equation, the
apparent heat capacity formulation was used.”*° In this formulation,
to account for the latent heat related to the phase transition, the phase
of the material in the “mushy” zone (i.e., the region of both solid and
molten materials coexists in the temperature interval of T,, — 27/, and
T, + 27,) is modeled using a smoothed function, 6, representing the
fraction of the phase before the transition. The density (p), thermal
conductivity (k), and the specific heat capacity (C,) of the material
are predicted as below (eqs 4—6)

p="0p + (1-0)p, 4)

k=0k + (1 -0k, (s)

d
pC, = (6p,Cyy + (1 = 0)p,Cpp) + pL,, “m/dT (6)

Indices 1 and 2 denote phase 1 (liquid) and phase 2 (solid),
respectively. The first term of eq 6 represents the equivalent specific
heat capacity where 6 represents the melt fraction and the second
term is the distribution of the latent heat. L, is the latent heat and «,,
is the mass fraction, which is defined by eq 7.

ay= 1= =)y, )
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Heat transfer of the fiber jet with the surrounding air was modeled
through convective heat transfer using the heat transfer coefficient (%)
and the surrounding air temperature of the spin line (T,) as
specified in Figure 3 profiles. An empirical relation by Matsuo and
Kase®' was used to predict the heat transfer coefficient (eq 8). The
adopted boundary conditions in this model are shown in Table S3
and Figure S2a (see Supporting Information).

h= 0'388kair(v/83ir. AP+ (Svair/v)z)o,ms ®)
where h is the heat transfer coefficient, k, is the air thermal
conductivity, V'is the fiber velocity, v,; is the surrounding air velocity,
A is the cross-sectional area of the fiber, and 9, is the kinematic
viscosity of the air.

In order to resolve the location of phase transformation precisely,
as it is not known at the first place, we started our simulations with a
fine mesh (free triangular, 73,556 elements) along with an adaptive
mesh refinement algorithm (ie., refining the mesh to put more
elements around the transition region) to rebuild meshes up to three
adaptations. Figure S2b,c (Supporting Information) shows incorpo-
rated meshes before and after adaptation along with the geometry for
the boundary condition.

3. RESULTS AND DISCUSSION

3.1. Jet Evolution. The spinning process starts with the
self-initiation of the cone-shaped protrusions on the free
surface of the polymer melt (Figure 4a). This phenomenon is
recognized as self-organization based on the fastest forming
instabilities. The interaction between the electric field force
and the surface tension of the fluid causes instantaneous
perturbation formation, which starts the electrospinning
process (Figure 4b). The protrusions turn into spinning jets
moving toward the collector and finally lay down on the
collector as fibers (Figure 4c).

https://dx.doi.org/10.1021/acsapm.0c01082
ACS Appl. Polym. Mater. 2021, 3, 268—278


http://pubs.acs.org/doi/suppl/10.1021/acsapm.0c01082/suppl_file/ap0c01082_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsapm.0c01082/suppl_file/ap0c01082_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsapm.0c01082/suppl_file/ap0c01082_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsapm.0c01082/suppl_file/ap0c01082_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c01082?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c01082?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c01082?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c01082?fig=fig4&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://dx.doi.org/10.1021/acsapm.0c01082?ref=pdf

ACS Applied Polymer Materials

pubs.acs.org/acsapm

-
(]

(a)

/Il Cone Zone T: RT (35 °C)
‘I;l Cone Zone T: 53 °C
[l Cone Zone T: 95 °C
I Cone Zone T: 115 °C

Y
=] o
L N

Number of spacings (counts)

25

(b)

[~
(=3
1

-
o
1

—s— Cone Zone T: RT (35 °C)
Cone Zone T: 53 °C

—a— Cone Zone T: 95 °C

—v— Cone Zone T: 115 °C

Average jet number

0_
0+ T T T T T
0.0 0.5 1.0 . 15 20 25 0 5 10 15 20
Jet Spacing (cm) Time (minute)

30

25 (C) i— = - Theoretical Jet Spacing
g ’ |—*— Experimental Jet Spacing
(3

-~ 2.0

o
£
3]
@ 154
Q
w
D 10+
2« >F--—-—-8-—-—--#-----2
<

0.5

00 r . T T

35°C(RT) 53°C 95 °C 115°C

Spin-line Temperature (°C)

Figure S. (a) Histogram of the jet spacing analysis of the 20 min run of the experiment for different spin-line temperature profiles, (b) Average jet
number evolution for the first 20 min of the experiment, and (c) theoretical and experimental average jet spacings over the 20 min run of the

experiment for different spin-line temperature profiles.

The jet number evolution with time is shown in Figure 4d
for different run times. It is observed that the jet number
evolution with time follows a growth function and levels off
approximately after 15—20 min. The total number of jets levels
off when the interjet distance saturates. As this saturation
occurs after the 15 to 20 min run of experiments, all the
experimental analyses are carried out on the products for a 20
min experiment run. The jet number analysis has been carried
out by dividing the source plate into three sections. It is
observed that all three sections of the plate (right, center, and
left) show the same trend of jet evolution. This observation
proves that the effect of side edges on the electric field is
negligible in the spinning process.

3.2. Fabrication of Sub-micrometer Fibers. An
important parameter in melt electrospinning that affects the
fiber diameter is melt viscosity, which is inversely proportional
to the temperature. Increasing the polymer melt temperature
well above the melting point can lower the viscosity of the
melt; however, prolonged exposure to high temperatures can
cause chain scission and degradation.32 Therefore, a higher
temperature in the spin-line region, where jets enter after
leaving the source plate, prevents spontaneous freezing of the
jets, providing more stretching and a lower fiber diameter. In
the following section, four different spin-line temperature
profiles are examined and their effects on the solidification
point and ultimately the fiber morphology and other process
properties are described.
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3.3. Evolution of the Jet Number and Jet Spacing
with the Spin-Line Temperature. The distance between
two adjacent jets was calculated experimentally by analyzing
the static photo of the process taken after 20 min. The
experimental results demonstrate that at higher spin-line
temperatures, the average of jet—jet spacing decreases and it
follows a narrower distribution. At higher spin-line temper-
atures, the average number of jets are also higher (Figure Sa,b).
The narrower distribution of the spacings at higher spin-line
profiles suggests that at a more crowded plate, jets are likely to
be more organized compared to an empty surface where jets
can localize more arbitrarily. The initial formed waves are the
result of the interaction of the electric field and the surface
tension on the surface of the fluid. Even though the melt
temperature was kept constant despite the change in the spin-
line temperature, one might assume that the melt surface on
the edge of the plate where cones are formed is exposed to
lower temperatures in case of lower spin-line profiles, which
can affect the surface tension. Hence, it is noteworthy to
recognize the possibility of the change in the surface tension of
the polymer melt at different spin-line profile settings. As an
estimation, the surface tension was calculated for the formed
cones (perturbation) as they are a good representative of the
melt surface at the edge of the plate. To estimate the
temperature of the perturbations, the temperature profile
throughout the entire jet, both on the surface and inside of the
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Figure 6. SEM images, fiber diameter distribution, and the reported measured fiber diameter for spin-line temperature profiles of (a) RT (35 °C),

(b) 53 °C, (c) 95 °C, and (d) 115 °C.

jet, was numerically calculated using COMSOL simulation,
which was discussed in more detail in Section 2.6.

The experimental average jet spacing was calculated by
dividing the plate length by the average number of jets, which
was calculated by analyzing the recorded process over the 20
min run of the experiment (the recorded process is reported in
Fi%ure 4d). The theoretical jet spacing was calculated using eq
9.

A = 27(3y/2¢,E) 9)

where 4 is the jet spacing, &, is the permittivity of the free
space, and y is the surface tension and is calculated based on
the equation from reference™ (y = 33.1—0.0390%T (°C) mN/
m). Temperatures are calculated from the simulation on the
surface of the cones (discussed in more detail in section 2.3)
and are reported in Table S4 (Supporting Information). The
electric field value 500 microns away from the plate edge,
which is a good estimation of where cones are formed and start
to turn into jets, is calculated based on the electric field
simulation and is 1.8E6 V/m. Based on the simulation, the
change in the jet surface temperature was relatively minimal,
which is shown not to affect the surface tension of the melt at
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different spin-line profiles. The experimental average jet—jet
spacing is approximately within the range of the theoretical
calculated spacing and at higher temperatures with closer
packing of the jets, the experimental results are closer to the
theoretical data as shown in Figure Sc.

Figure 6a—d shows the effect of the spin-line temperature
profile on fiber morphology and diameter. By increasing the
spin-line temperature from RT to the 115 °C temperature
profile, the average fiber diameter decreases from 43 microns
to 11 microns. Based on the SEM images, the uniformity of the
morphology significantly enhances at higher spin-line temper-
atures.

To analyze the fundamental effect of the spin-line temper-
ature on lowering the fiber diameter, two hypotheses were
proposed and evaluated. In the first hypothesis, the role of the
spin-line temperature on reducing the size of the formed cones
(perturbations) was evaluated. As observed in the jet spacing
analysis, at high temperature profiles, more cones and jets are
formed. This observation suggests that as more cones are
formed on the free surface of the melt, less space might be
available for the newer cones to form; hence, either smaller
cones will be initiated or cones will shrink throughout the
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process. To test this hypothesis, static photos taken from the
process both at the initiation of each cones and after 20 min
run of the experiment were examined, and cone diameters were
measured and are reported in Figure S3a,b. Based on the
observations, the average cone diameter does not show a trend
with the cone-zone temperature. This was expected as the
cones (protrusions) are formed due to the interaction between
the electric field and the surface tension (eq 9) on the free
surface of the fluid and viscosity (as an interrelated fluid
parameter with the temperature) is not a factor. Moreover, the
inside melt temperature and as a result the viscosity is kept
constant in between all experiments and only the spin-line
temperature is varied. However, on increasing the temperature,
a narrower distribution of the cone diameter is obtained at the
initiation stage. This is explained by the higher crowds of cones
(or jets) at higher spin-line temperatures (Figure Sb), which is
assumed to help with the uniform nucleation (initiation stage)
of the cones on the free surface of the melt.

The second hypothesis regarding the mechanism of the fiber
diameter reduction at higher spin-line temperature profiles is
the solidification length throughout the jet. It is expected that
at higher spin-line temperatures, the jet not only experiences a
higher temperature and lower viscosity, but also goes through a
greater amount of stretching due to the delayed solidification
in the spin line. The stretching force on the jet is only effective
on the thinning of the jet when applied to the melt portion of
the jet as the solidified portion does not provide any significant
chain mobility. To evaluate this, static photos were taken from
the process utilizing the developed backlighting technique.
This technique provided a means to take high quality in situ
images from a micron scale object and revealed information
regarding the phase change of the jets during the electro-
spinning process, which was previously unattainable. The
freezing point (the phase-change location) is identified by the
transformation of the transparent liquid jet into an opaque
solidified jet (Figure 7a,b). In this work, the distance between
the plate edge and the solidification point is defined as the
freezing length. The freezing length was calculated for 15
distinct jets for each of the four different spin-line profiles. It
was observed that at a high spin-line temperature (115 °C), the
freezing length is longer than those at lower temperature
profiles. It is worthwhile to mention that the cone diameter
affects the size of the formed jet and consequently the jet’s
solidification process, as larger protrusions of the polymer melt
take longer time to solidify. To solicit the effect of the cone
size, the freezing length of the jet is normalized by its cone
diameter (D.) and the result is reported as the freezing length
ratio (eq 10) in Figure 7c.

Freezing Length = FL/ D (10)

Based on the results, the freezing length ratio and the
freezing length for the 115 °C profile are almost two times
higher than the RT profile. The delay in the solidification
provides a room for further stretching of the jet in the spin line
and can directly affect the fiber diameter. In the next section,
the freezing length was further validated through computation
fluid dynamics simulation. Moreover, the temperature profile
of the spinning jet was calculated to monitor the temperature
and as a result the viscosity change throughout the length of
the jet.

3.4. Computational Fluid Dynamics Simulation. The
phase-change process of the jet through heat transfer with the
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spin-line environment is simulated based on the computational
fluid dynamics approach. Figure 8a shows the liquid-phase
fraction of the jet throughout the spin line for the four different
spin-line profiles. It is observed that the phase change starts at
a relatively short distance from the cone for all the cases
(deviation after 1 cm in the graph of Figure 8a) and the
solidification process is approximately completed within the
first 1.5 cm of the jets (Figure 8b) (2D images are provided in
the Supporting Information Figure $4). Based on experimental
results obtained from both backlit images and simulation, the
length of the liquid fraction is relatively small compared to the
full length of the jet (1.5 to 10 cm), which highlights the
limited accessibility of the fluid portion to undergo extensive
stretching via an electric force. This can also justify the absence
of the whipping motion in the melt electrospinning process, as
the major portion of the jet exists in the solid phase. The
shortage of the stretchable fluid phase in the jet dictates the
importance of the role of the freezing length on the final fiber
diameter.

The backlit images revealed a longer freezing length of
approximately 1.5 cm for the jets in the highest spin-line
temperature profile (115 °C) compared to the 0.7 cm in the
lowest temperature profile (RT). The results of the simulation
and its comparison with the corresponding experimental data
are presented in Figure 9a,b. Freezing lengths of the jets for
each case of the spin-line temperature profiles were chosen and
compared to the simulation results for further validation.
Deviation of the model’s prediction results from the experi-
ment for all cases (Table 1) shows that both are in good
agreement. The results from the simulation further validated
the observation of the solidification point and the longer
freezing length of the higher spin-line profiles. Higher
deviation of the simulation results from the experiment is
observed for the case of 95 and 115 °C profiles compared to
the two lower temperature profiles. This is attributed to the
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Table 1. Predicted Values of Freezing Line by Simulation
and Experiment and Relative Errors

freezing length from the fiber cone (mm)

effect of the surrounding air velocity that is more significant in
the case of mode 1 configuration (Figure 2) in which the
heater is directly facing the spin line. The direct exposure of
the heater creates convective heat movements in the
surrounding air of the spin line, which enhances the heat
transfer of the jet. Therefore, the experiment results show a
relatively smaller freezing length compared to the simulation,
as the exact air velocity was not considered in the simulation
due to the difficulty of the measurement. The effect of the air
velocity was previously mentioned by Joo et al. as electro-
hydrodynamic quenching.”’

To understand the effect of the spin-line temperature on the
jet viscosity, the temperature of the outer layer of the jet was
determined via simulation and is shown in Figure 10a,b (the jet
centerline temperature distribution graph along with the 2D
images is provided in the Supporting Information Figures S5
and $6). As shown in Figure 10a, the slope of the temperature
graph decreases at a distance of about 1 cm from the fiber cone
(plateaus). This can be attributed to the start of the phase-
change process at this region. The latent heat release during

cone- the solidification process slows down the decrease of the
cone-zone temperature zone T: cone-zone cone-zone cone-zone
(spin-line profile) RT T:53°C T:95°C T: 1S °C temperature along the fiber and lowers the slope of the
experiment 70+32 83419 103+23 148+ 5.1 diagrams. Figure 10b shows the nonsolidified portion of the jet
simulation 63 76 136 203 for each of the cases. It is observed that the length of the
relative error 10% 3% 32% 37% plateau region is longer at higher spin-line temperature profiles,
which highlights the slower heat transfer of the jet inside the
higher temperature environment due to the lower temperature
gradient. Moreover, on increasing the fiber velocity, we expect
a) 175 b
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Figure 10. Variation of the fiber temperature at its outer layer for different spin-line air temperature profiles (a) for the full 10 cm length of the jet

and (b) the nonsolidified region of the jet.
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the spin-line temperature profile of 115 °C.

an elongated phase-change region, and therefore, the length of
the plateau for the “cone-zone T: 115 °C” is more than others
as this case has the highest velocity.

3.5. Lowering Fiber Diameter through Cone Size
Adjustment: Regulating Melt Thickness. Unlike the
conventional approaches where a nozzle or a spinneret
controls the formation of the Taylor cones, in free surface
electrospinning, cones are formed freely without confinement.
The lack of physical confinement introduces randomness in
the cone formation process and signifies the role of the fastest
forming instabilities as a result of the interaction of the electric
field and surface tension. However, the polymer melt thickness
on the plate was identified as a semiphysical confinement
parameter, resembling the role of the spinneret in the
conventional approaches, which shows a significant effect on
the cone and the final fiber diameter as well as the maximum
number of the formed cones. The observation shows that the
cone diameter decreases with decreasing melt thickness, which
ultimately results in a lower fiber diameter (Figure 11a). This is
because the formed cones tend to maintain their circular cross
section to decrease their surface energy; hence, a lower melt
thickness results in a lower cone diameter (Figure 11ab). The
significant decrease in the cone size (by almost twice) leaves
more free space between two adjacent cones and this explains
the observed higher jet number after 20 min (Figure 11c).

Figure 11c demonstrates that on decreasing the thickness
from 1.6 to 0.8 mm, the maximum jet number after 20 min of
the process increases to almost twice. The theoretical and
experimental jet spacings are calculated and shown in Figure
11d. For various thicknesses, the jet spacing data vary between
3 and 6 mm and are very well correlated with the theoretical
results. Based on the theory (eq 9) jet spacing (or jet number)
is a function of the electric field and surface tension. However,
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by changing the melt thickness, it is observed that the jet
spacing decreases to almost half the amount. This can be due
to excess free space resulting from a smaller cone size in lower
melt thicknesses. (it was also previously observed that cone
crowdedness lowers the initiated cone diameter).

4. CONCLUSIONS

Controlling the spin-line temperature provides a viable
approach to control the fiber morphology including the fiber
diameter and uniformity in a melt electrospinning process
without the need for direct control over the polymer melt
temperature. We reported that a higher spin-line temperature
shows an improvement on the maximum jet number and hence
increases the production rate and the uniformity of the jet
spacings with an enhanced correlation with the theoretical
data. Increasing the spin-line temperature from RT up to
slightly lower than the polyethylene melting temperature,
covering full ranges of the environment temperature possible
to attain fibers (above the melting temperature, jets do not
solidify in time to form fibers), demonstrated a significant
effect on fiber diameter reduction and uniformity of the
diameters. We have implemented a unique visual technique of
backlighting imaging, which measures the nonsolidified portion
(freezing length) of the spinning jet, which was further
validated via a numerical simulation.

To elucidate the mechanism of the jet thinning and fiber
diameter change with respect to the spin-line temperature, two
hypotheses were examined: first, the effect of the cone-zone
temperature on the surface tension and subsequently the
reduction of the initial cone diameter, as smaller cones produce
thinner jets. This hypothesis was ruled out as the visual analysis
of the cone diameter both at the initiation and at the final stage
of the experiments did not show a trend with the cone-zone
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temperature. The second hypothesis revolved around the jet-
dependent parameters including viscosity, jet solidification
location, and freezing length. Both the in situ backlit images
from the jet in the spin line and the numerical simulation
revealed delayed solidification (higher freezing length) at
higher spin-line temperatures. We demonstrated that a major
portion of the jet in the spin line exists in the solid phase,
which does not attribute to any stretchability (not enough
chain mobility in the solid phase). Therefore, even an
infinitesimal change in the freezing length plays an important
role in the jet thinning process, highlighting the role of the
translocation of the solidification point on fiber diameter
reduction. To investigate the role of viscosity, the jet
temperature profile both inside and on the outer layer of the
jet was obtained numerically. The temperature of the fully
liquid-phase portion of the jet (varies approximately between
0.7 and 1.5 cm for the RT and the 115 °C profiles,
respectively) differs to some extent for different spin-line
temperature profiles, which proposes the possibility of the
viscosity reduction effect on the jet thinning mechanism. The
overall observation highlights the overrated importance of the
translocation of the solidification point via spin-line temper-
ature adjustment in controlling the fiber morphology, which is
mostly overlooked in the literature compared to the other
parameters such as melt temperature and viscosity.

In many melt-phase fiber fabrication techniques such as melt
spinning, a viable approach to tune the fiber diameter is
through increasing the melt temperature largely above the
melting point to decrease the viscosity. This approach
encompasses limitations due to polymer degradation at
prolonged exposure to elevated temperatures as well as the
limitation of the critical viscosity to maintain a continuous
spinnable jet. The fundamental analysis of the spin-line
temperature effect on the solidification point and the
subsequent jet thinning that was presented here introduces
an alternative approach for fiber morphology attunement in
melt-phase fiber fabrication techniques in addition to
extending the scope of the melt electrospinning application
toward nanofiber fabrication.
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