
1. Introduction
Electrospinning is a versatile fiber preparation tech-
nique widely used in scientific research for its abil-
ity to create fibers with nanometric dimensions [1,
2]. In industry, there is growing interest in utilizing
these nanofibers in applications such as filtration
due to their capability to precisely control mesh
porosity, which can reach down to nanometric
scales, potentially increasing particle penetration se-
lectivity [3, 4]. Recently, electrospinning has also
gained popularity in biomedical applications, in-
cluding wound dressings, coatings for endovascular
treatments, and more, primarily due to the excellent

biocompatibility of fibers when formed into a mesh
morphology [5, 6].
To initiate the electrospinning process, a solution of
polymer dissolved in a dielectric solvent is required,
although the process can also use molten polymer
[2, 7]. This solution must be fluid enough to flow
through a thin nozzle, form a Taylor cone under an
electric field, and maintain its integrity during elon-
gation to produce continuous fibers [2]. A wide
range of thermoplastic polymer materials can be
electrospun, and even, more recently, natural pro-
teins [8, 9]. The primary mechanism for fiber forma-
tion involves preparing a viscous solution or melt of
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long, entangled polymer chains. These entanglements
act as anchoring points between chains, preventing
the solution from being torn apart during the elec-
trostatic stretching process [10].
Epoxy, the focus of this work, is a two-component
thermoset polymer. When mixed with a curing agent,
typically an amine-based molecule, it undergoes
crosslinking and solidifies [11]. Initially, the epoxy
molecules are short, but as crosslinking initiates,
their molecular weight increases, typically forming
clusters in a three-dimensional tree-like morphology
[12, 13].
Epoxy is used in a wide range of applications, main-
ly in composites [14], adhesives [15], and coatings
[16], but rarely as a fiber, because of the challenges
in controlling the curing reaction under drawing con-
ditions. Previous studies on mechanically drawn
epoxy fibers, having diameters ranging from 10 to
200 µm, have shown significant changes in mechan-
ical properties compared to molded bulk epoxy [17].
These epoxy fibers exhibited ductile properties, with
strains up to 116%, a high strength at break of
234 MPa, and an elastic modulus of 2.5 GPa [17].
Electrospun fibers in the 1.5 to 20 µm diameter range
have exhibited even better mechanical characteris-
tics [18]. In contrast, bulk epoxy typically displays
brittle properties, with a strength at break around
68 MPa and a fracture strain of only up to 12% [17].
The unusual mechanical properties of mechanically
drawn and electrospun fibers have been attributed to
the approximately unidirectional rearrangement of
the molecular structure induced by mechanical draw-
ing [19]. Electrospinning, with its strong electrostatic
stretching, has the potential to produce even thinner
fibers and reach the nanometric scale, with poten-
tially superior mechanical properties [20, 21].
In this research, epoxy fibers with diameters ranging
from 150 nm to 6 µm were prepared by electrospin-
ning and subsequently mechanically tested. The
strain, strength, and stiffness of the fibers were meas-
ured by tensile testing, and the results were com-
pared with data from previous studies to assess the
impact of fiber diameter on mechanical properties.
The molecular morphology was analyzed by polar-
ized micro-Raman spectroscopy to assess molecular
orientation. Additionally, the molecular morphology
of the solution in its liquid state prior to spinning and
of the spun fibers (in their solid state) was modeled.
We propose a mechanism that explains how ductility
arises in the fiber.

2. Materials  and methods
2.1. Solution preparation
The epoxy used in this study was diglycidyl ether of
bisphenol-A (DGEBA), specifically resin EP828
(molecular weight 340 g/mol), with hardener EP304
(PolymerG, Israel). The hardener, a polyether tri-
amine, was mixed with the epoxy in a weight ratio
of 100:42 epoxy: hardener.
N-N-dimethylformamide (DMF) and tetrahydrofu-
ran (THF), both purchased from Sigma Aldrich, Is-
rael, were used as solvents for the epoxy. The sol-
vents were mixed in a weight ratio of 2:8 and then
immediately combined with the epoxy mixture,
making up 80% of the total solution weight. DMF,
with its high dielectric constant of 36.7 and boiling
point of 153 °C, was selected to enhance the electri-
cal responsiveness of the solution. THF, with a di-
electric constant of 7.6 and a boiling point of 66 °C,
acted as a volatile component, promoting rapid fiber
solidification during spinning.
The epoxy-solvent mixture was vigorously stirred
for 20 min using a conditioning mixer, then aliquot-
ed into bottles and placed in an oven at 55 °C for
294 h. Following the solution preparation, the bottles
were removed and stored at –18 °C to quench the
curing reaction. Before being used in electrospin-
ning, the solutions were thawed to room temperature
and stirred magnetically at 300 rpm for 15 min.

2.2. Electrospinning
Our homemade electrospinning system (Figure 1a)
included a syringe pump (Fusion 4000, Chemyx
Inc., USA) and a DC power supply (PS/FC50R02,
Glassman High Voltage, USA). The nozzle consisted
of a blunt cannula needle with internal and longitu-
dinal dimensions of 0.81×25 mm (21G, MonoJect,
Covidian, Ireland) connected to a disposable 10 mL
syringe (Norm-Ject, Merck, Israel). The fiber collec-
tor was an aluminum net with a 15×15 mm cell size.
The power supply unit was connected to a 100 mm
long and 2 mm diameter copper rod electrode, posi-
tioned 10 mm behind the net, with the net itself
placed 190 mm away from the nozzle. The electro-
spinning process was conducted at room tempera-
ture.
The goal was to direct the fiber towards the electrode
while ensuring it was collected on the aluminum net
just before reaching the electrode. To optimize the
process, parameters including the solution flow rate,
electric field strength, nozzle diameter, and the
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 distance between the electrode and the net were ad-
justed. Fibers were also collected on transparent
glass slides, which were inserted into the chamber
during the electrospinning process and observed
under an optical microscope. The primary focus of
optimization was to minimize bead formation and
achieve uniform fibers, as shown in Figures 1b–1d.
Typically, increasing the solution viscosity led to a
reduction in bead formation. The rheological prop-
erties, including the dependence of the molar mass
and viscosity on curing time and conditions, were
discussed in detail in our previous work [21], and
describe how to achieve a stable electrospinning
process.
Electrospinning of the epoxy/(THF/DMF) solution
was carried out at a feeding rate of 0.5 mL/h, with
an applied voltage of 19–21 kV, at ambient temper-
ature of 24 °C and humidity range of 45±5%

 controlled by local air-conditioning, resulting in
fibers such as depicted in Figure 1d. This solution
enabled the production of nanofibers. All fibers were
collected on the aluminum net (Figure 1b), allowed
to rest for 16 h, then subjected to vacuum for 24 h to
evaporate any residual solvents, and finally cured in
an oven at 100 °C for 6 h. Previous studies examin-
ing solvent residuals using differential scanning
calorimetry (DSC) analysis did not show any signif-
icant observations. Therefore, it was assumed that
the amount of solvent trapped in the matrix was neg-
ligible [18].

2.3. Polarized micro-Raman spectroscopy
All samples were analyzed using a Horiba LabRAM
HR Evolution micro-Raman spectrometer (Horiba,
France), utilizing a 633 nm excitation wavelength.
The spectrometer was equipped with four laser lines
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Figure 1. a) The nozzle to screen distance is 190 mm, and the electrode is 10 mm behind the screen, b) electrospun epoxy fibers
deposited on an aluminum net, c) electrospun fibers by optic microscopy, d) scanning electron micrograph (SEM) of
a single electrospun micro-fiber prepared from epoxy/(THF/DMF) solution, with epoxy concentration of 20 wt%.



(325, 532, 633, and 785 nm). The laser spot size was
typically less than 1 μm when using a 50× objective
(L M PlanFL N, NA = 0.5 Olympus, Japan) and less
than 0.5 μm using a 100× objective (MPlanFL N,
NA = 0.9 Olympus, Japan). The system featured an
800 mm focal length spectrograph allowing for high
resolution and low stray light with interchangeable
gratings and an open electrode, front-illuminated,
cooled CCD detector. Samples were placed under a
modular microscope (Olympus BX-FM) and ob-
served using the above-mentioned objectives.
To measure the molecular orientation in drawn
epoxy fibers, a half-wave plate was used on the ex-
citation laser, and an analyzer was positioned in the
collection path to measure the parallel (ZZ) and per-
pendicular (XX) polarized Raman signal of the fiber
samples (Figure 2a). A depolarizer was inserted in
the collected light path beyond the analyzer to miti-
gate the polarization sensitivity of the spectrograph
grating and CCD detector. For depth profiling within
samples, a motorized stage was employed, and the
confocal configuration of the microscope ensured
that signals from a limited depth of focus were ana-
lyzed by the spectrograph. The depth resolution var-
ied as the objective focused deeper into the material.
Due to the curvature of the fiber surface, the Raman
signal intensity increased with deeper focusing,

peaking at a certain depth. Therefore, all measure-
ments, except for the depth scan (Y direction), were
performed at a depth of 1 μm.
A molded epoxy bulk sample was used as a refer-
ence for non-polarized material. This reference was
prepared by molding the solution and allowing it to
rest during the entire curing process, ensuring that
no external forces were applied, thereby minimizing
stress within the matrix. Consequently, minimal in-
tensity variations were measured across different po-
larizations. By analyzing the polarizations in the Z
and X directions, intensity differences were identi-
fied and used to calibrate any bias introduced during
the polarizing system setup assembly [19].
The analysis involved taking readings along the fiber
at intervals of 2.5 µm, covering a total length of
100 µm, as illustrated in Figure 2b. This approach
enabled the creation of a Raman intensity profile
along the fiber. The same procedure was applied to
the molded bulk epoxy for comparison (Figure 2c).
The Raman spectra obtained were used to determine
the intensity of the Raman peaks.

2.4. Fiber mechanical testing
2.4.1. Tensile testing device
To prepare samples for tensile testing, each fiber (in
a diameter range of 1.5–7 µm) was cut to yield a
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Figure 2. a) Schematic description of the micro-polarized Raman scattering setup for measuring the shift in energy of light
scattered by the epoxy fiber. The specimen was tested in polarization vectors of X and Z. The micro-polarized
visible excitation laser spot size, generated using a 100× objective, was shined onto the surface of epoxy fiber (b)
and molded bulk (c). The longitudinal analysis readings, marked with a green line, were performed at a distance
of 2.5 µm for every step over a length of 100 µm along the sample.



gauge length of 10 mm and secured to a frame. This
method ensured that the fiber remained aligned with
the test direction and was protected from damage
during handling. Initially, the fiber ends were affixed
to the frame with tape. A small drop of fast-drying
epoxy was then applied to each end, which was sub-
sequently covered with a small piece of cardboard
to hold it securely in place.
Tensile tests were performed using an Instron 5965
universal testing system (UK) equipped with a 10 N
load cell. Prior to testing, the diameter of each fiber
was measured at three points along its length using
an optical microscope, and the average diameter was
calculated. The fiber specimen was then clamped into
the grips of the tensile testing machine, and the card-
board frame borders were carefully cut away before
testing began. A strain rate of 1 mm/min was applied,
and the force was recorded until the fiber broke. This
testing procedure provided the mechanical properties
of the fiber, including maximum stress, strain at fail-
ure, Young’s modulus, and toughness.

2.4.2. Tensile push-to-pull device
Measuring the tensile properties of sub-micron fibers
requires the use of a highly sensitive load cell. To en-
able detailed observation of the fibers during tensile
testing, such a sensitive custom tool was designed,

built and adapted to function within the scanning
electron microscope (SEM) chamber (Figure 3).
SEM monitoring allows precise observation and
analysis of failure mechanisms.
This custom push-to-pull tensile tester was made of
a double cantilever beam (Kleindiek, Germany)
(Figure 3a). The sample preparation procedure
 (Figure 3d) involved attaching a piece of aluminum
foil to a base, followed by applying carbon tape on
top of the foil to create a surface for adhering the
fiber. A section of the collector net, used during the
electrospinning process, containing the fibers, was
placed on the carbon tape so that the ends of a fiber
adhered to the tape. A drop of epoxy was then ap-
plied between the gap and the carbon tape, securing
the fiber to the testing device. Once the epoxy was
cured, the frame was removed, leaving one fiber af-
fixed to the device.
The testing device was then positioned inside the
SEM chamber (Zeiss LEO Supra 55VP, Germany).
A nano-manipulator (Kleindiek, with Nanotechnik
controller, model NanoControl NC-2-3, Germany)
was aligned parallel to the cantilever beam and used
to apply strain to the fiber by moving along its lon-
gitudinal direction, as shown in Figure 3a. The strain
rate during testing was 46 µm/min. This setup al-
lowed us to monitor both strain and tensile stress up
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Figure 3. Homemade tensile testing device to measure sub-micron fibers; a) push-and-pull device, b) schematic structure of
the device, c) the device fixed in the SEM chamber, d) specimen preparation and structure.



to the point of failure. ImageJ software was used to
analyze the cantilever movement and the induced
strain. As the displacement of the beam within the
initial elastic range was too small to detect, Young’s
modulus could not be reliably estimated by this
method. Therefore, we could not measure the mod-
ulus for sub-micron fibers.

2.4.3. Focused ion beam (FIB)
To measure the fracture toughness of epoxy fibers,
a methodology was developed for inserting a well-
defined notch in a thin fiber from which the crack
should propagate spontaneously under tension, to
obtain the critical force applied. For this purpose, we
proposed to use a high-resolution field emission
scanning electron microscope (FE-SEM) with the
processing ability of a focused ion beam (FIB) to
etch a particular notch shape within the fibers that
will serve as an initiator for crack propagation. The
FIB used here was Helios NanoLAB 600 (Thermo
Fisher Scientific) equipped with AutoProbe™ 200
(OmniProbe).
A single fiber was placed on a silicon wafer, fixed at
the edges with carbon tape, and then positioned in
the FIB chamber. A location in the middle of the
fiber was identified, and a condition as described in
Table 1 was applied on a pattern of a linear line to
create the notch. The notched fibers were then
mounted on the push-to-pull device, and the same
tensile procedure was conducted as described above.

3. Results
3.1. Molecular orientation
Polarized Raman analysis can detect molecular
stress intensities in different directions of polarized
light, providing insights into molecular morphology
in two and three dimensions. Variations in intensities
across different polarization modes indicate molec-
ular orientation, particularly in the necking region
along the fibers [19]. In this study, polarized micro-
Raman analysis was conducted in two polarization

modes: with the polarizer and analyzer both posi-
tioned either parallel (ZZ) or perpendicular (XX) to
the longitudinal direction of the fiber surface 
(Figure 2a). This was performed on fibers with di-
ameters of 2.0 and 5.5 µm to identify potential di-
ameter size effects.
Figure 4 presents the spectrum intensity of these
fibers, using molded bulk epoxy as a reference. The
bulk epoxy, representing an unstressed matrix, is ex-
pected to exhibit uniform stress intensities across dif-
ferent polarization modes. The bands related to the
epoxy molecule backbone, which reflect molecular
orientation, are primarily located between 1000 and
1700 cm–1 [19]. Key vibrations identified include the
in-plane deformation and C–C stretching of the gem-
dimethyl group of bisphenol A at 1184v, epoxide
ring at 1255 cm–1, aromatic ring stretching at
1610 cm–1, aromatic C–H stretching and in-plane de-
formation at 1113 cm–1, and C–H out-of-plane bend-
ing of the para-disubstituted phenyl group at
824 cm–1 [19]. Figure 4 demonstrates that both test-
ed fibers exhibit higher intensity in the ZZ direction
compared to the XX direction. Differences in stress
intensities were quantified using the correlation
(Equation (1)):

(1)

where I is the molecular orientation index, and Ixx
and Izz are the stress intensities in the lateral and lon-
gitudinal directions, respectively. High intensity in-
dicates high molecular orientation in the analyzer di-
rection, and vice versa. From Figure 4 we can see
that the Intensity ratios are the same for most of the
bonds, in this case we used the C–C stretching of
gem-dimethyl group of bisphenol-A at 1184 cm–1 as
a reference to quantify the intensities, as it is con-
nected to the backbone’s rigid molecular structure
and should show consistency in direction during mo-
lecular orientation [22]. The 2.0 µm fiber exhibited
a higher stress intensity ratio (I = 0.49) compared to
the 5.5 µm fiber (I = 0.11), indicating greater molec-
ular orientation in the thinner fiber. This observation
highlights differences in molecular morphologies
within the crosslinked matrix. Both fibers exhibited
higher stress in the ZZ direction, which is the longi-
tudinal direction (Figure 4). This likely results from
the manufacturing process, where a viscous solution
is drawn to form a fiber and held in place until so-
lidification and full curing are achieved, inducing

I I
I

1
yy

xx= -
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Table 1. Focused ion beam (FIB) conditions to etch a notch
shape pattern within the fibers that will serve as an
initiator for crack propagation.
Ion source Gallium (Ga+)

Acceleration voltage 30.kV
Extraction voltage 5.00 kV
Emission current 9.7 pA
Ion beam current 3.00 pA
Surface application Si



molecular orientation along the drawing direction.
These results suggest that molecular orientation ex-
ists in electrospun epoxy fibers and increases as the
fibers become thinner, as seen in the 2.0 µm fiber
compared to the thicker 5.5 µm fiber.
To further characterize the stress distribution along
the fiber, Raman measurements were performed
along a 100 µm long segment, allowing us to obtain
the longitudinal orientation profile. Figures 5a and
5b show the differences in intensity along the fiber
for the two polarizations and fiber thicknesses. The
intensity along the fibers in the ZZ direction for both
the 5.5 and 2.0 µm fibers is consistently higher than
in the XX direction. The only observed deviation, in
the 5.5 µm fiber, shows an overlap in intensities over
a range of approximately 20 µm. It may point to
areas that underwent relaxation, an effect that will
be discussed later.
Figure 5c compares the stress intensity ratio, I, be-
tween the two tested fibers, providing insights into the
orientation profile along the fiber. As previously men-
tioned, the 2.0 µm fiber exhibits higher orientation

than the 5.5 µm fiber. Additionally, the intensity
variations in the thinner fiber were significantly
higher. In thinner fibers, the surface tension is more
prominent due to the larger surface-to-volume ratio,
making them more prone to diameter variations due
to Plateau-Rayleigh instability, which may affect
local molecular orientation along the fiber [23].

3.2. Mechanical properties
Stress-strain properties were measured by conduct-
ing tensile tests on three groups of epoxy fibers:
(1) fibers mechanically drawn from a 30 wt% epoxy/
MEK solution, with fiber diameters ranging from 7
to 80 µm, tested in previous research [18]; (2) fibers
electrospun from a 30 wt% epoxy/MEK solution,
yielding diameters ranging from 1.5 to 21 µm, also
tested in previous research [18]; and (3) fibers elec-
trospun from a 20 wt% epoxy/(DMF/THF) solution,
which, due to its lower polymer concentration, pro-
duced much thinner fibers with diameters ranging
from 150 nm to 5.5 µm. A previously tested group
of molded epoxy bulk was used as a reference to
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Figure 4. Polarized micro-Raman intensity analysis conducted over a wavelength range of 620–1700 cm–1 in both the lateral
(XX) and longitudinal (ZZ) directions. The spectra represent the average results from 20 measured points taken
along a 100 µm range in the longitudinal direction of the epoxy fiber. a) Fiber diameter of 5.5 µm and b) 2.0 µm.



 represent an arbitrarily oriented molecular structure,
demonstrating the mechanical properties of a matrix
cured in a relaxed state [17].
The results for strength, strain at break, stiffness
(Young’s modulus), and effective toughness (the
area under the stress-strain curve) of the different
groups are presented and analyzed in Table 2. Ten-
sile tests on the fibers revealed a trend of increasing
strength as fiber diameter decreased (Figure 6a),
with fibers demonstrating particularly high engineer-
ing strength, up to 978 MPa, and true strength of
1614 MPa for a fiber with a diameter of 411 nm,

compared to 68 MPa for the molded bulk (Table 2).
The scatter in the results is fairly wide, reflecting the
large number of material and processing parameters
intrinsic in this method; however, the trends of im-
provement in mechanical properties are evident. In
general, the standard deviation increased as the
fibers got thinner because of higher sensitivity to de-
fects created during the process and handling. The
strain versus fiber diameter correlation shows an av-
erage relative elongation range of 68–109%. This
high elongation is uncharacteristic of epoxy, which
is typically a brittle material with a maximum elon-
gation of about 12%. Strain exhibited an interesting
correlation with diameter; as shown in Figure 6b, it
reached a maximum of 120% for fibers with diame-
ters in the range of 2–12 µm but decreased as the
fibers became either thicker or thinner. We assume
that the necking propagation covers the fiber’s full
length because the strain range was, on average, dou-
ble the length.
The elastic modulus of epoxy fibers with diameters
ranging from 1.5 to 80 µm shows a clear diameter-
dependent trend: as the fiber diameter decreased, the
modulus increased (Figure 7). The thinnest group of
fibers (20 wt% epoxy/THF/DMF solution) had an
average elastic modulus of around 3.1 GPa, com-
pared to just 1.1 GPa for bulk epoxy (Table 2). Dif-
ferences in modulus for the same material can result
from molecular orientation, as will be elaborated in
the discussion.
To measure the fracture toughness of electrospun
fibers, a notch was created by the FIB to initiate and
monitor crack propagation. The results demonstrat-
ed that focused ion beam can etch effectively and
produce a well-defined notch in the epoxy fiber
(Figure 8). In tensile tests, notched epoxy fibers
with a notch length comprising 20% of their total
thickness exhibited plastic deformation before fail-
ure. Observations of fractured fibers revealed that
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Figure 5. Polarized micro-Raman intensity analysis along
fiber length of the 1184 cm–1 peak in epoxy fiber;
ZZ and XX polarization of fibers in a) 5.5 µm and
b) 2.0 µm diameter. c) Calculated stress intensity
ratio, Equation (1). I = 1 – Ixx⁄Izz , over a length of
100 µm along the fiber, as analyzed by Polarized
micro-Raman. The readings were performed in
2.5 µm steps over a length of 100 µm along the
sample.

Table 2. Average engineering tensile properties of epoxy fibers using different processing techniques.

Processing
technic Solution

Diameter
before
tension
[µm]

Diameter
after

tension
[µm]

Yield
strength
[MPa]

Eng.
strength
[MPa]

True
strength
[MPa]

Strain at
break
[%]

Effective
toughness

[MPa]

Modulus
[GPa]

Molding bulk
[12] Neat epoxy – – – 68 – 12±20 5±1 1.13±0.65

Drawing
[13] Epoxy (30%)/MEK 28±18 – 48±16 61±21 – 68±28 29±19 2.37±0.65

Electrospinning
[13] Epoxy (30%)/MEK 7±3 – 55±20 121±640 – 109±130 63±35 2.07±0.57

Electrospinning Epoxy (20%)/(DMF/THF) 1.77±0.91 1.03±0.39 71±49 201±189 399±385 74±30 – 3.15±0.96



fractures did not initiate at the notch but occurred at
random locations along the fiber (Figure 8c). This
phenomenon can be explained by the high energy
dissipation capability of the fiber matrix due to its
greatly increased plasticity, which practically makes
the fiber crack insensitive.

4. Discussion
Tensile tests were conducted on electrospun epoxy
fibers and compared with bulk epoxy specimens, re-
sulting in the stress-strain curves shown in Figure 9.
The tensile response of the fibers differs significantly
from that of the bulk material. Bulk epoxy exhibits
brittle characteristics with minimal plastic deforma-
tion, achieving an average failure strength of 68 MPa
and a maximum strain of 12% [17]. By contrast,
electrospun fibers demonstrate significant plastic de-
formation, maintaining a relatively constant strength
before strain hardening occurs, leading to a much
higher failure strain compared to the bulk.

Failure analysis using SEM of the electrospun epoxy
fibers after tensile testing (Figure 10) reveals, in
many fibers, the formation of separate long necking
regions, indicating substantial plastic deformation, a
behavior uncommon in epoxy, which typically
shows only minimal, barely visible necking before
failure. The appearance of separate necking regions
along the fiber indicates multiple, process-induced
weak points, each starting point for yield, which is
the beginning of the molecular movement, and plas-
tic deformation. The ductility of mechanically drawn
micro epoxy fibers was described by Hobbiebrunken
et al. [24], who also estimated the theoretical strength
of about 265 MPa (10% of the modulus), which is
close to our results, as shown in Table 2.
To explain the presence of plastic deformation in a
naturally brittle material, it is crucial to consider the
molecular morphology of the solution at three key
stages: (1) just before fiber formation, (2) during
electrospinning, as the solution transitions from liq-
uid to solid, and (3) during the final relaxation and
full curing stages.
Epoxy solution for electrospinning is in an early
stage of crosslinking just prior to the gel point [21].
Molecular morphology is characterized by dissolved
clusters of covalently crosslinked epoxy in a soluble
state [20, 24]. Those clusters are large enough to in-
teract with their neighbors, mainly via electrostatic
chemical bonds, particularly hydrogen bonds, but
not covalent bonds, and possibly marginal molecular
overlaps that create local entanglements. The clus-
ters get bigger as curing proceeds, increasing their
interactions, thereby increasing the viscosity of the
solution [20].
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Figure 6. Engineering tensile properties of tensile strength (a) and elongation at break (b) at different epoxy fiber diameters.
Three fiber groups were tested and presented: drawn fibers (black), electrospun fibers made from 30 wt% epoxy
in the solution (red), and electrospun fibers made from 20 wt% epoxy in the solution (blue).

Figure 7. Tensile modulus at different fiber diameters. Three
fiber groups were tested: drawn fibers made from
30 wt% epoxy in a solution (black), electrospun
fibers made from 30 wt% epoxy in a solution
(red), and electrospun fibers made from 20 wt%
epoxy in a solution (blue).



During electrospinning, the viscous solution is in-
jected into a high electric field, where it is rapidly
stretched by electrostatic forces driven by the dielec-
tric solvent, initiating fiber formation [20]. As shown
schematically in Figure 11a, the solution’s molecular

morphology aligns with the drawing direction due
to the generation of strong shearing forces [25]. Si-
multaneously, rapid solvent evaporation from the
stretched fiber reduces free volume and accelerates
the curing process while the fiber remains under ten-
sion [25]. This continuous stretching, coupled with
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Figure 8. Fibers with a notch cut by focused Ion-beam (FIB) as seen in a high-resolution field emission scanning electron
microscope (FE-SEM); Fibers with a diameter of a) 5.42 µm and b) 1.19 µm with well-defined notch shape and
size. c) The fiber, as presented in Figure 8b, just before failure during the tensile test in the SEM chamber.

Figure 9. Engineering stress-strain curves of a representative
molded epoxy bulk and electrospun fiber with a
diameter of 3.2 µm. The force readings for the
fiber exhibited high instability, particularly at low
force values. This is likely due to the instrument
operating near its tolerance limit.

Figure 10. SEM micrograph of an electrospun epoxy fiber
after tensile test.



fast chemical crosslinking, locks the molecular struc-
ture into an oriented configuration, resulting in a
unique molecular morphology.
Upon reaching the collector, the fiber is typically in
a gel state or even vitrified; otherwise, it would re-
vert to a viscous droplet. The crosslinking reaction
slows down significantly at this stage due to the re-
duced molecular diffusion rate, thereby preserving
the cluster-oriented morphology [20]. As the fiber
partially relaxes on the collector, crosslinking con-
tinues at a slower pace, converting the clusters into
nodules—a solid-state form of the cluster morphol-
ogy [26–28]. This significant relaxation process is
depicted in Figure 11a.
Previous research has shown that only a third of the
total crosslinking reaction occurs by the time the gel
point is reached [21], meaning that the fiber matrix
has a low crosslinking ratio at this stage, with resid-
ual solvent, free epoxy monomers, and polymerized
epoxy fragments facilitating rapid and extensive re-
laxation. Once the electrospun epoxy fiber is created
and reaches the collector, the stretching forces cease,
allowing it to relax at the early matrix gel point as it
keeps slowly crosslinking. At this point, the clusters

convert to nodules, a solid state of the cluster mor-
phology.
After full curing in an oven, the molecular orienta-
tion of the fibers was assessed using polarized
micro-Raman spectroscopy. The results showed
higher intensities along the fiber's longitudinal di-
rection, with ratios of I5.5 µm = 0.11 and I2.0 µm = 0.49,
as described in the experimental section, indicating
longitudinal orientation. The thinner fibers exhibited
a higher degree of orientation, likely due to faster
solvent evaporation, a phenomenon associated with
high surface energy, which is more pronounced in
thinner fibers [29]. Furthermore, the thinner fibers
underwent stronger stretching during the electrospin-
ning, and therefore their molecular conformation
was more elongated and oriented, and consequently,
subsequent relaxation was restrained.
The unique molecular morphology created during
epoxy electrospinning facilitates significant plastic
deformation, characterized by the necking effect
(Figure 10), which is common in thermoplastic poly-
mers but unusual in thermosets such as epoxy. As
discussed, this effect results from the specific pro-
cessing conditions during electrospinning, where
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Figure 11. a) Schematic illustration of the molecular epoxy matrix morphology during the electrospinning process. b) Tensile
test effect on the nodular structure of electrospun fully cured epoxy fibers. (i) The cluster in soft matter converts
to a nodule in the solid state, a nodular structure with slight orientation, which is preserved after processing and
relaxation. (ii) The cross-linked nodular structure reverts to the post-gel molecular morphology, which is charac-
terized by high cluster stretching with minimal stretch on the external crosslinking.



molecular fixation occurs through crosslinking until
the gel point. It is important to note that the final mo-
lecular morphology of the matrix is established at
the gel point (Figure 11a). After the fiber is formed,
it undergoes relaxation while resting on the collector,
yet the morphology remains as it was at the gel point.
When tensile force is applied on the fiber, elastic de-
formation occurs, stretching and orienting the clusters
and the surrounding regions with lower crosslink
density, as illustrated in Figure 11b. As the force in-
creases, the fibers plastically deform. This plastic de-
formation coincides with the reversion of the molec-
ular morphology to its pre-relaxation structure,
allowing substantial plastic deformation (Figure 11b)
up to the limit of extensibility, where clusters and
crosslinked regions are fully stretched [30].
Beyond this point, continued application of force in-
duces strain hardening in the matrix. This stage is
characterized by a significant increase in strength,
driven by high molecular orientation [31].
The average modulus of the fibers was found to be
up to 3 GPa, compared to 1.1 GPa for the molded
bulk material, as shown in Table 2. Notably, the
modulus increased as the fiber thickness decreased.
This increase in modulus is likely due to the align-
ment of molecular chains, which creates order in a
specific direction, reduces free space between mol-
ecules, and constrains their mobility, leading to
lower plasticity and higher modulus, as supported by
polarized Raman analysis [19].
Strain-to-failure analysis of the electrospun fibers, as
presented in Figure 6b, revealed interesting results.
The fibers achieved a strain of 120% within a diam-
eter range of 2–7 µm; therefore, we can assume that
all the fiber was plastically deformed, but as the fiber
diameter decreased further, the strain to failure also
decreased. Consequently, the fibers show lower strain
at break as they get thinner, because most of the strain
is already integrated within the crosslinked matrix,
as demonstrated in the Raman analysis for different
diameters of fibers and described in Figure 11 [19].
Comparing the tensile properties of electrospun
fibers and molded bulk epoxy clearly indicates that
the processing conditions during the epoxy cross -
linking reaction – whether through electrospinning
or molding – critically affect the modulus, strain, and
strength of the final product. This is due to the for-
mation of a distinct molecular morphology created
during the crosslinking reaction, which takes place
parallel to stress application.

We conducted fracture toughness tests to examine
fracture propagation characteristics. The results
showed that despite the presence of an initial notch
of up to 20% of the total fiber diameter, all tested
fibers failed at locations other than the notched area,
without initiating a brittle fracture.
In bulk brittle epoxy with a notch, failure typically
occurs at the notch tip, where fracture propagation
begins due to the matrix’s low energy dissipation ca-
pacity [32, 33]. In brittle epoxy, elastic energy re-
leased due to crack extension may exceed the mate-
rial fracture energy and cause crack propagation until
fracture [34].
In contrast, the fibers tested in this study exhibited
ductility, allowing the matrix to undergo plastic de-
formation, which relaxes stresses at the crack tip. To
account for this ductility, we applied Irwin’s models
to introduce a singularity-dominated zone, estimate
its size, and evaluate the elastic-plastic boundary.
According to Irwin, the normal stress (σ) at the crack
tip in a linear elastic material is given by Equa-
tion (2), [34]:

(2)

where KIC is the critical stress intensity factor for
opening mode, F is a dimensionless constant that de-
pends on specimen geometry, and rp is the size of the
singularity-dominated zone in which yielding of
ductile materials occurs when σY is exceeded. A long,
thin fiber can be viewed approximately as being in
a plane stress condition.
To adapt this model for the cylindrical fiber geome-
try, we used the geometrical parameter F for a sur-
face crack in a solid cylinder, developed by Foemen
and Shivakumar [35]  and described by the following
correlation, Equation (3):

(3)

where the parameters of , ,

and .

In these equations, a is the crack size and D is the
fiber diameter. This geometrical factor provides a
reasonable approximation, although it may not fully
match our case. In our experiment, the crack created
by FIB is a straight line, differing from the curved
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crack used in the cylindrical case (Figure 12 inset).
Therefore, the calculation of F provides a good ap-
proximation, but not exact. Solving Equation (2) for
rp and substituting the geometrical parameter F in
Equation (3) yields an estimation of the elastic zone
size around the crack tip for the fiber Equation (4):

(4)

This model allows us to estimate the size of the plas-
tic zone under critical stress intensity conditions nec-
essary for fracture propagation in the fiber. To cal-
culate the plastic zone size (rp) of the epoxy fiber
matrix under these critical conditions, we used a KIC
value of 1.33 MPa·√m— from previous research on
molded epoxy as a reference [36]. The actual KIC
values for the fiber should be different because they
depend on many parameters that were not checked
in this case, such as modulus and epoxy crosslinking
density [32]. For example, for a fiber diameter of
D = 1.19 µm, with an FIB-cut fracture length of
a = 214 nm, and a yield stress of σY = 71 MPa
(Table 2), the calculated singularity-dominated zone
is rp = 93 µm (Figure 12). This result suggests that
the plastic zone is much larger than the diameter of
the fiber. Consequently, when tensile forces are ap-
plied to a fiber thinner than 93 µm, the stress at the

crack tip disperses throughout the entire fiber diam-
eter, making the stress distribution uniform along the
fiber, equal to the yield stress. Once yielding spreads
along the fiber, failure can occur in regions where
the local strain exceeds the ultimate strain, most like-
ly at weak points such as narrower diameter, local
porosity, or local distortions.

5. Conclusions
The present study demonstrates that electrospinning
is a promising technique for producing epoxy fibers
at the nanometric scale with superior mechanical
properties. The mechanical testing of these electro-
spun epoxy fibers revealed ductile behavior, con-
trasting with the brittle nature of molded bulk epoxy.
Notably, the tensile tests indicated a significant in-
crease in both strength and modulus as the fiber di-
ameter decreased.
This change in mechanical properties is attributed to
the distinct molecular morphology formed during
electrospinning, compared to that in molded bulk
epoxy. Unlike the molded bulk, where the solution
remains at rest, electrospinning involves stretching
at a high strain rate and rapid crosslinking. These
processes fix the molecular structure into a nodular-
oriented configuration. As the solution reaches the
gel point during electrospinning, this quick transition
to a solid state preserves the stretched molecular
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Figure 12. a) Distribution of the stress at the crack tip normal to the crack plane, and b) representative of epoxy electrospun
fiber with a notch made by focused ion beam microscopy, the covered area in red describes the plastic zone area
of size 93 µm for a notch to diameter ratio of 18%.



morphology, as supported by polarized micro-
Raman orientation analysis.
Furthermore, the fibers experience significant relax-
ation, which acts as a plastic deformation region.
Upon the application of tensile force, the molecular
structure reverts to its pre-relaxation, stretched state,
enabling further plastic deformation. This unique
molecular morphology, resulting from the specific
processing conditions of electrospinning, imparts
ductile properties to the epoxy matrix.
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