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The aliphatic polyamide 4.6 (PA 4.6) has unique properties compared to the commonly used polyamides 6 (PA 6) and 6.6 (PA 6.6).
The purpose of this paper is to produce uniform and reproducible nanofibrous PA 4.6 structures. Therefore, a mixture of the sol-
vent formic acid and the nonsolvent acetic acid is used to dissolve and electrospin the PA 4.6. First the steady-state behaviour of the
process and the boundary limits of the solution parameters needed for steady-state electrospinning are investigated. Subsequently,
the effect of several solution and process parameters on the fibre morphology is examined, using microscopic techniques and ther-
mal analysis. The polyamide concentration is found to be the dominant parameter affecting the fibre diameter and morphology.
Furthermore, tensile tests are performed on upscaled nanofibrous structures and electrospun under optimised steady-state condi-
tions. It is shown that the PA 4.6 nanofibrous structures, compared to nanofibrous nonwovens of PA 6 and PA 6.6, have a higher
stress and strain at break.

1. Introduction
Nanofibres, with a fibre diameter smaller than 500 nm, offer
major potentials through specific and unique characteristics.
Nanofibres have a high specific surface, small pore sizes,
and high porosity [1]. Furthermore, nanofibrous structures
also have a low surface roughness [2], a superior mechanical
performance [3], a high liquid absorption capacity [4], and
higher wicking rates [5]. Thanks to this variety in properties,
many applications are possible. Nanofibrous mats are used in
biomedical applications [6, 7] such as prostheses, tissue tem-
plates [8], wound dressings [9], and drug release systems. As
filter efficiency is directly related with the fibre fineness, fil-
tration is yet another promising application [10, 11]. The ele-
ctrospun nanofibres can also be applied in protective cloth-
ing [12], in composites [13, 14], and in electrical and optical
devices [15].

Nanofibres can be produced by a wide range of methods
[16], but the most promising method to obtain uniform
nanofibrous structures with a narrow fibre distribution is
nozzle solvent electrospinning [17]. In this method the poly-
mer solution is pumped from a closed reservoir through a

nozzle in an electric field. Due to this electric field and the
intrinsic charges of the solution, the polymer jet bends, stre-
tches, and splits, resulting in a nanofibrous nonwoven. The
nozzle-electrospun method has a significant lower nanofibre
distribution compared to the bubble electrospinning [18, 19]
or nozzle free electrospinning methods [20, 21].

To produce nanofibres in a reproducible way on a larger
industrial scale, it is absolutely necessary that the proper-
ties of the nanofibrous nonwoven are constantly guaranteed.
Electrospinning, under steady-state conditions [5, 22, 23],
guarantees this key prerequisite as it is essential in nozzle ele-
ctrospinning to obtain a stable production process that fab-
ricates a uniform reproducible nonwoven. Three conditions
have to be fulfilled. All the amount of polymer brought in the
electric field per time unit is to be deposited as nanofibres on
the collector plate per time unit, the Taylor cone is stable as a
function of time, and the nanofibres have to be deposited on
a well-defined area below the nozzle. Thanks to these steady-
state conditions, frequently observed electrospinning prob-
lems can be avoided, such as clogging, drops, beads, or het-
erogeneity in the thickness of the nonwoven.
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Polyamide (PA) 4.6 is an aliphatic polyamide which has
attractive properties compared to PA 6 and PA 6.6. This poly-
mer has a higher melting temperature (290◦C) and a higher
crystallinity (60–70%) compared to other polyamides [24,
25] thanks to its highly symmetrical molecular structure and
high amount of amide groups per unit of chain length. More-
over, PA 4.6 also has excellent mechanical properties particu-
larly at high temperatures such as high stiffness, good tough-
ness, and high creep resistance [25, 26]. In addition, PA 4.6
absorbs more water than the other polyamides, even though
it has a higher crystallinity [26]. Most of these properties
offer advantages for nanofibre applications: the high hydrop-
hilicity for filtration and the better mechanical properties for
composites [27].

Literature on electrospinning of PA 4.6 is very confined
[13, 27, 28]. Moreover, none of the articles report on the
stability of the process nor on the influence of the electro-
spinning parameters on the fibre morphology. With the pro-
cess stability being a crucial parameter for future potentials,
the present paper focuses on the steady-state electrospinning
of PA 4.6. Therefore PA 4.6 is dissolved in mixtures of the
solvent formic acid and the nonsolvent acetic acid. Starting
from this solvent mixture a steady-state table is composed,
which summarizes the combinations of solvent ratios and
polyamide concentrations that can be electrospun without
irregularities. An understanding of the boundary conditions
for steady-state electrospinning allows for reproducible
sample preparations needed for a reliable fibre morphology
analysis. Such fibre morphology information may in return
provide more insight into the driving forces of the steady-
state behaviour. Thus the second part of the paper focuses
on the fibre morphology, by scanning electron microscopy
(SEM) and differential scanning calorimetry (DSC), of the
steady-state spun nanofibres with varying parameters within
the steady-state window. Finally the mechanical behaviour
of the PA 4.6 nanofibrous nonwovens is investigated and
compared with PA 6 and PA 6.6 nanofibrous nonwovens.

2. Materials and Methods

PA 4.6 (Mw: 80,000), PA 6 (Mw: 50,000), PA 6.6 (Mw:
60,000), 98–100 v% formic acid and 99,8 v% acetic acid were
obtained from Sigma-Aldrich and used as received. The elec-
trospinning solutions were prepared by dissolving different
polyamide concentrations in various ratios of formic acid
and acetic acid and gently stirred overnight.

Prior to electrospinning the viscosity and conductivity of
the electrospinning solutions were examined using a Brook-
field viscometer LVDV-II and a CDM210 conductivity meter
of Radiometer Analytical, respectively.

The mononozzle electrospinning setup comprised a high
voltage source (Glassman High Voltage Series EH30P3), an
infusion pump (KD Scientific Syringe Pump Series 100), a
20 mL syringe (Henke SassWolf), and a grounded collec-
tor plate. The polymer solution was pumped through a
15.24 cm-long needle (Sigma Aldrich), with an inner diame-
ter of 1.024 mm, in the electric field. The tip-to-collector dis-
tance was adjusted through a laboratory jack. A potential

difference was set between the tip of the needle and the
grounded collector plate. The electrospinning room was
conditioned at a temperature of 23◦C and a relative humidity
of 50%.

The steady-state behaviour is represented in a steady-
state table. The columns represent the percentage acetic acid
and the rows respresents the PA 4.6 concentration. The
tip-to-collector distance (TCD) and flow rate were fixed at
10 cm and 2 mL/h, respectively, since these parameter values
resulted in a broad steady-state window. The applied voltage
was varied and optimised to obtain uniform, reproducible
nanofibrous structures. Typically a range of 5 kV allowed for
steady-state conditions with the lower limit shown in the
table. Such a steady-state table consists of three regions: one
region for which the pellets are not dissolved, one for which
the pellets are dissolved but still the solution is not electro-
spinnable, and the most important region, the steady-state
window, for which all the requirements are fulfilled to obtain
uniform nanofibrous structures.

The samples used for the tensile tests were produced on a
multinozzle setup, based on in-house developed technology
and described elsewhere [29]. The multinozzle method
mainly diverges from the mononozzle setup by the number
of nozzles, with the general methodology remaining the
same. Nozzles, each fed by a syringe, were fixed in alternating
rows and moved in the width direction. Meanwhile, a collect-
or was moving in the production (or length) direction. This
multinozzle setup delivered nanofibrous nonwovens suffici-
ently large and reproducible to allow for a large set of tensile
test samples.

The morphology of the electrospun nanofibres was
examined using an SEM, Joel Quanta 200 F FE-SEM. Prior
to SEM analysis, the samples were coated with gold, using a
sputter coater (Balzers Union SKD 030). The average fibre
diameter and their standard deviations were based on 50
measurements, using CellD software from Olympus.

The analysis of the thermal behaviour was performed
by DSC, using a Q2000 from TA Instruments. Samples of
2 ± 0.2 mg were placed in appropriate sealed standard Tzero
aluminium pans. The experiments were performed from 0
to 325◦C, with a heating rate of 10◦C/min, under a constant
nitrogen flow of 50 mL/min. The results were analyzed using
the TA Universal Analysis software package.

The tensile tests, using a Favimat (Textechno), are exe-
cuted on samples prepared by the multi-nozzle production
method as to obtain large enough samples that allow proper
testing. All experiments were run in the direction perpen-
dicular to the production direction (cross-direction). Testing
of the samples parallel to the production direction resulted
sometimes in a delamination effect leading to possible erron-
eous interpretation of the tensile tests. As delamination did
not occur in the cross-direction, this direction was chosen
for further testing of all samples. For each polyamide type 80
samples of 4 by 30 mm were tested. The gauge length and test
speed were 20 mm and 20 mm/min, respectively. The proper-
ties of the three nanofibrous nonwovens are given in Table 1.
Three nanofibrous samples of 10 cm by 10 cm were weighted
to calculate the average grammage of the different nanofi-
brous structures. The porosity was theoretically determined
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Table 1: Properties of the various nanofibrous structures.

Type PA
Grammage

[g/m2]
Nanofibre diameter

[nm]
Porosity

[%]

PA 4.6 50 203± 18 90.02

PA 6 49 160± 15 90.24

PA 6.6 54 143± 29 92.25

Table 2: Steady-state table, showing the steady-state window for
which the lower limits of the required voltage (kV) are given to
obtain steady-state behaviour. TCD: 10 cm, flow rate: 2 mL/h.
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out of the density of the nonwovens and their respective bulk
density.

3. Results and Discussion

3.1. Steady-State Window. Formic acid and acetic acid are
used as solvents for electrospinning PA 4.6 since mixtures
of both acids were advantageous for other polyamides [22,
30, 31]. Although acetic acid is not a solvent for PA 4.6, it is
added to stabilize the electrospinning solutions [32]. With-
out the nonsolvent acetic acid the solution properties of the
overall solution are not suitable to electrospin PA 4.6 in a
broad parameter window [22, 30].

Within the steady-state table, Table 2, three regions are
distinguished. For the light grey area and the dark grey area,
combined as one region, all polymer is dissolved but no uni-
form nanofibres can yet be produced. In this region the main
amount of polymer is deposited as drops and beads on the
collector plate, and only a few fibres are formed. The viscosity
is the key parameter in this phenomenon with the viscosity
being too small for the light grey area and too high for the
dark grey area. Table 3 shows that the viscosity increases
with increasing polymer concentration, from 137 mPa·s for
8 wt% PA 4.6 to 2165 mPa·s for 18 wt% PA 4.6. On the
other hand, this increasing polymer concentration does not
strongly affect the conductivity of the electrospinning solu-
tions, (see Table 3). The region enclosing the black area is
characterized by an incomplete dissolubility of the polymer
due to the high amount of acetic acid.

The region enclosing the white area, or the steady-state
window, as within this window, where very uniform and rep-
roducible nanofibres are obtained, without any irregularity,

Table 3: The measured viscosity and conductivity for different PA
4.6 solutions.

Concentration PA
4.6 (wt%)

Concentration
acetic acid (v%)

Viscosity
(mPa·s)

Conductivity
(mS/cm)

8 50 137 0.646
10 50 278 0.677
12 50 517 0.676
14 50 916 0.663
16 50 1434 0.621
18 50 2165 0.625
14 0 913 3.405
14 10 986 2.787
14 20 885 2.021
14 30 811 1.391
14 40 998 0.976
14 60 852 0.389

is the area of interest. For these solutions a set of process con-
ditions can be found that allow for the steady-state electro-
spinning of nanofibres. With the TCD and flow rate set at
fixed values, the applied voltage was varied to obtain steady-
state behaviour. The boundary PA 4.6 concentration limits
are altered with the solvent ratio, mainly due to a combined
effect of viscosity, surface tension, and conductivity varia-
tions of the resultant solutions. Indeed a variation in solvent
ratio mainly results in a variation in conductivity whereas a
variation in polymer concentration is mainly observed in the
viscosity, Table 3, in agreement with literature [33].

Overall, the required applied voltage decreases with in-
creasing amount of acetic acid and with increasing polymer
concentration. For a constant polymer concentration a varia-
tion in formic acid/acetic acid ratio results in relevant
changes in electric properties of the solvent mixtures, since
formic acid and acetic acid have dielectric constants of 57.2
and 6.6, respectively, [34] and conductivities of 157 µS/cm
and 0 µS/cm, respectively [30]. These results show that the
required applied voltage decreases with a decreasing dielec-
tric constant and conductivity. For a constant solvent ratio
the variations in required applied voltage are less explicit
with varying polymer concentration, which is in agreement
with the constant conductivity of Table 3.

In literature polyamides are frequently electrospun from
a pure formic acid solution [35, 36]; however, Table 2 clearly
shows that adding the nonsolvent acetic acid substantially
broadens the polymer concentration range. It allows for an
increased process stability window. This broad stability win-
dow offers the possibility to study the fibre morphology with
varying electrospinning parameters, as a set of reproducible
steady-state samples can be compared. Thus not only a fibre
characterisation but also more insight into the driving forces
of the steady-state behaviour is aimed.

3.2. Fibre Morphology as a Function of

Electrospinning Parameters

3.2.1. Polymer Concentration. A fixed ratio of 50 v% formic
acid and 50 v% acetic acid was chosen to investigate the
influence of the PA 4.6 concentration on the average fibre
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Figure 1: SEM images of different polymer concentrations: 6 wt% (a), 8 wt% (b), 10 wt% (c), 12 wt% (d), 14 wt% (e), 16 wt% (f), and
18 wt% (g). TCD: 10 cm and flow rate: 2 mL/h.
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Figure 2: Influence of the PA 4.6 concentration on the average fibre
diameter.

diameter. SEM images (Figure 1) illustrate that all studied
nanofibres are characterised by smooth uniform surfaces.
Although the concentrations below 11 wt% did not allow for
steady-state electrospinning, they could be electrospun for
a shorter time in a stable manner. It is important to keep
in mind that these lower concentrations are not electrospun
under steady-state conditions, and some irregularities may
thus appear. Figure 2 clearly shows that the nanofibre diame-
ter increases with increasing polymer concentration, follow-
ing an overall exponential trend.

The fibre distribution is not influenced by the polymer
concentration, being typically around 15% for all samples.
This demonstrates that the nozzle solvent electrospinning
technology allows production of high-quality nanofibrous

PA 4.6 structures with a narrow fibre diameter distribution.
It has to be emphasised that such small distributions are dif-
ficult to reach with other electrospinning methods [37, 38].
Even the appearance of drops in the first three nanofibrous
nonwovens (6 to 10 wt%) has no significant influence on this
fibre diameter distribution.

It is clear that the polymer concentration is an ideal
parameter to tune the required fibre diameter. However a key
prerequisite is the proper use of the mixture of the solvent
formic acid and the nonsolvent acetic acid as this broadens
the range of polymer concentration that can be electrospun
under steady-state conditions.

3.2.2. Solvent Ratio. The polymer concentration is fixed at
12 wt% to investigate the influence of the amount of nonsol-
vent acetic acid on the fibre morphology. This allows to com-
pare samples well within the steady-state window and on
the border or outside the steady-state window. The 20% and
30% acetic acid mixtures did not fulfil the steady-state condi-
tions, as the Taylor cone was not stable in time. To minimise
the nonsteady-state behaviour and drop formation, a voltage
of 30 kV was applied. SEM images (Figure 3) illustrate that
although some very small drops are still present, it is yet pos-
sible to assign a characteristic average fibre diameter to these
nanofibrous nonwovens. A voltage of 30 kV was also applied
to the other solvent mixtures as to keep this parameter cons-
tant, and it did allow for steady-state electrospinning at these
higher acetic acid concentrations.

For the lower concentrations of acetic acid, below the
limits of the steady-state window, the average fibre diameter
is significantly smaller than for the higher concentrations of
acetic acid (Figure 4). This might be attributed to the amount
of irregularities in these structures; however this does not
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Figure 3: SEM images of 12 wt% PA 4.6 electrospun from a formic
acid/acetic acid solution with 20 v% acetic acid (a) and 30 v% acetic
acid (b).
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Figure 4: Influence of the percentage acetic acid on the average fibre
diameter.

clarify the small fibre diameter distribution. Moreover, also
within the steady-state window a small decrease of the fibre
diameter is observed. A decreased acetic acid concentration
results in an increased dielectric constant and conductivity
which affect the electrospinning process. An increased dielec-
tric constant and conductivity, and thus increased Coulom-
bic repulsion forces and electrostatic forces, lead to an in-
creased bending, splitting, and stretching and thus to finer
fibres. This is in agreement with similar findings for various
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Figure 5: Influence of the flow rate on the average fibre diameter
and standard deviation.

polymer-solvent combinations [39, 40]. Thus, although low-
er percentages of acetic acid allow for finer fibres, a mini-
mal amount is needed to obtain reproducible high-quality
nanofibrous nonwovens. Moreover, within the steady-state
window the polymer concentration is a more appropriate pa-
rameter to tune the fibre diameter.

3.2.3. Process Parameters. To study the effect of flow rate,
applied voltage, and TCD the 14 wt% PA 4.6 in a mixture
of 50 v% formic acid and 50 v% acetic acid was chosen.
While varying one of these process parameters, the other two
parameters were set at fixed values, a flow rate of 2 mL/h, an
applied voltage of 27.5 kV and a TCD of 10 cm. The flow rate
only had a very minor effect on the average fibre diameter.
With increasing flow rate, an initial increment in average
fibre diameter is followed by a decrement (Figure 5). The
increased fibre diameter is caused by the greater solution vol-
ume that is drawn from the needle tip. Due to the increasing
amount of charges with an increasing flow rate, there are
limits to this increase in the fibre diameter [17]. The effect on
standard deviation is larger with it reaching a maximum at
the maximum fibre diameter. This may possibly be assigned
to a change in the dominant driving mechanisms (stretching
versus splitting) during the fibre formation process.

The applied voltage was studied over a range from
12.5 kV to 30 kV, for both a flow rate of 2 mL/h and 4 mL/h.
It is important to realise that below 20 kV, no stable Taylor
cone could be obtained for longer times. Although relatively
drop-free samples could be obtained with an initial stable
Taylor cone, some smaller fibrils or “branches” appear
(Figure 6(a)). Overall the fibre diameter increases with
increased voltage, with a somewhat stepwise increase once
the voltage has reached the minimum for steady-state
conditions [41], Figure 7. For a higher flow rate, the applied
voltage to obtain steady-state has to be slightly higher, as
shown in Figure 7. For 4 mL/h the stepwise increase shifted
to a slightly higher applied voltage compared to 2 mL/h. Due
to the higher applied voltage the time to stretch the fibres is
smaller, resulting in thicker nanofibres. Moreover, Figure 7
indicates that the steady-state window differs by changing
the flow rate. Within the steady-state region the effect is
only minor. The flow rate only shows a minor effect in
agreement with the results in Figure 5, except for the 20 kV
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Figure 6: SEM images of different applied voltages: 12.5 kV (a), 17.5 kV (b), 22.5 kV (c) and 27.5 kV (d).
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Figure 7: Influence of the applied voltage on the average fibre dia-
meter for two flow rates: (�) 2 mL/h and (�) 4 mL/h.

sample for which a larger difference in fibre diameter with
flow rate is observed. This is likely to be attributed to a
slight difference in the minimal required voltage to reach
steady-state conditions at these two different flow rates.

The third investigated process parameter was the TCD
(Figure 8). For a TCD above 13 cm the stability of the Taylor
cone was no longer guaranteed although the SEM images
did not show major irregularities. Well within the steady-
state window (a TCD below 13 cm) only minor variations are
observed in the fibre diameter. This is in line with the minor
variation in fibre diameter with varying applied voltage as
both the applied voltage and the TCD are related through
the field strength. Exceeding the TCD above the limits (above
15) for steady-state conditions results in a decrease in fibre
diameter. This is in line with the decrease in fibre diameter
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Figure 8: Influence of the tip-to-collector distance on the average
fibre diameter.

with an applied voltage below the limits for steady-state
(Figure 7).

Thus within the steady-state window all studied process
parameters only have a minor effect on the fibre diameter
and morphology compared to the solution parameters. They
are, however, very important and need to be well chosen
as to reach steady-state conditions. Indeed electrospinning
under process conditions out of the steady-state window does
result in significant variations in fibre diameter and more
importantly in less reproducible samples.

3.3. Thermal Analysis. Differential scanning calorimetry on
the electrospun nanofibrous structures shows a multiple
melting behaviour with two dominant peaks at 285◦C and
at 289◦C to 293◦C (Figure 9). An increased concentration of
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Figure 9: Melting behaviour of nanofibres electrospun with differ-
ent solvent ratios. The fraction acetic acid increases from 20 v% to
60 v%.

acetic acid results in a shift of the melting profile to lower
temperatures with this being most explicit for the high-
temperature melting peak. Also a relative decrease of the
high-temperature melting transition in favour of the low
temperature melting transition is to be observed. Moreover
the fibres electrospun at higher concentration acetic acid
show a small recrystallization exotherm before the melting
profile which is no longer visible for the lowest acetic acid
concentration. Indeed, the larger diameters with the higher
acetic acid concentration support a lower stretching of the
fibres, in line with the higher amount of less stable crystal
phase as suggested by the DSC results. This shows that an
increasing concentration acetic acid not only increases the
fibre diameter but also changes the crystal morphology. The
changes in the morphology are not to be attributed to a
degradation since the second heating runs nicely overlap for
all samples. Thus the observed variations in the fibre and cry-
stal morphology are a consequence of the concentration of
acetic acid. These changes in the crystal morphology, related
to the fibre diameter, are in line with our previous findings
for PA 6.9 [30] and PA 6 [31], in which the results for the
effect of polymer concentration were described.

3.4. Tensile Tests. The mechanical properties of the PA 4.6
nanofibrous nonwovens are compared to those of PA 6 and
PA 6.6, the two most frequently used polyamides. Figure 10
clearly shows that PA 4.6 nanofibrous nonwovens have the
highest strain and tensile strength at break. PA 4.6 is known
to offer superior mechanical properties compared to PA 6 or
PA 6.6 [24, 25]. These superior mechanical properties also
show for the nanofibrous samples with its substantial higher
stress and strain at break. The original modulus of the PA
4.6 nanofibrous structures is however somewhat lower com-
pared to the PA 6 and PA 6.6 samples. This is in line with liter-
ature on melt extrusion in which also lower moduli are
obtained than expected from the material properties [24].
This may indicate that the orientation and crystal morphol-
ogy induced during the electrospinning process affect the
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Figure 10: Stress-strain curves of PA 4.6 (�), PA 6.6 (•), and PA 6
(�) nanofibrous nonwovens, in cross-direction.

final mechanical properties. This is to be taken into account
for future more detailed studies in combination with the ef-
fect of web structure on the mechanical properties.

4. Conclusion

The present research discusses the steady-state conditions for
the electrospinning of PA 4.6 from a solvent mixture contain-
ing the solvent formic acid and the nonsolvent acetic acid.

The steady-state window revealed that a minimal concen-
tration of nonsolvent acetic acid is needed to obtain steady-
state electrospinning. Solutions with a concentration of
50 v% acetic acid lead to the broadest polymer concentration
range and still allow for steady-state spinning.

Moreover the fibre morphology variations with electro-
spinning parameters are studied. The polymer concentration
is assigned to be the key parameter to tune the fibre diameter.
The percentage of nonsolvent acetic acid in the solutions as
well as the process parameters are essential to reach steady-
state. Within the steady-state window these parameters only
have a minor effect on the fibre morphology. However, out-
side the steady-state window they do substantially affect the
fibre morphology and also lead to irregularities.

DSC shows not only the fibre morphology, with diameter
as key parameter, to be affected by the solution parameters
but also the polymer crystal morphology.

The tensile tests confirm that the PA 4.6 nanofibrous
nonwovens have a higher tensile strength and strain at break
than the tested PA 6 and PA 6.6 nonwovens.
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