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Solution properties play a critical role in manufacturing of nanofibrous materi-
als. In this paper, solution concentrations were explored for the effective fabrica-
tion of nanofibrous yarns by the blown bubble-spinning. The surface tension and
rheological property of spun solutions were investigated, and the product’s ther-
mal and mechanical properties were characterized.
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Introduction

Development of multi-levelled nanofibrous materials with advanced functions is
critical for current applications such as filtration, biomedicine, sensors and smart wearable
clothing. Nanofibers and nanofibrous yarns are great candidates to meet high requirements for
these multi-functionalities by different assemblied and composited methods [1].

Several methods have been reported for fabrication of the yarns, such as conjugate
electrospinning [2], self-bundling electrospinning [3], and water vortex electrospinning [4].
Baniasadi et al. [5] firstly fabricated nanofibrous PVDF-TrFE ribbons and then got yarns via
twisting ribbons and finally obtained nanofibrous coils by over-twisting. However, problems
still existed on the preparation of nanofibrous yarns by electrospinning, such as inefficient
production, clogging needles, and electricity hazard [6, 7]. Recently, the bubble spinning, in-
cluding mainly the bubble electrospinning and the blown bubble-spinning, has been demon-
strated as a fascinating and effective technology for mass production of nanofibers [8-11].
The blown bubble-spinning can obtain hierarchically structured nanofibrous yarns by utilizing
high temperature and high-speed airflow to directly blow and stretch polymer multi-bubbles
[12-14]. The principle of this one step method is similar to that of two well-known technolo-
gies, melt-blowing and solution blowing [15, 16], which makes full use of air drawing force.
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Moreover, the blown bubble spinning is mainly focused on overcoming the surface tension of
a polymer bubble which geometrically depends upon its size and the pressure difference [17].

In this paper, effect of solution concentrations on the influence and controllability of
blown bubble-spinning will be studied. In addition, the structure and properties will also be
investigated to further explore the feasibility and scaling-up of this method.

Experimental

The Nylon6/66 (C1sH37N3Os, Mw = 375.5 kDa) was purchased from Sigma, USA.
The spun solutions were prepared by dissolving nylon6/66 at three different concentrations
(9%, 12%, and 15%) in formic acid (88% v/v, Sinopharm Chemical Reagent Co., Ltd, China)
under slight stirring for four hours.

As previously described by our group [18-20], compressed gas was released inside
the solution to generate continuous bubbles at the orifice. Meanwhile, the blowing hot air in
the form of two streams, that shaped a 60° angle, pulled the droplets of the bubble upwards
rapidly and steadily, then nanofibers were obtained on the above collector. The diameter of
orifice was 10 mm and the die to collector distance was 35 cm. This procedure was repeated
by setting the air-flow temperature 160 °C and air-flow velocity 40 m/s.

Wilhelmy plate method was used for the surface tension tests on DTAC-21 Dynamic
Contact Angle and Tension Tester at room temperature. Rheological tests of three spun solu-
tions were run on a Rheometer (AR2000, TA Instruments, America) with a 40 mm cone plate
(Ti, 40/2°). The normal force applied on the sample during lowering of the top plate was lim-
ited to 0.1 N. The shear rate was linearly increased from 0.01 to 5000 s at 25 °C. The mor-
phology of nanofibers was observed using an SEM (Hitachi S-4800, Japan) at 20 °C, 60%
RH. Samples were mounted on a copper plate and sputter-coated with gold layer 20-30 nm
thick prior to imaging. The diameters of the products obtained were measured from randomly
collected SEM images using the Image J software and expressed as mean + standard deviation
(SD). Thermogravimetric analysis (Q600, TA Instrument, America) were used to measure the
thermal stability, and test conditions were nitrogen flow at 30 mL per minute, heating rate at
10 °C per minute, and temperature range from 50 °C to 600 °C. The samples with a clamping
length of 10 mm were placed at the standard conditions (20 £ 2 °C, RH 65 + 5%) for 24
hours, and then measured on a mechanical testing instrument (Instron 3365, America)
equipped with a 2cN load cell at a stretch speed of 10 mm per minute. The data reported were
the average tensile properties from five specimens.

Results and discussion

Solution concentrations played a key role in the spinnability and resultant outcomes.
As can be seen from fig. 1(a), with the increase of the concentration of PA6/66 (polyamide),
the surface tension of solutions increased, which flattens out after 12%. Moreover, all surface
tension of the three spinning solutions was greater than that of the solvent pure formic acid at
37.89 mN/m.

The viscosity characteristics of polymer have an important influence on its material
forming and post-processing. It can be clearly seen from fig. 1(b) that with the increase of
spinning concentrations at the same shear rate, the zero shear viscosity of the solution in-
creased, which was consistent with many experimental and theoretical conclusions, as shown
in the relation of subscale law:
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where 7 is the solution viscosity, C — the solution concentration, and « — the scaling law.
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Figure 1. The relationship between solution concentrations and surface tension (a) and viscosity (b)

However, the viscosity of the solution varied slightly with the shear rate. In 9%
spinning solution, the viscosity did not obviously change with the shear rate, showing the
characteristics of Newtonian fluid. The properties of 12% spinning solution were the same as
9% spinning solution when the shear rate was less than 100 s2, but the viscosity gradually de-
clined with a climb of the shear rate when the viscosity was greater than 100 s. The 15%
spinning solution showed significant shear thinning, which viscosity decreased with the in-
crease of the shear rate. The main reason is that there are more physical crosslinks between
polymer macromolecules when the solution concentration is high, and it is easier to get entan-
gled with each other to increase the solution viscosity. With the increase of shear rate, the
physical intersection points between macromolecular chains are destroyed, the orientation is
increased, so the viscosity is decreased.

Figure 2 shows the SEM of PA6/66 nanofibers and yarns obtained by blown bubble-
-spinning under three different solution concentrations. As could be seen, the yarns contained
a large number of beaded particles at 9% solution concentration, but nanofibers with a high
degree of parallelization were very fine, about 300 nm. When the concentration increased to
12%, the beads disappeared and the yarns consisted of well-formed nanofibers were smooth
and uniform. Besides, the diameter of yarns and nanofibers increased to 40.2 +5.9 um and
423.9 £73.6 nm, respectively. When the solution concentration got to 15%, the diameter of
the nanofibrous yarns became significantly coarser and the inside nanofibers with
754.4 £172.6 nm diameter became looser. The reasons for the aforementioned phenomenon
are mainly as follows: when the solution concentration is low, its viscosity is low as observed
before, leading to weakly entangled molecular chains as well as slow solvent evaporation, so
there will be spherical beads. On the other side, the surface tension of the solution with low
concentration is also low, which needs weak resistance to be overcome during the airflow
stretching, causing high nanofiber parallelization. As the solution concentration increases, the
viscosity and surface tension of the solution also increase, resulting in higher drag force for
external airflow to overcome and the occurrence of solution solidification into fibers in ad-
vance, which forms thicker nanofibers.

Figure 3 shows the DTA curve of PA6/66 nanofibrous yarns fabricated by blown
bubble-spinning under different solution concentrations. According to fig. 3, the whole ther-
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Figure 2. The SEM of PA6/66 nanofibers and yarns under different solution concentrations

mal decomposition process mainly had three endothermic processes: the first stage was below
100 °C, which was ascribed to the evaporation of free water and combined water in samples.
In the second stage, the yarns melt around 260 °C, which needed to absorb heat to overcome
the intermolecular forces. During the third stage around 420 °C, the endothermic peak was
mainly formed by the homolysis of molecular chains in the yarns as well as breaking amide
bonds. Based on the comparison of melting temperature, Tm, and decomposition peak temper-
ature, Tp, of different three nanofibrous yarns, it clearly indicated that both the melting tem-
perature, Tm, and decomposition peak temperature, Ty, rose with the increase of spinning solu-
tion concentrations, which improved the thermal stability.
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The mechanical property of yarns is one of
yarns’ important properties, which is closely re-
lated to its post-processing and subsequent ap-
plications. Figure 4 depicted the stress-strain
curve of PA6/66 nanofibrous yarns spun by
blown bubble-spinning under three concentra-
tion solutions. It was explicitly observed that
with a growth of spinning liquid concentration,
the breaking strength and initial modulus of the
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Heat flow [mW]

EXO

nanofibrous yarns gradually increased, while the
breaking elongation first increased and then
went down. The main reasons for this phenome-
non are easy to recognize: the nanofibers ob-
tained are very thin and soft at low spinning
concentration, so their initial modulus is low but
the elongation at break is high. However, due to
liquid droplets in the yarns, which is similar to
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Figure 3. The thermal property of PA6/66
nanofibers and yarns under different solution
concentrations; Tm — melting temperature,

Tw — decomposition beginning temperature,
Tp — decomposition peak temperature,

Te — decomposition ending temperature

the weak ring in the uneven strip, the poor
strength of single nanofiber leads to low quality
of the nanofibrous yarns. With the spinning con-
centration improving, the resistance to external
forces increases, resulting from an increase of
the nanofibers. Nevertheless, owing to the thick- 44
ening of nanofibers’ diameter, the tightness be- 31
tween nanofibers drops so that the slip between 2-
nanofibers is easy to occur. Therefore, the ten- 11
sile resistance is strong in the early stretching 0
stage while the elongation at break decreases. In
brief, nanofibrous yarns need post-treatments for
enhancement of mechanical property.
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Figure 4. The stress-strain curve of PA6/66
nanofibers and yarns under different solution

Conclusion concentrations

Solution concentrations offer an effective way to control the structure of both nano-
fibers and nanofibrous yarns as well as to adjust the properties of final yarns obtained by the
blown bubble-spinning, which is not affected by the Taylor cone as that in the traditional elec-
trospinning [21]. For the further applications, solution properties and processing parameters
should be optimized and post-treatments like hot stretching and annealing could be considered
for high strength and high toughness, which will make contributions to the improvements of
nanofibrous yarns fabricated by the blown bubble-spinning.
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