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Blown bubble-spinning was recently explored for the effective fabrication of nan-
ofibrous yarns in a one-step process. In this study, air-flow’s temperature and ve-
locity, which play the key role in the formation and morphology of nanofibers, are
investigated and optimized. The present study offers a beneficial opportunity for
the scale-up production of nanofibrous yarns in the future.
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Introduction

Nanofibers, which naturally own specific properties such as tiny diameter, high geo-
metric potential (surface energy), and small pore size with high porosity, have been widely used
in lots of fields [1, 2], and much attention has been paid to the fabrication of various structured
nanofibers with multi-functions for further applications. Liu and He [3] fabricated the
PVDF/Fe;03/Zn(Ac)2 nanofibers using bubble-electrospinning as well as theoretically and ex-
perimentally investigated the wettability of nanomaterials with a new concept of the geometric
potential theory. Based on the laminar flow theory, Tian et al. [4] achieved the self-assembly
of PVA macromolecules via adjusting the length and diameter of carbon nanotubes used in
electrospinning. Moreover, the mechanical property of nanofibrous membranes was greatly im-
proved by controlling the macromolecule orientation, which resulted from biomimicking the
hierarchy of natural spider silks [5]. As one special kind of nanofibers, nanofibrous yarns, which
structurally resemble the hierarchical architecture of natural fibers, will increase the entangle-
ment of nanofibers by inserting twist, and enhance the mechanical properties via integration of
various structures, leading to potential applications on reinforced composite, artificial ligament
and smart wearable clothing, etc.

It is notable that electrospinning, as a simple and versatile method [6], has shown huge
potential to produce nanofibrous yarns by using a special electrospinning setup consisting of two
oppositely charged nozzles [7] or a dynamic liquid vortex system [8] or other auxiliary ap-
proaches [9]. However, current challenges like clogging needles, low production and high volt-
ages hazard in operation are still not effectively solved [10]. Therefore, it is critical to develop
simple, low-cost, and scalable methods on the basis of the existing nanospinning technologies.
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Recently, the blown bubble spinning, which was derived from the highly commercial-
ized melt blowing process and bubble-electrospinning, has been demonstrated as a novel one-
step process for producing nanofibrous yarns [11, 12]. Instead of using the traditional needle as
an outflow channel and high static electricity as a power source, blown bubble-spinning utilizes
high velocity air-flow with certain temperature to stretch the jets from polymer bubbles for the
final generation of nanofibers. Similar to the principles of two well-known technologies, melt-
blowing [13] and solution blowing [14], blown bubble-spinning makes full use of air drawing
force to overcome the solution surface tension and it is easy to adjust the experimental param-
eters to control the structure of nanofibers.

The goal of this work is to study the influences of the air-flow parameters including
air-flow temperature and velocity on the morphology of nanofibers and nanofibrous yarns pro-
duced by blown bubble-spinning, so as to explore the feasibility of scaling up of this method.

Experimental

The Nylon6/66(C1sH37N30s, Mw = 375.5 kDa) was purchased from Sigma, USA. The
spun solutions were prepared by dissolving nylon6/66 at the concentration of 12% in formic
acid (88% v/v, Sinopharm Chemical Reagent Co., Ltd, China) under slight stirring for 4 hours.

As previously described by our group

TN Collector [11, 12], the experimental setup of the blown
bubble-spinning is shown in fig. 1. Compressed

A T gas was released inside the solution to generate

5 continuous bubbles at the orifice. Meanwhile,

the blowing hot air in the form of two streams,

\ ! 35 om that shaped a 60° angle, pulled the droplets of the

: bubble upwards rapidly and steadily, then nano-

m fibers were obtained on the above collector. The

[~ . diameter of orifice was 10 mm and the die-to-

"1 collector distance was 35 cm. This procedure

o ' was repeated by varying the air-flow tempera-

ture from 40 °C to 200 °C and air-flow velocity

ranged from 10 m/s to 50 m/s, while holding all
other operating parameters constant.

The morphology of nanofibers was ob-
served 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 IM-
AGE J software and expressed as mean + standard deviation (SD).
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Figure 1. The schematic of the blown
bubble-spinning

Results and discussion

Air-flow temperature played a key role in the whole spinning process. It not only
affected the initial acceleration and elongation of the jets, but also influenced the fiber curing
and forming process. As could be seen from fig. 2 which showed the SEM of PA6/66 nanofibers
and yarns under different air-flow temperatures, when the temperature of the air-flow was
changed from 40 °C (less than the glass transition temperature of nylon) to 80 °C, the products
became initially from a large number of irregular droplet agglomeration to a broad band, res-
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Figure 2. The SEM of PA6/66 nanofibers and yarns
under different air-flow temperatures '\
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pectively, revealing poor ability to fiber formation. With the temperature increasing to 120 °C,
the morphology of products further changed into the fibrous bundle with bead-on-string struc-
ture. When the air temperature arrived at 160 °C, excellent fibrous yarns with closely arranged
nanofibers were obtained. Furthermore, separation between nanofibers and voids on nanofibers
occurred as the temperature was raised to 200 °C. According to the diameter statistics of PA6/66
nanofibers and yarns from fig. 3, it was clearly seen that the diameter of both nanofibers and
yarns decreased with the increase of air-flow temperature. In addition, the minimum diameter
of nanofibers was only over 100 nm, and the diameter of fiber bundle was about 30 um.
According to [15], polymer bubbles own an interesting property that the surface ten-
sion ¢ of a polymer bubble geometrically depends upon its size and the pressure difference:
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c=31(R-P) (1)

where r is the radius of a bubble, P; and P, are the air pressures inside and outside the bubble,
respectively.
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According to the ideal gas state equation, it is easy to get the following equation:
1
O'ZZFR(TiP. ~ToPo) )

where R is gas constant, Ti, To, pi, and po are inside and outside temperature and density of
bubbles, respectively.

Based on eq. (2), it is obvious that there is inverse proportional relationship between
surface tension and outside temperature of bubbles, namely, the diameter will go down because
surface tension will reduce as increasing the outside temperature, which leads to less resistance
and greater acceleration.

From the aspect of energy and heat exchange, higher temperature will result in more
active movement of polymer macromolecules, which weakens the inner entanglement of mac-
romolecules and promotes the ease to stretch jets. However, excessive heat causes fast evapo-
ration of solvent and solidification of fibers, leading to cracks and loose nanofibers due to over-
stretch and instability.

As shown in fig. 4, it could be observed that the fiber morphology changed from ir-
regular agglomeration with little fiber formation to a ball-like aggregate with a few fibers when
the air-flow velocity increased from 10 m/s to 20 m/s. As the air-flow velocity increased, the
nanofibers became smooth and the diameter decreased sharply, but a large number of particles
were appeared on the rough nanofibers when velocity reached 50 m/s, which seriously affected
the fiber morphology. According to the diameter statistics in fig. 5, the diameter of nanofibers
and yarns decreased with the increase of air-flow velocity.

The reasons for the previous phenomena were explained by 1-D mass equation:

PUA= prr’u=Q (3)

where p is the jet density, u — the jet velocity, A — the jet cross area, r — the jet radius, and Q —
the flow rate of jet.

Equation (3) indicates that finer nanofibers can be fabricated at higher air-flow rates,
given that the flows are steady and solvent evaporation is negligible, which shows the same law
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Figure 4. The SEM of PA6/66 nanofibers and yarns
under different air-flow velocities

of physics in electrospinning [16-28]. Besides, air-flow velocity represents the energy applied
to overcome the drag force for attenuating the fibers.

Conclusion

Blown bubble-spinning provides a novel and effective way for fabrication of nano-
fibrous yarns by introducing a high velocity air-flow with certain temperature acting on the
raptured jets from polymer bubbles. Increasing air-flow temperature and velocity accelerates
the fineness of nanofibers and attributes to the interaction of multiple spinning jets, forming the
nanofibrous yarns in one-step process.
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