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Continuous fiberizing by laser melting (Cofiblas):
Production of highly flexible glass nanofibers

with effectively unlimited length

F. Quintero'*, J. Penide', A. Riveiro", J. del Val', R. Comesafa? F. Lusquiﬁos’, J. Pou’

The development of nanofibers is expected to foster the creation of outstanding lightweight nanocomposites
and flexible and transparent composites for applications such as optoelectronics. However, the reduced length
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of existing nanofibers and nanotubes limits mechanical strengthening and effective manufacturing. Here, we
present an innovative method that produces glass nanofibers with lengths that are, effectively, unlimited by the
process. The method uses a combination of a high-power laser with a supersonic gas jet. We describe the exper-
imental setup and the physical processes involved, and, with the aid of a mathematical simulation, identify and
discuss the key parameters which determine its distinctive features and feasibility. This method enabled the
production of virtually unlimited long, solid, and nonporous glass nanofibers that display outstanding flexibility

and could be separately arranged and weaved.

INTRODUCTION

Generating materials with improved structural and physicochemical
features and operational performance represents an important and
long-standing technological challenge. Synthetic and analytical studies
have highlighted potential applications of nanofibers and nanowires
in numerous fields, such as lightweight composite materials, energy
generation, filtration, chemical sensing, biomedicine, and electronics
(1-4). Early work by Griffith (5) has shown that the strength and
flexibility of fibers increase significantly with decreasing diameter.
The increase in strength is attributed to a reduction in the number
of defects, such as vacancies, impurities, and surface scratches, per
unit length as the diameter decreases. Furthermore, the gain in
flexibility has triggered the design of innovative fiber-based high-
performance materials, such as bendable composites and new fabrics.
Extensive efforts have been deployed to develop advanced continuous
nanofibers, but conventional spinning methods cannot robustly
produce fibers thinner than approximately 2 um (4).

The use of nanoscale reinforcements in composites is controversial
because it increases the strength of composite materials but not to
the extent expected (6, 7). These poor results, which typically occur
when using short discontinuous reinforcements, such as carbon nano-
tubes (6) or silica nanoparticles (7), may arise from aggregation and
inadequate alignment of the reinforcements, as well as insufficient
bonding and load transfer at the interfaces. In addition, the quest
for improved structural materials should also consider appropriate
fracture resistance. In this sense, long macroscopic fibers have proven
useful in conventional extrinsic toughening strategies, such as crack
deflection and bridging, where they can increase the toughness of
brittle materials by composite reinforcing (8). However, from the per-
spective of toughening, the use of short discontinuous reinforcements
are not effective to improve the performance of the nanocomposites,
as the extrinsic toughening mechanisms are promoted by increasing,
not by decreasing, the reinforcement dimensions (9). Thanks to their
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made-to-measure lengths, continuous nanofibers can combine the
benefits of macroscopic reinforcements with the assumed advantages
of nanoreinforcements, which might lessen all these disadvantages.
They would also be simple to manipulate and align during the man-
ufacturing of advanced composites in addition to reducing fabrication
cost and health risks (4).

Several methods have been developed to generate nanofibers.
Electrospinning (ES) is the chosen method to produce polymer nano-
fibers (2). This simple and cost-effective technique can generate
ordered and aligned nanofibers that can be collected as yarns or mats
(2, 10). Therefore, while polymer microfibers are mainly mass pro-
duced by melt spinning, ES is the method of choice to produce poly-
mer fibers of nanometer-size diameters (2). Ceramic nanofibers can
also be electrospun using a sol-gel precursor, but their fabrication
presents some additional limitations. Calcination of the electrospun
sol-gel can cause the nanofibers to clump up and form a mat, which
cannot be separated, ordered, or woven. Furthermore, their me-
chanical strength is usually markedly reduced by the residues and
porosity induced during calcination (11).

Continuous silica fibers are typically downdrawn from a solid
preform, which is melted at its tip. These fibers present superior
chemical, photochemical, and heat resistance because they retain
useful strength characteristics at temperatures up to 1090°C (12).
Moreover, because of their low density (2.2 g/cm”), they exhibit the
highest specific strength of any pristine glass fiber on record (12).
High-temperature taper drawing has led to glass nanowires displaying
diameters as small as 50 nm and lengths reaching tens of millimeters
(13). Laser spinning has provided solid, nonporous, and well-defined
glass nanofibers with lengths up to several centimeters (14) and
tailored compositions even from low viscous melts (15). However,
this process was not continuous; consequently, the nanofibers ex-
hibited substantial but noncustomizable lengths.

Here, we report a laser-based method that produces practically
endless, continuous, solid, and separated glass nanofibers from the
melt of a solid preform without requiring a crucible. The continuous
fiberizing by laser melting and supersonic dragging (Cofiblas) method
leads to glass fibers with controlled and uniform diameter, which
can be selected in a range of 30 um down to 300 nm. Unlike laser
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spinning, it achieves total control of the fiber diameter and increases
productivity. The resulting continuous pure silica nanofibers are
structurally examined, their exceptional flexibility is analyzed and
discussed using a set of innovative techniques, and the key parameters
of the method are studied and discussed on the basis of the results
of the mathematical simulation of the process.

Continuous fiberizing by laser melting and supersonic
dragging (Cofiblas), a novel technique

A comprehensive experimental development process combined with
predictions obtained by mathematical simulations was adopted. This
allowed an accurate control of Cofiblas parameters. Figure 1 shows
the experimental layout of Cofiblas. Specifically, Cofiblas comprises

[A]

an optical system associated with a high-power CO, laser and a
feeding system connected to a nozzle. In the optical system, a beam
splitter divides the laser into two identical laser beams, which are
redirected to face each other on the precursor material through a set
of mirrors and the beam-shaping system (BSS). This optical system
is specifically designed to uniformly irradiate around the preform
and precisely adjust the laser irradiance distribution on it; this is
crucial because it ensures that the precursor material is adequately
heated. The feeding system controls the volume of precursor ma-
terial flowing from a 600-um-diameter cylindrical preform using a
stepper motor. Last, a de Laval nozzle provides a uniform supersonic
air jet flowing coaxially with the filament, which stretches the pre-
cursor material to form the nanofibers.
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Fig. 1. Experimental setup of Cofiblas system. (A) Schematic representation of the setup. A CO, laser beam is split into two beams, which are oriented to face
each other through a set of mirrors. The beam-shaping system (BSS) is constituted by two spherical and cylindrical lenses. It was specifically designed to change in-
dependently the irradiance distribution across two perpendicular axes of the beam cross section. The two beams heat uniformly the precursor material, which gradually
melts into a viscous filament. Concurrently, the filament is stretched to form the nanofiber under the supersonic air flow, supplied by a de Laval nozzle, which coaxially
surrounds the preform of precursor material. (B) Overall view showing the beam splitter, mirrors directing the laser beam toward the preform, the lenses of the BSS, and
the Cofiblas-supersonic nozzle with the preform. (C) Cofiblas-supersonic nozzle and silica cylindrical preform emerging from the bottom of the feeding system. (D) Close-up
image of the BSS. The spherical and cylindrical lenses are mounted into a cylindrical holder with assembly alignment and a clean air flow for protection and refrigeration.

Photo credit: Joaquin Penide, Universidade de Vigo.
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Pure silica was selected as precursor material of Cofiblas because
silica nanofibers are expected to show excellent properties; however,
pure silica presents a high melting temperature, which hinders the
production of silica glass nanofibers by conventional methods. In
commercial methods, pure silica is processed at fiber-forming tem-
peratures (approximately 2100°C) (16) well above its liquidus tem-
perature of 1713°C (17) to avoid devitrification and facilitate stretching
by moderate drawing tension. This process must be carried out in
special furnaces to obtain fibers with typical diameters above 100 um
(16). In contrast, in the Cofiblas technique, the laser beams rapidly
heat a very small volume of the high-purity silica precursor until it
reaches a temperature above the liquidus point in a crucible-free
setup. Both laser beams deliver high energy that leads to substantial
temperature gradients. The temperature distribution can be precisely
controlled by adjusting the laser beam parameters to obtain the
proper viscosity to guarantee filament stability while being stretched
by the supersonic jet. Concurrently, the air flow exerts a uniform
high tension along the molten material, which is essential for the
rapid stretching of the filament.

The essential advantages of Cofiblas compared to other methods
are the extremely fast thermal process (full melting and cooling cycle
are completed in the order of milliseconds; see Discussion) attained
by laser heating, and a large axial stress (maximum tension reached
in the filament is estimated around 1 GPa; see Discussion) applied
by the supersonic gas jet principally localized at the molten part of
the filament. This particular distributed dragging stress avoids the
high drawing forces applied by the winding drum of conventional
techniques at the thinner part of the solid fiber. The unique combi-
nation of both processes guarantees the melt stability against filament
rupture by capillary forces, prevents the filament from devitrifica-
tion, and balances the drawing forces with regard to cohesive forces
in the melt. The fulfillment of these conditions is a unique feature of
the present method required to obtain continuous glass nanofibers.
This is the only method that is able to produce continuous glass
fibers 1 m long (with the possibility to produce fibers with lengths
not limited by the process) and diameters at nanometer scale. The
precise adjustment of the laser irradiance distribution on the filament
has demonstrated to be crucial. The BSS consists of two systems of
lenses, one set for each laser beam, each one composed of a spherical
and a cylindrical lens. It provides an approximately Gaussian ir-
radiance distribution along the axes of the elliptical cross section,
with its major axis parallel to the filament.

RESULTS

To optimize the Cofiblas technique, we performed an extensive set
of experiments, which we conceived using the design of experiments
(DoE) methodology and with help of predictions from the math-
ematical simulation (see Materials and Methods for details). The
optimized Cofiblas process continuously yielded nanofibers with
minimum diameters of (370 + 70) nm (Fig. 2A) from the 600-um-
diameter cylindrical silica preform, which means a 1621-fold average
reduction in the diameter. This technique enables the unprecedented
continuous production of nonporous and free-standing glass nano-
fibers. Electron micrographs [Fig. 2, A and B (inset)] also show that
the fibers have cylindrical shapes and uniform diameters along their
entire length. In addition, they are well defined, which means that,
unlike most electrospun fibers, they do not aggregate into mats. The
optical micrograph presented in Fig. 2B shows a single fiber with a
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length of 1 m and a diameter of 2 um wound parallel around a
wooden spool. This picture demonstrates the possibility of process-
ing very long fibers produced by the Cofiblas technique to align and
wind them to form a coil. Unfortunately, with the current method
of manual collecting and manipulating the as-produced fibers, it was
not possible to collect and wind longer or thinner fibers around the
wooden spool, despite that much thinner fibers were continuously
produced. Future developments should be carried out to improve the
collecting and manipulating processes of the fibers to preserve them.

The selective area diffraction pattern of the fiber (Fig. 2C) and
the x-ray diffraction analysis (see fig. S3) reveal that all nanofibers
are amorphous, proving that devitrification is completely avoided.
Scanning electron microscopy (SEM) images (Fig. 2, D and E) show
that the nanofibers are produced from the elongation of the pre-
form in two stretching zones. Figure 2E shows details of the second
stretching step with the nanofiber still attached to the preform. These
stretching zones constitute the two main steps of a stable elongation,
which can be kept stationary by properly adjusting the operating
conditions. In this way, a continuous nanofiber can be collected at
the end of the process at a production rate of 2.6 m/s. These SEM
images show a sample obtained when the process was interrupted
by turning off the laser beam, demonstrating the stability of the
process. As-produced nanofibers were thermally annealed at 700°C
for 4 hours to facilitate handling.

Another remarkable result is the extremely high flexibility of the
glass nanofibers produced by Cofiblas. Their flexibility was assessed
by determining the minimum radius of curvature that these nano-
fibers are able to withstand before breaking. During these tests, the
fibers were entangled in a holder specifically developed and individ-
ually bent using the focused ion beam (FIB) field emission gun (FEG)-
SEM dual-beam microscope manipulator until they broke. The SEM
micrographs showed that 400-nm-diameter nanofibers could be bent
to a minimum radius of approximately 10 pm (Figs. 2, F and G).

Young’s modulus of the nanofibers was also measured by means of
picoindentations with an atomic force microscopy. Several measure-
ments were made along the length and width of the fibers. In particular,
three fibers were analyzed, performing 10 measurements on each
sample. This procedure gave Young’s modulus of (62 + 16) GPa.

DISCUSSION
From the initial stages of the Cofiblas conceptualization, we developed
a mathematical model to get a deeper understanding of the entire
process. The simulation oriented the whole process of designing the
experimental system to achieve the adequate process parameters by
estimating whether the driving forces involved and the thermal evo-
lution of the filament can produce its stable elongation, leading to
the continuous nanofiber formation. Furthermore, the estimation
of the physical parameters obtained from the mathematical model-
ing, together with the experimental observation of the process al-
lowed to identify the key features of the Cofiblas method, which make
it a unique process capable of producing continuous glass nanofibers.
Complete details of the formulation of the model can be consulted
in the Supplementary Materials; notwithstanding, we are discussing
here the main findings which aided to explain the performance of
this novel method. In the model, we considered a flow, in which the
laser-heated cylindrical preform gradually becomes a viscous fluid
while being stretched and cooled by the coaxial supersonic gas jet. Then,
a one-dimensional flow arises where the preform is progressively

30f10



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 2. Micrographs of the filaments produced by Cofiblas: (A) TEM close-up micrograph of a fragment of nanofiber showing a nonporous and smooth fiber
surface. (B) Wooden spool containing 1-m-long single fiber wound and parallel aligned. Inset: Scanning electron microscopy (SEM) detail of one nanofiber revealing that
nanofibers are cylindrical, continuous, and individually separated nonforming mats. (C) Selective area diffraction pattern demonstrating that the as-produced fibers are
completely amorphous. (D) Composite of two SEM images of the cylindrical preform showing two stretching zones. (E) Composite of nine SEM images with details of the
second stretching step. (F and G) SEM micrographs of the curvature analysis of glass nanofibers performed in the focused ion beam (FIB). These micrographs were
obtained right before the nanofibers fractured when bent using the FIB manipulator. Nanofiber images are colored for clarity, and the ellipses included are perspective
drawings of the circumscribed circumferences used to estimate the minimum radius of curvature. Photo credit: Joaquin Penide, Universidade de Vigo.

elongated along its axial direction, z. This elongation reduces the
cross-sectional area of the flow while augmenting its axial flow
velocity, v,, although these variables at any point in space are inde-
pendent of time. Any effect derived from the radial stress and strain
components of this uniaxial elongation are negligible; therefore, the
flow is irrotational. Hence, the axial flow velocity, the cross-sectional
area, the extra stress tensor, and the rate of strain tensor are func-
tions of z only. The total stress is related to the gradient of axial flow
velocity, dv,/dz, using the material constitutive equations to give the
differential equation of motion. The material constitutive equation
for a Newtonian fluid with viscosity, , relates the extra stress tensor,
7, to the extension rate tensor, &, as (18)

T = 2ue (1)
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Then, considering the boundary condition at the surface of the
cylinder, we obtain the axial component of the total stress as a func-
tion of the gradient of axial flow

TZ = 3”5— ﬁ (2)

where ¢ is the surface tension of the fluid filament, and R is its local
radius. Substituting this equation in the momentum balance, eq.
S5B, we obtain a nonlinear differential equation to solve the gradient
of axial flow velocity, which can be subsequently introduced in Eq. 2
to find the total axial stress, an essential parameter to assess the
spinnability and performance of the process (19).

Molten silica is considered to behave as a perfect Newtonian fluid
in many cases, and then, just a temperature dependence of viscosity
is modeled using the Arrhenius function. However, one notable
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exception is precisely occurring in flows with high strain rates (20).
In these cases, a model of strain-rate dependence of viscosity should
be considered together with the temperature dependence. Specifically,
we used the “shear-thinning” model that considers a reduction of
the Newtonian viscosity at high strain rates, particularized by our
one-dimensional irrotational elongation according to the following
equation (20)

un(T)
1+3.5x 10 py(T) 7042

M(T)ézz): (3)

where un(T) is the Newtonian viscosity and p(T, €,,) is the viscosity
modified by the shear-thinning effect expressed as a function of the
axial strain rate, ¢,, = dv,/dz, this is the viscosity which we used in
the calculations.

In addition, the equation of conservation of energy is solved
to find the axial derivative of the temperature. This equation is ob-
tained from an energy balance calculated in terms of power for
stationary conditions in the control volume formed by an infinitesimal
element of the filament. The power lost by convection is evaluated
using a mathematical expression obtained experimentally for the melt
spinning of polymers (see details in the Supplementary Materials).
However, we derived a specific expression to estimate the power
absorbed from the laser beam in the control volume, since this power
per unit length varies as a function of the z axis position, and this
variation was found to be crucial for the success of the process. The
variation of the power absorbed from the laser as a function of z
varies due to two factors: first, the irradiance distribution on the
laser beam along the filament, which must be carefully adjusted
with the BSS; second, the filament diameter is also a function of z. To
calculate this power per unit length, we first estimate the irradiance
of the laser beam at each point, and then we calculate the absorbed
power as a function of the beam diameter at each point. Thus, we
assume that the irradiance of the beam corresponds to a Gaussian
distribution in the direction of the filament axis, z, which is very close
to reality. However, for simplicity, we consider a uniform irradiance
distribution in the transverse direction to the filament instead. Once
the irradiance is expressed as a function of the axial position, the
energy absorbed by each unit length of the filament is obtained by
estimating the volumetric absorption according to the Beer-Lambert-
Bouguer law (21). The coefficient of absorption o at the CO; laser
wavelength strongly depends on temperature (22). However, assuming
that the regime is stationary in the irradiated volume, this temperature
dependence is neglected. Consequently, we estimate a uniform co-
efficient of absorption for the high temperature reached in the pro-
cessing volume using (22)

o 2

where « is the imaginary part of the refractive index of amorphous
silica at the wavelength A. Then, the radiative power absorbed from
the laser beam by each unit length of the filament as a function

fz, aqg(zz)’
along the radial x axis between the boundaries of the filament, R(z)
and —R(z)

can be estimated by integrating the following equation

‘ R(2) P 2
a%aiz) _ II(Z)I—R(z) <1 _e ™ R*(z)-x >dx (5)

where Ii(z) is the laser irradiance distribution as a function of z.
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Last, the differential form of the equation of continuity gives the
variation of the filament radius. Therefore, we obtain a set of three
ordinary nonlinear differential equations and several complemen-
tary equations, which are described in detail in the Supplementary
Materials. We integrated this set of equations numerically using a
variable-step solver based on the numerical differentiation formulas.
The integration of these equations gives the solution of the main
variables as a function of the axial position, and, subsequently, we
can calculate the main physical parameters of the process using the
former equations. The numerical values of all the parameters used
to solve these equations are detailed in the mathematical model in
the Supplementary Materials.

During fiber formation, the portion of the laser beam that actu-
ally irradiates the precursor material diminishes with the diameter
of the melted material (from zone A to zone C in Fig. 3A). When the
diameter of the molten filament reaches the micrometric range, the
irradiated area corresponds to only a small fraction of the beam cross
section. At the beginning of the second stretching zone (zone B), the
filament has a diameter around 10 um, while the width of the laser
beam is around 2 mm, and then, the irradiated area corresponds to
a fraction of several thousandths of the beam cross section. There-
fore, this fraction needs a higher beam irradiance to maintain the
temperature necessary for the stretching process. On the other hand,
the energy delivered at the stretching starting point (zone A) must
remain constant to prevent an excessive and destabilizing tempera-
ture rise at this point. The experimental observations and mathe-
matical simulations verify the above-described performance of the
optimum optical configuration. Figure 3B shows the silica filament
being stretched by Cofiblas operating with the multilens system. The
cylindrical preform presented two clear stretching spots, indicating
that the BSS generates an irradiance distribution that yields an ad-
ditional stretching zone necessary to extend the filament elongation
down to the nanometer range. Consistently, Fig. 3C shows the
distribution of temperature along the filament obtained from the
mathematical simulation using a set of parameters, which give a
nanofiber with a final diameter of 380 nm. The graph represents a
temperature distribution in accordance with the brightness pattern
observed in Fig. 3B, and there are two temperature peaks that re-
produce the two stretching zones detected experimentally in Fig. 2D.
The maximum temperature reached in this particular case was
notably low, just 1550°C, which is well below the conventional fiber-
forming temperature for pure silica. An alternative simulation, cor-
responding to a different laser irradiance distribution on the silica
filament, predicts a maximum temperature around 1900°C to gen-
erate a thinner fiber close to 300 nm. Notwithstanding, further ex-
periments would be required to verify this last estimation, and they
are out of the extent of the present work since the optical arrange-
ment to produce such an irradiance distribution would entail an
alternative experimental setup. However, the temperature range cal-
culated may be used to estimate a working window. This estimated
range of temperatures give a Newtonian viscosity window for the
Cofiblas fiberizing process between 107 Pa-s and 10> Pa-s. This
viscosity range is effectively above the range of spinnability for con-
ventional methods (19). Notwithstanding, we must take into account
three different facts that can explain the distinctive feasibility of
the Cofiblas method: One is the extremely high strain rates in our
process, which produce a viscosity reduction due to the mentioned
shear-thinning effect (Eq. 3). The effective viscosity can decrease by
two orders of magnitude for the estimated gradient of the axial flow,

50f10



SCIENCE ADVANCES | RESEARCH ARTICLE

Gas

/ inlet
R v
;“‘ Coaxial

[ | _supersonic

Preform —

[

|
\

nozzle

v 11‘

Laser beam +«— A
S— |
«—2C
l l \ Coaxial gas
jet
Continuous
nanofiber

Laser power per unit length (W/m)

0
0.005 0.01

0.015

2000

1800

1600 -

1400 ¢

1200 -

1000

Temperature (K)

800

600 -

400

200
0.005

0.01 0.015

Axial position, z (m)

0.02 0.025

400

Absorbed power per unit length (W/m)

0
0.025

Axial Position, z (m)

Fig. 3. Experimental and theoretical analysis of the two-points heating and stretching pattern of the filament. (A) Schematic representation of the irradiation of
the preform by the laser beams. (B) Optical photographs of the Cofiblas system during operation showing a detail of the heating and stretching zones of the preform right
below the nozzle. The nozzle with the preform of the precursor material is in the upper part. The two laser beams (not visible in this optical image) travel from the right
and from the left part of the image and reach the preform from both sides. The arrows point to the approximate position of the zones described in (A). (C) Estimated
temperature distribution along the silica filament for a simulation producing a continuous fiber with a diameter of 380 nm. (D) Comparison between the distribution of
the radiative power absorbed from the laser beam per unit length and the irradiance distribution in the incident laser beam. Both graphs (C and D) were obtained from
mathematical modeling of the Cofiblas process (see details in the Supplementary Materials). Photo credit: Joaquin Penide, Universidade de Vigo.

which reached values in the range of 100 s™* < dv,/dz < 1000 s™". The
second difference is the higher total axial tensile stress, which is
estimated for the Cofiblas using Eq. 2 to be in the range of 0.1 GPa <
T, < 1 GPa. This is an axial stress around one order of magnitude
above the typical values for conventional methods (23), thus yield-
ing a feasible spinnability working window. Third, in the Cofiblas
method, the axial stress is produced by the gas jet distributed along
the part of the filament where the elongation process is produced.
In this way, the filament integrity is not compromised by high tension
at its thinner and solid section.

We also calculated the laser power absorbed in the filament
(Fig. 3D). The maximum signaled as point A in the curve of ab-
sorbed laser power corresponds to the first heating zone produced
in the preform, which is also experimentally detected in Fig. 3B.
It can be observed that this maximum is generated by a moderate
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irradiance of the laser beam (solid curve in Fig. 3D). These mathe-
matical simulations highlighted an additional absorbed fraction of
radiation (zone B) that strongly depends on the irradiance distribution
of the laser beam cross section. The zone B in the curve of absorbed
power appears in the simulations after a severe reduction of filament
diameter [in the micrographs presented in Fig. 2 (D and E), the
filament revealed a diameter reduction of the filament preform of
600 um to around 10 pm at the beginning of zone B], in agreement
with experimental verification in Fig. 3B.

Arguably, the most important achievement of the Cofiblas tech-
nique lies in its high stability during operation; this facilitates the
continuous production of fibers, which means that these fibers are
effectively endless. Therefore, the analysis of their stability during
elongation is essential to demonstrate the feasibility of the process.
The breakup mechanism of a Newtonian flow is typically driven by
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surface tension. Elastic or ductile rupture, i.e., a 100% reduction in
cross section within a neck caused by a high local stress level (24),
cannot occur in a pure Newtonian fluid. For mass conservation, the
rate at which the minimal cross section of a fluid filament decreases
is proportional to the cross section itself multiplied by an axial
velocity gradient (see eq. S4B). As long as this gradient is finite, as is
to be expected when only finite forces are acting, a decrease in the
minimum thickness will be at most exponential, leading to failure
only in infinite time. While finite forces cannot induce flow rupture,
surface tension is responsible for the eventual breakup. The breakup

of the fluid thread arises from instabilities due to interfacial tension
in elongational flows of pure viscous filaments (24).

Consequently, in the present process, filament stability hinges
on the equilibrium between two competing flows: elongational flow
and breakup flow (Fig. 4, A to C). Produced by the supersonic air
jet, the elongation flow is the only flow that stretches the cylindrical
preform to generate the fibers. The breakup flow is driven by the
surface tension and tends to interrupt the flow of viscous materials.
The relative velocity of these flows determines the final result of
Cofiblas, and this velocity depends on the viscosity of the molten
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Fig. 4. Experimental and theoretical analysis of the stability of the Cofiblas process. (A to C) Evolution of the Cofiblas process depending on the temperature and
viscosity of the molten material. (D to F) Image sequence of the preform on the air outlet of the nozzle (which can be seen at the top of the images). These images were
taken by a high-speed camera with an exposure time of 1/657,000 s and a recording speed of 3000 frames/s. The preform measures 600 um in diameter. A high-speed
video of the initial transitory instants of the Cofiblas process is shown in the Supplementary Materials. (G) Schematic representation of the dragging stress exerted by the
supersonic gas jet. Close to the nozzle outlet, the gas flow speed reaches its maximum value and also the drag stress, and consequently, the total axial tensile stress
reaches its highest value as well. As the gas jet expands against the surrounding atmosphere and the flow becomes more turbulent, the flow speed reduces; therefore,
the axial tensile stress decreases equally. Photo credit: Joaquin Penide, Universidade de Vigo.

Quintero et al., Sci. Adv. 2020; 6 : eaax7210 7 February 2020

7of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

fluid, which is, in turn, a function of temperature. If the viscosity
is too high (Fig. 4A), then both flows are very slow, and a fiber is
formed but with a large diameter. If the viscosity is in the appropriate
range, then the elongational flow is fast enough to produce nanofibers,
while the breakup flow is not too fast to section the fluid filament
before the nanofiber is formed (Fig. 4B). In contrast, if the viscosity
is too low (Fig. 4C), then the breakup flow is too fast and the fluid
filament breaks before the nanofiber forms. The classification of the
low or high viscosity ranges are intrinsically relative and depend
on the main parameters of the process, since they are defined by the
balance between elongational and capillary forces. Therefore, the
Cofiblas system must guarantee a proper control over the process-
ing parameters and conditions to work within the range of viscosities
that lead to continuous glass nanofibers.

The stability of the filament against rupture by surface tension
can be modeled as an equilibrium between the capillary forces and
the viscosity, which mitigates instabilities in the filament. The esti-
mations presented in the section of the Supplementary Materials
showing the results of the mathematical calculations (see eqs. S35A,
S35B, S36A, and S36B) indicate that the classical approximation based
on the Rayleigh model of wave formation (24) is the most suitable
one. Therefore, the jet lifetime (12), t;, was estimated for the most
adverse conditions, which correspond to the state of minimum
viscosity or maximum calculated temperature.

3
L, = 14( SPGR +6R%> (6)

#1.(1550°C ) = 4.55 x 10%s;#,(1900°C ) = 18.1 s

This jet lifetime time can provide an approximated assessment
of stability when compared to characteristic time of elongation, i.e.,
the time spent by the fluid at high temperature. This comparison
revealed that, under optimized operating conditions, the jet lifetime
is several orders of magnitude higher than the residence time of the
filament material in the fluid state. The estimated flow rate in the
zone of maximum temperature ranged between 0.5 and 3 m/s,
suggesting that the fluid takes approximately 5 ms to complete the
filament elongation. Consequently, the maximum calculated tem-
perature was well within the conditions of stability against rupture
of the filament by surface tension.

Furthermore, in the Cofiblas method, the axial stress is produced
by the gas jet distributed along the part of the filament where the
elongation process is produced. It can be observed in the photograms
sequence presented in the Fig. 4 (D to F) that the lower and thinner
part of the filament oscillates practically free of axial tension, which
is also in accordance with the results of the mathematical simulation.
This allows applying a higher tension than in conventional processes
where the tension is applied by a winding drum at the end of the
filament. In the conventional processes, the application of a high
drawing force in the thinner part of the filament may compromise
the integrity of the solid fiber, which can break if its ultimate strength
is surpassed. On the contrary, in the Cofiblas method, the solid nano-
fiber is free of the high tension produced by the gas jet, since the
highest total axial tensile stress is applied where the gas flow speed
reaches its maximum regime, close to the nozzle outlet, coinciding
with the fluid state of the filament (see Fig. 4G). Conversely, as the
gas jet evolves against the surrounding atmosphere, it undergoes a
further expansion and an increase of the turbulent regime. Conse-
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quently, the axial tensile stress exerted on the filament decreases,
since the gas drag stress cuts down.

Consequently, we hypothesize that the higher drawing stress
and strain rate applied in the Cofiblas process compared to other
spinning processes allows the elongation of a filament with higher
viscosity, subsequently increasing its stability. Conversely, the lower
limit of the temperature range is below the liquidus temperature
of silica; notwithstanding, the Cofiblas method can successfully
generate amorphous fibers because the process is so fast that it
avoids the onset of crystallization. Actually, an estimation of the
cooling rate yields a value around 2 x 10°°C/s, which is of the same
order of magnitude as that estimated for a rotary spinning (25).
This high cooling rate can effectively produce amorphous fibers
without devitrification.

The radius of curvature of 10 um observed just before the fiber
break in the experiments performed with the FIB (Fig. 2, F and G)
revealed a remarkable flexibility. This outstanding flexibility can be
stressed by comparison with different long glass fibers continuously
produced with conventional methods. We estimated the minimum
radius of curvature for the thinnest fibers of silica, E-glass and S-glass
continuously produced, assuming that the fibers behave as an iso-
tropic elastic rod (26) and considering the best mechanical properties
reported (12). The minimum radius of curvature obtained for all
these fibers are between 90 and 200 um, around one order of mag-
nitude higher than the present case (see the Supplementary Materials
for details). This exceptional result, which is presumably attributed
to their reduced diameter and, consequently, is an structural prop-
erty, can be related to the intrinsic mechanical properties of the
fibers to discuss its consistency. Young’s modulus measured by the
picoindentation analyses gave an average value of (62 + 16) GPa,
which gives a reduction of 14% compared to annealed bulk silica
(=72GPa) (27, 28). The reason for this reduction of the modulus
may be explained by a change in the intermediate-range order of
the structure of silica induced by the elongation process. It is well
known that the mechanical properties of glass fibers differ from the
bulk glass because axial stress applied to the viscous filament during
fiber drawing creates structural anisotropy (29, 30). Conventional
drawing methods (using pulling stresses up to 150 MPa) (23) can
reduce the elastic modulus of glass fibers by as much as 10% (29).
Moreover, the distortion of the silica structure under higher applied
compression stresses, 26.2 GPa at 25°C (27) or 8 GPa at 1100°C
(28), can cause a much higher variation in Young’s modulus of silica
(60 and 71% respectively). Therefore, during the Cofiblas process,
the high axial tensile stress applied to the filament at high temperature
(we estimated a drawing stress in the order of 1 GPa at a temperature
exceeding 1300°C) may anisotropically distort the silica structure,
leading to a reduction in Young’s modulus.

The minimum radius of curvature of a filament, Rp,;,, can be re-
lated to Young’s modulus and the strength of the material as (26)

ER

Riin = Tmax (7)
where E is the Young’s modulus, and T,y is the ultimate strength of
the nanofiber. Therefore, taking Young’s modulus measured by the
picoindentation experiments and the minimum radius of curvature
of 10 um for the 400-nm-diameter fiber, we obtain an ultimate
strength of the nanofiber of (1.24 + 0.32) GPa, which is in the range
expected for silica fibers (12, 31). Future work is ongoing to further
and more detailed analyze the mechanical properties of the nanofibers.
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Table 1. Parameters varied in the experiments performed for
optimizing the Cofiblas process.

DoE1 DoE2 DoE3
L (mm) 20-30 30-45 20-30
A (r4”" mm?) 40-60 90-180 120-180
v2(0) (ums™") 100-500 1-4 1-4
Va(ms_1) T s
T,(C) s

 450-3500 350-3500

D (pm) 34-7.5 0.37-5.6 0.7-3.8

In summary, continuous laser supersonic fiberizing technique
enabled the unprecedented production of glass nanofibers as thin as
370 nm in diameter, with virtually unlimited length. The solid and
nonporous nanofibers displayed outstanding flexibility, resting on
their very thin diameter and mechanical features equivalent to
conventional glass fibers. These findings represent a group of syner-
getic advantages that can expand the applications of glass fibers.
Because of their exceptional characteristics of made-to-measure
length, solid nonporous, and freestanding nature, together with good
mechanical properties, nanofibers produced by Cofiblas could be
used as mechanical reinforcements of nanocomposites. The flexi-
bility and visible-light transparency of these fibers open new possi-
bilities for the generation of ultraflexible composites applicable to
optoelectronic flexible devices, high-performance textiles, and elas-
tomers. This proof-of-concept study can be easily extended to other
glass compositions (such as bioglasses and high strength glasses) by
carefully adjusting the operating conditions. The Cofiblas technique
can also readily achieve the high fiber-forming temperature in addi-
tion to extremely fast elongation and cooling, which facilitates the
fabrication of high-performance nanofibers from compositions with
elevated liquidus temperatures without devitrification.

MATERIALS AND METHODS
Experimental setup and DoE
Optram PWF pure silica fibers (CeramOptec, Germany) displaying
a diameter of 600 um were used as precursor material. The silicon
cladding and the nylon jacket of the original silica optical fibers were
manually removed before use. The precursor material movement
was controlled by a stepper motor (Maxon EC45).

Figure 1 shows the experimental setup for the Cofiblas process.
A CO;, laser (Rofin) working at a wavelength of 10.6 um with a max-
imum output power of 3.5 KW was divided into two laser beams
using a 50/50 beam splitter (Rofin). Both laser beams were redirected
to face each other at the outlet of a de Laval nozzle on the silica pre-
form and at an angle of 80° with respect to the longitudinal axis of
the preform. The irradiance distribution on the preform was adjusted
using the BSS comprising ZnSe spherical and cylindrical lenses with
focal distances of 750 and 267 mm, respectively. The de Laval nozzle
generated a supersonic air jet that surrounded the preform and axially
flowed along the entire length of the filament. This nozzle was spe-
cially designed to reduce turbulence and instabilities along the filament
and to maximize the dragging force that stretches the molten material
(more details are provided in the Supplementary Materials).
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Because of the elevated number of factors that influence the
Cofiblas process, we used the DoE methodology to study the influ-
ence of a number of parameters and optical configurations on the
stability of the process and on the features of the fibers produced.
Three different full factorial DoEs, each one with three factors in
two levels were planned after a series of preliminary experiments.
Specifically, two of the factors were related with the irradiance dis-
tribution of the laser beam on the filament. We varied the irradiance
distribution by changing the cross section of the laser beam on the
filament. The BSS makes it possible to change independently both
axes of the elliptical cross section of the laser beam by varying the
working distances of the spherical and cylindrical lenses with respect
to the filament. In the DoE, we used two parameters representing
the irradiance distribution: the length of the mayor axis, L, and area
of the elliptical cross section, A. The third factor of the DoE is the
feeding speed of the preform to the nozzle, which is equivalent to
the axial flow velocity of the filament at the beginning of the elonga-
tion, v,(0). On the other hand, in two sets of experiments, we used
the nozzle designed for low air pressure and Mach 1.5, while in the
DoE3, we used the de Laval nozzle designed for higher air pressure
and Mach 1.8, which involves a different air flow speed, v,, and tem-
perature, T, in the supersonic jet (both were estimated theoretically
assuming an isoentropic expansion in the nozzle). Every experiment
was performed with the maximum laser power, P;, that led to stable
operating conditions to generate continuous fibers. In Table 1, we
show in detail the ranges of parameters for each set of experiments,
together with the average of the diameters (D) measured for the
resulting continuous fibers obtained in stable functioning (last line
of Table 1).

This study highlighted the following trend: An increase in the
spot size along the filament axis and a reduction in the feeding
speed lead to fibers with lower diameters. In particular, continuous
370-nm-diameter nanofibers were obtained at a feeding speed of
1 um/s using 1750-W laser power distributed over an elliptical spot
with a major axis of 30 mm and a minor axis of 2 mm. As a final step,
the as-produced nanofibers were thermally treated at 700°C for 4 hours
in a BWF 12/13 furnace (Carbolite) under a flux of dry air.

Morphological and structural analyses of the fibers

The morphology of the fibers was characterized using a field-emission
SEM (JEOL JSM-6700F) and transmission electron microscopy (JEOL
JEM-2010 FEG). The as-produced fibers were deposited on carbon
adhesive discs for SEM imaging and analyzed without coating.
Structural analyses of the fibers were carried out by selective area
diffraction pattern in the TEM and by x-ray diffraction.

Mechanical properties
The flexibility of the fibers was assessed using the Omniprobe nano-
manipulator of the FEI Helios NanoLab FIB FEG-SEM dual-beam
microscope. In each test, a single fiber with a diameter of 400 nm
was entangled in a holder specifically shaped by ion milling and in-
dividually bent using the FIB manipulator until it broke. A series of
successive micrographs were taken until the rupture of the filament
occurs, and then, the flexibility of the fiber was estimated by measuring
the minimum radius of curvature from the last micrograph taken.
Young’s modulus of the nanofibers was also measured by means
of atomic force microscopy (NanoWizard 3, JPK Instruments).
Picoindentations were made along the length and width of the fibers.
Mica substrates (0.21-mm-thick grade V1; TED PELLA, INC.) were
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used to fix the nanofibers to be measured. To maximize the adhesion
of the nanofibers, a drop of 0.5-mg solution of poly-1-lysine (CAS
25988-63-0) in 1 ml of deionized water was placed on the substrate,
allowing 15 min to dry. It was then washed with a solution of NaCl
(0.15 M) to activate the charges of the poly-L-lysine and lastly dried
with N,. Last, the nanofibers were deposited on the mica substrate.
A tip of 12.00-nm radius and paraboloid shape was used to perform
the picoindentations.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/6/eaax7210/DC1

Section S1. Supersonic nozzle

Section S2. Mathematical formulation of the model

Section S3. High-speed video analysis of the Cofiblas process

Section S4. X-ray diffraction analysis

Section S5. SEM micrographs

Section S6. Fibers flexibility assessment

Fig. S1. Cross-sectional image of the supersonic nozzle used in the Cofiblas system.

Fig. S2. Schematic representation of a differential element, with length, dz, of the filament
which is being elongated.

Fig. 3. X-ray diffraction spectra of thermally treated silica nanofibers produced by Cofiblas.
Fig. S4. Original SEM micrographs used to assemble the composite of the filament presented
in Fig. 2 (Dand E).

Table S1. Parameters used to calculate the Newtonian viscosity of molten silica as a function of
temperature (33).

Table S2. Parameters used to solve the set of differential equations.

Table S3. Initial conditions of the Cofiblas process.

Movie S1. High-speed video showing the initial transitory states of the Cofiblas process and a
representative excerpt of the stationary state of the continuous stretching process.
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