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ABSTRACT 
 

We present a new method developed in our group, 
Laser Spinning, for the production of very long amorphous 
ceramic nanofibers with lengths up to several centimeters. 
This technique allows large quantities of nanofibers to be 
made with specific, controllable chemical compositions; 
including some compositions that cannot be formed into 
nanofibers using any other technique. This technique 
employs a laser to melt a small volume of a solid precursor 
material while a high pressure gas jet drags it. Thus, the 
molten material forms glass fibers as a result of its rapid 
elongation and cooling by the gas jet. Then it forms fibers 
with diameters in the range from tens of nanometers up to 
several microns. The composition of the fibers can be 
taylored for different applications such as biomaterials or 
refractory nanofibers. 

 
Keywords: laser spinning, glass, ceramic, nanofibers. 
 

1 INTRODUCTION 
 
The interest on the production and application of quasi-

one-dimensional materials is drived by their new properties 
which may introduce significant advances in many fields of 
technology [1-2]. Their incorporation into production of 
functional nano-structured materials or devices involves 
highly demanding technological challenges. The production 
of continuous nanofibres would be a major breakthrough 
for their postproduction manipulation and application, same 
as the production of micrometer sized continuous glass 
fibres was during the last decades [3]. However, it has only 
been achieved by electrospinning so far [4]. Alternatively, 
conventional methods to produce continuous glass fibres 
with micrometer dimensions rely on melting of the raw 
materials in a furnace to obtain a viscous molten liquid 
which can be formed into fibres by three different processes 
[5-6]: rotary fiberizing, steam, air or flame blowing, and 
mechanical traction or drawing in its variety of forms. 
Diameters of the fibres obtained by these methods range 
from hundreds down to tenths of microns, as well as the 
types of products vary from disordered nets to continuous 
filaments. When the objective is the production of 
continuous fibres, mechanical traction is employed to draw 
a filament from a bushing or a high purity preform. 
However, this method cannot produce nanofibres due to the 
limitations of the process, such as low temperature and 
elongation rate. 

Laser Spinning is new technique with demonstrated 
capability to produce very long amorphous ceramic 
nanofibers with a variety of compositions [7-9]. For this 
reason, it was proposed that with proper control and design 
it might be an efficient technique to expand technical and 
economical feasibility of nanofiber applications. 

 
2 THE LASER SPINNING TECHNIQUE 

 
The formation of nanofibers by Laser Spinning involves 

the quick heating and melting up to high temperatures of a 
small volume of the precursor material using a high power 
laser under ambient conditions. The plate of the precursor 
material being irradiated is in relative motion in relation to 
the laser beam, what generates a melting front producing a 
complete or incomplete cut.  At the same time, a supersonic 
gas jet drags the molten material down to the bottom of the 
cut. The viscous material reaching the bottom edge of the 
cut forms a pending viscous droplet which is further 
propelled by the gas jet. Thus, the molten material forms 
glass fibers as a result of its viscous elongation by the drag 
force and rapid cooling by the convective heat transfer 
promoted by the gas jet. Figure 1 shows a schematic 
representation of the process. 

 

 
Figure 1. Schematic representation of the Laser 

Spinning process. 
 
The laser is operated in continuous wave mode emitting 

the radiant power necessary to melt the plate of precursor 
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material, therefore a high power laser is employed. The 
type of laser depends on the absorbance of the material to 
be processed. The CO2 laser radiation is highly absorbed in 
all materials mentioned in the present case, this is the kind 
of laser most suitable. The laser beam is focused some 
millimeters over the sample, so that the cut produced is 
typically 3 or 4 mm width, thus the volume of molten 
material is suitable and the gas jet can penetrate completely 
the whole thickness. 

The gas jet employed is usually compressed air, since 
no chemical reactions are involved in the process and this is 
the most easily available gas that doesn’t react with any of 
the materials processed. The jet of compressed air is 
injected on the molten volume at high pressure using a 
supersonic nozzle in order to supply a high speed gas jet 
which produces a quick elongation and cooling of the fluid 
filament. 

The precursor material employed is a solid plate with a 
thickness between 4 and 10 mm. Several compositions of 
inorganic glasses, ceramics and natural rocks have been 
successfully processed to produce inorganic glass fibers. 
The microstructure of the precursor material may affect to 
the process and the homogeneity of the fibers as was 
demonstrated in a previous work [7]. Indeed, an 
heterogeneous microstructure with grain size in the order of 
the molten volume may cause variations in the composition 
of the fibers and different evolutions of the fluid filaments 
due to differences in their viscosities. In any case, the 
composition of the fibers closely reproduces that of the 
precursor material. 

 
3 CHARACTERIZATION OF THE 

NANOFIBERS 
 
The product of the Laser Spinning process forms a 

disordered mesh of very long intertwined fibers. The length 
of the fibers can reach several centimeters. The 
macroscopic appearance and texture resembles a cotton 
ball, as can be observed in the picture presented in figure 2. 

 

 
 

Figure 2. Macroscopic appearance of the fibers. 

  A closer look at the fibers reveals that they have 
uniform well-defined cylindrical morphology of near 
constant diameter, smoothly curved and with high aspect 
ratio.  The fibers are flexible and not attached one to 
another, so they can be aligned, ordered, separated in 
individual fibers and woven. The diameters of the fibers are 
not all equal; in fact they present a distribution of diameters 
which typically ranges from tens of nanometers up to 
several microns. The Scanning Electron Microscope (SEM) 
micrograph presented in figure 3.a shows their overall 
appearance representing these features. The Transmission 
Electron Microscope (TEM) picture presented in figure 3.b 
shows a detail of a nanofiber. Complementary analyses in 
the TEM by electron diffraction demonstrated that all the 
fibers are amorphous regardless of the composition of the 
precursor materials. The microstructure of the fibers is 
amorphous due to the extraordinary high cooling rate, 
producing glass fibers even when the composition of the 
precursor material is a non-glass former [8]. 

 

 
 

 
 

Figure 3. a) SEM micrograph showing the overall 
appearance of the fibers. b) TEM picture presenting a detail 

of a nanofiber. 
 

b) 

a) 
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An experimental extensive study on the diameters of the 
fibers reported in a previous work [10], demonstrated that 
the probability occurrence of diameters is distributed 
according to a log-normal distribution. Furthermore, the 
mode of the distribution can be controlled by adjusting the 
operation parameters, thus, it can be as small as 180 nm. 
More specifically, the advance speed of the relative motion 
between the laser beam and the sample was demonstrated to 
have the strongest influence on the distribution of 
diameters. 

In the same work, a maximum rate of fibers production 
of approximately 4.8 mg of fibers production per unit 
length of sample was reported, this equals to 48 mg/s at an 
advance speed of 10 mm/s. However, unpublished results 
have already increased this rate up to more than 60 mg/s. 
Both results talk about the high rate of fibers production 
using the Laser Spinning process. 

Another important advantage of the Laser Spinning 
technique is that the composition of the fibers was proven 
to keep almost the same chemical composition than the 
precursor material. In fact a range of different compositions 
have already been produced with this technique [7, 8, 9]. 
Due to the nature of the physical process of formation of 
the fibers, it can be hypothesized that an alteration on the 
composition might arise from depletion of the most volatile 
species due to the high temperatures of the melt. However, 
we performed several experiments and analyses of the 
fibers in order to elucidate the consequences of this effect 
[7]. Particularly, we prepared a series of homogeneous 
glass plates with theoretical compositions shown in Table I. 
The proportions of the volatile species were varied among 
the different samples as shown in the table. Different 
samples of glass fibers were produced from these plates 
employing the same operating conditions so that any results 
of variation in composition could be compared among 
different samples.  

 
Sample SiO2 Na2O CaO P2O5 

1 – Precursor 49.86 17.87 25.42 5.78 

1 – Fibers 51.71 15.81 26.42 4.79 

2 – Precursor 54.10 16.04 23.35 5.36 

2 – Fibers 56.80 13.49 24.50 4.17 

3 – Precursor 60.83 12.71 20.72 4.50 

3 – Fibers 62.37 10.65 22.06 3.60 

4 – Precursor 65.00 11.98 16.17 5.68 

4 – Fibers 65.97 8.92 19.76 3.98 
 
Table I. Comparison of the composition in % weight of 

the precursor glass plates and the fibers obtained from 
them, minor compounds are omitted [7].  

 

The compositions of the precursor glass plates and the 
fibers obtained from them were analyzed by X-Ray 
Fluorescence (XRF) under the same conditions of analysis 
and sample preparation to avoid any distortion from 
differences in sample quantity, size or morphology. The 
results of the analyses are presented also in Table I.  

As a general conclusion from these results it can be 
observed that there is a slight depletion of the most volatile 
species, Na2O and P2O5, in the composition of all the fibers 
in comparison with the precursor glass plates. Conversely, 
the less volatile species, SiO2 and CaO, present a logical 
increase as a consequence of the decrease of the preceding. 
These results agree with similar analyses reported in other 
of our previous work [9]. Consequently, it can be stated that 
the composition of the fibers proved a good replication of 
the precursor material, since the variations are very very 
low. This good correlation between the composition of the 
plates and the fibers may be due to the high heating and 
cooling rates. The high speed of the process prevents the 
volatile species from vaporizing. 

 
4 MECHANISM OF FORMATION OF 

THE NANOFIBERS 
 

Experimental evidence on the mechanism of formation 
of the nanofibers was demonstrated using a high speed 
camera to record the formation of microfibers in some 
milliseconds [8]. Those high speed videos provided the way 
to study the process of elongation and cooling of the fluid 
filaments leading to the formation of the fibers. This 
analysis revealed that breakup by capillary forces is the 
main limitation to nanofibers formation. 

Additionally, mathematical modeling of the elongation 
and cooling of the filaments was performed by applying the 
basic theories of elongational flows to the present case of 
uniaxial stretching during melt blowing [11]. Likewise, the 
characteristic time of breakup induced by surface tension 
which weighs the viscous and capillary forces was 
introduced from the theory of free boundary flows driven 
by surface tension. It allowed us to estimate the rate of the 
break-up flow in the vicinity of breakup –where the 
dynamics are strongly non linear– and to compare it to the 
time of elongation, so that the limits to the formation of 
nanofibers were explored. 

The mathematical model was verified with the 
experimental observations using the high speed camera. 
Thus, it provided a way to estimate the physical parameters 
that may lead to the formation of the nanofibers, an analysis 
of the stability of the process, and the relation between the 
operating conditions of the Laser Spinning technique with 
the formation of the nanofibers. 

First of all, these analyses yielded a characteristic time 
for the formation of a nanofiber in the order of 
microseconds [8], which displays the high speed of the 
process. This result is the key to explain why this technique 
can be used to produce nanofibers with compositions that 
cannot be produced with other techniques. The high speed 
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of heating by the laser beam and high cooling rate by the 
supersonic gas jet can form a nanofiber by elongation so 
quickly that break-up and devitrification are avoided. 

Other outcomes showed that a minimum temperature of 
the fluid filament is necessary for the formation of a fibre, 
which depends on the composition of the precursor material 
and is around 1300 K for a soda-lime silicate. Furthermore, 
it must exceed this temperature in several hundreds to 
produce a nanofibre, up to 2100 K. At the same time, two 
additional limitations apply: the temperature can’t rise too 
high to avoid break-up by capillary forces, and the volume 
of the molten droplet must be restricted to geometrical 
limits. In order to relate these outcomes with the operating 
conditions of Laser Spinning, subsequent analysis of the 
fusion front was carried out demonstrating the influence of 
the advance speed on its temperature and on the mass flow 
ejected by the gas jet. It implies that the advance speed 
presents a range for the production of the maximum 
quantity of fibres and it stretches the conditions for 
nanofibres formation. Actually, these results completely 
agree with the experimental results on the rate of 
production of the fibers and the distribution of diameters 
both being closely related to the temperature of the small 
volume of molten material. 

 
5 CONCLUSIONS 

 
Laser Spinning was shown to be a feasible technique for 

the synthesis of glass nanofibers with tailored 
compositions. The analyses demonstrated that the 
composition of the fibers closely reproduces that of the 
precursor material. The fundamentals of the technique have 
been outlined explaining the key factors for the production 
of nanofibers which leads to an experimental control on the 
production rate and diameter distribution.  

The nanofibers produced are flexible and not attached 
one to another, so they can be aligned, ordered, separated in 
individual fibers and woven. Also, the fibers have very 
strong consistency, since they are produced from melt 
stretching and are extremely long, up to several 
centimeters. These all features constitute great advantages 
with regard to other techniques and are very promising for 
their application in the fields of biomaterials, catalysis, 
textiles or materials for energy. 
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