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Abstract Silicon carbide (SiC) nanofibers of diameters as

low as 20 nm are reported. The fibers were produced

through the electrostatic spinning of the preceramic

poly(carbomethylsilane) with pyrolysis to ceramic. A new

technique was used where the preceramic was blended

with polystyrene and, subsequent to electrospinning, was

exposed to UV to crosslink the PS and prevent fiber

flowing during pyrolysis. Electrospun SiC fibers were

characterized by Fourier transform infrared spectroscopy,

thermo gravimetric analysis-differential thermal analysis,

scanning electron microscopy, transmission electron

microscopy, X-ray diffraction, and electron diffraction.

Fibers were shown to be polycrystalline and nanograined

with b-SiC 4H polytype being dominant, where commer-

cial methods produce a-SiC 3C. Pyrolysis of the bulk

polymer blend to SiC produced a-SiC 15R as the dominant

polytype with larger grains showing that electrospinning

nanofibers affects resultant crystallinity. Fibers produced

were shown to have a core–shell structure of an oxide scale

that was variable by pyrolysis conditions.

Introduction

Electrospinning [1, 2] is a technique for producing fibers

from the micrometer down to the tens of nanometers scale,

whereas conventional spinning produces fibers much larger

[3–5]. Electrospinning has been applied to a wide variety

of materials and applications such as polymers, biological

material [6–8], and ceramics [9–11], with fibers down to

16-nm diameter having been produced [12–15]. In the

electrospinning process, an electric field is applied to a

polymer solution within a syringe or pipette. When the

electrostatic potential overcomes the surface tension of the

solution, a tendril jets toward the substrate. Fiber diameter

and mat morphology can be controlled using a combination

of heating rates, distance to the substrate, and spinning

voltage [16]. With a simple plate as the ground electrode,

a fibrous mat is formed where the fibers are arranged

randomly. Orientation can be attained using a rotating

mandrel to wrap the fibers around or by use of a deflection

voltage [17].

Although there are many uses for polymeric nanofibers,

high temperature or high modulus applications generally

require ceramics. Silicon carbide (SiC) is an ideal material

for many of these applications such as electronic [18]

and optoelectronic applications [19], high-temperature

applications [20], solid-state lubricants [19], and harsh

environments [21, 22]. The added benefits of using SiC

nanofibers in these applications include a requiring lower

volume and weight percentage of SiC in a part. The lower

amount of SiC would lead to weight and cost savings, and

increased efficiency. Electrospinning has been used to

prepare ceramic fibers (200–600-nm diameter) by sol–gel

processes using hydrophilic polymer fibers as templates

[9, 10]. However, this process is slow and limited in

ceramic choice to metal oxides [11] and as such non-oxide

ceramic nanofibers have been relatively unreported. The

production of SiC nanoscale fibers from electrospun tem-

plates has been demonstrated by an unwieldy process

involving transforming electrospun polyacrylonitrile fibers

by repeatedly heating and co-firing with silica (SiO2) and

graphite [23], or carbothermally reducing PVP/TEOS [24]

to transform the materials to SiC fibers.
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Another method to produce non-oxide ceramics is

through the use of polymeric precursors, such as poly

(carbosilane) [25]. Polymeric preceramics have been of

interest for the past few decades. These materials offer the

ability to produce materials such as SiC, SiO2, Si3N4, and

BN. Melt spinning (and subsequent thermalization) has led

to the continuous ceramic fibers such as NicalonTM and

SilyramicTM used in high-performance materials [25–30].

Due to technical considerations of melt-spinning, fibers

have been limited to microscale diameters (*10 lm) [26].

This article presents a method to produce SiC nanofibers

by electrospinning of poly(carbomethylsilane) (PCmS) as a

ceramic precursor polymer. The SiC nanofibers were pro-

duced by a new process where PCmS is blended with

polystyrene (PS) to act as an electrospinning aid and to

allow post-spinning UV exposure to crosslink the PS and

prevent fiber flow and deformation. This method allows

for high throughput of fiber production. The polymeric

processing methods are faster than traditional ceramic pro-

cessing methods and the required pyrolysis step required to

transform the polymers to ceramics can be carried out at

lower temperatures than usual SiC formation temperatures,

and in only one step. The authors present diffraction data

showing successful conversion to SiC and electron micros-

copy indicating fiber size and structure.

Experimental

All chemicals were purchased from Sigma–Aldrich

(Milwaukee, WI, USA) and used as received. The polymer

preceramic, electronic grade PCmS, molecular weight

3500 g/mol solvated in toluene with 5 wt.% dimethyl-

formamide and 5 wt.% tetrabutyl ammonium bromide to

increase the electrical conductivity of the solution. PS was

added to increase the spinability of the solution at 3 wt.%.

The conductive solution was drawn into a glass pipette

fitted with a polypropylene tip (7631, Matrix, Hudson, NH)

with an opening diameter of 350 lm. The solution was

electrospun at ambient temperature, with optimized voltage

at 40 kV onto a wire and aluminum foil target at a working

distance of 28 cm using a high-voltage DC power supply

(SL300, Spellman, Hauppauge, NY). The fibers were col-

lected and placed under a 254-nm wavelength UV lamp for

24 h to crosslink the PS. The fibers were then placed into a

tube furnace and pyrolyzed to 1200 �C [as determined by

thermo gravimetric analysis-differential thermal analysis

(TGA-DTA)] in flowing 5% hydrogen balance argon gas.

Fourier transform infrared spectroscopy (Magna-IR 550,

Thermo-Nicolet, Madison, WI) operated in transmittance,

TGA-DTA (SDT 2960, TA Instruments, New Castle, DE)

operated under flowing nitrogen at 1639 cm3/min, field

emission transmission electron microscopy (FETEM)

(80/300 Titan, FEI, Hillsboro, OR) operated at 80 kV

accelerating voltage, field emission scanning electron

microscopy (FESEM) (S4800, Hitachi, Irvine, CA) oper-

ated at 5.0 kV accelerating voltage, transmission electron

microscopy (TEM) (JEM-2000FX, JEOL, Tokyo, Japan)

operated at 200 kV accelerating voltage, and Cu Ka
X-ray diffraction (XRD) (D500, Siemens, Madison, WI)

were used to characterize the nanofibers. Electron dif-

fraction (ED) was carried out in the TEM. Fibers were

examined as-fired in the TEM, sputter coated with carbon for

60 s before examination in the FETEM, and sputter coated

with gold/palladium for 120 s before examination in the

FESEM.

Results and discussion

Processing parameterization

Electrospinning of PCmS is not possible due to its short

chain length and low-molecular weight. In general, the

viscosity of PCmS polymers in solution is not high enough

when sheared in the pipette during electrospinning, but this

can be overcome with the addition of a higher molecular

weight polymer as has been performed before in dry

spinning of PCmS [31]. Here, PS is used as it is soluble in a

variety of solvents, has a variety of molecular weights

available, is vitreous, and contains aromatic groups capable

of radiation-induced crosslinking. Upon solvent evapora-

tion, the electrospun fibers will not flow due to vitrification

of the PS. However, during pyrolysis, the PS will reach the

glass transition temperature before the preceramic polymer

sets and the fibers will be prone to deformation. Therefore,

after electrospinning fibers were placed under a 254-nm

wavelength UV light source to crosslink the PS and add

stability to the fibers before the ceramic transition occurs.

Addition of the lowest percentage of polymer, while still

adding significant viscosity, is important because it pre-

vents voids from forming in the fibers as the PS burns out

during pyrolysis.

A systematic study of the PS and PCmS combinations

was performed varying molecular weights of PS, ratios of

PS to PCMS, and concentration of polymers in solution to

develop the optimal formulation, which is presented here.

Figure 1 shows the effect of formulation on fiber diameter

with each data point representing 20–25 fiber diameters.

Generally, an increase in molecular weight of the PS

allows less to be used while still attaining good viscosity

and fiber production. However, there is a polydispersity of

fiber diameters at all concentrations of PS. Increasing the

molecular weight of the PS from 280000 to 2000000 g/mol

made it possible to decrease the PS in the solution from 15

to 3%. Additionally, it should be mentioned that PS and
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PCmS are also likely to be incompatible and phase sepa-

ration is likely upon solvent removal. However, the effect

of this incompatibility on the fibers is uncertain.

The heating profile of the pyrolysis step was determined

based on experimental data from TGA-DTA run in 5% H2

balance Argon (same as used in the pyrolysis) at 10 �C/min.

TGA-DTA data in Fig. 2 show that the PS burns out at

400 �C, the carbosilane undergoes ceramization starting at

670 �C, and SiC crystallization is observed at *1175 �C.

These transitions are unexceptional and, importantly, the

transition at *1175 �C conforms to previous reports of the

PCmS to SiC crystallization [32]. At temperatures higher

than 1175 �C, it was found that the fibers begin to break

down, possibly due to SiC crystal growth, so 1200 �C was

chosen as the pyrolysis temperature for all subsequent

fibers.

Electron microscopy

Figure 3 shows a typical FESEM image of the as spun

fibers with an average fiber diameter of 50 nm. The

preceramic nanofibers were pyrolyzed in nitrogen for 2 h at

1200 �C. FESEM of the resultant fibers is also shown in

Fig. 3. The FESEM shows that nanoscale fibers were

produced after pyrolysis. During pyrolysis, the PCmS

transforms to SiC as in Eq. 1.

MeHSiCH2½ �n �!
1200 �C

nSiCþ nH2 þ nCH4 ð1Þ

This process takes place by the PCmS first forming a

crosslinked material that then forms an amorphous SiC-type

material. At *1175 �C, crystallization occurs to the final

form [32]. The stabilization of the fibers by the addition of PS

before firing allows the fibers to keep their shape and mor-

phology after pyrolysis. The beads on the electrospun fibers

are expected and are most likely due to the evaporation rate

of the solvents used in the system [33].

TEM of the fibers was performed and is shown in Fig. 4.

There is little evidence for large-scale voiding in the fibers,

however, structure is apparent. While smaller fibers were

observed, this fiber is a best result in showing this structure.

The lack of voids can be attributed to the low percentage of

PS in the electrospinning solution. While it is possible that

the fine structure is carbon inclusions and/or grains, mea-

surements do not allow determination of the fine structure.

Also apparent are line-like structures at an angle to the fiber

in the center of the fiber near the bottom edge that resemble

shear bands. Twinning is ruled out as the cause of these

structures due to a nanocrystalline grain morphology being

smaller than the lines and angles not corresponding to

published twin angles of SiC.

X-ray diffraction

XRD spectra (Fig. 5) of the fibers show broad peaks that

are indicative of SiC, and do not show a peak indicative of

graphite or non-graphitic carbon at 26.6� (although only the

[30� spectra are shown due to interference from the

amorphous support) [34]. The broad peaks make it difficult

to verify the phase and polytype or polytypes of the SiC

Fig. 1 Process parameter and formulation effects on fiber diameter.

Fiber diameter varies as a function of molecular weight and spinning

voltage (left) and total polymer loading (right) of PCmS/PS fibers.

Manipulation of these parameters allows control of fiber diameter into

the nanoscale with a minimum of PS content for 2000000 g/mol

molecular weight PS

Fig. 2 TGA-DTA weight percent versus temperature profile of

preceramic polymer solution as temperature increases from room

temperature to 1500 �C, showing the weight loss during the

transformation from polymer to ceramic
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produced here and may be due to the nanocrystallinity of

the SiC fibers. The nanocrystallinity is not surprising due to

the size scale of those fibers as the crystallites must be the

same or smaller than the fibers. As fibers can have nanoscale

diameters, by logical extension so must the crystallites. ED

was performed (Fig. 4) and confirmed the presence of both

crystalline SiC and crystalline silica and showed that the

fibers were polycrystalline. FT-IR was performed and the

results agree with XRD and ED that SiC and silica are

present (results not shown).

SiC is notoriously difficult to determine the polytype

because there are some angles where up to five polytypes

share a peak [35]. The peaks and rings here are most clo-

sely associated with a-SiC, 4H polytype as shown by the

d-spacing given in JCPDS files [36]. Due to the similarities

in polytypes, it is possible that multiple polytypes may be

represented by some of the fainter peaks. No difference

was observed in polytypes by varying electrospinning

conditions or size scale. However, regardless of polytype

determination of the nanofibers, it is interesting that studies

conducted on NicalonTM fibers derived from PCmS show

that grains are b-phase SiC, 3C polytype [37].

In order to determine whether or not it is the electros-

pinning process or other processing parameters such as the

material blending that imparts a unique SiC phase or

polytype into the material, the preceramic electrospinning

solution was pyrolyzed without having been electrospun.

As seen in the XRD spectra in Fig. 5, the material

resulting from the preceramic solution, that was not elec-

trospun, was a-phase SiC, 15R polytype. Also, the peaks

were sharp and distinguishable, compared with peaks from

fibers and must therefore have much larger crystallites than

in the fibers. The results of this experiment are just as

surprising as that of the fibers. It is possible that the elec-

trospinning process, the thermal processing or the PS/

PCmS system that was used, changes the polytype from the

expected 3C of the commercial fibers. However, the dif-

ferences in polytype between electrospun nanofibers and

bulk material show that there are effects due to the elec-

trospinning process or the nanofiber morphology that can

affect polytype.

The Scherrer equation was applied to the XRD plots to

aid in determining the grain size within the electrospun

fibers that were crushed and placed in the XRD. The

Fig. 3 Representative FESEM

micrographs showing the

variation in sizes typical of as

spun PCmS/PS fibers (left) and

pyrolized fibers (right). Both

micrographs have fibers above

and below 100 nm

Fig. 4 TEM micrograph of a

SiC nanofiber (left) and ED of

the fiber (right) showing peaks

corresponding to SiC and

crystalline silica
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Scherrer equation uses the breadth of the peak at half of the

maximum height of a peak to estimate grain size. It was

determined that the electrospun fibers have an average

grain diameter of 1.25 ± 0.1 nm while the non-electrospun

material was calculated to be 6.1 ± 0.5 nm grain size.

However, the Scherrer equation breaks down for materials

with multiple polytypes as the peaks may contain shoulders

or peaks from multiple polytypes in similar areas. The

breakdown of the Scherrer equation explains the anoma-

lously low grain sizes and the discrepancy between the

calculated grain sizes and the grain sizes in the TEM

micrographs in Figs. 4 and 6. The ED pattern in Fig. 3b

also adds credence to the theory that there are multiple

polytypes in the fibers due to the fainter rings that are not

easily identified as 4H peaks.

Core–shell structure

Further inspection of pyrolyzed fibers in the TEM shows

that there is a core–shell structure on the fibers, as seen in

Fig. 6. An oxide shell is known to grow on all SiC fibers

due to various sources of oxygen such as the room atmo-

sphere, furnace atmosphere, and impurities in the furnace

tube [38–40]. Figure 6 shows the core–shell structure of

the electrospun SiC fibers. These fibers were shown to be

silica and SiC by ED and it is expected that the outer layer

is silica. While great care was taken to remove oxygen

from the furnace system, even the smallest amount of

oxygen would contribute to the formation of a crystalline

silica shell. This behavior was not unexpected due to the

fast diffusion of oxygen at the nanoscale. In the case of the

process here, our fibers had oxide layers with the thinnest

attained being 30 nm. In comparison, commercial SiC

nanoparticles have a native oxide layer of at least 100 nm

[39]. Thus, there is a lower limit to the fiber diameters

Fig. 5 XRD spectra of SiC precursor solution that was (top) placed directly in the furnace without having been electrospun and (bottom) crushed

electrospun fibers after pyrolysis step. Vertical lines correspond to SiC peaks

Fig. 6 TEM micrograph of SiC/silica nanofiber showing core/shell

structure
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produced by this process because of the native oxide layer

that forms during processing. If the fiber diameters are

smaller than 30 nm, it is likely that the fiber will consist of

entirely ‘‘shell’’ with no core. In an effort to limit the oxide

layer thickness, it was found that the thickness of the native

oxide shell is process parameter dependant and can be

adjusted to control the growth of such oxide as presented in

Fig. 6. While these studies will not be presented here as

this is not the focus of this work, generally, higher tem-

peratures and/or longer temperature treatments result in

thicker oxide layers [39, 40].

Conclusions

(1) A new process was developed whereby a polymer

preceramic material was electrospun with a high-

molecular weight spinning aid (to introduce viscosity)

that could undergo post-spinning crosslinking by UV

to prevent fiber flowing during thermolysis.

(2) Nanoscale SiC fibers were produced from polymer

preceramic materials by pyrolyzing the resultant

fibers subsequent to electrospinning process.

(3) TEM, ED, and XRD show that nanofibers were

produced as nanocrystalline a-SiC with a silica shell.

(4) Electrospinning, the thermal processing, and/or nano-

scale structure seems to impart a different phase and

polytype onto the final SiC material from that of

non-electrospun material.
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