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Papers of silicon nitride nanofibers were synthesized by a carbothermal reduction process.These nanofiber papers were synthesized
in situ and did not require a secondary processing step. The process utilized silica nanopowders and silica gel as the precursor
material. Processing geometry played a crucial role in regulating the growth of the nanofiber papers. Characterization of the
nanofiber papers indicated that the nanofibers were of the alpha silicon nitride phase. Both mechanical stiffness and strength of
the nanofiber papers were measured. Thermal conductivity and specific heat of the papers were also measured and were found to
be lower than many common thermal insulation materials at much smaller thicknesses and were comparable to those values that
are typically reported for carbon-nanotube-based buckypaper. Results of the mechanical and thermal characterization indicate that
these silicon nitride nanofiber papers can be utilized for specialized thermal insulation applications.

1. Introduction

One-dimensional nanostructures of silicon nitride have been
investigated intensively in the recent past [1–16]. These
structures include nanowires, nanorods, and nanofibers. The
reason for the interest in silicon nitride is because of the
promise it offers in applications in optics, semiconductors,
thermal insulation, and in the strengthening and toughening
of materials [17].

There are several processing routes available to make
these one-dimensional nanostructures of silicon nitride. Kim
et al. [18] synthesized silicon nitride nanowires directly from
silicon substrates. Amethod to fabricate silicon nitride nano-
rods from beta silicon carbide nanowires was developed by
Bechelany et al. [15]. Carbon nanotubes were used as tem-
plates by Han et al. [19] for the synthesis of silicon nitride
nanorods. Carbothermal reduction is another well-known
route. Zhang et al. [11] have used it to produce silicon nitride
single crystal nanowires. Arik [9] and Wu et al. [10] too have
used this method. In another recent effort, Deshmukh et al.
[20] fabricated silicon nitride nanofibers using carbothermal
reduction with silica gel and silica nanopowders as precur-
sors.

A recent development is the making of two-dimensional
sheets or papers using one-dimensional nanostructures.
Zhao et al. [21] have demonstrated a method to synthesize
thin papers of carbon nanofibers. The processing conditions
were controlled to produce an optimized network of carbon
nanofibers. Firsich [22] discusses methods of constructing
carbon nanofiber paper tailored for specific applications. Gou
et al. [23] developed a carbon fiber paper for lightning strike
protection in aircraft structures. Muramatsu et al. [24] pro-
duced buckypaper by filtering a stable suspension of double-
walled carbon nanotubes. Dumée et al. [25] demonstrated
the use of such bucky papers as membranes for distillation.
The filtration process was also used by Xu et al. [26] to make
CNT paper from CNT pulp. Lu et al. [27] fabricated carbon
nanofiber paper impregnated with a shape memory polymer,
thereby imparting shape memory behavior to the paper.

All of the methods described so far for making two-
dimensional paper from one-dimensional nanostructures
have relied on a second manufacturing step such as filtration
to produce paper from nanofibers or nanotubes. These
methods first require the production of the one-dimensional
structures followed by a second method to assemble the one-
dimensional nanostructures into two-dimensional paper.
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Our objective in this work was to develop a process that
can grow silicon nitride paper directly from the raw material
precursors in a single step thus obviating the need for a two-
step process. The process involved the use of carbothermal
reduction. Silicon nitride nanofiber papers were grown in
situ in a tube furnace on a graphite substrate. These papers
were then characterized for their composition and for their
mechanical and thermal properties. A description of the
synthesis technique for the silicon nitride paper is provided
in Section 2. Section 3 presents the results of the mechan-
ical and thermal characterization of the fabricated silicon
nitride papers. Conclusions are presented in Section 4. The
results will show that the silicon nitride nanofiber papers
have acceptable mechanical strength and excellent thermal
insulation properties. This would make them very suitable
candidates for thermal insulation applications.

2. Synthesis Procedure for
Silicon Nitride Paper

A carbothermal reduction process was utilized to synthesize
silicon nitride nanofiber paper (SNNP). The entire process
consisted of threemajor steps.Thefirst step involved prepara-
tion of rawpellets of the precursormaterial.Thiswas followed
by the construction of an interlaced stacking configuration
of graphite plates, raw pellets, and graphite rings. Finally, a
carbothermal reduction temperature cycle was used for the
synthesis.

Theprecursor silica sources for the rawpelletswere amix-
ture of silica gel (Davisil grade 643, pore size 150 Angstroms,
200–425 mesh, Sigma Aldrich) and silica nanopowders (10–
20 nm (TEM), 99.5% trace metals basis, Sigma Aldrich). The
silica precursor powders were mixed with activated charcoal,
in a mass ratio of 10 : 1, in a methanol solution. The liquid
suspension was then ball milled for 15 minutes. The solution
was dried at 100∘C overnight in an oven. Next, the powder
mixtures were mixed with Poly Vinyl Alcohol (PVA, Elvanol,
71-30, http://chemicalstore.com/) binder and molded into
raw pellets (25mm diameter) using a cold press. The raw
pellets were dried overnight at room temperature.

After drying, the raw pellets were interlacedwith graphite
plates and rings and placed in a vertical cylindrical graphite
crucible. In order to ensure that all surfaces of the graphite
plates and the raw pellets were exposed to reacting gases in
the subsequent carbothermal reduction process, the graphite
rings were placed between the raw pellets and the graphite
plates. The thickness of the graphite rings provided a suitable
gap between the pellets and graphite plates. The dimensions
of graphite plates were 31mm by 31mm by 3mm. The
graphite rings to support the raw pellets had outside and
inside diameters of 30mm and 25.4mm, respectively. The
thickness of the graphite rings was made slightly over 3mm.
The vertical cylindrical graphite crucible had an outside
diameter of 43.45mm, with a wall thickness of 6.7mm. A
large flat graphite plate, 63mmby63mm,was used to support
the entire cylindrical crucible and the interlaced layers.
Figure 1 shows the configuration of the stacked interlaced
layers.

Figure 1: A vertical stacking arrangement of alternating raw pellets,
graphite plates, and graphite rings.

The whole crucible, including the interlaced layers of
graphite plates, graphite rings, and raw pellets, was then
placed in a horizontal high temperature alumina tube furnace
(CM Furnace Model 1730-12HT). After replacing the air with
high purity N

2
, the graphite crucible was heated to 1450∘C in

8 hours and kept at that temperature for another 6 hours.The
furnace was cooled down to room temperature in 8 hours.
Nitrogen gas was streamed through the alumina tube furnace
at a rate of 20 sccm (standard cubic centimeters per minute)
during the entire heating and cooling cycle.

After the carbothermal synthesis cycle was complete, the
graphite crucible assembly was removed from the furnace.
Figure 2 shows a disassembled stack of pellets, graphite plates
and rings, after the completion of a thermal cycle.The growth
of silicon nitride fibers is evident in many of the elements of
the stack.When the synthesis is done properly, the nanofibers
are of a pure white color with a cotton-like appearance
on the graphite plates. Silicon nitride nanofibers showed a
preference for growth on the surfaces of the graphite plates
rather than the raw material pellet surfaces. Layers grew to
a thickness of 2.5 to 3.0mm on the graphite plates. Figure 3
shows that the nanofiber layers can be easily removed in the
form of intact, thin papers from the graphite plates using
a razor blade. It proved difficult to extract viable nanofiber
papers from the surfaces of the raw pellets because of the lack
of reasonable growth on the pellets.Moreover, contamination
proved to be a problem since the pellets contain loose
powders that could not be separated from the nanofiber
papers easily. Silicon nitride nanofiber layers were also seen
on the walls of the graphite crucible and graphite rings.
Clearly, graphite surfaces are a favorable place for the silicon
nitride nanofiber layers/papers to grow in the carbothermal
synthesis process.

3. Characterization of Silicon Nitride
Nanofiber Papers

The silicon nitride nanofiber papers (SNNP) were character-
ized in many different ways. The morphology and composi-
tion of the nanofiberswas established using scanning electron
microscopy and X-ray diffraction. The physical density of
the paper was measured. Tensile tests were conducted to
estimate the modulus and strength of the silicon nitride
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Figure 2: A disassembled stack of graphite plates, raw pellets, and
graphite rings. White layers of silicon nitride nanofibers can be seen
on many of the elements of the stack.

Figure 3: A thin silicon nitride nanofiber paper extracted from the
surface of a graphite plate after the carbothermal reduction process.

paper. Thermal conductivity was measured in the paper
thickness direction. The heat capacity of the paper was
measured as well.

3.1. Characterization of Nanofibers in Paper. The morphol-
ogy of the nanofibers was characterized using high resolution
scanning electron microscopy (Hitachi S-4800). Figure 4
shows nanofibers grown on the graphite plate substrate. The
fibers are several tens of microns long, with some reaching a
length of 100 microns or more.

Figure 5 shows the EnergyDispersive Spectroscopy (EDS,
Hitachi S-4800 with Oxford EDS) pattern from a repre-
sentative sample of the nanofibers, clearly indicating strong
silicon and nitrogen peaks, providing evidence for silicon
nitride as the chemical composition. Figure 6 shows theATR-
FTIR spectrum (Perkin Elmer Spectrum One) indicating the
presence of silicon nitride.

The X-ray powder diffraction pattern (Siemens D500)
in Figure 7 shows the presence of crystalline alpha silicon
nitride, thus confirming that the nanofibers are crystalline
alpha silicon nitride. Cu K-alpha radiation was used as the
source with a step size of 0.04∘ and dwell time of 1 second.

3.2. Density Measurement. A single sheet of silicon nitride
nanofiber paper is not stiff enough to measure the physical
density; therefore, three to four layers of the nanofiber papers
were pressed together, with a pressure of 500 psi, to form
a thicker sheet, in the shape of a disk. Then the mass and
volume of the disk were measured to calculate the average
physical bulk density. An average density based on five disks

Figure 4: Silicon nitride nanofibers grown on a graphite plate
substrate.
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Figure 5: Energy Dispersive Spectroscopy pattern of nanofibers
indicating strong peaks of silicon and nitrogen.

was found to be 0.068 grams/cm3. This is somewhat lower
than the densities of common cellulosic paper.

3.3. Tensile Tests. Tension tests for the nanofiber papers were
conducted on an MTS Bionix universal testing machine with
a crosshead speed at 25.4mm per minute. The maximum
capacity of the load cell was only 2 Newtons. Tensile test
coupons were cut from the synthesized papers. The tensile
coupons were about 20mm long and 7mmwide.The average
thickness was about 0.15mm. Since strain gages cannot be
mounted on such small tensile specimens, only the load
versus crosshead extension data was available to estimate the
peak stress and the elastic modulus. Seven tensile specimens
were tested. The elastic modulus of these specimens had an
average value of 503 kPa with a standard deviation of 181 kPa.
The peak stress (strength) had an average value of 50.9 kPa
with a standard deviation of 15.2 kPa. This strength can be
compared with that of typical bond (cellulosic) paper, which
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Figure 6:ATR-FTIR spectra of nanofibers indicating strong absorp-
tion corresponding to silicon nitride.

20 30 40 50 60 70
0

500

1000

1500

2000

In
te

ns
ity

 (c
ou

nt
s)

(101)

(200)

(110)

(201)

(102)

(210)

(211)

(202)
(301)

Angle 2𝜃 (degrees)

Figure 7: X-ray diffraction pattern for the nanofibers indicating
alpha silicon nitride.

has a strength in the range of 250–300 kPa. Obviously the
strength of the silicon nitride nanofiber papers is only about
1/5 of typical bond office paper. However, Figure 8 indicates
that the silicon nitride nanofiber papers do have entangled
strength among the nanofibers, so that the paper has the
typical tensile stress versus crosshead extension curve seen
in many common materials.

3.4. Thermal Conductivity Measurements of Silicon Nitride
Paper. In this study, a cut-reference bar apparatuswas used to
determine the effective thermal conductivity of silicon nitride
nanofiber papers according to ASTM Standard D5470 [28].
Briefly, the cut-reference bar apparatus (shown in Figure 9)
uses a set of two constant temperature plates to direct heat
through two independent, oxygen-free high conductivity
(OFHC) copper reference bars (𝑘OFHC = 391W/m/K), in the
middle of which rests a sample with known thickness and
unknown thermal conductivity. Each constant temperature
plate contains a three-pass flow loop for even heat spreading
to the copper reference bars. The fluid passed through
each plate is thermally controlled via constant temperature
bath. Externally, an insulating material (fiberglass insulation,
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Figure 8: Tensile stress versus extension for a silicon nitride
nanofiber paper.

𝑘insulation = 0.14W/m/K) is used to cover the reference bars
in order to achieve one-dimensional thermal transport across
the material of interest. The insulating material also doubles
as a method to minimize convective and radiative heat losses
from the sides of the reference bars. The effective thermal
conductivity is calculated from data obtained by a series
of thermocouples embedded within the reference bars. The
thermocouples are calibrated using a constant temperature
bath and a NIST calibrated thermometer over a temperature
range of 0∘C to 110∘C. Each set of thermocouples is inserted
into the center of each reference bar and each individual
thermocouple is spaced 12.7mm apart along the length of
each reference bar in order to obtain a linear temperature
gradient from source to sink. In this study, the heat flow is
allowed to reach a steady-state condition over a period of 30
minutes before the thermocouple temperatures are read and
used for calculation. Additionally, a piston is located below
the lower cold plate in order to keep thematerial at a constant
pressure for the duration of testing.

For this work, the thermal impedance, 𝜃, of the silicon
nitride nanofiber papers of thickness 𝑡 is calculated using

𝜃 =
𝐴 sample

𝑄
⋅ Δ𝑇. (1)

In (1), 𝑄 represents the average heat flow through the top
and bottom reference bars of Figure 9. 𝐴 sample is the cross-
sectional area of the silicon nitride paper sample. Δ𝑇 is the
temperature difference between the top and bottom of the
silicon nitride paper sample and is determined using a linear
interpolation process.

The thermal impedance across three different sili-
con nitride paper samples, each with different thickness,
was determined experimentally. Subsequently, the thermal
impedance was plotted as a function of the material’s thick-
ness (Figure 10), and the effective thermal conductivity of the
material was then obtained via linear regression through the
thermal impedance data. The reciprocal of the slope of the
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Figure 9: Cut-reference bar apparatus used for the measurement of
the thermal conductivity of silicon nitride papers.
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Figure 10: Thermal impedance versus sample thickness for silicon
nitride nanofiber paper.

linear regression represents the effective thermal conductivity
of the silicon nitride paper as shown in (2). The associated
uncertainty of (2) is found to be ±9.6% using a standard
estimation of uncertainty, which can be found in [29],

𝜆 =
1

6.8829
⋅
𝑚

((𝐾 ⋅ 𝑚2) /𝑊)
= 0.14

𝑊

𝑚 ⋅ 𝐾
. (2)

From these results, it is clear that the silicon nitride
nanofiber paper behaves as a thermal insulator. This result is
in stark contrast to the reported thermal conductivity of indi-
vidual silicon nanostructures and bulk silicon nitride, which
have been shown to be moderate to exceptional thermal
conductors (between 3.2 and 100W/m/K) and is comparable
to that which has been found for carbon nanotube-based
buckypaper [30]. Thus, this silicon nitride nanofiber paper
offers great promise for thermal insulation applications.

3.5. Measurement of the Specific Heat Capacity of Silicon
Nitride Nanofiber Paper. The heat capacity of silicon nitride
nanofiber papers was measured using a TAQ200 Differential
Scanning Calorimeter (DSC) in accordance with ASTM
E1269 [31]. In order to calculate the heat capacity, the energy
absorbed (referred to as the “heat value”) by an empty sample
panwasmeasured as a function of temperature and compared
to a reference sample (i.e. sapphire). The difference between
the measured values can be used to quantify the specific
heat of an unknown sample as a function of temperature. In
accordance with ASTM E1269, the heat rate during operation
was set to 20∘C/min and a nitrogen purge gas was supplied
into the sample chamber at a flow rate of 50mL/min in order
to establish an adiabatic boundary condition at the sample
pans’ edges. The three heat flow values (empty pan, sapphire,
and the sample) were then used to compute the specific heat
of the sample, which was calculated according to

𝑐
𝑝
(𝑇) =
60 ⋅ 𝐸 (𝑇)𝐷

𝑠
(𝑇)

𝑊
𝑠
⋅ 𝑏
, (3)

𝐸 (𝑇) = [
𝑏

(60 ⋅ 𝐷
𝑠𝑡
(𝑇))
] ⋅ [𝑊

𝑠𝑡
⋅ 𝑐
𝑝𝑠𝑡
(𝑇)] . (4)

In (3), 𝑐
𝑝
represents specific heat capacity (J/kg/K), 𝐸(𝑇)

is the calorimetric sensitivity (defined by (4)), 𝐷
𝑠
is the

difference between the DSC heat values for the unknown
sample and the sapphire sample (mW),𝑊

𝑠
is the mass of the

unknown sample (mg), and 𝑏 is the heating rate (∘C/min).
In (4), 𝐷

𝑠𝑡
represents the difference between the DSC heat

values for the sapphire sample and the empty reference pan
(mW),𝑊

𝑠𝑡
is themass of the sapphire referencematerial (mg),

and 𝑐
𝑝𝑠𝑡

is the specific heat capacity of the sapphire reference
material as a function of temperature (J/kg/K).

The temperature dependent heat values of the empty
reference pan, the sapphire referencematerial, and the silicon
nitride nanofiber paper samples are shown in Figure 11.

The calculated specific heat values of the silicon nitride
paper samples (using (3) and (4)) are shown in Figure 12 as
a function of temperature of the samples. For this study, the
specific heat capacity of the silicon nitride nanofiber paper
samples was determined for temperatures ranging between
35∘C and 80∘C at intervals of 5∘C.

As can be seen in Figure 12, the specific heat capacity
does not deviate significantly from itsmean value (average𝐶

𝑝

= 0.8 J/g/K, standard deviation = 0.01 J/g/K) as temperature
increases. The uncertainty of this method was found to be
1.9% according to [29]. The relatively low specific heat of the
silicon nitride nanofiber paper indicates that it takes longer
for its temperature to increase to a steady-state condition, or
desired temperature, compared with bulk plasma enhanced
chemical vapor deposition (PECVD) silicon nitride, which
has a specific heat capacity of 0.17 J/g/K. The silicon nitride
nanofiber paper also exhibits a specific heat capacity that
differs from other bulk nanostructure papers, such as carbon
nanotube (CNT) papers, which have specific heat capacities
on the order of 0.1 J/g/K, making silicon nitride nanofiber
papers a more desirable choice for use as thermally insulating
nanomaterials in cyclically operating energy systems.
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4. Conclusions

Crystalline silicon nitride nanofiber papers were formed in
situ on the surface of graphite plates by the carbothermal
reduction method using silica nanopowder and silica gel
precursor pellets. The carbothermal reduction process was
performed at a temperature of 1450∘C in a flowing nitrogen
atmosphere inside a horizontal alumina tube furnace. A
special stacking arrangement of graphite substrate plates and
silica nanopowder pellets was utilized to ensure adequate
exposure of the substrate surfaces to the reacting gases.
This arrangement allowed multiple substrate surfaces to be
exposed, thereby allowing the growth of the nanofiber papers
on multiple surfaces, thus increasing the yield. Nanofiber
papers can be easily extracted from the graphite plates with
very low contamination.The silicon nitride nanofiber papers
were characterized both mechanically and thermally. The
average mechanical strength of in situ synthesized paper
was 50.9 kPa with an average modulus of 503 kPa. The
thermal conductivity of the paper samples was measured at
0.14W/mK, while the specific heat capacity was determined
to be 0.8 J/g/K. These measurements indicate that the silicon
nitride nanofiber papers, synthesized in situ by the carboth-
ermal process, offer plenty of promise for use as thermal
insulation materials in specialized applications.
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