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Abstract

A new approach in the synthesis of amorphous SiBCN has been suggested using high-energy shaker ball mill. Hexagonal boron nitride (h-BN),
graphite (C) and amorphous silicon (Si) were blended according to the mole ratio of 1:1:1, and then ball milled by different ball-to-powder mass
ratio, diameter of ball and milling time. The structural evolution at different stages of milling has been characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), high-resolution electron microscopy (HREM) and electron energy-loss spectroscopy (EELS). The
results showed that the SiBCN powders were mainly amorphous with some nanocrystlline phases. The thermal stability of SiIBCN powders has
been analyzed by thermogravimetry in argon. Mass loss occurred at high temperature, especially above 1000 °C.
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1. Introduction

During the last few years, non-oxide ceramics, mainly in the
system of SiBCN, derived from organo-elemented precursors
has aroused ever increasing attention. These kinds of materials
are prepared by thermolysis of pre-ceramic polymers at
temperature of about 1100 °C [1-6]. The resulting ceramics are
amorphous, free of sintering additives and exhibit outstanding
high temperature stability [7-9] and superior mechanical
properties [10—12]. But the synthesis and pyrolysis of
precursors need to be done in inert gases, and the corresponding
processes are very complicated and the starting materials are
very expensive, so it is necessary to find other routes of
synthesis for SIBCN powders and ceramics.

Ball milling-induced solid-state amorphization (SSA, or
crystalline-to-amorphous phase transformation) has received
considerable scientific attention because the combination of
ball milling and subsequent consolidation may offer a way to
produce technologically useful bulk amorphous materials
[13,14]. Solid-state amorphization by mechanical alloying
(MA) involves deformation at much high strain rate, cold
welding, fragmentation and dynamic recrystallization [15]. For
the microstructure produced by mechanical attrition, the strain
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and lattice disorder can be retained in highly metastable state
[13]. As a result, the composition range for amorphization is
usually much greater by mechanically driven processes than
that by other techniques, such as rapid solidification.

Synthesis of nano-sized SiC [16—18] or amorphous BCN
[19] powders through high-energy ball mill using Si and C or
BN and C as starting materials has been reported recently.
However, work on the synthesis of Si-B—C-N powders by
solid-state reaction has not been reported yet. Thus, a new more
efficient way of fabricating amorphous SiBCN powders has
been suggested in this paper.

2. Experimental procedure

Commercially available hexagonal boron nitride (h-BN, ca.
0.6 pm, >98% pure), graphite (C, ca. 10 pm, >99.9% pure)
and amorphous silicon (a-Si, ca. 15 pm, 99.8% pure) powders
were used as starting materials for ball milling. The powders
were blended in a 1:1:1 mole ratio and then ball milled in a
shaker miller using zirconia balls (10, 8 and 6 mm in diameters)
and zirconia vials with an inside diameter of 60 mm and height
of 80 mm. In the following experiments, without special
notification, mechanical alloying was done by the balls with a
diameter of 10 mm. The MA was carried out with a ball-to-
powder mass ratio (B/P) of 10:1, 20:1, 40:1, 60:1 and 100:1 for
1-30 h, respectively. After each hour, the milling was stopped
for 10 min. All transfers of powders to and from the vials were
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done in a glovebag filled with pure (99.99%) argon. The vial
was then sealed and transferred to a shaker mill. The shaking
cycle of vial was about 700/min.

The structural characterization of powders was analyzed
using X-ray diffraction (XRD) methods with Cu Ko radiation.
Particle morphology observation was performed on a JEM-
1200EX transmission electron microscope (TEM). The results
of the XRD-analysis concerning amorphization were verified
by high-resolution electron microscopy (HREM) using a
JEOL-2010 HREM instrument operated at 200 kV, selected
area diffraction (SAD) and electron energy-loss spectroscopy
(EELS). Thermogravimetric analysis (TGA) of the powders
was performed in an Al,Oj3 crucible (STA-449C, Netzsch) from
room temperature to 1500 °C at heating rates of 10 °C/min in
argon.

3. Results and discussion

In an attempt to prepare amorphous Si—-B—C-N powders, a
set of experiments with different milling time was conducted.
Fig. 1(a) shows the XRD patterns of Si-B—C—N powders milled
with ball-to-powder mass ratios of 20:1 for different milling
time. It is indicated that the diffraction peaks of BN and C
gradually decrease in intensity and increase in width to finally
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Fig. 1. XRD patterns of the powder milled for different times with a charge of
(a) 20:1 and (b) 60:1.

disappear beyond 5 h of milling. The center of broad peaks
shifted and broadened with the increase of milling time. But for
Si-B—C-N powders milled with ball-to-powder mass ratios of
60:1, the peak of ZrO, appeared when the milling time up to
20 h (as shown in Fig. 1(b)).

X-ray diffraction patterns of samples milled for 10 h with
different ball-to-powder mass ratio and varied diameters of
milling balls are shown in Fig. 2. These XRD patterns indicate
that as the ball-to-powder mass ratio increases the milling
efficiency in reducing particle size, introducing internal strains
and enhancing microstructural evolution and increasing
reactions, as suggested by the broadening and shifting of the
peaks with the increases in the ball-to-powder mass ratio (as
shown in Fig. 2(a)). But the contamination from the milling
media (ZrO,) simultaneously increases.

Fig. 2(b) shows the X-ray diffraction patterns of BN, C and
Si powder mixture milled with a ball-to-powder mass ratio of
20:1 using varied diameters of milling balls (6, 8 and 10 mm).
The diffraction peak had the lowest intensity for SIBCN powder
milled by balls whose diameter is 8 mm. It is obvious that balls
with 8§ mm in diameter balls have the greatest milling
efficiency.

The TEM images of BN, Si and C powder mixtures milled
with a ball-to-powder mass ratio of 20:1 for different milling
times are shown in Fig. 3. It is generally known that the
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Fig. 2. XRD patterns of the powder mixture milled for 10 h with (a) different
ball-to-powder mass ratio and (b) using balls in different diameters.
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Fig. 3. TEM images of the powder mixtures milled with a ball-to-powder mass ratio of 20:1 for (a) 10 h and (b) 30 h.

mechanical alloy process reaches a steady state where the
particles have homogeneous size and shape when the milled
time up to a certain time. So as shown in the TEM images, the
powder particle sizes changed little with further increase of
milling time. It should be noted that the small particles and the
edge of the large particle of the bright-field images are
featureless, suggesting that these small particles and the edge of
large particle might be amorphous.

Fig. 4 shows the high-resolution electron microscope image
and the corresponding SAD patterns of SIBCN powders milled
with a ball-to-powder mass ratio of 100:1 for 10 h. It is evident

that the microstructure of the edge of powder is predominantly
amorphous with a small volume fraction of nanocrystalline
structure (as shown with the arrow in Fig. 4(a)). The broad and
diffused halo ring (inset of Fig. 4(a)) indicates the main phase of
edge of powder being amorphous. The edge of powder presents
the sheet-like microstructure.

The microstructure reveals a typical amorphous + nanocrys-
talline composite aggregate in the center of SiBCN powders, but
the number of nanocrystalline composite aggregate is a few.
Fig. 4(b) shows the microstructure consists of some very fine
crystallites (about 4-5 nm) embedded in amorphous matrix. The

Fig. 4. HREM images and the corresponding SAD patterns of SiIBCN powders milled with a ball-to-powder mass ratio of 100:1 for 10 h. (a) The edge of powder and
the SAD pattern of amorphous structure; (b) the center of powder and the SAD pattern of crystalline structure.
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Fig. 5. EELS curves obtained from amorphous and crystal structures in SiIBCN
powder.

SAD pattern obtained from nanocrystalline composite is shown
in Fig. 4(b), where several diffraction halos and spots can be seen
despite faint diffraction. The SAD pattern reveals nanocrystal-
line composites mainly contain B-SiC (inset of indicates
Fig. 4(b)), and few diffraction spots cannot distinguish through
crystallographic data of SiC, SizN4, B4C, BN and BCN,
indicating that the diffraction spots may arise from a or some
non-equilibrium phase.

EELS spectra were recorded during HREM characterization
to confirm the compositional elements of the SIBCN powders.
Spectra were obtained using a probe beam with a diameter of
2.4 nm. Typical EELS spectrums for the amorphous and crystal
structures are shown in Fig. 5. It reveals the expected distinct Si—
L,, B-K, C-K, N-K and O-K edge structures in the both of
amorphous and crystal structures. This suggests that the Si, B, C
and N are mixed at the level of atom and to form SiBCN ceramic
powders. The appearance of oxygen may be caused by the
preparation of sample that was exposed to the air for about 15 h.

The present experimental data clearly indicate that the
amorphization of SiBCN powders enhanced by long milling
time and large ball-to-powder mass ratios. To avoid contam-
ination of ZrO,, the optimum milling parameters are: charge
ratio being 20:1, milling time being 20 h and the diameter of
ball being 8 mm.
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Fig. 6. Thermal stabilities of SIBCN powders at high temperature in argon.

The thermal stability of SIBCN powders was analyzed by
thermogravimetric analysis. As shown in Fig. 6, the mass loss
happened at high temperature for three SiBCN powders,
especially above 1000 °C. But the mass losses of powders
abated with increase of ball-to-powder mass ratio and milling
time. BN and C have high melting point and cannot decompose
below 2000 °C. But the melting point of element Si is 1423 °C,
and the melting point will decrease with the decrease of
dimension of Si powder. So the mass loss of SIBCN powders
should be attributed to the volatilization of Si. The
volatilization of Si may be explained by two reasons. One
reason is that partial element Si existed in the SIBCN powders,
because graphite and h-BN have similar diagrams, so the
graphite may be easier to form BCN solid solution with BN
than to form SiC with Si. The other reason is that the chemical
bond of Si—C is weak and leads to break of bond during high
temperature.

4. Conclusion

From the present study, it appears that amorphous SiBCN
powders were fabricated by high-energy ball mill using C, h-
BN and amorphous Si and elements of Si, B, C and N
compounded at atom level. Large ball-to-powder mass ratios
and long milling time enhance the formation of amorphous
SiBCN powders, but the over many ball-to-powder mass ratios
and overtime milling time lead to the contamination of milling
ball. The SiBCN powders were mainly amorphous, and some
nanocrystlline SiC and other crystals lied in the amorphous
matrix. The thermal stabilities of SiIBCN powders were not
good, and the loss of mass happened at high temperature in
argon, especially above 1000 °C.
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