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ABSTRACT

Amorphous SiBCNAI powders have been prepared by mechanical alloying (MA) technique using crys-
talline silicon (Si), hexagonal boron nitride (h-BN), graphite (C) and aluminum (Al) as starting materials.
Microstructural characterization was carried out by X-ray diffraction (XRD), transmission electron
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and selected area diffrac-
tion (SAD). The results showed that the MA SiBCNAI powders were completely amorphous and no
nanocrystalline structure had been detected. 2°Si and 2’ Al solid-state nuclear magnetic resonance (NMR)
spectra have provided evidence that Si and C atoms are intimately mixed at atomic levels and aluminium
is present as mixed AlNy4, AIN5/AlO4 and AINg units. Structural characterization by X-ray photoelectron
spectroscopy (XPS) has shown the coexistence of chemical bonds formed by reactions of element of Si, B,
C, N and Al. The thermal stability of SiIBCNAI powders has been analyzed by thermogravimetry in argon.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

SiBCN precursor-derived ceramics are promising candidates
for high-temperature structural applications because of their out-
standing high-temperature stability [1], high oxidation resistance
[2] and mechanical properties [3-5]. However, oxidation times
exceeding 24h at 1500°C led to crystallization of the formerly
amorphous oxide scales with concurrent bubble formation [6]
because of volatilisation of boron species. Similar observations
were reported from the high-temperature oxidation of sintered SiC
containing boron as a sintering additive [7]. To improve the scale
quality, Miiller et al. prepared a new kind of SiBCNAI precursor-
derived ceramics and investigated their oxidation behaviour [8]. It
was found that the addition of aluminium had a beneficial effect
indeed on impeding bubble formation as well as cracking and spal-
lation of the oxide scales.

Nowadays, 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 SiBCNAI powders
and ceramics. Powder processing by mechanical alloying (MA) has
attracted wide practical interest as it offers a simple but power-
ful way to synthesize non-equilibrium phases and microstructures,
from nanograin materials to extended solid solutions, amorphous
phases, chemically disordered compounds and nanocomposites
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[9]. Solid-state amorphization (SSA, or crystalline-to-amorphous
phase transformation) by mechanical alloying involves deforma-
tion at much high strain rate, cold welding, fragmentation and
dynamic recrystallization [10]. For the microstructure produced by
mechanical attrition, the strain and lattice disorder can be retained
in highly metastable state [11]. 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.

SiC [12-14], BCN [15-17], AIN [18,19] and SiBCN [20] powders
have been fabricated by MA. However, work on the synthesis of
SiBCNAI powders by solid-state reaction has not been reported yet.
Thus, a new way of fabricating amorphous SiBCNAI powders has
been suggested in this paper for the first time.

2. Experimental

Commercially available crystalline silicon (c-Si, ca. 15 wm, >99.5% pure), hexag-
onal boron nitride (h-BN, ca. 0.6 wm, >98% pure), graphite (C, ca. 4 wm, >99.9%
pure) and aluminum (Al, ca. 3 um, 99.9% pure) powders were used as start-
ing materials for high-energy ball milling. The powders were mixed at the ratio
of Si:BN:C:Al=1:0.5:1.5:0.3 to give a composition of SiBys5C;5Nos5Alg3 and then
mechanically alloyed in a high-energy planetary ball mill (Fritsch Pulverisette 4,
Germany) using silicon nitride (Si3N4) vials and silicon nitride balls (10 mm in diam-
eter). The MA was carried out with a ball-to-powder mass ratio (B/P) of 30:1 for 5,
15 and 25 h, respectively. After each hour, the milling was stopped for 30 min. In the
following experiments, without special notification, mechanical alloying was done
for 25 h. All transfers of powders to and from the vials were done in a glove box filled
with pure (99.99%) argon. The vial was then sealed and transferred to a planetary
ball mill.

The structural characterization of powders was analyzed using X-ray diffrac-
tion (XRD) methods with Cu Ko radiation. Particle morphology observation was
performed on a Tecnai F30 field emission gun transmission electron microscope
(TEM). The results of the XRD analysis concerning amorphization were verified by
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high-resolution transmission electron microscopy (HRTEM) using a Tecnai F30 TEM
instrument operated at 300kV and selected area diffraction (SAD). The X-ray pho-
toelectron spectroscopy (XPS) analysis was performed on a PHI ESCA system using
Al Ka radiation (hv=1486.6eV). The signal curves were fitted by deconvolutions
of peaks using Gaussian-Lorenzian peak approximations and Shirley background
reduction. 29Si and 27Al solid-state magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Avance IIl 400 spectrome-
ter, operating at 79.3MHz for Si and 104 MHz for Al. The magic angle was set
using the 7°Br resonance of KBr. Zirconia pencil rotors were used, and spun at
the magic angle with a spinning rate of 5kHz for Si and 12 kHz for Al. 27Al spec-
tra were referenced to aqueous Al(NO3); (0ppm). 2°Si spectra were referenced
to tetrakis-trimethylsilyl-silane, which was itself referenced to tetramethylsilane
(TMS) at 0 ppm. Thermogravimetric analysis (TGA) of the powders was performed in
an Al, O3 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 SiBCNAI powders, a set of
experiments with different milling times were conducted. Fig. 1
shows the XRD patterns of SiBCNAI powders milled for different
milling times (0, 5, 15 and 25 h). As it is shown, the diffraction peaks
of BN, C and Al disappear completely while those of crystalline Si
still exist beyond 5 h of milling. This indicates that amorphization of
BN, Cand Al is easier than that of Si. After 15 h of milling, the diffrac-
tion peaks of Si obviously decrease in intensity. When the milling
time is up to 25 h, a halo peak corresponding to an amorphous phase
is observed and the sample can be considered as completely X-ray
amorphous.

The TEM image of SiBCNAI powders is shown in Fig. 2(a). It can
be seen that the size of particles is of the order of 100-200 nm. It

Fig. 1. XRD patterns of SiBCNAI powders milled for different times.

should be noted that the small particles and the edge of the large
particles of the bright-field images are featureless, suggesting that
these small particles and the edge of large particles might be amor-
phous. Such conjecture is consistent with the SAD pattern (Fig. 2(b))
that exhibits a broad and diffused halo suggesting the presence of
amorphous phases.

A mass of observations on SiBCNAI powder particles by using
high-resolution transmission electron microscope show that the
particles are completely amorphous and no nanocrystalline struc-

Fig. 2. (a) TEM image and (b) the corresponding SAD pattern of SiBCNAI powders.

Fig. 3. Typical HRTEM images of SiBCNAI powder particles: (a) the edge of a particle and (b) the center area of a particle.
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Fig. 4. (a) Si2p, (b) B1s, (c) Cl1s, (d) N1s, (e) Al2p and (f) O1s XPS spectra, with deconvolutions of peaks, recorded for SIBCNAI powders.

ture has been detected anywhere in the specimen, thus supporting
the XRD and TEM results. Fig. 3 gives typical HRTEM images of
SiBCNAI powder particles.

In order to further investigate the SiBCNAI powders at atomic
level, the XPS and NMR studies were conducted. XPS analysis can
give direct information about the bonding type of the atoms in solid
phases. The XPS measurement results of the as-prepared SiBCNAI
powders are shown in Fig. 4. The characteristic peaks at 100.8 eV
(Si2p) and 282.5eV (C1s) were assigned to the Si-C bonds of SiC
[21]. The peaks at 192.2 eV (B1s), 286.1 eV (C1s) and 398.9eV (N1s)
can reflect the existence of B-C-N bonds [22]. There is a peak at
284.6eV for Cls spectrum, which was assigned to the C-C bonds
of graphite and agreed well with result of starting graphite [21].
The peaks at 189.3 eV (B1s) and 398.9eV (N1s) may be assigned

Table 1
Compositional characteristics of the MA SiBCNAI powders.

to the B-N bonds of h-BN [22]. The characteristic peaks at 73.5eV
and 397 eV were identified as Al2p and N1s signals of the Al-N
bond, respectively [23,24]. The peaks at 75.6eV (Al2p), 531.7eV
(O1s) and 401.6eV (N1s) may reflect the existence of Al-O-N
bonds [25-27]. The O element in Al-O-N bond may be derived
from Al,03 covering the surfaces of the Al particles used as start-
ing material and a trace amount of oxygen in the argon gas used
in the milling. The amount of oxygen is 2.62 wt.% (as shown in
Table 1). Structural characterization by XPS revealed the coexis-
tence of chemical bonds formed by reactions of element of Si, B, C,
N and Al The as-fabricated SiBCNAI powders appeared to possess
a structure containing hybridization of several bonds such as Si-C,
B-C-N, C-C, B-N and AIl-N, rather than a simple complex of these
bonds.

Elemental analysis (mass%)

Compositional formula

Si B C N Al

(0] Total

40.46 7.80 26.82 10.48 11.51

2.62 99.69 SiB0.49C1.54N0.51Alo2900.11
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Fig. 5. (a)2Si and (b) 27 Al NMR spectra of the SiBCNAI powders.

Solid-state NMR spectroscopy can be used to probe the local
environment (short-range order up to a few A) around selected
nuclei and is applicable for the characterization of even amorphous
systems [28]. 29Si and 27Al solid-state NMR spectra of the SiBCNAI
powders are shown in Fig. 5. 29Si NMR spectrum (as indicated in
Fig. 5(a)) shows a broad peak around —15 ppm characteristic of an
amorphous SiC structure based on SiCy4 sites and a small hump at
—85 ppm suggesting the presence of a small amount of amorphous
Si due to insufficient milling [13]. The result indicates that Si and
C atoms are intimately mixed at atomic levels in the amorphous
phase. Three signals centered at 100, 57 and 4 ppm are observed
in the 27Al NMR spectrum (Fig. 5(b)). The 100 ppm signal corre-
sponds to tetrahedral AIN, sites [29], implying the presence of
AIN in the as-milled powders. The position of the resonance at
57 ppm may be assigned to the mixed local chemical environment
of the aluminium nuclei corresponding to pentahedral AIN5 and/or
tetrahedral AlO4 units [30,31]. A small peak at 4ppm should be
responded to octahedral AlNg units [31]. From the data deduced
from the 27Al solid-state NMR spectra, we can conclude that alu-
minium is present as mixed AlN4, AIN5/AlO4 and AlNg units.

Fig. 6 shows the thermal stability of the SIBCNAI powders which
was analyzed by TGA in argon. The powders exhibit excellent ther-
mal stability in argon with a very small massloss of2.13%at 1500 °C.
The mass loss of the powders occurred only after ~1350°C and
should be attributed to the reduction reaction of SiO, and Al,03
covering the surfaces of the Si and Al particles used as starting mate-
rials. The possible reduction reactions are represented by reactions
(1)-(6) [32,33]:

Si05(s) + 2SiC(s) — 3Si(s) + 2CO(g) (1)
25i0,(s) + SiC(s) — 3Si0(g) + CO(g) 2)

SiO,(s) + C(s) — SiC(s) + CO(g) and/or COx(g) (3)

Fig. 6. TGA curves for the SiBCNAI powders in argon.

SiOy(s) + C(s) — SiO(g) + CO(g) and/or COy(g) (4)
Al,05(s) + C(s) — Al,O(g) + CO(g) and/or CO,(g) (5)
Aly03(s) + C(s) — Al,OC(s) + CO(g) and/or CO;(g) (6)

4. Conclusions

From the present study, it appears that amorphous SiBCNAI
powders have been fabricated by high-energy ball milling using
crystalline Si, h-BN, C and Al and elements of Si, B, C, N and Al com-
pounded at atom level. The synthesized SiBCNAI powders appeared
to possess a structure containing hybridization of several bonds
such as Si-C, B-C-N, C-C, B-N and Al-N, rather than a simple com-
plex of these bonds. The thermal stability of SIBCNAI powders was
excellent at high temperature in argon.
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