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Two kinds of -SiAION nanostructure whiskers, rod-like and wool-like whiskers, were synthesized by pressure-less sintering
method at 1773 K for 5 hours. The whiskers synthesized were characterized by powder X-ray diffraction (XRD), scanning electron
microscope (SEM), transmission electron microscope (TEM), and high-resolution electron microscope (HREM) techniques. It
was found that diameter distribution of rod-like whiskers was about 80-250 nm, while it was about 45-55 nm in diameter for
the wool-like whiskers. The growth mechanisms of -SiAION nanostructure whiskers are discussed by the vapor-solid (VS) and

vapor-liquid-solid (VLS) mechanisms, respectively.
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1. INTRODUCTION

B-SiAION is the solid solution of S-SizN4, AlLOs, and
AIN. The composition of B-SiAION can be represented
by the formula Sig.zAlzOzNs.z, and the Z value varies
constantly from zero to 4.2 [1, 2]. Hexagonal 3-SiAION has a
crystalline structure similar to 8-Si3Ny4 and exhibits excellent
properties such as good corrosion resistance, antioxidation,
and high fracture toughness [3-6]. Therefore, f-SiAION can
be used as refractory, cutter material, and high performance
ceramics. It can also be made into medical instruments,
oxidation resistant, and corrosion resistant materials at high
temperature in aerospace [7-12].

It is well known that nanowhiskers and fibers are signif-
icant in improving the strength and toughness of composite
structural materials, owing to their small particle size and
the high-aspect ratio [13-18]. 3-SiAION whiskers inserted
into matrix are expected to increase the fracture toughness
of B-SiAION composite ceramics. To the knowledge of the
authors, there are few works dealing with the synthesis
of abundant of B-SiAION whiskers with nanostructure
and its growth mechanism. Jia et al. prepared a few f3-
SiAION particles of about 30 nm in diameter using organic

precursors [19]. The results show that a few novel rod-like
B-SiAION whiskers were found at the surface of a-SiAION
(5%) and 3-SiAION (95%) composites. They also did related
analysis for «a-SiAION whiskers [20-22]. Fuetal. [23]
synthesized -SiAION whiskers by a combustion method,
using of silicon and aluminum powders as raw materials,
with SiO; and Y,Oj; as additives and a-SizNy or 3-SiAION
powders as diluents. SEM results showed that the aspect ratio
of whiskers was higher than 5. Dickon fabricated single crys-
talline 3-SiAION nanowires with 100-500 nm in diameter by
sintering powder mixture of Al, Si, and SiO; at 1873 K [24].
Chen synthesized S-SiAION whiskers from silica fume and
a-alumina via carbothermal reduction and which formed
by VLS growth mechanism involving SiO, FeCls, and other
vapor species [25]. Other research works on «-SiAlON or -
SiAION whiskers can be referred to from references [26, 27].

In the present paper, large quantity of f-SiAION nanos-
tructure whiskers were synthesized by the pressure-less
sintering technique under the proper conditions. The phase
composition and morphology of S-SiAION nanostructure
whiskers were investigated by the XRD, SEM, TEM, HREM
techniques. The growth mechanisms of the rod-like and
wool-like whiskers were discussed.
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FiGure 1: XRD pattern of $-SiAION (Z = 1.3) nanostructure
whiskers prepared by pressure-less sintering technique at 1773 K for
5 hours.

2. EXPERIMENT
2.1. Preparation

Silicon (299.9%, 3.256 ym, C.R., Beijing Chemical Co., Bei-
jing, China), aluminum (=99.5%, 3.360 ym, C.R., Shanghai,
China), and alumina (=99%, 3.873 ym, A.R., Guangdong,
China) powders were used as raw materials to synthesize f3-
SiAION (with the formula Sig.zAl;OzNs.z) nanostructure
whiskers by pressure-less sintering technique. The starting
materials with proper ratio of Z = 1.3 [mol (ALO; +
AIN)/mol SizNy = 1.3:4.7] were milled for 24 hours by using
absolute ethyl alcohol as the medium. The slurry was dried
and pressed into pallets of 13 mm in diameter and 3.0 mm
in thickness at the pressure of 100 MPa; the pallets were
placed into an alumina crucible, covered with silicon nitride
powders, sieved by 300-mesh, and then sintered at 1773 K for
5 hours. The nitrogen gas with high purity was introduced
into alumina reaction tube, and the partial pressure was
maintained at 0.1 MPa by keeping the flow rate of 1 mL/min.

2.2. Phase and microstructure characterization

The phase composition of the obtained products was
identified by X-ray diffraction measurement on a M21X-
SRA X-ray diffractometer (manufactured by MAC Science
Co. Ltd, Yokohama, Japan) equipped with graphite crystal
diffracted-beam monochromator. The accelerating voltage
and current are 40kV and 150 mA, respectively. Scanning
speed is 8°/min, step wise is 0.02°, and scanning region is
from 10° to 80°.

Scanning electron microscope (ZJIESS CSM 950, Carl
Zeiss Co., Oberkochen, Germany) was used to observe the
morphology and the particle size of the prepared samples by
scanning on the cross-sections of fracture. Amorphous car-
bon was sputtered on the section before SEM measurement.

Both transmission electron microscope (HITACHI H-
8100, Hitachi, Tokyo, Japan) and high resolution electron
microscope (JEM2010, Joel Ltd., Tokyo, Japan) operating
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FIGURE 2: SEM micrographs of -SiAION nanostructure whiskers
prepared by using silicon, aluminum, and alumina powders as raw
materials. ((a) Most of rod-like whiskers and (b) most of wool-like
whiskers magnified image of rod-like whisker on the left bottom of
Figure 2(a)).

at 200kV are used to certificate the phase and crystal
morphology of the products.

3. RESULTS AND DISCUSSIONS
3.1. Composition analysis

Figure 1 shows the XRD patterns of 3-SiAION prepared by
pressure-less sinter technique at 1773K for 5 hours. The
diffraction pattern is in agreement with the data reported
by the JCPDS (48-1615) card. The spectra identified that
B-SiAION is the main phase, and no impurities were found
within the analysis uncertainty limits. The sharper peaks of
diffraction illustrated that 3-SiAION presents a high degree
of crystallization.

3.2. Morphology and microstructure observation

Two kinds of whiskers have been observed in the present
products. It can be seen in Figure 2 that most whiskers
illustrated in Figure 2(a) were straight and column-shaped
crystals which were denoted as rod-like whiskers. This kind
of whiskers has a wider distribution of diameter, and it is
between 80 and 250 nm with high-aspect ratio. In the small
photo on the left bottom in the Figure 2(a), a spheric node
can be seen on the tip of rod-like whiskers, which might be
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F1GURE 3: TEM micrographs of f-SiAION nanostructure whiskers with the corresponding SAEDs analysis. ((a) Rod-like whiskers, (1) SAEDs
analysis for the top of rod-like whiskers and diffraction rings include Si, Al, and -SiAION amorphous, (2) SAEDs analysis for the top of rod-
like whiskers corresponding to single 3-SiAION, (b) wool-like whiskers and diffraction spots for the top of wool-like whiskers corresponding

to single -SiAION).
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FIGURE 4: EDS analysis for one wool-like whisker corresponding to TEM analysis.

: TOITO)

Ficure 5: HREM results of wool-like -SiAION nanostructure
whiskers and plane distance are about 0.662 nm corresponding to
(1000) plane of 3-SiAION.

the evidence for the VLS mechanism of the rod-like whiskers.
In Figure 2(b), a large quantity of whiskers with smaller
diameter and flexible microstructure denoted as wool-like
whiskers are also observed. The diameter of this kind of
whiskers is quite homogeneous and it is about 45-55 nm.
The two kinds of whiskers interlaced each other, which would
improve the strength and toughness of the material.

TEM micrograph of -SiAION nanostructure whiskers
together with results of the selected area election diffraction
(SAED) investigation is shown in Figure 3. The straight
column-shaped whiskers with 160 nm in diameter could be
observed in Figure 3(a), their aspect ratio having reached
more than 40. The diffraction pattern, marked dots on
the body, indicated that the nanostructure whisker is a
single crystal and it grew along the c-axis, corresponding
to the single B-SiAION structure. At the same time, the
diffractions on the tip of -SiAION nanostructure whiskers
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FiGURE 6: Simplified sketch of growth mechanism of $-SiAION whiskers. (Process I is the vapor-solid (VS) mechanism for formation of
rod-like 3-SiAION whiskers, process II is the vapor-liquid-solid (VLS) mechanism for formation of rod-like 3-SiAION whiskers).

show that they are multiphase crystal diffraction rings. This
phenomenon might result from the VLS growth mechanism.
Figure 3(b) exhibited a series of wool-like whiskers with
high-aspect ratio intercross together. The diffraction spots
for the tip and end of whisker were proved to have the same
component corresponding to single-crystals of 5-SiAION,
which is likely to explain that the growth mechanism of wool-
like whiskers is based on VS mechanism. EDS analysis for
one wool-like whisker carried out and it certificated that the
whiskers are §-SiAION phase, and it can be seen in Figure 4.
The surface of two kinds of whiskers is very smooth during f3-
SiAION whiskers growing process. HREM was also employed
to analyze the structure of the single crystal wool-like f3-
SiAION nanostructure whiskers. The results are shown in
Figure 5. Lattice image indicated that the plane distance of
single 3-SiAION material is about 0.662 nm, corresponding
to (1000) plane of 3-SiAION.

3.3. Mechanism of whisker growth

In the present work, vapor-solid (VS) and vapor-liquid-solid
(VLS) mechanisms [28-30] were used to explain the growth
mechanism of wool-like and rod-like whiskers during sinter
process, respectively.

The vapor-solid (VS) mechanism, for the wool like
whiskers, was assumed as the main growth mechanism. The
main reactions were listed from (1) to (3), and growth
schematic diagram of whisker is illustrated in Figure 6 for
part 1. At the starting reaction step, silicon, aluminum,
and alumina reacted and formed -SiAION seeds under the
flowing nitrogen atmosphere as (1). These 3-SiAION seeds
act as active centers and accelerate the growth of whiskers:

Sis) + Al() + AL O3 + N — B-SiAION (seeds)- (1)

The partial evaporation of silicon monoxide (SiO) and
aluminum suboxide (ALO) is likely to be formed as (2),
owing to the low oxygen partial pressure under the reactant
condition:

2Sigy + AL O3y = ZSiO(g) + AIZO(g), 2)
4Alg) + AL O3(5) = 3A120(g).

The above vapor phases, SiO and AL, O, react with flowing
nitrogen gas and deposited on the preferential growth
plane of 5-SiAION seeds. With the continuous cycle, the
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B-SiAION nanostructure whiskers, with high-aspect ratio,
finally formed. The reaction can be described as
SiO(g) + Ale(g) + Nz(g)

B-SiAION.seeds— 3-SiAION.particles . (3)
/3' SlAlON(whiskers) .

The rod-like whiskers may form through a vapor-liquid-
solid (VLS) process. Mechanism analysis sketch diagram
could be seen in Figure 6 for part II, and the procedure
is described as follows. Based on reactions (2), the vapor
phases may reacted with nitrogen and dissolve into the
spherical liquid droplets of silicon and aluminum and some
impurities, although the content of impurities is very small
to form -SiAION containing liquid. When the content of 3-
SiAION in droplet became supersaturated, a new complete
B-SiAION crystalline particle would precipitate from the
droplet. With the procedure getting repeated, rod-like f3-
SiAlION whiskers would grow up as

dissolvedin[Al],[Si]

SiO(g) + AlgO(g) +N, B-SiAION ). (4)

supersaturated
A lot of spheric nodes on the tip of rod-like whiskers also
proved that VLS growth mechanism is interested for rod-like
whiskers.

4. CONCLUSIONS

B-SiAION nanostructure whiskers were synthesized by
pressure-less sintering method at 1773 K for 5 hours under
the nitrogen gas with pressure of 0.1 MPa. There were two
kinds of whiskers, rod-like nanostructure whiskers and wool-
like structure, produced during the process. It was found that
the diameter distribution of rod-like whiskers was about 80—
250 nm, and most of them are straight crystals. However,
the diameter of wool-like whiskers is relatively narrow and
homogeneous, about 45-55 nm. These two structures which
interlaced each other might form a designing reinforced
structural material. The growth mechanism of the rod-like
and wool-like structure of 3-SiAION has been investigated
through a series means of microstructure and phase analyses
with XRD, SEM, TEM, and HREM.

ACKNOWLEDGMENTS

The authors would like to thank the National Science Foun-
dation of China for the financial support (nos. 50425415,
50772004, and 50372004) and National Basic Research
Program of China (973 Program no. 2007CB613608).

REFERENCES

[1] Y. Oyama and O. Kamigaito, “Solid solubility of some oxides
in Si3sNy,” Japanese Journal of Applied Physics, vol. 10, no. 11,
p. 1637, 1971.

[2] K. H. Jack and W. 1. Wilson, “Ceramics based on Si-Al-O-N
and related systems,” Nature Physical Science, vol. 238, no. 80,
pp. 28-29, 1972.

[3] E K. Van Dijen, R. Metselaar, and R. B. Helmholdt, “Neutron
diffraction study of f’-sialon,” Journal of Materials Science
Letters, vol. 6, no. 9, pp. 1101-1102, 1987.

[4] T. Ekstrom and M. Nygren, “SiAION ceramics,” Journal of the
American Ceramic Society, vol. 75, no. 2, pp. 259-276, 1992.

[5] J. Kim, A. Rosenflanz, and 1.-W. Chen, “Microstructure
control of in-situ-toughened a-SiAION ceramics,” Journal of
the American Ceramic Society, vol. 83, no. 7, pp. 1819-1821,
2000.

[6] X.D. Wang, H. Bao, and W. C. Li, “Oxidation of O’-SiAION-
ZrO, composite ceramics,” Journal of University of Science and
Technology Beijing, vol. 8, no. 1, pp. 43—47, 2001.

[7] T. Ekstrom, P. O. Kill, M. Nygren, and P. O. Olsson,
“Dense single-phase f-sialon ceramics by glass-encapsulated
hot isostatic pressing,” Journal of Materials Science, vol. 24, no.
5, pp. 1853-1861, 1989.

[8] P.L.Land, J. M. Wimmer, R. W. Burns, and N. S. Cboudhury,
“Compounds and properties of the system Si-Al-O-N,” Jour-
nal of the American Ceramic Society, vol. 61, no. 1-2, pp. 56-60,
1978.

[9] J. Persson and M. Nygren, “The oxidation kinetics of 3-sialon
ceramics,” Journal of the European Ceramic Society, vol. 13, no.
5, pp. 467-484, 1994.

[10] A. Abed, I. S. Jalham, and A. Hendry, “Wetting and reaction
between f’-sialon, stainless steel and Cu-Ag brazing alloys
containing Ti,” Journal of the European Ceramic Society, vol.
21, no. 3, pp. 283-290, 2001.

[11] K. Kishi, S. Umebayashi, E. Tani, K. Shobu, and Y. Zhou,
“Room temperature strength of -sialon (z = 0.5) fabricated
using fine grain sized alumina powder,” Journal of the European
Ceramic Society, vol. 21, no. 9, pp. 1269-1272, 2001.

[12] V. A. Izhevskiy, L. A. Genova, J. C. Bressiani, and F. Aldinger,
“Progress in SiAION ceramics,” Journal of the European
Ceramic Society, vol. 20, no. 13, pp. 2275-2295, 2000.

[13] R. Venkatesh, P. K. Chakrabarty, B. Siladitya, M. Chatterjee,
and D. Ganguli, “Preparation of alumina fibre mats by a sol-
gel spinning technique,” Ceramics International, vol. 25, no. 6,
pp. 539-543, 1999.

[14] J. L. Gole, J. D. Stout, W. L. Rauch, and Z. L. Wang, “Direct
synthesis of silicon nanowires, silica nanospheres, and wire-
like nanosphere agglomerates,” Applied Physics Letters, vol. 76,
no. 17, pp. 2346-2348, 2000.

[15] H. H. K. Xu and J. B. Quinn, “Whisker-reinforced bioactive
composites containing calcium phosphate cement fillers:
effects of filler ratio and surface treatments on mechanical
properties,” Journal of Biomedical Materials Research Part A,
vol. 57, no. 2, pp. 165-174, 2001.

[16] M. Radwan, M. Bahgat, and A. A. El-Geassy, “Formation of
aluminium nitride whiskers by direct nitridation,” Journal of
the European Ceramic Society, vol. 26, no. 13, pp. 2485-2488,
2006.

[17] S. R. Nutt and P. Lipetzky, “Creep deformation of whisker-
reinforced alumina,” Materials Science and Engineering A, vol.
166, no. 1-2, pp. 199-209, 1993.

[18] I.-W. Chen and A. Rosenflanz, “A tough SiAION ceramic based
on a-SizN, with a whisker-like microstructure,” Nature, vol.
389, no. 6652, pp. 701-704, 1997.

[19] X.Jia, H. Zhang, J. Chen, D. Yang, and Z. Liu, “Synthesis of -
sialon ultrafine powder by sol-gel and reduction-nitridation
method,” Journal of the Chinese Ceramic Society, vol. 32, no. 8,
pp. 925-929, 2004.

[20] G. Liu, K. X. Chen, H. Zhou, C. Pereira, S. Quaresma, and J.
M. E. Ferreira, “Preparation of Y-SiAION rod-like crystals and
whiskers by combustion synthesis,” Materials Letters, vol. 59,
no. 29-30, pp. 3955-3958, 2005.

[21] G. Liu, K. X. Chen, H. Zhou, C. Pereira, and J. M. F. Ferreira,
“Formation of Yb a-SiAlION whiskers by heat treatment of



Journal of Nanomaterials

[24]

(25]

[26]

(27]

(28]

[29]

(30]

hot-pressed bulk samples,” Journal of Alloys and Compounds,
vol. 430, no. 1-2, pp. 269-273, 2007.

G. Liu, K. X. Chen, H. Zhou, et al., “Formation of 3-SiAION
micropalings consisting of nanorods during combustion syn-
thesis,” Scripta Materialia, vol. 55, no. 10, pp. 935-938, 2006.
R. Fu, K. X. Chen, and J. M. E. Ferreira, “Combustion synthesis
of B-SIAION whiskers,” Key Engineering Materials, vol. 280—
283, pp. 1241-1244, 2005.

D. H. L. Ng, T. L. Y. Cheung, E. L. Kwong, Y.-E Lib, and R.
Yang, “Fabrication of single crystalline 8'-SiAION nanowires,”
Materials Letters, vol. 62, no. 8-9, pp. 1349-1352, 2008.

Z. X. Chen, “Synthesis and characterization of f’-sialon
whiskers prepared from the carbothermal reaction of silica
fume and a-ALO;,” Journal of Materials Science, vol. 28, no.
22, pp. 6021-6025, 1993.

J. Yu, S. Ueno, K. Hiragushi, S. Zhang, and A. Yamaguchi,
“Synthesis of 3-SiAION whiskers from pyrophyllite,” Journal
of the Ceramic Society of Japan, vol. 105, no. 9, pp. 821-823,
1997.

K. X. Chen, M. L. L. L. Oliveira, and J. M. E. Ferreira, “Com-
bustion synthesis of Y a-SiALON whiskers,” Key Engineering
Materials, vol. 230-232, pp. 275-278, 2002.

M. Johnsson, “Synthesis of boride, carbide, and carbonitride
whiskers,” Solid State Ionics, vol. 172, no. 1-4, pp. 365-368,
2004.

M. Carlsson, P. Alberius-Henning, and M. Johnsson, “Vapour-
liquid-solid growth of TiB, whiskers,” Journal of Materials
Science, vol. 37, no. 14, pp. 2917-2925, 2002.

Y.-J. Chen, J.-B. Li, Q.-M. Wei, and H.-Z. Zhai, “Preparation
and growth mechanism of TAc, whiskers,” Journal of Crystal
Growth, vol. 224, no. 3-4, pp. 244250, 2001.



Journal of

Nanotechnology

BioMed
Research International

Journal of

WEEELS

Journal of

Nanoscience

International Journal of

Corrosion

International Journal of

Polymer Scienc

" Research

e

Hindawi

Submit your manuscripts at
http://www.hindawi.com

The Scientific
erId Journal

Journal of

Coatings

feme-

Journal of

Crystallography

Journal of

Ceramics

Journal of

Composites

Journal of

Metallurgy

Journal of

Nanoparticles

International Journal of

terials

Journal of

Textiles




