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Changes of chemical composition, crystallization, and morphology of laser synthesized
amorphous Si/C/N nanocomposite powders during heat treatment under nitrogen and
argon were investigated. The influence of nitrogen and argon on the chemical composition
and crystallization of the powders were different. When the temperature exceeded 1750°C,
however, the amorphous Si/C/N nanocomposite powders were transformed into pure
crystalline 8-SiC powders under either nitrogen or argon. The particle sizes of the
nanometric powders increased abruptly as increasing the annealing temperature and
reached micrometer scale above 1750°C. © 1999 Kluwer Academic Publishers

1. Introduction ric powders from hexamethyldisilane ([Si(GH]2NH,
Laser synthesis of powders, which was developed byiMDS) and studied the reaction kinetics. Suzuki
Haggertyet al. [1, 2], offers several advantages overet al. [10] reported the synthesis of amorphous
conventional methods. The reactions are conductednd partial crystalline Si/C/N fine particles from
in a confined, well-defined, wall-less zone with rapid SiHs-CoH2-NH3 system. Cauchetieet al. [11] pre-
heating and cooling rates and with fast reaction timegpared nanocomposite Si/C/N powders by laser-HMDS
(1-10 ms). Laser synthesis can yield powders whoseaerosol interaction and simply studied the powder
elements are homogeneously mixed at atomic scale vishanges such as crystallization during heat treatment
in situ deposition from a homogeneous gas phase. Th€L000—-1600C) under nitrogen. In fact, although the
laser synthesized powders are spherical and very smabhrticle size, the composition and the structure of start-
with a very narrow range of sizes and loose agglomeing powders have a great influence on the properties
ration. For all of these reasons, the laser method is onef composite ceramics [14], the changes of the above
of the best methods to obtain ultrafine particles that areharacteristics during heat treatment or sintering also
very pure and uniform in composition and particle size.greatly affect the properties of composite ceramics. So,
Ultrafine particles of Si[1, 2], SiC [1-5], 8N4 [1, 2, itis necessary to systematically investigate the changes
6, 7], Si/C/N [8-11] and Ti@[12] have been synthe- of the laser synthesized Si/C/N nanocomposite pow-
sized by a laser-induced gas-phase reaction. ders during heat treatment under nitrogen or argon at a
SisN4-SiC nanocomposite ceramics have been atwide range of temperature.
tracting the attention of many researchers because of In a previous report [15], we synthesized amorphous
their better properties than monolithic ceramics. OneSi/C/N nanocomposite powders from HMDS by laser-
successful example of such attractive materials has beenduced gas phase reaction. In this paper, we have fo-
studied and developed by Niihaet al. [13]. They cused our interest on the studies of changes of chemical
showed that the §iN4-SiC nanocomposite fabricated composition, crystallization, and morphology of these
by hot-pressing of the amorphous Si/C/N powder pro-Si/C/N powders during heat treatment under nitrogen
duced by chemical vapor deposition of [Si(k],NH-  (1250-1850C) and argon (1350-175C).
NH3-N, system revealed superplasticity. This fact
strongly stimulates the studies on the preparations and
the relative properties of Si/C/N nanocomposite pow-2. Experimental
ders in the world. The Si/C/N nanocomposite powders were prepared by
In the case of laser synthesized Si/C/N powdersirradiating HMDS wih a 5 kW CQ laser (Rofin-
a few works [8-11] have been reported. Rice andSinar 850 model). The preparation method has been de-
Woodin[8, 9] synthesized amorphous Si/C/N nanometscribed in detail in [15]. The Si/C/N powder prepared
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was an amorphous mixture of Si-C and Si-N bondsSiC, respectively. It can be seen from Table | that, as
homogeneously mixed with some excess carbon. Théhe temperature increasing from room temperature to
chemical composition of the Si/C/N powder was 1850°C, the excess carbon content decreases from 18.7
51.3 wt % for silicon, 30.6 wt % for carbon, 13.6 wt% to 0.9 wt %, whereas the N, content decreases from
for nitrogen and 3.6 wt % for oxygen. The particle size34.3 to 2 wt %, and, at the same time, the SiC content
was in the range of 50—-80 nm. The specific surface aremcreases from 39.6 to 96.5 wt %.
of the as-formed powders was 102.5/m Under argon, the nitrogen content of the powder con-
The heat treatment experiments were conducted itinuously decreases as increasing the annealing tem-
a high-temperature graphite furnace under nitrogen operature, which is different from that under nitrogen.
argon at atmospheric pressure with a heating rate oAbove 1450C, the chemical composition of the pow-
600°C/h and a plateau duration of 1 h. The temperaturelers is very close to that of SiC. Comparing Table | with
ranges under nitrogen and argon were of 1250-2850 Table Il, it can be found that at the same annealing tem-
and 1350-1750C, respectively. perature nitrogen in the powders is easier to loss under
After the heat treatment, the annealed powders werargon atmosphere than under nitrogen atmosphere.
subsequently analyzed by X-ray diffractometry (XRD) The XRD spectra recorded for the as-formed and
using CWK, radiation for the crystalline phase. The the annealed powders under nitrogen and argon are
silicon content was determined by chemical analysishown in Figs 1 and 2, respectively. Fig. 3 shows the
method. Standard LECO combustion analysis systemerystallinity of the powder at various temperature un-
were used for accurate measurements of C, N, and @er nitrogen and argon calculated by the computer at-
contents of the annealed powders. The morphology ofached to the X-ray diffractometry by assuming that
the annealed powders was examined by a transmissidhe as-formed powder is completely amorphous and
electron microscopy (TEM). The specific surface areahe powder treated at 185Q is completely crystalline.
ofthe annealed powders was measured by the Brenaudfrom Fig. 1 it can be found that the as-formed powder
Emmett-Teller method. is amorphous with featureless spectrum. Under nitro-
gen at 1250C, the powder remains amorphous. At
1350°C, the spectrum already presents many small
3. Results and discussion peaks which can be attributed togSj and trace of
Tables | and Il show the evolution of elemental com-SiC; the crystallinity at 1350C is about 20.5% (Fig. 3).
position under nitrogen and argon, respectively. FromThis clearly indicates that the amorphous to crystalline
Table | it can be seen that under the case of nitrogetransformation is initiated during the heat treatment at
atmosphere the nitrogen content first increases as tHg350°C for 1 h under nitrogen. After the 145Q treat-
temperature is increased, and reaches a maximum gtent, most of the above $i, peaks disappear and the
1350°C to probably form SiN4. Above 1550C, the  SiC peaks get stronger; the crystallinity of the powder
nitrogen content dramatically decreases and the chenat 1450°C slightly increases. The results at 1350 and
ical composition of the powders is very close to SiC. In1450°C under nitrogen indicate that the nitrogen con-
Table | the excess carbon content is calculated (neglectent of the powders increases at 1380and decreases
ing possible SiN,O) by assuming oxygen, nitrogen and at 1450°C, which is agreement with the chemical anal-
carbon combined with silicon to form SyOSisNs and  Ysis results (Table 1). Heating at 1550 leads mainly

TABLE | Evolution of powders during annealing under nitrogen

Temperature Chemical analysis (wt %) Chemical composition (wt %) Empirical

(°C) Si C N 0 SiC SiNg SiO, Excess-C formula

As-formed 51.3 30.6 13.6 3.6 39.6 34.3 6.7 18.7 1SiM0.5300.12
1250 53.2 28.6 15.9 2.4 39.8 38.9 4.5 16.9 SiNo.5600.08
1350 53.4 26.1 18.8 1.9 33.6 a7 3.6 16 $itN0.7100.06
1450 58.4 28.5 114 1.7 56.9 28.5 3.2 11.4 SifN0.3900.05
1550 62.7 28.7 7.3 1.3 72.3 18.3 2.4 7 SixN0.2300.04
1650 67.4 29.2 2.5 0.9 89.8 6.3 1.7 2.4 $ieN0.0700.02
1750 68.6 29.3 1.4 0.7 94.1 3.5 1.3 1.1 &#6N0.0400.02
1850 69.1 29.7 0.8 0.4 96.5 2 0.7 0.9 BaN0.0200.01

TABLE Il Evolution of powders during annealing under argon

Temperature Chemical analysis (wt %) Chemical composition (wt %) Empirical

(°C) Si C N (0] SiC SiNg SiO, Excess-C formula

As-formed 51.3 30.6 13.6 3.6 39.6 34.3 6.7 18.7 158D0.5300.12
1350 57.5 30.1 10.3 2.1 57.4 25.8 3.9 12.8 SifNo.3600.06
1450 61.8 28.9 7.8 15 69.6 19.5 2.8 8.1 £i6N0.2500.04
1550 65.5 28.6 4.6 1.4 82.1 11.5 2.6 3.9 S&N0.0400.04
1650 68.7 29.3 1.2 0.8 94.5 3.1 15 0.9 B66N0.0300.02
1750 69.5 29.7 0.3 0.5 98 0.8 0.9 0.3 S#No.01 O0.01
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Figure 1 XRD patterns of the as-formed powders and powders treated at 1250 86@er nitrogen for 1 h.
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Figure 2 XRD patterns of the as-formed powders and powders treated at 1350=Q @er argon for 1 h.

to the formation of SiC (including-SiC andg-SiC), pletes at 1750C. At 1850°C, only SiC peaks exist
and the powder is already very well crystallized with in the spectrum, which indicates that after heat treat-
crystallinity of about 85%. Then, as the temperaturement at 1850C under nitrogen, the amorphous Si/C/N

increasing, the crystallinity slightly increases and thepowder turns into crystalline SiC (mainlg-SiC)
amorphous to crystalline transformation nearly com-powder.

3049



100 ///r,/-
90 - N o A
A Ar -/
R0 - A
70 =
;\3
> 60
=
T 50|
[72]
fany
O i
Figure 5 TEM micrograph of the powders treated at 1280for 1 h in
30 1= A nitrogen atmosphere.
20 - e
10 -
/:/‘
[§] L.é,/l/l 1 \ 1 | 1

25 1250 1350 1450 1550 1650 1750 1850
Temperature (°C)

Figure 3 The crystallinity of the annealed powders at various tempera-
ture under nitrogen and argon.

Figure 6 TEM micrograph of the powders treated at 1380for 1 h in
nitrogen atmosphere.

Changes in the chemical composition and crystal-
lization can be explained from the reactions that occur
in the Si-C-N-O system [16, 17] either in the solid or
in the gaseous phase. The main reactions involving the
evolution of nitrogen and C£(or CO) with the pres-
ence of excess carbon under nitrogen are listed below:

Figure 4 TEM micrograph of the as-formed powders.

SisNg + 3C = 3SiC+ 2N, Q)

The crystalline characteristic of the amorphous Si0; + C=Si0+CO 2)
Si/C/N powder under argon (Fig. 2) is different from . o

that under nitrogen. Up to 145C, no peak presents SI0+3CO= SIC+2CG, (3)

in the XRD spectrum. At 1550C, some small peaks CO, +C=2CO 4)

attributed tax- andg-SiC present, but the crystallinity

of 28.4% is much lower than that of 85% under nitro- SiC+2Si0+2N; =SisNg +C+ 02 (5)

gen at the same annealing temperature. This result in-

dicates that under argon the crystallization occurs near The thermodynamics calculation [18] of the above

1550°C, which is higher than that of 135C under reactions show that under nitrogenI$j forms prefer-

nitrogen. Then, as the temperature is further increaseentially below 1374C, while for SiC above 1372C.

the crystallinity increases rapidly and reaches to 92%his can explain well the experimental results (shown

at 1750°C. Heating under argon leads only to the for-in Table | and Fig. 1).

mation of SiC. Changes in morphology of the powders under both
From Fig. 3 it can be found that, at the same an-itrogen and argon have the similar characteristics.

nealing temperature, the crystallinity under argon isThus, here we only give the results obtained under ni-

lower than that under nitrogen (especially at 1560,  trogen case.

which indicates that argon hinders the crystallization Fig. 4 shows a typical morphology of the as-formed

process compared to nitrogen. This is because undgowders. It can be seen that the as-formed particles are

nitrogen atmosphere, nitrogen reacts with Si/C/N pow-spherical, loosely agglomerates with the particle size in

derto form crystalline 3N4 atlower temperature (such the range of 50-80 nm. After heat treatment at 1250

as at 1350C) (Fig. 1), these crystalline §\l, may pro-  the particles agglomerated to clusters (Fig. 5) due to

mote further crystallization at higher temperature. surface diffusion, but the particles within these clusters
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Figure 8 TEM micrograph of the powders treated at 1780for 1 h innitrogen atmosphere showing (a) particles and (b) SiC whiskers.

are distinguished and have the same sizes as that of the
as-formed particles. Selected area electron diffraction
(SAED) reveals that the particles annealed at TZ50

are mainly amorphous.

At 1350°C, the particles began to grow (Fig. 6). The
particles within the clusters are difficult to be distin-
guished, which indicates that the bulk diffusion be-
tween particles occurred. SAED analysis shows that
the particles treated at 1350 are partial crystalline.

After heat treatment at 155C, the morphology of
the particles changes greatly. On the one hand, the
spherical small starting particles grow to irregular large ~
particles with size of 50-150 nm (Fig. 7a). On the other_, : _
hand, many whiskers with diameters of 100—200 nrrﬂ?rzgeez ;fn“gs“;;fe’?f faph of the powiders treated at 1880for 1 in
and length of 0.5-%um present in the annealed pow-
ders (Fig. 7b). SAED studies reveal that both the irreg-
ular particles and the whiskers are pgr&iC, which is At 1850°C, the powders appear to be sintered more
agreement with the XRD results (Fig. 1). It can be seerseverely than that at 175C. The sizes of the particles
clearly from Fig. 7b that there exists large quantitiesis in the range of 0.5-2m (Fig. 9). Meanwhile, the
of sub-structures in these SiC whiskers. The morpholwhiskers are shorten with lower aspect ratio than that
ogy, microstructure and formation mechanism of theat 1750 and 1550C. Since the whiskers are sintered
SiC whiskers will be discussed in detail elsewhere. together with the particles, it is difficult for us to find

At 1750°C, the particle sizes increase dramaticallyan individual whisker under the TEM observations.
and reach about 0.2—1m (Fig. 8a). The whisker di- Fig. 10 shows the specific surface area of the pow-
ameters increase apparently with a wide distribution inders changed with the temperature under nitrogen at-
the range of 0.2—Lm (Fig. 8b). It can be seen clearly mosphere. It can be seen that the values of specific sur-
from Fig. 8 that after heat treatment at 1780) the face area decrease rapidly as increasing the annealing
Si/C/N nanocomposite powders appear to be sinterettmperature due to the particle agglomeration and grain
severely and the particle sizes reach micrometer scalgrowth described above. The values of specific surface
SAED of the annealed powders shows that at 'I50 area decrease from 102.% /g at room temperature to
the powders are already well crystallized. 8.7 nt/g at 1850°C.
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powders. The diameters of the SiC whiskers increased
with the annealing temperature.

4. The specific surface area of the powders decreased
abruptly with increasing the annealing temperature.
The specific surface area decreased from 1024 m
at room temperature to 8.7y at 1850°C.

5. From above results listed, it can be conclude that
for obtaining nanometric SiC ceramic, the sintering
temperature should below 1750.
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Figure 10 The specific surface area of the powders changed with tem-

perature under nitrogen.
1.

4. Conclusion
The following conclusions may be made from above
results. 3

1. Under either nitrogen or argon, the composition 4-
of the laser synthesized Si/C/N nanocomposite pow-
ders changed greatly. At low temperaturel350°C)
under nitrogen, the g\, content of the powders in- g,
creased slightly and reached maximum at 1350But
when the temperature exceeded 1460the contentof  7-
SisNg4, SiO, and free-carbon of the powders decreased
abruptly, whereas the SiC content increased greatly. Atg
1750°C, the stoichiometry of the powders was very o,

5.

close to pures-SiC. At the same annealing temper- 10.

ature, nitrogen in the powders is easier to loss under
argon atmosphere than under nitrogen atmosphere.
2. The initiating crystalline temperature of the amor- ,,

sphere was-1350 and~1550°C, respectively. Argon
hindered the crystallization process compared to nitro-
gen. Upto 1750C, the amorphous Si/C/N powders was 4
nearly transformed into crystalling-SiC powders. 16
3. The particle sizes increased greatly as increasing

the annealing temperature. The range of the particle7.
sizes increased from 50—80 nm of the starting powderss:

to 50-150 nm at 155@C, 0.2-1xm at 1750C, and
0.5-2um at 1850°C. The Si/C/N nanometric powders
appeared to be sintered severely above 2T0rom

. Y. SUYAMA, R. M. MARRA, J.

X-ray analysis.

References

W. R. CANNON,S. C. DANFORTH,J. H. FLINT,J. S.
HAGGERTY andR. A. MARRA, J. Amer. Ceram. So®5
(1982) 324.

2. W. R. CANNON,S. C. DANFORTH,J. S. HAGGERTY

andH. K. BOWEN, ibid. 65(1982) 330.

S. HAGGERTY and

H. K. BOWEN, Amer. Ceram. Soc. Bulb4 (1985) 1356.

M. CAUCHETIER, O. CROIX andM. LUCE, Adv. Ceram.
Mater. 3 (1988) 548.

M. SUZUKI, Y. NAKATA,T. OKUTANI andA. KATO,

J. Mater. Sci27(1992) 6091.

Y. KIZAKI,T. KANDORI andY. FUJITANI, Jpn. J. Appl.
Phys.24 (1985) 800.

R. A. BAUER, J. G. M. BECHT, F. E. KRUIS,

B. SCARLETT andJ. SCHOONMAN, J. Amer. Ceram. Soc.
74(1991) 2759.

. G. W. RICE, ibid. 69(1986) C-183.

G. W. RICEandr. L. WOODIN,J. Mater. Res4 (1989) 1538.
M. SUZUKI, Y. MANIETTE, Y. NAKATA and T.
OKUTANI, J. Amer. Ceram. So@6 (1993) 1195.

11. M. CAUCHETIER,O. CROIX,N. HERLIN andM. LUCE,

ibid. 77 (1994) 993.

> ! . G. W. RICE, ibid. 70 (1987) C-117.
phous Si/C/N powders under nitrogen and argon atmoz3a,

F. WAKAI, Y. KODAMA, S.
MURAYAMA , K. IZAKI and K.
(London)344(1991) 421.

SAKAGUCHI, N.
NIITHARA, Nature

. F. F. LANGE, J. Amer. Ceram. S066 (1973) 445.
15.

Z. PAN,H. LI andL. ZHANG, J. Mater. Res13(1998) 1996.

.H. WADA,M. J. WANG andT. Y. TIEN, J. Amer. Ceram.

Soc.71(1988) 873.

A. H. HEUERandV. L. K. LON, ibid. 73(1990) 2785.

T. QIU, X. C. HE andJ. XU, J. Chn. Ceram. So@3 (1995)
539.

Received 1 September 1998

1550°C, alot of SiC whiskers appeared in the annealedind accepted 29 January 1999

3052



