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Abstract 

~-Silicon nitride powder of high purity has been 
prepared by nitriding pyrolysed rice husk at tempera- 
tures between 1260 and 1450°C under 95% 
nitrogen-5% hydrogen. Hydrogen addition is 
beneficial in accelerating the rate of nitride formation. 
The addition of iron (III) oxide and nickel ( H) oxide 
to the rice husk promotes the competitive formation of  
silicon carbide at temperature as low as 1300°C. Other 
transition metal oxides are without catalytic effect on 
the nitridation reaction, though vanadium (V)  oxide 
favours formation of ~-phase silicon nitride. The 
silicon nitride particle morphology is determined in 
part by the particle dimension of  the milled rice husk. 
Silicon nitride crystals of  hexagonal symmetry are 
obtained from starting powder of dimension < 53 #m, 
whereas greater particle dimensions, and lower 
packing densities, yield silicon nitride of  a whiskery 
morphology. Addition of pre-formed silicon nitride 
powder results in the formation of  fine, equiaxed, 
silicon nitride particles. 

~-Siliziumnitrid yon hoher Reinheit wurde durch 
Nitridierung yon pyrolysierten Reishiilsen bei Tem- 
peraturen zwischen 1260 und 1450°C unter einer 
Stickstoff- Wasserstoffatmosphiire (95: 5 Vol. % ) 
hergestellt. Eine Wasserstoffzugabe beschleunigt die 
Bildungsrate der Nitridierung. Die Zugabe yon 
Eisen(IIl)-Oxid und Nickel (H)-Oxid  zu den 
Reishiilsen f6rdert die konkurrierende Bildung yon SiC 
bei Temperaturen bis herab zu 1300°C. Andere 
(~'lbergangsmetalloxide sind ohne katalytischen Einflufl 
auf die Nitridierung, wobei Vanadium( V)-Oxid die 
Bildung yon fl-Si3N4 f6rdert. Die Siliziumnitrid- 
Teilchenmorphologie wird durch die Partikelgrb'J3e 
der gemahlenen Reishiilsen bestimmt. Si3N 4 mit hex- 

* To whom all correspondence should be addressed. 

agonaler Symmetrie wird aus Ausgangspulvern mit 
Teilchengr6flen < 53 #m erhalten; gr6flere Teilchen- 
abmessungen und geringere Packungsdichten fiihren 
zu Siliziumnitrid mit Whiskermorphologie. Die 
Zugabe yon bereits gebildeten Si3N 4 resultiert in der 
Bildung feiner iiquiaxialer Si3N 4- Teilchen. 

Une poudre de nitrure de silicium ~ de haute puretk a 
ktk prkparke par nitruration de balles de riz pyrolyskes 
?x des tempbratures comprises entre 1260 et 1450°C 
dans un mklange contenant 95% d'azote et 5% 
d'hydrogOne. L'addition d'hydrogkne augmente la 
vitesse deformation du nitrure. L'addition d'oxyde de 
fer (III)  et d'oxyde de nickel (II)  aux balles de riz 
favorise la formation concurrente de carbure de 
silicium /t une tempkrature de 1300°C. Les autres 
oxydes des mktaux de transition n'ont pas d'effet 
catalytique sur la rkaction de nitruration, bien que 
l'oxyde de vanadium (V)favorise la formation du 
nitrure de silicium ~. La morphologie des particules de 
nitrure de silicium est dkterminke en partie par la 
dimension des particules de balles de riz broykes. On 
obtient des cristaux de nitrure de silicium de symktrie 
hexgonale h partir d'une poudre de dkpart de taille 
<53#m, alors qu'une granulomktrie de dbpart 
supkrieure et des densitbs tasskes inJOrieurs produisent 
un nitrure de silicium possbdant une morphologie 
proche de celle des whiskers. L'addition d'une poudre 
de nitrure de silicium aux r~actifs provoque la 
formation de particules de nitrure de silicium.fines et 
isotropes. 

11 

1 Introduction 

Silicon nitride powder may be produced in a number  
of  ways. 1 The oldest established method is the 
reaction of  elemental silicon and nitrogen. 2 The 
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process is slow, varying proportion of a- and fl-phase 
silicon nitride are produced, the silicon nitride 
particles tend to be agglomerated and milling is 
required to produce a sinterable powder. A higher 
purity, predominantly a-phase silicon nitride pow- 
der is obtained by the simultaneous reduction and 
nitridation of silicon dioxide powder by carbon in 
the presence of nitrogen (carbothermal reduction), a 
potentially attractive route because of the avail- 
ability and low cost of the raw materials. 3-9 This 
process constitutes an alternative large-scale pro- 
duction method for silicon nitride powder and has 
the further merit that finer particle sizes can readily 
be produced. A third series of routes uses chemical 
reactions of, for example, the silicon halides to 
produce silicon nitride powder of very high purity 
and high specific surface area. This type of powder is 
likely to be relatively expensive, a 

One aim of the present work was to investigate the 
possibility of producing a high quality sinterable 
silicon nitride powder from Malaysian rice husk. A 
study of the carbothermal reduction process was 
extended to include the addition of metal oxides as 
potential catalysts for the process. Identification of 
catalysts able to accelerate the rate of formation of 
silicon nitride was seen as attractive, and it would 
also be potentially advantageous to incorporate 
metal oxide sintering aids into the silicon nitride at 
this stage. These studies led to an investigation of the 
use of pre-formed silicon nitride powder as an 
additive for the nitridation step. 

Rice husk, a by-product of the paddy mill, is a 
unique agricultural waste. Although the main 
components of rice husk are organic materials, they 
produce on oxidation a large amount of ash which 
comprises 13-29 mass % of the husk, depending on 
the variety, climate and geographical location. 1° 
The ash is largely composed of silicon dioxide (87-97 
mass %) with metallic oxide impurity. Carboniz- 
ation, or pyrolysis of the husk (by heating in an 
atmosphere of low oxygen content) produces an 
intimate mixture of carbon and silicon dioxide. This 
high carbon ash can be used to prepare either silicon 
nitride or silicon carbide, according to the con- 
ditions. The synthesis of silicon carbide from rice 
husk has been studied in detail. 1 a - x 3 The feasibility 
of the production of silicon nitride was reported by 
Hanna et al. 14 and by Kang and Chun, 15 but the 
latter study concentrated only on the effect of iron as 
a reaction catalyst. The introduction of iron can 
result in silicon nitride powder containing silicon 
carbide impurity. ~ 4,16 

The carbothermal reduction and nitridation of 
silicon dioxide is normally carried out at tempera- 

tures below 1450°C and in the presence of excess 
carbon, in order to obtain a reasonable reaction rate 
and to ensure a minimal residue of oxygen. At higher 
temperatures, silicon nitride in the presence of 
carbon tends to become unstable with respect to 
silicon carbide. The overall nitridation reaction 
equation for this process may be written: 

3SiO2(s) + 6C~s ~ + 2N2~) ~ SiaN4ts) + 6CO{g) (1) 

Because two solid reactants are involved, a high 
powder surface area and homogeneous particle 
distribution is normally advantageous. In the case of 
the use of rice husk as the simultaneous source both 
of carbon and silicon dioxide, these requirements are 
met naturally. 

2 Experimental 

Rice husk was washed three times with deionized 
water and dried at 100°C for 10 ks. The dried husk 
was pyrolysed at 700°C for 2 ks under a flow of 
argon (1.5 cm 3 s- 1). Pyrolysed rice husk (PRH) was 
crushed in a tungsten carbide lined mill (Shatter 
Box--Glen Creston, Stanmore, UK) to provide the 
starting powders for nitridation (PRH powder). 

PRH powder was boiled in 0"3M hydrochloric 
acid for 7 ks in order to leach out as much metallic 
contamination as possible. It was then filtered and 
washed repeatedly with warm, deionized water until 
free from chloride, as shown by the absence of visible 
reaction of the wash water with AgNO3 solution, 
and dried. Chemical analysis of combusted, purified 
PRH powder was carried out using dilute hydro- 
fluoric acid solution, by atomic absorption spectro- 
photometry. The carbon content of PRH powder 
was determined by heating at 700°C in air to 
constant mass. The mass loss after heating was 
considered to be the mass of carbon present in the 
PRH powder. 

A range of different particle sizes of PRH powder 
was prepared by crushing 20g batches in the 
tungsten carbide mill for 3 s. The resulting powder 
was sieved using No. 44, 72 and 300 mesh sieves (BS 
410 Test Sieves, London) with apertures correspond- 
ing to 350, 210 and 53 pm respectively. The powder 
was again leached with 0.3 M hydrochloric acid as 
described above. To determine tap densities, dry 
powder was poured into a 25 ml measuring cylinder 
and vibrated electrically for 30s. Surface area 
determinations of silicon nitride powders were 
carried out using a single point BET method (Perkin 
Elmer Adsorptometer). 

The possible effects of a number of additives on 
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the nitridation behaviour of the PRH powder were 
examined. These materials were added to the PRH 
powder by wet mixing in water for 40 ks followed by 
spray drying (Buchi 190, Switzerland). Materials 
incorporated (based on the silicon dioxide equiva- 
lent of the PRH powder) are listed in Table 1. The 
effect of added preformed silicon nitride ('LC 10', 
H.C. Starck, Berlin) on nitr idation was also 
investigated. This silicon nitride was incorporated 
by wet mixing and spray drying as above. In the 
following discussions materials are designated, for 
example, as PRH-2A120 3, indicating PRH powder 
incorporating 2 mass % aluminium oxide. 

Small scale nitridation experiments were first 
carried out in a controlled atmosphere platinum 
resistance furnace. Approximately 1.5g of PRH 
contained in a graphite boat was heated at 
1260-1500°C for times up to 30 ks using a controlled 
gas flow rate. Preliminary studies showed that 
nitridation was significantly faster in 95% 
nitrogen-5% hydrogen than in 100% nitrogen, and 
this gas mixture was used in all subsequent work. 
Silicon nitride was produced on a larger scale in a 
silicon carbide resistance furnace. After nitridation 
excess carbon was burned offin flowing air at 690°C 
over 14 ks. 

Nitrogen analyses of the nitrided materials were 
carried out by alkali fusion and acid-base titra- 
tion.~7 Accurately weighed ,-~0.1 g portions were 
fused with 10g sodium hydroxide (99.8% Analar 
Grade, BDH, Poole, Dorset, UK) in a thick-walled 
pyrex tube. The ammonia evolved was collected in 
200 ml of 2 mass % boric acid solution using a slow 
stream of argon as carrier gas. The resulting solution 
was titrated with standard hydrochloric acid 
solution (0.1M) against a mixed indicator (bromo- 

Table 1. Materials incorporated into PRH powder 

Purity (mass %) Amount added 
(mass % based on 

SiO 2 in PRH) 

Group 1 
Aluminium oxide 97 2 
Yttrium oxide 99.9 2 
Zirconium (IV) oxide 99 5 

Group 2 
Titanium (IV) oxide 99 5 
Cerium (IV) oxide 99.95 5 

Group 3 
Iron (III) oxide 98"5 2 
Nickel (II) oxide 98"5 2 

Group 4 
Vanadium (V) oxide 99 2 

Other ('seed') 
Silicon nitride Starck LC10 10 
(ct/fl = 16, ~0'3/~m) 

cresol green and methyl red). The analyses were later 
checked by a CHN-Analyser (M1106, Carlo Elba, 
Italy), where nitrogen and carbon were analysed 
simultaneously. The agreement between the two 
methods was ~0"5%. Nitrogen contents (fN) a r e  

expressed as percent of the theoretical value for 
silicon nitride of 39.94 mass %. In cases where silicon 
carbide was formed, the carbon content (fc) is 
expressed as percent of the theoretical value for 
silicon carbide of 29"95 mass%. 

X-Ray diffraction (XRD) analyses of nitrided 
products were carried out using Ni-filtered CuK 
radiation (40kV, 20mA). The examination was 
made between 2~b = 12 to 60 ° with a scanning speed 
of 1 ° min-  1. The XRD intensities of selected strong 
peaks for ~-Si3N 4 (210), fl-Si3N 4 (200), Si2N20 (200) 
and fl-SiC (111) were obtained and phase compo- 
sitions were calculated using the standard method 
described elsewhere. 18 

Scanning electron (SEM) micrographs were 
obtained using an Hitachi $700 microscope (Hitachi, 
Tokyo). A small quantity of powder was dispersed in 
acetone and the dispersion was dropped on a glass- 
covered 12mm aluminium stub. After drying the 
specimen was coated with a thin film of gold, or with 
carbon, when energy dispersion X-ray analyses 
(EDAX) were to be carried out. 

3 Results 

Table 2 shows the chemical composition of rice husk 
ash after washing with 0-3M hydrochloric acid. 
Figure 1 illustrates the effect of  temperature on the 
pyrolysis of rice husk under argon atmosphere (flow 
rate = 1.5cm -3 s -1) for a time of 2ks. At a 
temperature of ~ 700°C most of  the volatile organic 
material was removed, leaving ~60  mass % of 
carbonaceous material. This PRH powder had a 
carbon to silicon dioxide molar ratio of ~ 7 (mass 
ratio ~ 1-5). Scanning electron micrographs of rice 
husk after pyrolysing and milling are shown in 

70 

~ 2  

50 
C~ 

Fig. 1. 

w 

500' ' ' 700' ' 
Temperature I'C 

The effect of temperature on pyrolysis of rice husk 
under argon atmosphere for 2 ks. 
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Fig. 2. 

(a) (b) (c) 

SEM of rice husk (a) pyrolysed at 700°C, (b) milled for 90 s, (c) milled for 1-8 ks. 

Fig. 2. An attempt was made to measure the specific 
surface area of  PRH powder, but this was not 
successful, possibly due to the highly porous nature 
of  the material (see Fig. 2). The effect of  gas flow rate 
on the nitridation of  PRH powder at 1400°C for a 
time of  7 ks is shown in Fig. 3. The opt imum flow 
rate was found to be ~ 17 cm 3 s-  1. This flow rate 
was used for all succeeding studies. A series of  
experiments was carried out over a range of  
temperatures between 1256 and 1410°C, using 
nitrogen and then 95% ni t rogen-5% hydrogen, to 
establish the relative merits of  the two nitriding 
gases. Extents of  nitridation, expressed as fN, as a 
function of  time are shown in Fig. 4 for nitrogen and 
Fig. 5 for ni trogen-hydrogen.  Ni t rogen-hydrogen 
gave significant improvements in yield and was 
subsequently used as the nitriding gas for all further 
experiments. The results of  a series of  nitridations 
using 95% ni t rogen-5% hydrogen at temperatures 
of 1260-1500°C are shown in Fig. 6, which indicates 
that the maximum temperature for silicon nitride 
formation was ~ 1425°C. At this temperature, the 
reaction is nearly complete in ~ 7  ks. In order to 
show more effectively the possible effects of  various 

Table 2. Chemical composition of rice husk ash after washing 
with 0.3 M HCI 

Constituent Mass % 

SiO 2 97"58 
Al203 0"13 
CaO 0"03 
Fe20 3 0'03 
MgO 0"04 
K20 0"15 
Na20 0"06 
Ignition loss 2-27 

additives, subsequent kinetic studies were carried 
out at the slightly lower than opt imum temperature 
of  1400°C. Semilogarithmic plots of  the effects of  a 
range of  additives on nitridation at 1400°C for a time 
of  7 ks, are shown in Fig. 7(a) and (b). Figure 7(c) 
shows a graph corrected to allow for TiN and CeN 
formation. Figures 8 and 9 illustrate the effect of  
temperature on the nitridation of  PRH powder with 
additions of  iron (III) oxide and nickel (II) oxide 
respectively. Table 3 summarizes the phase compo- 
sition of  the product of  nitridation at 1400°C for 
7ks. 

100 

0'80 

060 
fN 

0 t,0 

020 

0 
1'0 ;5 2~ 2s 

Gas flow rate/cm 3 $-1 

Fig. 3. The effect of gas flow rate on nitridation of PRH 
powder at 1400°C for a time of 7ks in 95% nitrogen-5% 

hydrogen. 

Fig. 4. 

10C e/e/e 1L~10"E 

fN060 /~ //. 13&7"[ 
02~ ~" ~ , . , ~ e  e / e  1306"C 

/ ~ . ~ ' ~ . ~ .  ~25~c 

2 6 10 1/+ 18 
Time / ks 

Kinetics of  ni tr idat ion of  PRH powder under 100% 
nitrogen. 
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Fig .  5. 

1.00 
I ' I ' ~ - - o  - - - ~ - ' - ' °  %10 "£ 

///I/ /o13.7 "C 
0'60 / / O / o , ~ 6 .  c 

0,0 

2 6 10 14 18 
Time / ks 

Kinetics of  nitridation of  PRH powder under 95% 
nitrogen-5% hydrogen. 

100 

O80 

0 60 
fN 

0Z.0 

/ - - \  

0.20 / /  / ,  

,/~ 
1250 1300 1350 1400 1450 1500 1550 

Temperai'ure I "C 

Fig. 6. The effect of  temperature on nitridation of  P R H  
powder for a time of  7 ks in 95% ni t rogen-5% hydrogen. 

Table 4 shows the variation of tap density of the 
PRH powder with particle size range, and the 
subsequent results on the nitridation of PRH 
powder at 1400°C for 7ks. Scanning electron 
micrographs of the subsequent silicon nitride 
powder are shown in Fig. 10. Coarse powder with a 
particle size > 350/~m gave predominantly s-phase 
material in whisker form. The proportion of whisker 
material present decreased as the PRH particle size 
decreased. With PRH powder of < 53 pm, practi- 
cally no whiskers were observed. The product 

1'00 

080 

fN 
0 60 

0~0 

100 

0.80 

fN 
0.60 

Oz, O 

100 

0.80 

fN 

0.60 

040 

/ /  , mH-2¥2% 
• PRH-5Zr02 

0'6 0'8 1.'0 112 I'L~ 
Log (time/ks ) 

(a) 

l,---'-'- 

t x P l ~  

PR~SCeO 2 
/ / / "  ~ F~H-'K)Si3N 4 
, /  / " mH-2AI2~ 
. , ~  , , ' PRH, 2V20 S 

06 08 1.0 12 1./+ 16 
Log (time/ks) 

(b) 

06 0"8 1"0 1"2 1'~ 
Log (time / ks) 

(c) 

Fig. 7. (a) and (b) Semilogarithmic treatment of  the effects of  
different materials incorporated into PRH powder on nitrida- 
tion at 1400°C in 95% ni t rogen-5% hydrogen; (c) the curves 

corrected for the formation of  TiN and CeN. 

T a b l e  3. Phase detected by X R D  analysis of  nitrided products at 1400°C for 7 ks in 95% ni t rogen-5% hydrogen 

Sample ot-Si3N 4 fl-Si3N 4 Phase content (mass %)  

Si z N 2 0 SiC 0 ther 

Standard 
PRH 99 1 

Group  1 
P R H - 2 A I 2 0  3 93 5"0 
P R H - 2 Y 2 0  3 98 2 
PRH 5ZrO 2 99 1 

Group 2 
P R H - 5 T i O  2 99 1 
P R H - 5 C e O  2 93 3 

Group  3 
PRH-2Fe203  60 9 
P R H - 2 N i O  45 14 

Group 4 
PRH-2V20  5 29 71 

Seed 
PRH-10Si3N 4 99 1 

2 - -  mullite (trace) 
trace - -  Y2Si207 
trace - -  ZrO 2 

trace - -  TiN 
3 - -  CeN 

trace 30 
- -  41 

Fe3Si, FeSi 2 (trace) 
Ni3Si, NiSi 2 (trace) 

V205 (trace) 
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Table 4. Variation of tap density with PRH particle size range 
and the effect of nitridation at 1400°C for 7ks under 95% 
nitrogen-5% hydrogen 

Particle size (pm) Tap density (kg m-3) f s  

> 350 230 0"73 
350-210 300 0"74 
210-53 340 0-73 

< 53 600 0'74 

silicon nitride consisted of hexagonal cross-section 
columnar a-phase grains. 

Figure l l(a) shows examples of silicon nitride 
powder prepared from PRH-2V205 at 1400°C, and 
Fig. 1 l(b)-(c) and (d) are powder from PRH-2Fe203 
and PRH-2NiO, respectively, after nitridation for 
7 ks at 1500°C. Figure 1 l(a) shows a microstructure 
consisting of both fine and fibrous (1-2 #m length) fl- 
silicon nitride. Some globules at the tips of whiskers 
were observed in silicon nitride prepared from 
PRH-2Fe203 and PRH-2NiO (Fig. 1 l(c) and 1 l(d)). 
EDAX analyses showed that the globules in Fig. 
1 l(c) contained iron and silicon, while those in Fig. 
1 l(d) contained nickel and silicon. The morphology 
of silicon nitride powder obtained in the presence of 
other metal oxides consists of hexagonal cross- 
section columnar grains, similar to those of the 
standard PRH. 

0.80 

0"60 

fN 04,0 

0'20 

0 
1250 1~30 1~50 l&b0 tt,50 15'00 

Temperature / " [  

Fig. $. Effect of temperature on nitridation of PRH-2Fe203 
in 95% nitrogen-5% hydrogen for a time of 7 ks. 

1.00 

0-80 

060 
fN 

O't,(3 

/ 

110() 1200 1300 1400 1500 1600 
Temperafure/'C 

Fig. 9. The effect o f  temperature on n i t r idat ion o f  P R H - 2 N i O  
in 95% nitrogen-5% hydrogen for a time of 7 ks. 

(a) (b) 

(c) (d) 

Fig. 10. SEM of powder obtained from nitridation of different 
particle size ranges of PRH powder at 1400°C for 7 ks in 95% 
nitrogen-5% hydrogen. (a) >350pm; (b) 350-210/~m; (c) 

210-53 #m; (d) < 53 #m. 

Nitridations of PRH powders milled for 90 s and 
1.8 ks, and after milling for 90 s with the addition of 
10 mass % silicon nitride (PRH-10Si3N4), were 
carried out at 1425°C for a time of 60 ks. Scanning 
electron micrographs of the nitrided products are 
shown in Fig. 12, and Table 5 lists some character- 
istics of these silicon nitride powders. 

4 Discussion 

4.1 PRH nitridation 

This study has shown that three factors have a 
marked influence on the rate of conversion of silicon 
dioxide to silicon nitride: the gas flow rate, the 
presence of hydrogen, and the presence of pre- 
formed silicon nitride in the system. The overall 
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(a) (b) 

reduct ion reaction is best depicted as occurring in 
two steps, a pre l iminary reduct ion stage: 

SiO2(s) + C(s ) ~ SiOt,~ + CO~,~ 
AO~7ooK = 107 kJ m o l -  1 

o r  

SiO2~s~ + H2(g ~ -'~ SiOt~ + H2Otg ) 

AG17 ooK = 214 kJ mol - 1 

(2a) 

(2b) 

followed by reaction of  silicon monoxide  to form 
silicon nitride: 

SiOig~ 2 1 " + ~ N 2 ( g  ) ~ ~ S I 3 N 4 ( s  ) 1 + 2O2(g ) 

AO~7ooK= 182kJmo1-1 (3) 

The free energy da ta  are obta ined f rom Ref. 19. The 
oxygen released by reaction (3) is p resumably  
effectively scavenged by reaction with carbon or 
hydrogen:  

½02(g~ + C(s~ = CO(g) 

AG~7ooK = - 2 6 1  kJmo1-1  (4) 

½02(g) + U2(g~ = H2Otg ) 

AG~v0oK = - 153 k J m o l - I  (5) 

(c) (d) 

Fig. 11. SEM of powder obtained from nitridation of (a) 
PRH-V2Os at 1400°C, (b) and (c) PRH-2Fe203 and (d) 
PRH 2NiO at 1500°C for 7ks in 95% nitrogen 5% hydrogen. 

It is theoretically possible also for carbon monoxide  
to react with silicon dioxide to produce silicon 
monoxide:  

SiO2ts~ + COtg ~ = SiO~g~ + CO2tg ~ 

AG~ rOOK = 232 kJ m o l -  1 (6) 

Fig. 12. 

(a) (b) (c) 

SEM of powder obtained from nitridation of PRH powder with different milling times: (a) 90 s, (b) 1.8 ks, and (c) 
90s + 10 mass % Si3N 4 at 1425°C for a time of 60ks in 95% nitrogen-5% hydrogen. 
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Table 5. Some characteristics of silicon nitride powders prepared by nitridation of PRH powders 

90 s 

PRH milling times 

1"8 ks 90 s + 10 mass % Si3N 4 

Specific surface area (m 2 g-1) 
Nitrogen fraction (fN) 
Residual carbon (mass %) 
Silicon dioxide (mass %) 
Metallic oxides total a 

(Fe203, Al203, CaO, MgO) (mass %) 

2.9 4.2 6.4 
0.94 0.93 0"95 
1"3 1.0 0"3 
4.8 6.1 4.5 
0.3 0.3 0.3 

a Estimated from the composition of the ash by assuming that potassium and sodium oxides are 
volatile at 1500°C. 

The influence of gas flow rate on nitridation rate 
(Fig. 3) indicating that purging of carbon monoxide 
from the system is essential for nitridation to 
proceed, provides evidence that reaction (6) will, 
however, probably not make a significant contri- 
bution to silicon monoxide yield. Supporting 
evidence is provided by the observations of Higgins 
and Hendry, 2° that the presence of even a small 
amount of carbon monoxide in a nitriding atmos- 
phere appears to have a marked inhibiting effect in a 
closely similar system (the formation of ff-sialon 
from mixed kaolinite and carbon powder). It is seen 
from Fig. 3 that in the present system, at nitrogen 
flow rates of 17cm3s -1 and above, the partial 
pressure of carbon monoxide appears to be kept 
adequately low; the rate of the forward reaction (2a) 
is thus controlling, and the rate of formation of 
silicon nitride is independent of gas flow rate. This is 
consistent with the measurements of Van Dijen et 
al., 21 who, using packed powder beds, also found a 
critical flow rate of ~ 17cm3s -1 at 1400°C, above 
which gas diffusion was no longer rate controlling. 

The equilibrium pressure of silicon monoxide 
generated by reaction (2a) is 0.023 atm at 1700 K, on 
the basis of the simplifying assumption that locally 
Pco =Psio. From reaction (2b) and assuming that 
PH2o =Psio, and PH~ =0"05 atm, a silicon monoxide 
partial pressure of 1 x 10-4atm is expected. This 
would suggest that carbon should be the more 
effective reducing species. However, the observed 
accelerating action of hydrogen suggests that the 
mobility of the hydrogen molecule may be able to 
compensate to a large extent for the thermodynamic 
disadvantages. 

The equilibrium pressure of oxygen associated 
with reaction (3) may be calculated to be 
3"3 x 10 -15 atm; subsequent, and presumably 
fast, reaction of the oxygen through reaction (4) 
or (5) is needed to permit the nitridation reaction 
to proceed. This is not likely to present any 

problem. For example, at 1700K reaction (4) has 
kp=Pco/(Po)X/2= 1.0x 108, giving a theoretical 
equilibrium pressure of carbon monoxide of 6 atm. 

The silicon nitride formation process may there- 
fore be modelled on the basis of the reaction 
sequences: 

kl slow 

SiO2ts) + Cts ) ~ SiO(g) + COtg ) (2a) 
k2 fast 

k3 slow 

SiO2(s) + H2tg) ~ -  SiOux) + H20(g ) (2b) 
k4 fast 

k5 slow 
S i O ( g )  -~- 2 ~N2(g ) ~ ~SisN4ts ) t + ~)2¢~,) (3) 

k6 f a s t  

2!02(.) + Cts ) ~ CO(~ (4) 

k7 fast 

~)2(8) + H2(g) -"+ H20~.) (5) 

The overall silicon nitride formation rate (fN) is 
thus given by 

fN = a S ks  PsioPN~ 

where a is a constant and the term S is proportional 
to the concentration of reaction sites. The increase in 
growth site density by incorporation of pre-formed 
silicon nitride powder provides the expected acceler- 
ation of nitride production rate (Section 4.2.2). The 
value of Psio appears to be the critical factor, in that it 
is sensitive to the local pressure of carbon monoxide. 

The present programme has been concerned with 
'naturally' mixed carbon and silicon dioxide mole- 
cular units or particles, rather than artificially milled 
carbon and silicon dioxide starting powders. Table 4 
shows no increase in the extent of nitridation of 
PRH (under standardized conditions) as the particle 
size of PRH is decreased by a factor of 7. This is quite 
different from earlier results x 0.11 concerned with the 
nitridation of carbon-silicon dioxide mixtures and 
where the silicon nitride formation rate increased 
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approximately linearly with decreasing reactant 
particle size. However, an increase in surface area 
should lead to enhancement of the rate of reaction 
(2a). It seems likely therefore that the PRH material 
has a large internal surface area, and that the 
effective reaction surface is not changed detectably 
by the milling treatment used here. Attempts to 
measure the specific surface area of PRH using a 
standard BET method were unsuccessful because of 
problems encountered with the prolonged out- 
gassing of samples on warming from liquid nitrogen 
temperature. The specific surface area seemed likely 
to be very large. 

The observed activation enthalpies for the forma- 
tion of silicon nitride in nitrogen, and in nitrogen- 
hydrogen, are 400 kJ mol-  ~ and 320 kJ mol-  ~, 
respectively. Assuming processes (2a) and (2b) to be 
additive allows the value of 350kJmo1-1 to be 
calculated for the action of hydrogen in the absence 
of carbon. Accepted values for the oxygen bond 
strengths of C ~ O  and H- -O  are 1070 kJ mol-  1 and 
464kJmo1-1, respectively. 22 The bond strength 
difference between C~--O and 2H--O (928 kJ mol - 1) 
is thus ~ 13%. This is also the observed difference 
between the activation enthalpies for silicon nitride 
formation involving carbon (reaction (2a)) and 
hydrogen (reaction (2b)). This agreement must be 
fortuitous because these enthalpies are certainly 
composite figures containing at least two terms. It is, 
however, clearly unlikely that the two reaction 
sequences differing only in the choice of one stage 
((2a) or (2b)) will have significantly different overall 
enthalpies, consistent with the above observation. 

Although no kinetic differences are detected on 
the nitridation of PRH powder of different particle 
size ranges, there is a close relationship between 
PRH particle size and the morphology of the 
resulting silicon nitride (Fig. 10). The growth of 
whiskers appears to be favoured by a high compact 
void content, indicated by the lower tap densities of 
the coarser PRH powders. The finer PRH powders 
pack better and yield smaller, hexagonal cross- 
section columnar silicon nitride grains of axial ratio 
,--2. A possible explanation for this is that the 
smaller PRH particles provide a higher density of 
nucleation sites for silicon nitride growth. That the 
morphology of the silicon nitride particles is always 
completely different from morphology of the 
reaction PRH particles confirms that the silicon 
nitride formation reaction involves only vapour 
phase species reacting initially at small nuclei. In all 
cases ~-Si3N 4 is the major product phase, consistent 
with the view that formation of this phase takes 
place by a vapour phase reaction. 5-1 

The extent of silicon nitride formation under 
standard conditions increases rapidly with tempera- 
ture up to a maximum at ~ 1425°C, above which a 
decrease is seen (Fig. 6). At 1450°C and above silicon 
carbide formation becomes significant due to the 
high temperature instability of silicon nitride in the 
presence of carbon: 

Si3N4~) + 3Cts ) = SiCks) + 2N2~g ) 

AG~v23 K = - 3  kJmo1-1 (7) 

At 1723K (1450°C), kp= 1.2, and pN2 = 1.1atm. 
Thus, the experimental boundary temperature 
between silicon nitride and silicon carbide stability is 
,-~ 1450°C, in agreement with Komeya and Inoue. 5 

4.2 Effect of additives 

4.2.1 Metal oxides 
The behaviour of metal oxides incorporated into 
PRH before nitridation falls into four distinct 
categories, which can be interpreted in the light of 
the likely chemical reactivity of the metal oxide 
(Figs 13 and 14). No evidence was obtained for any 
marked catalytic action of these metal oxides on the 
nitridation. The presence of hydrogen in the system 
will not alter the overall pattern of behaviour. Both 
figures highlight the necessity for the effective 
purging of CO and H/O from the nitridation system. 

(1) Y203 and ZrO2 are not significantly reduced 
by carbon or hydrogen under nitridation 
conditions and are without effect on the 
amount of silicon nitride formed. Figure 13 
suggests that reduction and nitridation of 

~00 

- 200 

- 4 O0 

I I 

Temperaf~e / K 

Fig. 13. Standard free energy changes (AG ° ) for the formation 
of metal nitrides by carbothermal reduction and nitridation of 
oxides: MO~s ) + ½N2(.) + C(s ) ---* MN~s ) + CO,g); AG ° per mole of 

nitride. 
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Fig. 14. Standard free energy changes (AG °) for the formation 
of metal nitrides in hydrogen atmosphere; AG ° per mole of 

nitride. 

(2) 

ZrO 2 might occur, but XRD analyses show 
that ZrO 2 remained as the oxide in the silicon 
nitride product (Table 3). Y203 reacted to 
some extent with SiO 2 to form Y2Si207 
which could be detected subsequently by 
XRD. A120 3 is unstable under the reduction 
conditions and reacts in the presence of SiO 2 
to yield fl'-sialon. 2° In the present case the 
extent of nitride formation appears to be 
diminished in the earliest stages of the 
nitridation (<  15ks), although the later 
reaction rates are not different from those 
of PRH alone. The initial retarding action of 
A1203 may be related to the formation of 
mullite, which was detected by XRD, and to 
the relative difficulty of nitriding mullite in 
comparison with the more finely mixed 
silicon dioxide-carbon of the PRH. AI203 
appears to favour the formation of/7-phase 
silicon nitride, but in fact this is certainly a 
fl'-sialon. 
Both TiO z and CeO 2 appeared to accelerate 
silicon nitride formation, and led to higher 
overall yields. This is only apparent; TiO 2 is 
readily reduced and nitrided (reaction (8)) 
and the final nitrogen analysis is not able to 
distinguish between TiN and SiaN 4. 

2TiO2(~) + 4C~s~ + N2tg ) ~ 2TiN(~) + 4CO(~) 
(8) 

CeO2 is also readily reduced to Ce203, with a 
range of intermediate non-stoichiometric 
oxides CeO2_ x. Thermodynamic data are 
available only to 1200 K and extrapolations 
cannot therefore be made with reliability. 

(3) 

XRD evidence was obtained, however, for 
the presence of CeN in the silicon nitride, 
which is assumed to account for the higher 
nitrogen content observed. The reason for 
the discrepancy between observation and 
theory in the CeN case is thus likely to be the 
result of the departure in the reacting system 
from true thermodynamic equilibrium. The 
nitride yield curves, corrected for the form- 
ation of TiN and CeN, are shown in Fig. 7(c) 
and give no evidence for any accelerating 
action of either TiO2 or CeO2. 
Fe203 and NiO are readily reduced under 
low oxygen partial pressure to the metals, 
which in turn yield the liquid silicides at the 
nitridation temperature. The nitridation of 
Fe203-PRH resulted in the production of a 
mixture of SiC and SiaN 4. Globules at 
whisker tips are seen, indicative of a 
vapour-liquid-solid (VLS) mechanism of 
growth. 23 Although the exact composition of 
the globules could not be determined by 
EDAX, the presence of iron was established, 
and the iron silicides Fe3Si and FeSi2 were 
detected by XRD. The SiC thus partly grows 
at the liquid-solid interface through solution 
into the liquid of SiO and CO. 23 

SiOlg) + 2CO1~ -~ SiCis I + CO2~ (9) 

Most of the silicon carbide, however, appears 
to be formed by the reaction of SiO with 
carbon (reaction 10), as evidenced by the 
part-retention of the PRH structure in the 
silicon carbide (Fig. 1 l(b)). 

SiO~g) + C~s ) ~ SiCks) + COig ) (10) 

Figure 8 appears to indicate a maximum in 
the nitrogen fraction (fN) of ~0"65 at 
,-~ 1350°C after 7ks, although a significant 
amount of SiC was also formed (fc ~ 0.25). 
Hanna et al. 14 observed that the maximum 
yield of Si3N4 was obtained at 1300°C with 7 
mass % Fe, and with no appearance of silicon 
carbide. These authors also concluded that 
the presence of iron was essential for the 
production of silicon nitride at temperatures 
below 1500°C. In contrast, the present study 
shows that silicon nitride may be formed 
readily at temperatures up to 1425°C in the 
absence of iron, and indeed that iron is 
undesirable in that it tends to lead to 
contamination by silicon carbide. 

Figure 9 shows that NiO is similarly very 
effective at catalysing the formation of silicon 
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(4) 

carbide. EDAX and XRD analyses con- 
firmed the presence of nickel silicides in the 
metallic globules. 
V20 5 melts at 690°C, and was found to be 
effective in generating the fl-Si3N 4 phase 
(Table 3). In view of the possibility that V 3 + 
(and 0 2- ) might have been incorporated in 
the Si3N 4 lattice to form a fl'-sialon type solid 
solution, careful d-spacing measurements 
were made, but no shifts from the expected fl- 
Si3N 4 values were detected. The formation of 
solid solutions thus appears to be unlikely, 
and the most probable explanation is that the 
growth of  fl-Si3N 4 is favoured by the 
presence of liquid V20 s, as it is by other 
liquids 24 in the absence of carbon. That 
silicon carbide growth also is not favoured by 
the presence of this liquid may mean either 
that only metallic liquids are effective in this 
respect, or that the V20 5 itself acts as a 
competitive sink for carbon by reaction (11). 
VC and VN were both detected by XRD in 
the nitrided PRH-2VzO 5. 

VzOsis) + 7C~s~ ~ 2VC~ + 5CO~ (11) 

After burn-offof the excess carbon according 
to the standard procedure, V20 5 soluble in 
sodium hydroxide solution remained. The 
apparently low overall yield of silicon nitride 
in the presence of V20 5 may be attributable 
in part to a higher than normal oxidation rate 
of the whiskery, high surface area,/~-SiaN4 
(Fig. 1 l(a)) during carbon burn-off or simply 
to a reduction in the rate of the c~-Si3N 4- 
forming reaction (3). 

4.2.2. Silicon nitride 

Even with the finely milled PRH, silicon nitride 
grains of aspect ratio ~ 1 were produced (Fig. 10(d)). 
This contrasts markedly with the fibrous silicon 
nitride produced from roughly crushed PRH, and 
with that reported by Hanna et al. ~4 High packing 
density ~-Si3N 4 powder with equiaxed grains of 
particle size <0-5#m would be preferable as a 
starting material for the production of sintered 
silicon nitride. Milling PRH for 2 ks yielded silicon 
nitride of increased specific surface area, with 
hexagonal symmetry particles that were slightly 
irregular and distorted. Closer examination by SEM 
of material after carbon burn-off showed that the 
crystal surfaces were rough and contained surface 
porosity (Fig. 12(b)). This feature, which may be due 
to the loss of entrapped excess particulate carbon, 
seems likely to account in large measure for the 

increase in specific surface area observed (Table 5). 
The effect of milling the PRH on the silicon nitride 
crystal size is seen as that of an increased nucleation 
site density for the growth of c~-Si3N 4. Similar effects 
have been reported by Inoue et al. 6 and Zhang & 
Cannon. 9 Additional nuclei were therefore intro- 
duced into PRH powder through the use of a high 
specific surface area commercial silicon nitride 
powder. Figure 12(c) shows that the nitrided product 
now consists of equiaxed silicon nitride grains with 
an increase in the specific surface area by a factor of 
~ 1-5. Kinetic studies at 1400°C (Fig. 7(b)) show also 
an improved yield (,/oN) of silicon nitride ( ,-, 10%), and 
a significant reduction of ,--80% in the amount  of 
the residual carbon (Table 5). These observations 
support the view that the most effective growth sites 
for silicon nitride are the silicon nitride grains 
themselves, and not the PRH particles. The partial 
pressure of nitrogen associated with reaction (7) at 
1700K is 0.85atm lower than the experimental 
nitrogen pressure at 0.95 atm. Thus, silicon nitride 
seeds will be stable and provide growth site for 
secondary silicon nitride. The small amount  of 
residual carbon in this form of silicon nitride powder 
is readily burned off, leaving a very small residue of 
trapped carbon (,-,0.3mass %) within the silicon 
nitride grain. Silicon nitride powder was sub- 
sequently produced under these conditions in larger 
quantities for further investigation of its sintering 
densification behaviour. 

5 Conclusions 

Silicon nitride of a high degree of chemical purity 
and predominantly of the c~-phase can be obtained 
through the carbothermal nitridation of pyrolysed 
rice husk powder at temperatures in the range 
1260- 1450°C under 95% nitrogen-5% hydrogen. 
Hydrogen addition is beneficial in accelerating the 
nitride formation rate. The boundary temperature 
between silicon nitride and silicon carbide formation 
is ,-~ 1450°C. 

The morphology of the silicon nitride powder 
depends critically on the growth nuclei density. The 
addition of pre-formed silicon nitride powder to 
PRH powder before nitridation is markedly 
beneficial in yielding a product consisting of uni- 
form sub-micrometer (< 0.5 #m), equiaxed, ~-Si3N 4 
crystals. A search for catalysts of the metal oxide 
type able to accelerate the nitridation rate failed; a 
small increase in reaction rate was observed with the 
addition of pre-formed silicon nitride. The effective- 
ness of the PRH as a source of silicon nitride is seen 
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to be associated closely with the material's structure 
and composition, and the intimate mixing obtained 
for the silicon dioxide and carbon. Rice husk is thus 
potentially a cheap, readily available raw material 
for high purity, controlled morphology, sinterable 
silicon nitride powder. 
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