
LICENTIATE THESIS 1992:10 L 
DIVISION OF ENGINEERING MATERIALS 	 ISSN 0280 - 8242 

Sintering and Post Sintering 
of Silicon Nitride Materials 

by 
ALENA BARTEK  

• ." V 
C;'• 

- ; 

tO  i 	r-• 
:1-  .; lui 

t 

if  TEKNISKA 
HÖGSKOLAN I LULEA 

 

LULEÅ  UNIVERSITY OF TECHNOLOGY 



Sintering and Post Sintering 
of Silicon Nitride Materials 

by 

Alena Bartek 

Division of Engineering Materials 

Luleft University of Technology 

1992 



PREFACE 

This licentiate thesis contains work which has been carried out at the Department of 

Engineering Materials,  Luleå  University of Technology under the supervision of Professor 

Thomas  Johansson.  The following 3 papers are included in the thesis: 

I 	"Yttrium a-Sialon Ceramics by Hot Isostatic Pressing and Post-Hot Isostatic 

Pressing", A. Bartek, T.  Ekström,  H.  Herbertsson and T.  Johansson,  J.  Am. Ceram. 

Soc. 75 (1992) 2, 432-39. 

II 	"Fabrication of Silicon Nitride / Oxynitride by Reaction Bonding and Post Sintering", 

A. Bartek, T.  Johansson,  D.E. Niesz, T.  Lindbäck  and B.Q. Lei, Accepted for 

publication in the proceedings of the conference Ceramic Materials & Components for 

Engines, Gothenburg 1991. 

III "Post Sintering of RBSN - Alpha Sialon", A. Bartek and T.  Johansson,  To be 

published. 



ABSTRACT 

This thesis comprises three papers on sintering and post sintering of sialons and silicon 

nitride/oxynitride materials. In the first paper sialons of different compositions, produced 

by densification of powders were investigated. Sialon compositions with excess yttria were 

possible to pressureless sinter to closed porosity. This allowed post HIPing the samples to 

full density without encapsulation, which represents a means of reducing cost. When 

applied to the composition x=0.4 in the formula Yx  (Sit2-4.5x, A14.5x)(013x, N16-1.50, the 

two step process leads to a better reacted material and lower glass content than direct 

HIF'ing of the same composition. Low glass content improves high temperature properties. 

Paper III considers a sialons of composition x=0.4 prepared by reaction bonding + post 

sintering and compares them to the materials made in paper I. The nitriding route results in 

better room temperature mechanical properties, especially for materials nitrided with 

hydrogen present. The expected lower amount of secondary phases should also result in 

better high temperature properties. The use of not optimized powders, however, made it 

necessary to use higher HIP temperatures in this investigation than was probably needed if 

optimum powders were used. Finally, paper II shows how silicon nitride/oxynitride 

materials can be prepared by reaction bonding different amounts of silicon and vitreous 

silica and then post sintering them. These materials were very hard to densify due to the 

silica reacting to silicon oxynitride in the nitriding process, and depriving the material of a 

liquid phase during sintering. 
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INTRODUCTION 

SILICON NITRIDE MATERIALS 

General  

Ceramic materials have traditionally been used as refractories due to their good high 

temperature properties. Recently, however, much research and industrial development has 

been focused on ceramics for structural applications. Some of the most interesting 

materials have been based on silicon nitride. The reason for the interest in silicon nitride 

materials is their excellent properties: high strength (1), high hardness, wear resistance (2), 

oxidation resistance (3), thermal shock resistance (4), low coefficient of friction (5) and 

resistance to corrosive environments (6). Silicon nitride materials are difficult to densify 

due to the very low self diffusivity. Densification and the improvement in properties 

associated with it are generally hard to achieve without the addition of sintering aids and/or 

applied pressure. The densification of different silicon nitride materials is the main focus of 

this work. 

Silicon Nitride  

The structure of silicon nitride consists of SiN4  tetrahedra joined at their corners in a three-
dimensional, hexagonal, network (7). There are two structures, a and (3, and the difference 

between the two phases is the stacking in the [0001] direction. Planes in a-Si3N4 have 

stacking sequence ABCDABCD 	and in ß-Si3N4  planes are stacked in sequence  

ABAB 	This creates the two structures in fig la and  b.  i3-Si3N4  has long channels along 

the  c-direction while a-Si3N4  has cavities. 

6 .11 a) 	 b)  

Figure 1. Plot of the a) a-Si3N4 structure and  b)  f3-Si3N4 structure in the  c-direction (8). 
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Sialons 
Sialons are isostructural with silicon nitride's a and 13 phase, and are formed by substituting 

Si4+ and N3-  for Al3+ and 02-  (9)(10). In the alpha sialon phase the substitution of atoms 

achieves valency balance only if another cation (Me) is added to stabilize the structure. 

These cations are generally Li, Mg, Ca,  Y  and the rare-earth metals except La, Ce, Pr and  

Eu.  The introduction of other atoms in the silicon nitride structure leads to an expansion of 

the unit cell parameters. The two sialon phases can be described in formulas as follows: 

ß sialon 	Si6,A1z0zN8-z 	 where 0<z4.2 

a sialon 	Men,S 12-(pm+n)Al(pm+n)OnN1 6-n 
	 where Mel» is the 

metal cation 

The phase system can be described by a Jänecke prism according to fig 2. It should be 

observed that pure a sialons only can be produced from commercial powders along the line 

Si3N4•Me203:9A1N close to the silicon nitride corner. When yttrium is chosen as Me in the 

a sialon structure the following formula can be used:  

Y x (S i12-4.5 x A14.5 x) ( 0  1.5 x e N16- 1.5 x) where 0.3<x<0.8 

Si,N20  

Figure  2. The system  Si3N4-Si02-A1N-A1203-MeN-Me203 (Me=Yb,  Er, Dy,  Gd,  Sm  and  Nd)  (11). 

The properties of sialons are similar to those of silicon nitride, with differences in oxidation 

resistance and some physical properties. The a sialon phase is harder than f3 sialon, see fig. 

3a, and is therefore preferred in applications when high hardness is required. The higher 

hardness in the alpha phase is believed to be due to the closed channels in the crystal 

structure which provides higher resistance to material transport than the the open channels 

in the beta phase (12). On the other hand the a sialon generally has a lower fracture 

toughness, see fig. 3h. 
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Figure 3. a) Hardness and  b)  Fracture toughness as a function of the oucc-4-8 ratio for materials containing 6 
wt% yttria as sintering aid sintered by pressureless sintering at 1775  °C  (13). 

The difference in fracture toughness is believed to be due to the generally higher aspect 

ratio of beta grains than alpha grains, fig 4. 

Figure 4. Microstructure of an a./13 sialon with x=0.2 in the formula Yx(Si12-4.5x,A14.5x)(01.5x,N16-1.5x) 
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The most common way of forming a sialon is by mixing silicon nitride, aluminum nitride 

and yttria powders of the appropriate bulk composition and sintering them. Below the 

sintering temperature the added oxide and the oxides on nitride powder surfaces form a 

liquid and at the sintering temperature the silicon nitride and aluminum nitride dissolve into 

the liquid and reprecipitate as a sialon. To form pure a sialon the oxygen content has to be 

carefully balanced to achieve the composition on the a sialon line. Commercially available 

nitride powders have oxygen on the surface which makes this difficult. a sialon is hard to 

densify due to the consumption of the liquid phase as the transformation progresses, and 

therefore HIF'ing is needed. 

Silicon Oxynitride  
One of the major advantages of sialon materials is their good oxidation resistance. Another 

possible way of increasing oxidation resistance is with silicon nitride/oxynitride 

composites. Silicon oxynitride is made up of a three dimensional, orthorombic, network of 

SiN30 (14) tetrahedra and the presence of oxygen in the structure makes it less prone to 

oxidation. 

Silicon oxynitride can be synthesized in a number of different ways, with the two most 

common reaction routes being (15)(16): 

S102 -F Si3N4 -> 2S12N20 
	

(1) 

3Si + Si02 + N2(g) -> 2Si2N20 	(2) 

In reaction one the silica forms a liquid at a high temperature 1800  °C)  and reacts with 

silicon nitride to form a dense silicon oxynitride. In the second reaction silica and silicon 

nitride at a temperature above 1250  °C  to a porous oxynitride, which then has to be post 

sintered for full densification. 

FORMATION OF srucoN NITRIDE MATERIALS 

Two approaches  

The two different approaches for formation of silicon nitride materials have already been 

mentioned. One is to start from prereacted silicon nitride powder, shape the body and sinter 

it. The second is to form a body from silicon powder and then nitride it to silicon nitride. In 

the first method the advantage is that a fully dense material can be achieved in one step. The 

second method always results in a porous material which has to be post sintered for full 

density. The nitrided materials, however, have a higher "green" density which leads to less 
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shrinkage after densification. This increases accuracy in making samples with specific 

dimensions. Other advantages are: 1) silicon is a cheaper raw material, 2) contaminating 

powder treatment operations are avoided, 3) in sialons the oxygen content can be better 

controlled and 4) oxynitride can be formed already in the nitriding process. The different 

formation mechanisms in nitriding can also lead to different microstructures and mechanical 

properties. 

Nitridation  

Silicon can be nitrided to silicon nitride at temperatures between 1200 and 1500  °C  

according to the following equations (17): 

3Si(s) + 2N2(g) = Si3N4(s) 	(1) 

AG = -723 + 0.315T kJ mol-1  

3Si(1) + 2N2(g) = Si3N4(s) 	(2) 

AG = -874 + 0.405T la mol-1  

3Si(g) + 2N2(g) = Si3N4(s) 	(3) 
AG = -2080 + 0.757T la mol4  

Both a- and 13-Si3N4 phases are formed but it is generally observed that a-Si3N4 

preferentially forms in the early stages and at lower temperatures. The growth of a-Si3N4 

occurs by vapor phase reactions (18)(19) while the major growth of 13-Si3N4 occurs in the 

liquid phase and to a minor extent as a result of the reaction between solid silicon and 

nitrogen (17). This leads to the formation of a finer structure at lower temperatures. 

Oxygen associated with silicon surfaces also encourages a-Si3N4 through SiO formation 

(18)(20)(21). SiO gas can react to silicon nitride in the gas phase especially if hydrogen is 

present to react with the oxygen. Hydrogen encourages the reaction of silica and therefore 

also promotes the reduction of the silica layer on silicon grains (22). As the silicon nitride 

forms the silicon surfaces become covered and the reaction rate slows down. 

Nitridation is an exothermic reaction and to avoid melting of the compact due to heat 

generation, the temperature in the compact has to be controlled carefully. Through the 

addition of different gases to the nitrogen a more homogeneous nitridation can be achieved 

(23). Argon decreases the diffusivity of nitrogen into the compact and thereby results in a 

lower nitrogen partial pressure in the compact and a slower reaction. The thermal 

conductivity is also decreased and this has the negative effect of allowing a build up of heat 

in the compact. Helium and hydrogen on the other hand increase the thermal conductivy of 

the gas mixture and allow for a better control of temperature in the compact. At the same 
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time the effect of hydrogen in reducing the silica layer results in a faster reaction speed and 

therefore heat build-up. 

Oxide additives also affect the nitridation process. Yttria seems to enhance the Si to Si3N4 

transformation while silica and alumina slows it down (24)(25)(26). The aiß ratio does not 

appear to get influenced by silica, but is lowered by alumina. The effect of yttria on the cdf3 

ratio has yet not been clarified. 

1)  ensi  fl cation  

There are four basic ways of densifying porous silicon nitride materials: 

• Sintering at atmospheric pressure 

• Gas pressure sintering 

• Hot pressing 

• Hot isostatic pressing (HIP) 

For sintering of silicon nitride materials sintering additives have to be added to form a 

liquid and enhance the densification. The additives reduce the sintering temperature and 

make it possible to densify the material without dissociation. When sintering is performed 

on silicon nitride powders the sintering additives are homogeneously mixed into the 

powders. When starting from silicon and then nitriding the additives can either be added to 

the silicon powder or be infiltrated into the porous body. 

The most commonly used method for densification is sintering at atmospheric pressure. It 

is least expensive but requires the use of relatively large amounts of sintering additives and 

high temperatures. A slight overpressure of nitrogen is always necessary. If a high nitrogen 

pressure is used the method is called gas pressure sintering. The advantage of it is that it  

surpresses  the silicon nitride decomposition and allows for high sintering temperatures. 

Generally rather large amounts of additives are still needed in this process. In hot pressing 

a  uniaxial  pressure is applied which aids the densification and allows for less additives. The 

geometry of products is, however, very limited and the properties vary with direction. Hot 

isostatic pressing overcomes these problems but is generally more expensive. The pressure 

is higher than for hot pressing and is in all directions. The amount of additives and the 

sintering temperature can be decreased. The disadvantage is that materials with open 

porosity have to be encapsulated and this results in a higher cost. 
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When porous materials are densified both strength and oxidation resistance is considerably 

improved (27)(28). Post sintering is therefore of great interest. For post sintering of 

materials which are difficult to densify and already have been sintered in some way, it is 

often necessary to use hot isostatic pressing to increase the density. It has been shown that 

post sintering by HIP results in density increase, improved fracture toughness and some 

healing of defects. On the other hand grains coarsen during the process (29). The post 

sintering process can be influenced by many factors, such as starting densities, aspect ratio 

of grains, choice of sintering additive, pressure, temperature and time (29)(30). High 

aspect ratio of grains and sintering additives leading to a high viscosity liquid phase makes 

densification more difficult. The presence of crystalline secondary phases can also decrease 

the densification noticeably (31). Sintering additives forming a low-viscosity liquid often 

lead to growth of high aspect ratio grains and higher density during sintering but lead to a 

material less resistant to high temperatures. 

PURPOSE OF RESEARCH 

Since ceramic materials have potential to compete in high temperature structural 

applications, this work concentrates on oxidation resistant silicon nitride materials. The 

properties of silicon nitride materials can be widely varied through changing processing 

parameters. Many investigations have been made to develop useful processing routes, but 

the system is complex and much remains to be done. The purpose of this investigation is to 

increase the knowledge of processing possibilities for sialon and silicon oxynitride 

materials, that lead to mechanically better and more cost efficient choices. 

DISCUSSION OF PAPERS 

Papers 1-III describe the sintering and post sintering of a sialons and silicon 

nitride/oxynitride materials. The goal was to fabricate dense materials for high temperature 

applications. To achieve this the main aims were to incorporate oxygen into the structure to 

achieve oxidation resistance and to use liquid phase sintering for full densification, while 

also minimizing the amount of residual glassy phase to retain high temperature strength. 

Different approaches have been taken to find optimum ways of densification for the 

different material compositions. The three basic paths used are described in fig 5. Sialons 

were made in all three ways. 
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POWDERS 

SINTERING 

NITRIDING 

HIPING  

Figure 6. Three routes for formation of dense sialon materials. 

In paper I the first two routes are described. It is shown that pressureless sintering can 

close porosity in a sialons if extra yttria is added, but for full densification HIPing is 

necessary. The presence of closed porosity gives the option of HIPing after sintering 

without glass encapsulation. This sinter-HIP route makes processing less expensive. 

Several other advantages were achieved. One is that the amount of intergranular phase was 

relatively low even though more yttria was added and another advantage was that no 

residual beta sialon was present in the composition with x=0.4. The alpha compositions 

were a little off, however, due to the excess oxygen. This resulted in some unreacted 

silicon nitride and residual glassy phase. 

In paper III the reaction bonding route was investigated as a way of keeping the a-sialon 

composition correct, decreasing the shrinkage from powder body to HIPed material and 

decreasing the raw material cost. The results were very promising, showing better room 

temperature properties, compared to the powder route, especially for nitriding conditions 

with hydrogen gas present. The nitriding route gives rise to microstructural and 

compositional differences. Through the gas-phase formation of silicon nitride and it's effect 

on the formation of alpha sialon, it is possible that more grains with high aspect ratio occur 

and raise the indentation fracture toughness. The hardness is possibly increased by a lower 

amount of glassy phase. 

In paper II the nitridation process is utilized to produce silicon nitride/oxynitride materials 

from silicon+silica mixtures. These materials were difficult to post HIP, compared to the a 

sialons, due to the very rigid structure formed and no liquid phase available to aid the 

sintering. The open porosity was higher than for the a sialons and increased with higher 

addition of silica. After post sintering at atmospheric pressure the open porosity increased, 

while HIPing at 1750  °C  decreased it somewhat. Post sintering at atmospheric pressure did 

not increase the transformation of alpha to beta silicon nitride, which also was observed 

for the reaction bonded + sintered a sialon materials mentioned above. 
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To achieve full densification and transformation in a sialon materials the HIP temperature 

does not have to exceed 1750  °C  for either processing route. A higher temperature leads to 

uneven and unwanted grain growth. For the silicon nitride/oxynitride samples the 

temperature 1750  °C  is too low to densify the materials, due to the lack of liquid phase. 

For no materials full densification could be achieved by pressureless sintering. 
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Yttrium a-Sialon Ceramics by Hot Isostatic Pressing and 

Post-Hot Isostatic Pressing 

Mena Bartek,*  Thommy  Ekstrom,' Harald Herbertsson," and Thomas  Johansson*  
AB  Sandvik  Hard Materials, S-126 80 Stockholm, Sweden; 

Department of Engineering Materials,  Luleå  University of Technology. S-951 87  Luleå,  Sweden; 
School of Materials Science and Engineering. University of New South Wales, 

Kensington, NSW 2033, Australia 

Dense a•sialon materials were produced by hot isostatic 
pressing (HIP) and post-hot isostatic pressing (post-HIP) 
using compositions with the formula Yx(Si 1 ,_ 4.5,,A145,)-
(0 1 .5„N[6_ 15,) with 0.1 5  x  5 0.9 and with the same compo-
sitions with extra additions of yttria and aluminum nitride. 
X-ray diffraction analyses show how the phase content 
changes from large amounts of ß-sialon  (x  = 0.1) to large 
amounts of a-sialon  (x  = 0.4) and increasing amounts of 
mellilite and sialon polytypoids  (x  = 0.8). Samples H1Ped at 
1600°C for 2  h  contained unreacted a-silicon nitride, while 
those HIPed at 1750°C for 1  h  did not. This could be due to 
the fact that the time is too short to achieve equilibrium or 
that the high pressure (200 MPa) prohibits a-sialon forma-
tion. Sintering at atmospheric pressure leads to open poros-
ity for all compositions except those with excess yttria. 
Therefore, only samples with excess yttria were post-HIPed. 
Microstructural analyses showed that the post-HIPed sam-
ples had the highest a-sialon content. A higher amount of 
a-sialon and subsequently a lower amount of intergranular 
phase were detected at  x  = 0.3 and  x  = 0.4 in the post-
HIPed samples in comparison to the HIPed. The hardness 
(HVIO) and fracture toughness (K w ) did not differ signifi-
cantly between HIPed and post-HIPed materials but vary 
with different  x  values due to different phase contents. Meas-
urements of cell parameters for all compositions show a con-
tinuous increase with increasing  x  value which is enhanced 
by high pressure at high  x  values. [Key words: sialon, hot 
isostatic pressing, yttrium, phases, mechanical properties.) 

I. Introduction 

S ILICON NITRIDE has been studied extensively because of its 
excellent inherent properties. The substitution of Al and 

02-  for Si'-  and N3-  in the high-temperature 0-form of sili-
con nitride was discovered simultaneously by Jack and Wilson' 
and by Oyama and Kamigiato.2  This discovery led to an in-
crease in research on silicon nitride due to the fact that it is 
possible to densify these materials by liquid-phase sintering at 
a rather low temperature. The ß-sialons are described by the 
formula Si3_,A1,0,N4 _,, where 0 < z < 2.1. A second solid 
solution based on the a-Si3N4  crystal structure has the gen- 
eral formula 	 where 0 <  x  < 2.3  
The higher hardness of the a-sialons makes them of interest 
for cutting tool and wear applications. 

i.Smialek— contributing editor 

Manuscript No. 196894. Recei‘ed March I. 1991: approved July 29. 1991. 
Supported by the Swedish Board for Technical Development and the  Norr- 

land  Foundatiim. 
*Member. American Ceramic Society. 
Luleä University of Technology. 

'AB  Sandvik  Hard Materials. — 
'University of New South Wales. 

Since diffusion rates in silicon nitride are very slow at tem-
peratures below its decomposition temperature, densification 
and phase transformations generally take place through a 
eutectic liquid consisting of additives, usually oxides, and sili-
con nitride. A nitrogen overpressure can be used to raise the 
decomposition temperature and allow higher sintering tem-
peratures. Decomposition can also be prevented by encapsu-
lation during densification. Ekstrom et al.' used this 
technique to study the densification of ß-sialon by hot iso-
static pressing (HIP). In the present study this approach was 
used to investigate the densification of a-sialon and to under-
stand the relationship of composition and heat treatment to 
the a-sialon content of materials. 

II. Experimental Procedure 

The compositions studied can be divided into three series, 
shown in Table I. The first series contained eight composi-
tions which fall along a line defined by (4 — 1.5x)S13N4  + 
0.5x(Y203  + 9AIN) = 	 A1 4.3 t) 01.5.‘ • N16-1.5 je 7  in 
the plane seen in Fig. 1,s  and were chosen within the range 
0.05 5  x  5 0.9. The seven compositions in the second series 
were formulated by adding an excess of 2 wt% of yttria on the 
line described for series I within the range 0.1 5  X  5 0.9. 
The third series contained five compositions which were for-
mulated by adding an excess of 2 to 3 wt% of aluminum ni- 
tride to compositions within the range 0.1 	x 	0.8 on the 
series I line. The compositions were prepared from silicon 
nitride  (H. C.  Starck, grade LC1), aluminum nitride  (H. C.  
Starck. grade A), and yttrium oxide (H.C. Starck, 99.9%). 
Excess AIN was added to compensate for the 2.9 wt% SiO2  in 
the Si3N4  powder (see Table I). 

The powder batches (400g dry weight) and lubricant were 
vibratory milled in propanol for 16  h  with silicon nitride 
media. After milling  (d  = 0.8 pm), drying, disintegration, 
and agglomeration, the powder mixtures were die-pressed at 
120 MPa to form 16 mm  x  16 mm  x  6 mm samples. The lu-
bricant was removed by heating in flowing hydrogen at 600°C 
for 2  h.  

The densifications were performed in four different ways: 
(1) HIPing at 1750C and 200 MPa for I  h:  (2) HIPing at 
1600°C and 200 MPa for 2  h;  (3) sintering at 1750°C for 1  h  in 
nitrogen; (4) post-HIPing of sintered materials at 1750°C and 
200 MPa for I  h.  

For the HIP the glass encapsulation technique developed 
by  ABB  Ceram"' was used. The sintering was performed at 
a nitrogen pressure of 0.1 MPa with the samples embedded in 
hexagonal boron nitride powder. Post-HIPing was performed 
on samples with excess yttria, sintered to closed porosity 
(0.2 	x 	0.8) at 1750"C. Samples were prepared for physi- 
cal characterization by grinding and polishing, using standard 
techniques: I  kim  diamond paste was used for the last stage. 

The X-ray diffraction analyses were carried out using a fully 
automatic Philips PW 1700 system with Si as an external stan-
dard. A JEOL JSM 820 electron microscope was used for 
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Table I. Compositions of the Specimens According to the Formula 
[(4 - 1.5X)Si3 N4  + PY203  + 9AIN)1 + YIA1 2031 + Z[Y2031 + MAIN]  

Y 
	

K  

Excess AIN  0.1 
0.2 
0.4 
0.6 
0.8 

0.1029 
0.2054 
0.4102 
0.6138 
0.8165 

0.1851 
0.1813 
0.1738 
0.1664 
0.1590 

 

0.5143 
0.4853 
0.4250 
0.3662 
0.3078 

Reference line 

Excess Y203  

0.05 
0.1 
02 
0.3 
0.4 
0.6 
0.8 
0.9 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
0.9 

0.0520 
0.1013 
0.2021 
0.3030 
0.4037 
0.6049 
0.8058 
0.9062 

0.1012 
0.2021 
0.3030 
0.4037 
0.6048 
0.8058 
0.9062 

0.1869 
0.1812 
0.1777 
0.1742 
0.1708 
0.1638 
0.1570 
0.1535 

0.1811 
0.1776 
0.1742 
0.1708 
0.1639 
0.1569 
0.1536 

0.0003 
0.0008 
0.0018 
0.0028 
0.0038 
0.0058 
0.0077 
0.0086 

0.0552 
0.0580 
0.0609 
0.0640 
0.0701 
0.0764 
0.0795 

 

microstructural studies of polished surfaces. The hardness 
(HVIO) and indentation fracture toughness (K w ) were ob-
tained at room temperature with a Vickers diamond indenter 
using a 98-N load. KR• was calculated by the method of Anstis 
et al., assuming a Young's modulus of 300 GPa. 

III. Results and Discussion 

All HIPcd specimens had densities >99.5% of the theoreti-
cal value, measured by displacement in xylene and degassed 
water. The measurements were confirmed by microstructural 
studies on polished samples. All of the sintercd specimens, 
except the ones with excess of yttria, had open porosity. Post-
HIPing of samples with excess yttria gave somewhat higher 
densities than HIPing for the same compositions (Fig. 2). 

(I) X-ray Diffraction Analysis 

The XRD data for series I samples HIPed at 1750°C showed 
the following results: for  x  = 0.1, primarily ß-sialon: for  
x  = 0.2, approximately equal amounts of a- and ß-sialon; for 
.r = 0.4. primarily a-sialon: for  x  = 0.6, primarily a-sialon. 
traces of N-mellilitc and sialon polytypoids; for  x  = 0.8, pri-
marily a-sialon. N-mellilite and sialon polytypoids increasing. 
A small amount of ß-sialon is present for  x  5 0.6 and traces 

Si,N, 	Si2N20 

Fig. I. The system Si 1•1 34 --Si0,-AIN-A12 01-MeN-Me,03  
(Me = Yb.Er.-Dy.Gd.Sm, and bid) according to Ref. 7. the 
investigated compositions fall along the intersection of the Si ds1.1-
AIN • A1203 --MeN • 3AIN plane and the ShN,AIN-Me203  plane. 
i.e., the Sids14-Me 203 ;9AIN joint.  

of unreacted a-Si3N4  can be found for x5 0.4. At  x  = 0.6 
N-mellilite, Y,03 . Si3N4, and sialon polytypoids begin to ap-
pear and the amounts increase for increasing  x  values. 

The same crystalline phases were found for the samples 
containing an excess of either aluminum nitride or yttrium 
oxide which were HIPcd at the same temperature, although 
the amounts of different crystalline phases vary according to 
the position of the overall composition in the phase diagram 
(see Fig. 3). 

For the samples HIPed at 1600°C a large percentage of 
a-Si3N4  is present for all values of  x;  however, the amount 
decreases with increasing  x.  The large percentage of a-Si3N4  
depends on the low sintering temperature with incomplete re-
actions, which results in substantial amounts of unreacted sili-
con nitride. Only traces of a-Si3N4  were found at the higher 
HIP temperature. The samples of series I sintered at 1750°C 
contain smaller amounts of ß-sialon and unreacted a-Si3N4, 
but a higher amount of sialon polytypoids than the samples 
HIPed at the same temperature. 

By post-HIPing of sintered samples (excess yttria, series II) 
the formation of ß-sialon at  x  = 0.4, which is present in HIPed 
material, is avoided. Thus a material with a larger amount of 
a-sialon is accomplished. Even compared to sintering the 
amount of a-sialon is greater for the post-HIPed samples, 
most probably because the longer sintering time allows more 
a-sialon to crystallize. 

Fig. 2. Density as a function of .r for sintered. HIPed, and post-
HIPed material's with excess yttria at I750C. 
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9 a-sialon 	3-sialon 	Y203•Si3N4 	a-Si3N4 	•sialon polytypoids 

Fig. 3. Phase compositions of samples: (upper left) along the series I line, HIPed at 1750°C; (upper right) along the series II line, sintered at 
1750°C; (lower left) along the series II line, HIPed at 1750°C; (lower right) along the series II line, post-HIPed at 1750°C. 

Comparisons among samples from the three series with the 
same sintering history show the greatest differences at low  
x  values. Series III samples had a large a-sialon content which 
decreased with the oxygen/nitrogen ratio. There was no sig-
nificant difference for the samples HIPed at 1600°C. The 
decrease of the a-sialon content with increasing oxygen/ 
nitrogen ratio, seen at 1750°C, is expected from the phase 
diagram given in Fig. 1. The behavior at 1600°C might be 
explained by the fact that the reaction rate is slow. 

A comparison among samples with the same composition 
but different sintering histories shows the lowest N-mellilite 
content at 1750°C for HIPed material. Sintered materials gen-
erally show a lower percentage of ß-sialon than the HIPed 
equivalents, and samples with excess of aluminum nitride and 
yttria are totally free from ß-sialon at  x  = 0.4. One explana-
tion for the difference between HIPed and sintered materials 
could be the fact that HIP at 200 MPa favors the formation 
or stability of ß-sialon because of the high pressure. The 
ß-sialon structure has a slightly smaller cell volume (1%) 
than the a-sialon structure. When post-HIPing the excess yt-
tria material with  x  = 0.4, no fl-sialon is formed (no ß phase 
is present in the sintered material), but for  x  = 0.6 a small 
percentage of ß appears. Figure 4 summarizes the results and 
shows the amount of a-sialon as a function of  x.  

The unit-cell parameters for the a-sialon phase are listed in 
Table II. Figure 5(A) shows the cell volume of a-sialon as a 
function of  x  for materials with excess AIN and Y203  sintered 
at 1750°C. The graphs show that the cell volumes for low  

x  values are considerably larger when the oxygen/nitrogen ratio 
is low. This might be explained by the slower diffusion rate 
for low-oxygen-content materials leading to the formation of 
a higher alloyed a-sialon in the beginning of the sintering, 
which does not have time to dissolve and recrystallize as a 
lower alloyed sialon when the liquid composition changes at a 
later stage. When  x  increases, 0.4 5  x  5 0.6, the cell volumes 
for high and low oxygen/nitrogen ratios are nearly the same, 
implying a similar diffusion rate. At even higher  x  values 
the excess AIN materials have larger cell volumes again, 
probably due to the formation of different sialon polytypoids. 
The same trend was found for materials HIPed at the same 
temperature. 

The unit cell volumes of materials with excess yttria as a 
function of  x  for different sintering cycles are shown in  

Fig. 5(B). The graphs for sintered and HIPed materials at 
1750°C separate at  x  = 0.4 because of the larger contact area 
and thereby larger sintering rates at higher pressures. The val-
ues of the post-HIP material overlap with those of the sin-
tered material for all  x  values except 0.8. For materials HIPed 
at 1600°C the values for different compositions differ slightly 
because of the low reaction rate. 

Figure 6 shows graphs of the unit-cell parameters versus  x  
for materials with excess AIN for different sintering cycles. 
The graphs show that the uptake of additives is favored by 
the increased pressure at higher  x  values. The same trend was 
found for the other two compositional series examined. This 
is very probably due to the enhanced driving force for sinter-
ing, but it should also be remembered that HIP provides a 
more closed environmental sintering system (glass encapsula-
tion) than plain sintering. The drop in the graph for HIPed 
materials  (x  > 0.6) at 1600°C can be explained by the low 
reaction rate leading to incomplete reactions. 

Figure 7 shows the cell parameter variation of sintered and 
HIPed materials (1750°C) along the reference line together 
with the results obtained by Mitomo et (11.' 2  The results pre-
sented by Mitomo were achieved by hot-pressing for 1  h  at 
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Fig. 4. Amount of a-sialon, in percent of the crystalline phases, as 
a function of  x  for series II samples sintered by different methods. 
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Table II. 	Cell Parameters Including Estimated Standard Deviations for a-Sialon Determined from XRD Data at 298  K  

x 

Excess AIN Reference line  Excess Y,O, Post-HIP 

a (Å) c (Å) a (Å)  c(A) a(Å) c (Å) a (Å) c (Å) 

HIP 1750°C 
0.1 7.7932[6] 5.6681[7] 7.7845[14] 5.6681[12] 7.7880[8] 5.6621[10] 
0.2 7.7953[4] 5.6746[4] 7.7946[3] 5.6730[5] 7.7918[4] 5.6687[6] 
0.3 7.7981[4] 5.6764[4] 7.7977[3] 5.6744[4] 
0.4 7.8047[4] 5.6849[5] 7.8019[3] 5.6817[4] 7.8038[3] 5.6827[4] 
0.6 7.8201[4] 5.6996[6] 7.8180[3] 5.6983[5] 7.8219[3] 5.6989[4] 
0.8 7.8321[3] 5.7086[4] 7.8301[5] 5.7076[7] 7.8261[6] 5.7039[7] 
0.9 7.8335[4] 5.7112[7] 7.8314[7] 5.7105[6] 

HIP 1600°C 
0.1 7.7908[5] 5.6681[5] 7.7888[36] 5.6661[53] 7.7900[8] 5.6687[15] 
0.2 7.7965[4] 5.6776[5] 7.7984[9] 5.6817[7] 7.7995[7] 5.6797[6] 
0.3 7.8011[4] 5.6847[5] 7.8001[4] 5.6816[5] 
0.4 7.8096[5] 5.6880[8] 7.8093[6] 5.6904[6] 7.8073[5] 5.6869[5] 
0.6 7.8178[4] 5.6976[4] 7.8141[5] 5.6952[5] 7.8143[3] 5.6949[3] 
0.8 7.8144[5] 5.6914[5] 7.8183[5] 5.6965[5] 7.8156[8] 5.6952[10] 
0.9 7.8183[6] 5.6966[6] 7.8184[3] 5.6954[4] 

Sintered 1750°C 
0.1 7.7953[4] 5.6756[6] 7.7950[5] 5.6745[7] 7.7879[4] 5.6633[6] 
0.2 7.7973[3] 5.6773[4] 7.7918[4] 5.6708[6] 7.7916[4] 5.6701[5] 7.7924[4] 5.6688[6] 
0.3 7.7981[4] 5.6790[4] 7.7964[4] 5.6757[5] 7.7966[4] 5.6749[5] 
0.4 7.8031[3] 5.6840[5] 7.8031[3] 5.6851[5] 7.8044[3] 5.6860[4] 7.8055[3] 5.6843[4] 
0.6 7.8117[3] 5.6898[3] 7.8127[4] 5.6928[4] 7.8125[4] 5.6946[4] 7.8137[5] 5.6922[5] 
0.8 7.8231[5] 5.6981[6] 7.8186[6] 5.6978[8] 7.8179[5] 5.6975[4] 7.8223[5] 5.6964[6] 
0.9 7.8181[5] 5.6987[4] 7.8199[4] 5.6972[5] 

14.7 MPa and 1750°C, using a powder with a larger surface 
area  (H. C.  Starck, grade LC10) and accordingly a signifi-
cantly higher oxygen content. The higher oxygen content ex-
plains the difference at low  x  values, where a larger amount of 
liquid phase gives a faster reaction rate. The difference at 
higher  x  values is probably caused by the low solubility rate of 
larger grains in the liquid phase. 

(2) 	Microstructural Analysis 
The specimens HIPed at 1750°C and those post-HIPed 

were chosen for electron microscopy studies. The micro-
graphs confirm the results from the XRD analyses and 
provide information about the intergranular phases present. 

Figure 8 shows the microstructures of series II HIPed ma-
terials at 1750°C with excess yttria. The pictures were taken 
with use of a backscatter detector and thus depending on the 
ratio of yttrium, the dark areas for  x  = 0.2 correspond to 
ß-sialon, the lighter gray areas to a-sialon, and the white areas  

to an yttrium-rich intergranular phase. At  x  = 0.4 it can be 
seen that the structure consists mainly of a-sialon and 
"glass". At  x  = 0.8 large, white areas of N-mellilite with sharp 
edges appear, together with long dark crystals of sialon poly-
typoids  which contain only light elements. In agreement with 
earlier investigations, the ß-sialon grains have a higher aspect 
ratio than the a-sialon grains.' Figure 9 shows the micro-
structures of series II post-HIPed materials. As expected, a 
considerable grain growth has occurred depending on the 
longer sintering time. 

Insufficient compensation for excess oxygen in the compo-
sitions and incomplete reactions probably lead to the residual 
intergranular phase evident in all materials. Point counting 
was used to determine the amount of the yttrium-rich inter-
granular phase in the HIPed samples. As expected, the 
"glass" content increased with increasing oxygen/nitrogen ra-
tio over the a-plane. However, the difference is insignificant 
at high  x  values. One reason for this might be that the yttria 
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Fig. 6. Unit-cell parameters for materials with excess AIN as a function ofx: (A) the a-axis.  (B)  the  c-axis. 

is consumed in the formation of N-mellilite, which has a 
smaller volume than the glass. The amount of intergranular 
phase varied between 6 and 25 yore. 

In addition to point counting, computer analyses were 
made on micrographs for both HIPed and post-HIPed samples 
of compositions with excess yttria. showing the amount of 
yttrium-rich (white) phase, in Fig. 10(A). No difference be-
tween "glass" and mellilite has been made. The amounts of 
the a-sialon in H1Ped and post-HIPed materials were also 
determined by computer analysis, and the results are shown 
in Fig. 10(13). 

The most striking feature in the computer analysis was the 
difference between HIPed and post-I-11Ped samples at  x  = 0.3 
and  x  = 0.4. The percentage of intergranular phase for post-
HIPed samples was only half of the amount for the HIPed 
materials. This difference was attributed to the longer time 
for diffusion for the post-HIPed materials. At  x  = 0.4, no 
ß-sialon is detectable in the post-HIPed samples while the 
HIPed samples contained approximately 5% ß-sialon. Com-
paring the grain size and grain shape for the post-HIPed and 
HIPed materials, it was noted that the longer sintering time 
for the post-HIPed materials also led to a somewhat coarser 
grain size and better crystallized grains (sharper edges). 

(3) Physical Properties 

The Vickers hardness (HVIO) and the indentation fracture 
toughness  (K K-)  were measured for HIPed and post-HIPed 
materials at room temperature. The results for the HIPed ma-
terials are shown in Fig. II. The general trend was that the  

"composite" a- and ß-sialon materials showed the optimum 
fracture toughness at about  x  = 0.1, whereas the a-sialon 
ceramic was very hard but brittle for higher values of  x.  

The samples HIPed at 1750°C show a somewhat lower 
hardness and a higher fracture toughness than the samples 
HIPed at 1600cC, probably because of the large amount of 
unreacted a-Si3N4  in the material sintered at the lower tem-
perature. The highest hardness values were obtained when 
0.2 <  x  < 0.6, in good agreement with the increase of the 
a-sialon content. The drop that occurred at higher  x  values 
can be explained by the decrease in a phase content and the 
increasing amount of glassy phase. The decrease in the Kw  
values that occurs for  x  > 0.1 for the I750°C material was 
greatest for samples with excess yttria and a low oxygen/ 
nitrogen ratio. By adding an excess of AIN, this decrease can 
obviously be avoided at least up to  x  = 0.4. 

Comparing the HIPed and post-HIPed materials the differ-
ence is only marginal (Fig. 12). At  x  = 0.3 the post-HIPed 
material seems to have both higher hardness and fracture 
toughness than the HIPed material probably because of a bet-
ter developed microstructure, while at  x  = 0.4 the fracture 
toughness drops to a lower value. The latter could perhaps be 
explained by the remainder of elongated ß-sialon grains in 
the HIPed samples (see Section III(2)). 

The physical properties are influenced by the content and 
morphology of phases formed due to overall composition and 
processing variables. The optimum combination of hardness 
and toughness is dependent on the ultimate use of the ceramic, 
and the a-sialon is not suited for applications demanding 
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Fig. 10. Computer analysis for HIPed and post-HIPed materials for different  x  values: (A) content of intergranular phases.  
(B)  amount of a-sialon. 

toughness. The extremely good hardness implies a good be-
havior in applications where particle erosion and abrasive 
wear dominate. In comparison with HIPed single-phase 13-
sialon ceramics' the toughness is similar, but the hardness is 
significantly higher for the a-sialon. 

IV. Conclusions 

The results of this study show that it is possible to prepare 
very hard sialon materials with a-sialon as the major con-
stituent. Using HIP, fully dense materials were obtained after 
2  h  at 1600°C or 1  h  at 1750°C. In the former case unreacted 
a-Si i N4  was present, which might contribute to the high 
hardness, and these materials were also fairly brittle. HIP at 
1750°C transformed all starting materials, but the formation 
of a-sialon had not reached equilibrium after only 1  h.  This  

leads to a considerable amount of intergranular phase in the 
microstructure. 

Using a two-step sintering method with sintering at 1750°C 
for 1  h  followed by post-HIPing at the same temperature for 
1  h  renders a material close to theoretical density with a well-
developed structure consisting of a large amount of a-sialon. 
The hardness and fracture toughness are about the same as 
for HIPed material but no remainder of ß-sialon is present in 
the final material. In this study it was necessary to add extra 
yttria in order to get closed porosity in the first step but the 
same goal could probably be reached by using a finer Si3 N4  
starting material (greater surface area). Even though large 
amounts of yttria were added, post-HIPed materials contain 
smaller amounts of intergranular phase than HIPed probably 
because of the lack of ß-sialon formation and the longer sin-
tering time. The cell parameter measurements show that the 

Fig. 11. Vickers hardness, HVIO (kg • mm-2), and indentation toughness, K J(  (MPa • m-' 2). as functions of  x  for HIPed materials at I600°C 
and HIPed materials at I750°C. 
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competition between formation of different phases due to 
pressure and amount of additives affects the cell volume of 
a-sialon, whereas within the compositional range of "pure" 
a-sialon 0.4  < x  s. 0.6 both higher pressure and higher 
amount of liquid phase enhance the increase of the cell 
volume. 
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ABSTRACT 

Reaction bonding and post sintering of silicon nitride / oxynitride was investigated as a route to 
fabricate a material with good oxidation resistance and good high temperature strength. Silicon 
powders, mixed with 0, 2, 4, 8 and 16 wt% silica, were CIPed at 150 MPa and nitrided using 
the nitrogen demand principle. Four different nitriding gas compositions were used, consisting 
of different amounts of hydrogen, argon and helium mixed with nitrogen. Post sintering at 
atmospheric pressure and by HIP at 160 MPa were investigated to densify the materials. 
Samples were characterized by X-ray diffraction,  SEM  and Hg-porosimetry in both the nitrided 
and sintered state. 

The aiß silicon nitride ratio after nitriding varied with gas composition and decreased with 
increasing silica content. During nitriding, some of the silica was transformed to silicon 
oxynitride, and the porosity of the nitrided samples was 25-35 %. Nitridation in the presence of 
hydrogen and helium, respectively, resulted in a larger amount of residual silicon. Fracture 
surfaces show a submicron grain size with grains in clusters. The porosity becomes coarser 
with increasing silica percentage, and the clusters become more obvious. This has been 
confirmed by Hg-porosimetry measurements. Post sintering at atmospheric pressure at 1750  °C  
for two hours does not increase the bulk density, but increases the density locally in the clusters, 
increases the pore size and decreases the aiß silicon nitride ratio. HIPing at 1750  °C  and 160 
MPa for two hours resulted in complete transformation to ß and a considerable increase in 
density. 

INTRODUCTION 

Reaction bonding and post sintering of reaction bonded silicon nitride as a route for fabrication 
of components for structural applications has been a topic of research for some time. This is 
mainly because of RBSN's good high temperature properties and low shrinkage upon post 
sintering. Several review papers on the formation of RBSN have been published [1, 2, 3,4, 5], 
and factors such as nitriding gas composition, presence of impurities, temperature and time 
influence on the formation of silicon nitride were discussed. It is important to understand how 
the microstructure of RBSN can be affected to produce the most suitable structure for post 
sintering. 

a silicon nitride is mainly proposed to form from vapour phase and ß mainly from liquid 
phase. For the vapour phase reaction volatilazation of silicon is essential and is known to be 
hindered by surface silica . For post sintering purposes a high aiß ratio is of great importance as 
the transformation of a to ß silicon nitride aids densification, and the effect of silica therefore 
must be taken into consideration. 



2 

The effect of hydrogen in the nitriding gas has been investigated [6] as means for reducing 
this problem. Hydrogen seemes to increase the volitalization of the silica layer in the initial stage 
of nitridation. This volitalization of the silica to SiO gas leaves the silicon surface free for 
reaction and thereby increases the reaction rate and formation of a. The influence of other gases 
on the reaction bonding process has also been reported [7, 8]. Additions of helium and 
hydrogen to the nitridation gas increases the thermal conductivity of the gas mixture leading to 
lower temperature gradients. Argon and helium increase the viscosity of the nitriding gas and 
thereby control the flow rate of nitrogen, so that the risk of local overheating in the compact is 
decreased. 

Other factors that have been found to be important in increasing the a content are low 
nitriding temperatures and slow reaction rates. Due to more nucleation a finer structure is also 
achieved. Impurities on the other hand can lead to formation of a liquid phase below 1200  °C  
leading to the formation of more [3 silicon nitride and a coarser structure. Commercial silicon, for 
example, contains Fe, Ca and Al. Iron is known to aid the disrupting of the oxide layer on 
silicon and is therefore often a desired impurity. 

For post sintering, sintering aids are necessary. They can be added to the silicon before 
nitriding or infiltrated into the RBSN material. In the first case the additives affect the nitridation. 
An investigation has been made on nitriding with different oxides present [9]. A silicon /8% 
silica mixture was nitrided in a gas mixture of nitrogen and 5% hydrogen at 1250  °C.  The silica 
did not seem to affect the nitridation to any great extent even though some decrease in 
conversion to silicon nitride was observed. Silicon oxynitride was also formed. 

Post sintering [10, 11] and post HIPing [12, 13, 14] has mainly been performed at 
temperatures >1800  °C  and 1700-2000  °C  respectively. The sintering aids were mainly 
magnesia, yttria and alumina. HIPing produced materials close to theoretical density while less 
dense materials were obtained by sintering. 

The aim of this investigation is to achieve an understanding of how RBSN, containing 
different amounts of silica, should be produced for successful post sintering to a dense Si3N4  / 
Si2N20 material. 

MATERIALS AND METHODS 

Five mixtures of silicon with additives of silica and binder, from Kemallord, were used: 0, 2, 
4, 8 and 16 w% Si02. Powders used for the mixtures were Sicomill 4D and  Aerosil  silica with 5 
w% PEG. The powders were compacted by CIPing in silicon rubber molds to sizes 35x25x15 
mm at a pressure of 150 MPa. Binder was removed by stepwise firing up to a temperature of 
500°C in hydrogen atmosphere. Nitriding was performed using the nitrogen demand principle 
up to 1450  °C  with four different gas compositions: 
1. 50 mbar  Ar  + 950 mbar N2 
2. 50 mbar  Ar  + 20 mbar H2 + 930 mbar N2 
3. 20 mbar H2 + 980 mbar N2  
4. 50 mbar He + 950 mbar N2  
The first nitridation was run at a slower rate than the three other. The first and third runs were 
interrupted and restarted, due to equipment malfunction. 

One sample of each composition from the first and second nitridation run was sintered at 
atmospheric pressure in 1750  °C  for two hours in a silicon nitride powder bed. This sintering 
was performed at SCI in Gothenburg, Sweden. An identical set of samples was HIPed at 160 
MPa in 1750  °C  for two hours at  ABB  Cerama in Robertsfors, Sweden. 

All reaction bonded and post sintered samples were analyzed by X-ray diffraction for 
identification of present phases. Densities were measured by the water immersion technique for 
all reaction bonded and sintered materials. Microstructures were studied by  SEM  for sintered 
and reaction bonded samples from the first and second nitridation run. Hg-porosimetry was 
done on a number of samples. 



0,8 

0,7 

0,6  
att  

eß 	0,5 

0,4  -  

0,3  -  

	

0,2 3 	 
0  

0,5 
	• H 

Ar+H 0,4 

0,3 - 

• I 	• 	I 	• 	 • 	0,2 	 
4 	8 	12 	16 	20 	0 

% Si02  

Ar+H 
S(Ar+H) 

4 	 1'2 	116 • 20 

% S102 

0,6 - 
Ar 
S(Ar) 

0,8 

0,7 

3 

RESULTS 

Phases 
X-ray diffraction data show that a and (3 silicon nitride is formed during nitridation. For 
increasing additions of silica also silicon oxynitride is formed in increasing amounts. At an 
addition of 16% silica, the amount of silicon oxynitride formed, is approximately 12-15 %. 

The ratio of a to ß silicon nitride varies with nitridation gas composition and silica content 
according to fig la. In this figure it is seen that small additions of silica increase the a ratio for 
all conditions while larger additions decrease the same. Other significant trends shown in this 
figure are that samples nitrided slowly in argon have the highest a ratio, between 0.6 and 0.8 
and that those nitrided in argon+hydrogen and helium have the lowest ratio, between 0.4 and 
0.6. Besides affecting the a to ß ratio, the gas composition and silica addition affects the amount 
of unreacted silicon. For all compsitions nitrided in  Ar  and Ar+H the unreacted silicon was only 
a few percent. Nitridation in  H  gave higher amounts of residual silicon for all samples, with the 
largest amounts at 0 and 8 percent silica. Nitridation in helium resulted in higher amounts of 
unreacted silicon in the sample without silica addition and almost no reaction at all took place in 
the sample with 16 percent silica. 

a) 	 b)  

Figure 1. a) a to ß ratio for materials nitrided in different atmospheres.  b)  a to ß ratio for nitrided 
and post sintered materials where S=sintered. 

Figure lb shows the a to ß ratio for materials post sintered at atmospheric pressure after 
nitriding in  Ar  and Ar+H, respectively. It is seen that the trends shown for nitrided and post 
sintered materials are similar. It is however noted that some of the a silicon nitride transforms to 
ß and therefore the ratios are reduced. This transformation is larger in samples with more ß 
silicon nitride. When HIPing is used all a silicon nitride transforms to ß. 
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Microstructure 
Fracture surfaces of the nitrided and sintered samples from the first  (Ar)  and second (Ar+H) 
nitridation run were investigated. For the nitrided samples it appears that the porosity grows 
coarser with increases in silica addition and that submicron grains are present in denser clusters, 
see fig 2a-b.  At high Si02 contents there are also some large grains present. The main 
difference between the two nitridation runs seems to be that the first nitridation run mainly has 
smaller pores, more evenly distributed, while the pores are coarser in the second nitridation run 
with denser areas present,see fig 2c. After post sintering denser areas tend to become even more 
dense and the large pores grow. The grain size increases somewhat but still submicron grains 
are present, see fig 2d. 

Figure 2. Fracture surfaces at the magnification of 10 000x where 	equals 1 gm. 
a) 2% Si02  nitrided in  Ar. b)  16% Si02 nitrided in  Ar. c)  2% Si02  nitrided in 
Ar+H.  d)  16% Si02  nitride(' in  Ar  and post sintered at 1750  °C.  
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Density and porosity 
The density trends for the different nitriding runs seem to be similar. With increasing silica 
addition a decrease in density can be observed, see fig 3a. Highest densities are obtained for 
samples from the argon and helium runs. After post sintering at atmospheric pressure the 
densities change only slightly in most cases, which can be seen in fig 3b, while a larger increase 
in density occurs after post HIF'ing. 
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Figure 3. Density variations with silica addition for materials a) nitrided in different gas 
mixtures  b)  post sintered and post HIPed materials nitrided in  Ar  and Ar+H, 
S= sintered and H=HIPed. 

The open porosity is high, 25-35 % in the as nitrided samples, and increases after post 
sintering in all samples but the 4% Si02 composition where it is constant for the argon gas 
containing run and decreases for the argon+hydrogen run. Post HIPing decreases the amount of 
open porosity in all cases. Porosünetry confirms the observed microstructures by showing an 
increase in pore size with silica addition, see fig 4a. This behavior has been found for other 
oxide additives earlier [15]. There is also a difference between the first and second nitriding run. 
In samples with no addition this difference is larger than at 16% silica addition. After post 
sintering both pore size and the percentage of pores increases, see fig 4b. 

Figure 4. Cummulative pore volume plotted against pore diameter for materials with 0 and 
16% silica addition a) nitrided in  Ar  and Ar+H  b)  nitrided in Ar+H and post sintered 
at 1750  °C.  
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DISCUSSION 

Both the influence of different gases and the presence of silica on the nitriding behaviour 
described in the literature seems to agree with this investigation. The importance of the different 
mechanisms, however, varies somewhat. 

The explanation for the highest a silicon nitride content observed in the argon run is 
obviously the longer reaction bonding time allowed. The hydrogen run gives only slightly lower 
values at low silica additions but drops at high additions. This is probably because of the 
hydrogen's reaction with silica. Hydrogen gives rise to increased nucleation of a silicon nitride 
at low silica additions, when most of the silica is volatilized. At higher additions not all of the 
silica is volatilized, and the formation of silicon oxynitride and ß silicon nitride starts to compete 
with the formation of a silicon nitride. When both argon and hydrogen are present the effect of 
hydrogen seems to be less pronounced. The helium addition results in materials with the least a 
formed. It is interesting to see that at a 2% addition of silica the highest formation of a silicon 
nitride is observed for all nitridation runs. One explanation might be that the formation of 
oxynitride, competing with a silicon nitride, at this silica addition still is low and the increased 
evaporation of SiO gives rise to more a formation. The content of residual silicon is largest in 
the hydrogen run. Here the reaction probably has been too fast due to the accelerating effect of 
hydrogen. Compositions with no and 16% silica are most incompletely reacted. The helium run 
also has more unreacted silicon. 

After post sintering at atmospheric pressure at 1750  °C  only a small percentage of a 
transforms to ß. This is probably due to only a small amount of liquid being present at the 
sintering temperature leading to an incomplete reaction. Most silica reacted to silicon oxynitride 
in the nitriding process but a small amount could have stayed unreacted, forming a liquid with 
impurities. Unreacted silicon would also form a liquid. Small additions of silicon have been 
seen to increase the transformation of a to ß [17]. The greater transformation of a to ß in 
samples with more ß could be a consequence of the already formed ß acting as growth sites [16]. 
After HIPing all a transformed to ß. In the HIPing process the pressure increased the diffusion 
rate and total transformation was possible. 

The investigation of fracture surfaces showed that the materials from the first nitridation 
run  (Ar)  have a more homogeneous structure with smaller pores and that materials from the 
second run (Ar+H) have denser areas with larger pores in between. According to the 
micrographs and Hg-porosimetry measurements, this difference is most noticable at low silica 
additions while the difference is much smaller at the 16% addition. The finer structure at low 
silica additions is likely due to the slow reaction rate of the  Ar  run while for the high silica 
additions the formation of SiO gas is increased and gas composition is less important. The 
structure of these high silica materials is more coarse with dense regions. The denser areas 
could be due to hydrogen increasing the reaction rate and the increasing likelihood for forming 
small quantities of melt. ß is believed mainly to form from liquid phase and ß formation is also 
noticed to have increased in the hydrogen containing sample, indicating the presence of more 
liquid phase. It is interesting to note that the density of the argon+hydrogen run is consistently 
higher than the density of the argon run even though the pore volume is the same according to 
the Hg-porosimetry. This is probabably a result of the fact that the materials obtained in the two 
different runs have slightly different phase compositions. The general decrease of density with 
increasing silica content is due to the formation of silicon oxynitride and residual silica. 

Microstructures, Hg-porosimetry and density measurements also show that the pore size 
increases with post sintering. A possible reason for this increase in pore size is that the residual 
silica forms a small amount of liquid phase with present impurities and is drawn into regions 
with smaller pores by capillary force. This would leave larger pores behind and increase the 
measured pore size. Figure 2d shows a microstructure in which microporosity appears to have 
densified. The exception to this is the 4% silica addition composition in both nitridation runs 
where density increases. Here the percentage of liquid is probably too low to enlarge the larger 
pores but high enough to allow some densification in the smallest pore areas. Due to the higher 
diffusion rate, caused by applied pressure, post HIPing can densify the materials to a higher 
degree. 
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CONCLUSIONS 

It has been shown that the effect of hydrogen additions to the nitriding gas, on a 
formation, is decreased with larger additions of silica in the samples. The silica additions 
increase the pore size in both nitrided and post sintered  (atm  pressure) samples. Neither 
post sintering  (atm  pressure) nor post HIF'ing at 1750  °C  was able to densify the samples, 
but post HIPing increased the density. The highest percentage a silicon nitride was formed 
by using a slower reaction rate. Similar amounts of a silicon nitride were obtained when 
nitriding low silica samples with hydrogen at a faster rate, but larger amounts of unreacted 
silicon remained. Nitriding samples containing silica resulted in silicon oxynitride 
formation. This together with the pore coarsening makes silica unsuitable as sintering aid 
for post sintering. Small silica additions on the other hand seem to promote the formation 
of a silicon nitride and could be successfully utilized in the reaction bonding process. 
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POST SINTERING OF RBSN - ALPHA SIALON 
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Abstract 

By CIPing, nitriding and then post sintering a mixture of silicon, aluminum nitride and 

yttria powders, dense alpha sialon materials were prepared. The effect of nitriding 

atmosphere, post sintering pressure and temperature was investigated. HIPing was 

necessary to achieve full density. The transformation to alpha sialon was incomplete after 

HIPing at 1750  °C  but it was concluded that a full transformation could be achieved if a 

finer-grained aluminum nitride powder was used. The incomplete transformation led to 

microstructural inhomogenities. Despite them, the hardness and indentation fracture 

toughness compared well to powder-HIP materials. Hardness was higher for the 

nitridation+HIP process than for the powder-HIP process and so was the fracture 

toughness in samples nitrided with hydrogen present. 

Introduction 

Sialon materials are of technical interest because of their high hardness and good high 

temperature properties (1)(2). The alpha form of sialon is of special interest due to it's high 

hardness (3). These materials have been fabricated by sintering silicon nitride powders 

with additions of aluminum nitride and yttria. During sintering the yttria and oxide layers 

on the powders form a liquid in which aluminum nitride and silicon nitride dissolves and 

then reprecipitates as alpha sialon. Generally pure alpha sialons are difficult to synthesize 

from these powders because it is difficult to control the oxygen content of the starting 

materials and not get excess of residual glass. The oxide layers on the surface of nitride 

powders push the composition to a more oxygen rich area in the phase diagram in fig 1. As 

pure alpha sialons only can be achieved with compositions strictly along the line 

Si3N4•Me203:9A1N, the oxygen excess makes it difficult to achieve single phase alpha 

sialons. 
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Figure 1. The system Si3N4-Si02-A1N-A1203-MeN-Me203 (Me=Y, Yb, Er,  Dy,  Gd,  Sm  and Nd) 
according to reference 4. 

Another way of forming alpha sialons is by replacing the silicon nitride with silicon 

powder and nitriding it to silicon nitride. That is the approach used in this study. Nitriding 

results in a decrease in the amount of excess oxide through the lower amount of oxide 

present after nitridation. After nitriding the materials are porous and have to be post 

sintered to achieve complete densification and transformation of the starting components 

into alpha sialon. The nitriding+post sintering method also reduces the total shrinkage of 

the sample during densification. The aim of this study is to examine the possibilities to 

produce dense alpha sialon materials by nitriding and post sintering of silicon 

powder+additives with the same or better properties than by the conventional powder-HIP 

route. 

Experimental  

The composition chosen for investigation is x=0.4 in the following formula for pure a- 

Yx (Si12-4.5x, A14.5x)(01.5x, N16-13). The composition was mixed by Kemallord 

from the following powders: 

70.4 wt% Si (Sicomill4D, Kemallord, D50=5g111  

11.1 wt% Y203 (Rhone-Poulenc, D50=1.33 p.m) 

18.5 wt% AIN (H.C. Starck, D50=11µm) 

For comparison some samples of pure Sicomill 4D were also made. 
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The powders were compacted by CIPing in silicon rubber molds to sizes 35x25x15 mm 

using a pressure of 150 MPa. 5 wt% PEG was added as binder and this was removed after 

CIPing by heating gradually to a temperature of 500  °C  in a hydrogen atmosphere. 

Nitriding was performed using the nitrogen demand principle up to 1450  °C  with 4 

different gas compositions: 

1. 50 mbar  Ar  + 950 mbar N2 

2. 50 mbar  Ar  + 20 mbar H2  + 930 mbar N2 

3. 20 mbar H2 + 980 mbar N2 

4. 50 mbar He + 950 mbar N2 

The first cycle was slightly different from the others due to the use of parameters that gave 

a slower nitridation process. The first and third run were both interrupted and restarted, 

while run 2 and 4 proceeded without interruptions. After nitriding some of the samples 

were analysed in the reaction sintered state and the rest were post sintered in three different 

ways: 	• sintering at atmospheric pressure, 1750  °C,  2 hours 

(Swedish Ceramic Institute) 

• HIPing at 160 MPa, 1750  °C,  2 hours  (ABB  Cerama) 

• HIPing at 160 MPa, 1850  °C,  2 hours  (ABB  Cerama) 

All samples were analyzed by x-ray diffraction for phase content. The relative amounts of 

of silicon nitride and sialon phases were determined by comparing intensities. Density and 

Hg-porosimetry measurements were made in order to determine pore sizes and amount of 

porosity. Densities were measured by the water immersion technique. Microstructural 

analysis was done on polished dense samples using the backscatter mode in  SEM.  

Indentation hardness and fracture toughness, using the Anstis equation, was also 

determined. 

Results and Discussion 

X-ray diffractometry 

X-ray diffraction analysis were made on samples after nitridation and after post sintering. 

For the nitrided samples it was found that the ratio of alpha silicon nitride to beta silicon 

nitride varied between approximately 1.3 and 2.1 in the different nitriding runs, see table 1. 

Nitriding with either argon or argon+hydrogen present resulted in similar but relatively low 

amounts of alpha silicon nitride. Nitriding with only hydrogen gave the highest alpha 

content while nitriding in helium resulted in an intermediate amount alpha but residual 
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silicon. The increased aiß ratio for samples nitrided in hydrogen agrees well with the 

literature (4)(5), even though the differences in this investigation are small. During 

nitridation in all the runs, the yttria reacted to some extent to form YSiO2N and the 

aluminum nitride remained unreacted. In run 4 there is a fair amount of residual silicon. 

This amount does not change substantially after the post sintering operations. 

Nitriding 
Run 

RBSN  Sintered 
1750°C 
atm  pressure 

HIP 
1750°C 
160 MPa 

HIP 
1850°C  
160 MP 

a 56% 
5% Ar a' 55% 70% 92% 

ß 44% 45% 23% 3% 
7% 5% 

2 a 58% 
5%Ar+ a' 52% 73% 91% 
2%H2 ß 42% 48% 22% 6% 

5% 3% 
3 a 68% 3% 

2%H2 a' 73% 76% 
ß 32% 20% 16% 
13' 7% 5% 

4 a 62% 3% 
5% He * a' 60% 87% 

ß 38% 33% 6% 
7% 3% 

* Note that a fair amount of silicon is present in this composition. 

Table 1: Relative content of silicon nitride and sialon phases where cc+or+ß+13---.100% 

For samples nitrided and then sintered at atmospheric pressure at 1750  °C,  XRD data 

showed that alpha sialon had formed and the amount of this phase was about the same as 

the amount of alpha silicon nitride in the reaction bonded sample. This suggests that most 

of the alpha silicon nitride reacts to alpha sialon. The beta on the other hand remained 

mostly as f3 silicon nitride. All of the yttria seemed to have dissolved and the excess that did 

not react to form alpha sialon, formed some mellilite (Si3NeY203) and glass upon 

cooling. Traces of aluminum nitride could also be found. These results suggest that there 

was enough liquid during sintering to dissolve the alpha silicon nitride and form alpha 

sialon, but there was not enough driving force to transform the beta silicon nitride to 

sialon. Two factors are likely to make beta less prone to transformation than alpha. The 

first is that beta is the more stable form of silicon nitride (6) and the second is that for 

nitrided materials the beta grains are often larger than the alpha grains. This makes ß Si3N4 

more difficult to dissolve and react to a sialon. The presence of undissolved AIN means 
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that there will be a deficient amount of aluminum ions in solution and that some of the 

silicon nitride will remain unreacted. 

From XRD data it can be seen that HIPing RBSN material from nitriding run 1, 2 and 3 at 

1750  °C,  rendered a material with an alpha sialon/beta silicon nitride ratio around 3. This 

ratio is considerably higher than for samples sintered at atmospheric pressure at 1750  °C  

and suggests that the pressure enhances the dissolution of MN and transformation to alpha 

sialon. It was also seen that small amounts of beta sialon and mellilite formed. The 

presence of silicon nitride, beta sialon and mellilite suggests that the materials is far from 

equilibrium. It should be noted that the sample with high silicon content, nitriding run 4, 

have a comparatively low amount of alpha sialon after HIPing at 1750  °C.  

Finally, in the RBSN materials from nitriding run 1,2 and 4 HIPed at 1850°C, most of the 

silicon nitride transformed to alpha sialon. Small amounts of alpha and beta silicon nitride 

were found as well as small amounts of beta sialon and traces of mellilite. The temperature 

was high enough to dissolve all the AIN and increase the alpha sialon formation. These 

results compare very well to the same composition made by the powder HIP route, HIPing 

at 1750  °C  for one hour (7). Nitriding run 3 is the exception from the above having 

approximately 15% less alpha sialon and more unreacted beta silicon nitride. 

It is evident from the phase analysis on the post sintered samples that it takes high 

temperatures and high pressures to transform the starting components into alpha sialon. It 

will be shown, though, that the AIN grains used were large and therefore harder to 

dissolve. It therefore seems likely that the phase contents achieved at 1850  °C  could be 

achieved at a lower temperature, if AIN of a smaller grain size is used. It should be noted 

that alpha sialons have to be HIPed at =1750  °C  to achieve full transformation even if they 

are produced by the powder-HIP route. 

Density and porosimetry 

In fig. 2 the measured bulk densities for samples after nitriding and different post sintering 

operations are shown. The samples sintered at atmospheric pressure show some increase in 

density due to liquid phase sintering, but do not achieve high densities. HIPed samples are 

close to theoretical densities. 
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Figure 2. Density (g/cm3) for different nitriding runs: 1=Ar+N2, 2=Ar+H2+N2, 3=H2+N2 and 4=He4N2, 
where liNitrided Sintered 1750°C EHIPed 1750°C and E3 H1Ped 1850°C. 

Fig. 3 shows the  Hg-porosity results from the alpha sialon composition after different 

nitriding runs. It is seen that the cumulative pore volume is larger in the sample nitrided 

with argon present while the mean pore size is almost the same for all the nitriding runs. 

The longer argon+nitrogen cycle gives more open porosity. As the argon+hydrogen+ 

nitrogen run has so much less open porosity the amount open porosity probably is related 

to the nitriding speed. No difference is seen in the phase content between the two samples. 

,001 	,01 	, 1 	1 
	

10 
	

1 00 

Pore diameter 

Figure 3. Cumulative pore volume (cc/g) plotted against pore diameter (microns) for different nitriding 
runs: 1=Ar+N2, 2=Ar+H2+N2, 3=H2+N2 and 4=He+N2.• 
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Fig 4 compares the alpha composition samples from nitriding runs 1 and 2 with the same 

runs of silicon without any additives. Between the two silicon samples there is a large 

difference in amount of alpha silicon nitride. Nitriding with only argon present gives an 

alpha content which is 25% higher in the silicon samples than when nitriding with both 

argon and hydrogen present. This can also be noted in the mean pore size difference 

between the two. More alpha results in smaller pores. The sialon compositions have about 

the same amount of alpha silicon nitride after nitriding and also approximately the same 

mean pore size. It should be noted though that all the sialon compositions have about the 

same mean pore size even though the amount of alpha varies somewhat. The alpha content 

can therefore not be wholly responsible for the difference. The additives in the sialon 

compositions also lead to a lower cumulative pore volume. 
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Figure 4. Cumulative pore volume (cc/g) plotted against pore diameter (microns) for different nitriding 
runs and compositions: 1=Ar+N2, 2=Ar+H2+N2, Si=silicon without additives and alpha=alpha 
sialon composition. 

Finally, in fig 5 it is seen that after sintering the alpha sialon composition materials in 

atmospheric pressure the amount of porosity decreases but the mean pore size increases. 

This is likely to occur when small pores get eliminated and large grow. It can also be 

observed that the material which starts with more open pores ends up with less. This could 

be due to the liquid penetrating more of the pores and thereby enhancing the densification 

more in the material with larger amount open porosity. 
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Figure 5. Cumulative pore volume (cc/g) plotted against pore diameter (microns) for different nitriding 
runs before and after sintering: 1=Ar+N2, 2=Ar+H2+N2 and S=sintered at 1750°C. 

Microstructure 

Microstructural analysis was performed on polished dense samples using the backscatter 

mode in  SEM  and X-ray mapping of elements. From this analysis it was found that the 

microstructure of samples HIPed at 1750  °C  is rather inhomogeneous. Areas of alpha 

sialon are surrounded by unreacted silicon nitride and beta sialon mixed with alpha sialon. 

Small "islands" of unreacted aluminum nitride grains appear in the center of the alpha 

sialon areas. These have not been detected by XRD. The microstructure can be seen in fig 

6, where the light grey areas are alpha sialon, the dark grey are silicon nitride, the white are 

glassy phase and the black are the AIN grains. 

Figure 6. Microstructure of a nitrided and then HIPed sample at 1750°C. Backscatter mode of  SEM,  250x 
magnification.   1001.1m 
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Fig 7 shows the elemental analysis of a typical area made by X-ray mapping. Yttria is well 

dispersed in the sample while the aluminum is concentrated to areas of 5-30 gm. 

a)  b) 

c) 	 d)  
Figure 7. X-ray mapping in  SEM  of a polished sample nitrided+HIPed at 1750  °C  where a) Backscauer 

image  b)  silicon  c)  aluminum  d)  yttrium. White is presence of the element and black is lack 
of element. 	 100µm 

Powder used for these samples was also analysed in  SEM  and X-ray mapped. Aluminum 
nitride grains were observed in sizes up to 30 pm, fig 8. These seem to correspond to the 

aluminum nitride grain "islands" found after HIPing at 1750  °C,  implying that some of the 

aluminum nitride grains were too large to be fully dissolved. The lack of full dissolution 

led to the formation of alpha sialon areas surrounded by unreacted silicon nitride. Areas 
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depleted of AIN could not totally transform to alpha sialon. Uneven distribution of AIN 

also led to uneven distribution of glassy phase, as the yttria in certain areas was not 

consumed in alpha sialon formation. 

Figure 8.  SEM  image of starting powder, 750x magninfication. 

After H1Ping at 1850  °C  the previously mentioned A1N-"islands" do not appear, but it is 

still evident that not all the silicon nitride has reacted. It is seen that alpha sialon areas are 

surrounded by silicon nitride and ß sialon, fig 9. The amount of alpha sialon has increased 

considerably, compared to samples HIPed at 1750  °C.  

Figure 9. Microstructure of a nitrided and then HIPed sample at 1850°C. Backscatter mode of  SEM,  750x 
magnification. 	 30p.m 

301.tm 
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Fig 10 compares the grain sizes after HIPing at the two different temperatures. The 

samples HIPed at 1750  °C  show a rather fine grained structure with some larger grains, 

while samples HIPed at 1850  °C  show grains that are larger and of uneven size. It is 

obvious that the lower temperature is preferable if a RBSN material with grain size 

differences is the starting material for sintering. By using a finer grained AlN a lower 

temperature will be possible to use for the post sintering and the phase inhomogenities will 

be avoided. Effects of nitriding gas on the microstructure are hard to distinguish in the 

presence of the mentioned inhomogeneties in the samples. 

Figure 10. Polished samples at 4000x magnification by backscatter in  SEM  a) Nitrided+HIPed at 1750  °C 
b)  Nitrided+H1Ped at 1850  °C. 	31.1m 
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Hardness and fracture toughness 

The hardness and fracture toughness measurements do not show any degradation in the 

material due to the inhomogenities, when compared to alpha sialon materials HIPed from 

silicon nitride powders. Figure ha and  b  show KIC and hardness for the different 

nitriding runs after HIPing at 1750  °C  and 1850°C. These results are compared to samples 

of the same composition made by powder-HIPing at 1750  °C  and 1600  °C  (7) and are 

designated as nitridation run 0. The material powder-HIPed at 1600  °C  has unreacted 

silicon nitride, just as the nitrided+HIPed material at 1750  °C  does, and therefore provides 

an interesting comparison. 
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Figure 11. a) Vickers hardness (kg/mm2) and  b)  Indentation toughness (MPa/m") for materials nitrided 
in different runs and then post sintered in different cycles: 0=not nitrided, 1=Ar+N2, 
2=Ar+H2+N2, 3=H2+N2 and 4=He+N2, where Powder-H1Ped 1600°C  gg  Powder-HIPed 
1750°C a HIPed 1750°C and OHIPed 1850°C. 
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The hardnesses for nitrided+HIPed samples at 1750  °C  and 1850  °C  are both higher than 

for the powder-HIPed material at 1750  °C  and about the same as for powder-HIPed 

material at 1600  °C.  This excludes the samples from nitriding run 4 which contain large 

amounts unreacted silicon. No large differences can otherwise be seen neither between 

nitriding runs nor between post HIPing temperatures. Samples nitrided+HIPed at 1750  °C  
have about the same content of unreacted silicon nitride as powder-HIPed samples at 1600  
°C.  In the first case it is ß silicon nitride and in the latter it is a silicon nitride. The 

nitrided+HLPecl sample at 1850  °C  has a higher hardness than the powder-HIPed 1750  °C  
material, even though the ß silicon nitride content has decreased to very low values. It 

seems as if a higher hardness can be achieved by using the nitriding+HIP technique. One 

reason could be the presence of a lower amount of glassy phase, even though this has not 

been confirmed. 

Kic values for nitriding+HIP are similar or higher than those for powder-HIP at 1750  °C.  
The exception is the silicon containing sample in nitriding+HIP at 1750  °C.  Especially the 

nitriding runs containing hydrogen have higher Kic values. Hydrogen is reported to lead 

to more alpha silicon nitride formation (5)(8). The alpha silicon nitride has a more needle-

like structure and by acting as nucleation sites (9) during dissolution/reprecipitation it could 

possibly lead to alpha sialon grains with a high aspect ratio. The effect of grain growth at 

the higher HIPing temperature could also contribute to the higher fracture toughness. Some 

very large and high-aspect-ratio grains can be found after HIPing at 1850  °C.  Another 

factor is the presence of residual ß silicon nitride and the formation of some ß sialon. Both 

can lead to higher indentation toughness (10). 

Conclusions 

Different nitriding conditions and post sintering conditions were investigated for formation 

of alpha sialon. Nitriding with hydrogen present and then HIPing resulted in both higher 

hardness and fracture toughness than for materials made by the powder-HIP route. The 

materials were also close to theoretical density. Due to unreacted MN it was hard to achieve 

a "pure" alpha sialon after post HIPing of nitrided materials. HIPing at 1750  °C,  however, 

shows promise for full transformation if a finer grained AN is used. 
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