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Hot pressing kinetics of a-Si3N4, AIN, AI,O,, and Y,O, 
powder mixtures forming a'- and P'-SiAIONs have been 
studied. Densification proceeds in two steps, first by a small 
shrinkage upon ternary eutectic oxide melting (Si0,- 
Al,O,-Y,O,) at 1340"C, followed by a massive particle 
rearrangement and further shrinkage at higher tempera- 
ture when nitride dissolution begins. With better wetta- 
bility, AIN initially traps the oxide melt and delays densifi- 
cation. In addition, the preferential dissolution of A1N at 
1450°C enriches the melt composition in Al, triggering 
transient precipitation of supersaturated P'-SiAION. Full 
densification is readily achieved at 1550°C without complete 
a-Si,N4 conversion. 

I. Introduction 

OT pressing is a reliable technique for the fabrication of H high-density and high-strength nitrogen ceramics. Typi- 
cally, sintering aids such as MgO, Y,O,, or Li,O are used in hot 
pressing of silicon These oxide additives first react 
with the residual silica on the silicon nitride powder surface to 
form a eutectic melt which facilitates densification of the pow- 
der compact during hot pressing. Upon cooling, this eutectic 
melt remains on the silicon nitride grain boundary as a glassy 
phase which has detrimental effects on both the chemical and 
mechanical properties of silicon nitride based ceramics at ele- 
vated temperatures.&' ' 

SiAlONs are the solid solutions of a-Si,N, or p-Si,N, with 
0, Al, and some other metal ions M. The general formula is 
M,Si,,- (m + .,Al(,+ .,O,N,, - for a'-SiAlON and Si,-fil,O>, - x  

for P'-SiAlON, where the subscripts p ,  rn, n, and x are variables 
within their respective solubility range. To fabricate these mate- 
rials, the starting powder compacts usually contain Si,N,, 
A1,0,, AlN, and other metal oxides such as Y,O,. The low-tem- 
perature eutectic liquid that forms and aids densification can be 
later incorporated into the silicon nitride lattice to form a'- or 
P'-SiA10N.'2,'3 Thus, the amount of residual grain boundary 
glassy phase after fabrication is drastically reduced. Hot press- 
ing in this case is called reaction hot pressing. 

The reaction hot pressing studies were mostly limited to 
P'-SiAlON in relatively simple systems?.'"20 Two general con- 
clusions can be drawn from these studies. First, the composition 
with a higher x value usually has a higher shrinkage rate. Sec- 
ond, the densification rate increases rapidly with the amount of 
excess oxides beyond those required to form P'-SiAlON. These 
results can be attributed to either an increasing amount of liquid 
phase at the hot pressing temperature or a modification of over- 
all liquid composition toward the SiO, comer. It has also been 
accepted that dissolution/reprecipitation is the primary densifi- 
cation mechanism in hot pressing of Si,NJ3iA10Ns.1,Z,6 On the 
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other hand, although reaction pathways in pressureless sintering 
in systems such as Si0,-AlN, Si,N4-AlN-SiO,, and Si,N,- 
AIN-Al,O, forming P'-SiAION are well establi~hed,2'-~~ they 
have not been identified in more complicated systems outside 
the Si,N,-AlN-50,-Al,O, plane. Since the kinetic pathway 
may depend on both the (equilibrium) phase relationship and 
the physical/chemical characteristics (such as wettability, sur- 
face area, etc.) of the powders, it needs to be established in a 
more general way for those systems of current interest. A basic 
understanding of this aspect is ultimately important for the fab- 
rication and microstructural control of SiAlON ceramics. 

The present work was motivated by the above consideration 
and our interest in developing superplastic SiAIONs.wz6 For 
the latter application, low densification temperature is desired 
in order to obtain as fine a microstructure as p~ssible. '~ This has 
been achieved for a variety of a'-, p'-, and (a + P)-SiAlONs in 
the Y-Si-AI-N-0 system by reaction hot pressing at 1550°C. In 
this paper, we report the central observations which bear on the 
kinetic pathways of SiAlON formation using multicomponent 
powders (Si,N,, AIN, A1,0,, and Y,O,). For comparison, sim- 
ple Si,N,-Al,O,-Y,O, ternaries and other model systems are 
also investigated. The detailed microstructural characterization 
and mechanical forming characteristics of these superplastic 
SiAlONs will be published elsewhere. 

11. Experimental Procedure 

(1) Composition 
The compositions of materials investigated here are repre- 

sented graphically in Figs. 1 and 2. The first set of compositions 
lies on the Si,N,-AI,O,-Y,O, plane and forms the reference 
point for composition with superplastic SiAlONs. The second 
set lies on the Si,N4-A1,03:A1N-YN:3A1N plane and contains, 
in equilibrium, a'- and P'-SiAION phase assemblages of vari- 
ous proportions. The latter compositions have been extensively 
utilized in our research to obtain superplastic SiAIONs. Since 
the compositions on the Si,N4-AI,0,:A1N-YN:3A1N plane can 
be represented by the formula Ym,,Si,,_,,+,,A1,+,O~NN,,,, we 
use (rn, n )  to designate the composition in the second set. For 
instance, composition 0610 stands for rn = 0.6 and n = 1.0. 
These compositions can be subdivided into four groups, A 
through D, each of which has a fixed Al,O,:A1N/Y,O3:9AlN 
ratio. Graphically, they correspond to a set of straight lines 
extending from the Si,N, corner, as shown in Fig. 2. The total 
amount of additives including AIN, Y,O,, and A1,0, ranges 
from 17 to 50 wt%. 

(2) Powder Processing 
The compositions were prepared in 40-g batches from their 

starting powders (a-Si,N,, UBE, E10; AlN, Tokuyama Soda 
Co., Ltd., Type F; A1,0,, Sumitomo Chemical America Inc., 
AKPSO; and Y,O,, Aldrich Chemical Co., Inc.). The oxygen 
contents (in wt%) were 1.48% (Si,N,) and 0.98% (AIN). The 
purity of A1,0, was 99.995% and that of Y,O, was 99.9%. 
Compensation was made in the composition calculations for the 
presence of surface oxides in the starting nitride powders. The 
powders were attrition milled in 2-propanol in a Teflon-lined 
steel jar of 0.7-L size using 500 g of high-purity alumina mill- 
ing balls (2 mm in diameter) for 2 h at a speed of 900 rpm. The 
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Si3N4 2OYAG 

Fig. I Compositions studied on Si,N,AI,O,-Y,O, plane. 

Yd3S%2-(m+n) %6-n0 nNm+n 

Fig. 2. Compositions studied on Si,N4-Al2O3:A1N-YN:3A1N plane. 

amounts of surface oxides in the starting nitride powders and 
alumina pick-up from the alumina balls were compensated for 
in the formulation of the initial powder batches. After milling, 
the powder-2-propanol slurry was stirred in a Teflon beaker 
using a magnetic stirrer and dried under an infrared lamp at 
about 80°C. 

(3) Hot Pressing 
Dense specimens were obtained by hot-pressing 14-g 

charges in a graphite resistance furnace using a high-purity 
graphite die under 1 atm of nitrogen. The powder was first cold- 
pressed at a load of 27 MPa, then loaded into the hot-press. The 
heating schedule was 25"C/min from room temperature to 
1OOO"C followed by 15"C/min to 1550°C. The holding time at 
1550°C varied between 17 and 30 min depending on the shrink- 
age behavior of the powder compact. A load of 27 MPa was 
applied at all times during heating, pressing, and cooling when 
the temperature exceeded 1OOO"C. The shrinkage of powder 
compacts, as represented by the pressing ram travel, was moni- 
tored by an LVDT. (The contribution of the thermal expansion 
of the entire loading train was subtracted from the travel data, 
which have an accuracy of 0.1 mm.) The initial and final thick- 
nesses of the compact were around 8 and 3.3 mm, respectively, 
and varied slightly with composition at the same 14-g weight. 
Hot pressing was repeated for one-third of the compositions 
from which the data reproducibility was verified. 

(4) Characterization 
Standard characterization using X-ray diffraction (XRD), 

scanning electron microscopy (SEM), and transmission elec- 
tron microscopy (TEM) was performed to clarify phase and 
microstructural evolution. In addition, wetting angles between 
the SiOz-AlZO3-Y,O, ternary eutectic melt and Si,N4 and AlN 
were measured to understand the initial steps in liquid-phase 
reactions. These characterization techniques will be described 
in more detail in appropriate places in the next section. 

111. Results 

( I )  Shrinkage Behavior 
(A)  Si,N,-Al,O,-Y,O,: The shrinkage curves for the four 

materials selected from the Si3N4-A1,O3-YZO, plane (Fig. 1) 
are shown in Fig. 3. Also shown is the curve from another mate- 
rial containing AlN which will be discussed later. Without AlN, 
all the materials have similar shrinkage behavior despite their 
different compositions. Common distinct features include a first 
shrinkage step at 1 340"C, followed by a second shrinkage step 
starting at 1450°C. These steps are identified by the onset of 
a fast shrinkage. Each step of fast shrinkage is then followed 
by a period of slow shrinkage, giving an s-shaped appearance 
overall. 

The first shrinkage step is associated with initial compaction 
of the powder upon the formation of the SiO,-AlZO3-Y,O, ter- 
nary eutectic liquid, which is 1350"C.z7 This is the lowest tem- 
perature for liquid formation and is independent of the starting 
powder composition. Since the amount of SiO, ranges from 
1.56 to 1.94 wt% in these materials, the amount of eutectic melt 
is small and can cause only a small shrinkage (=4%). At higher 
temperature, e.g., 145OoC, the liquid-phase region expands 
slightlyz7 around the eutectic point but is still largely indepen- 
dent of the initial composition. As will be shown later, the sec- 
ond shrinkage step corresponds to the dissolution of Si,N, 
powder into the nearly ternary eutectic melt. The total amount 
of volume shrinkage achieved, typically -40 vol%, is represen- 
tative of densification of a liquid-containing powder compact.** 

Given the above general characteristics which are composi- 
tion independent, it is remarkable to see that a partial substitu- 
tion of Si,N4 by A1N causes a shift of the shrinkage curve to a 
higher temperature. An example of this is observed in the 
20YAG + 15AlN material as shown in Fig. 3, for which the 
first shrinkage step at 1340°C remains but the second shrinkage 
step now occurs at 1520°C. Since the ternary eutectic reaction 
remains the same, the difference in the onset temperature of the 
second shrinkage stage must be due to a different dissolution 
temperature of the nitride powders in the oxide melt. This dif- 
ference could result from either the increase in nitrogen content 
or the change in the reaction kinetics in the presence of A1N. 
However, since no significant change in nitrogen content 
should arise from substituting a similar weight percentage of 
A1N for Si,N,, this shift is more likely due to a special effect of 
AIN on the reaction kinetics. 

(B) Si,N4-AlN-Al,0,-Y20,: To further explore the effect 
of AlN on hot pressing, several compositions on the Si,N,- 
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Fig. 3. Shrinkage curves for four materials on Si,N4-Al,0,-Y,0, 
plane and one (20YAG + 15 AlN) with partial substitution of SI,N, by 
AIN. 
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A120,:A1N-YN:3AIN plane were studied (Fig. 2). The compo- 
sitions selected can be categorized into four groups: A, B, C, 
and D. Within each group, the ratio between A1,0,, Y,O,, and 
AIN is fixed. The materials in groups A and B are richer in A1N 
and Y20,; groups C and D are richer in A1,0,. 

We found materials within the same group to have essentially 
identical shrinkage curves regardless of composition. The 
shrinkage curves of group B materials are shown in Fig. 4 as an 
example. All the materials in this group have a similar first 
shrinkage step occurring at around 1350"C, and a second 
shrinkage step at 1540°C. Full density is obtained in about 15 
rnin after the temperature reaches 1550°C. Similar shrinkage 
behavior with different temperature for the second shrinkage 
step was observed for other groups. For example, group C has a 
second step at 1470"C, as shown in Fig. 5, and group D at 
1450"C, as shown in Fig. 6. (The first shrinkage step always 
occurs at -1350°C.) The contrast between the shrinkage behav- 
ior of different groups is summarized in Fig. 7, which includes 
compositions 1010 (group A), 0610 (group B), 0625 (group C), 
and 0650 (group D). The highest second-step temperature 
occurs at 1550°C in composition 1010, and the systematic 
decrease in this temperature from group A to B to C and to D is 
apparent. In all cases, the amount of shrinkage during the first 
step is approximately 4%, and that of the second step 40%. 
These values are similar to the ones observed for the Si,N,- 
Al,O,-Y,O, system described in the previous section. 

Based on the above observations it can be concluded that the 
shrinkage behavior of these materials depends strongly on the 
ratio of Al,O,:A1N/Y,O3:9AlN, which is fixed within each 
group. For the amount of (non-Si,N,) additives studied, which 
ranges from 17 wt% (0610) to 50 wt% (1145,2135, and 0650), 
the shrinkage behavior is independent of the additive amount. 
In practice, all materials examined here can be hot-pressed to 
full density at 1550°C within 15 rnin with the exception of com- 
position 1010, which reaches full density in about 30 min. 
(2) Role of A N  

(A)  Wettability: We found a significant difference 
between AIN and Si,N, in their physical and chemical affinity 
to the oxide melt. This difference, revealed by a set of wetting 
experiments, proves critical to understanding the role of AIN on 
shrinkage characteristics. In these experiments, a certain 
amount of oxide powder mixture of the ternary eutectic compo- 
sition was placed atop a substrate of hot-pressed Si,N, or AIN 
pellet (not fully dense). They were heated in nitrogen using the 
same heating schedule as described in Section II(3) to various 
temperatures until the oxides melted to form a droplet on the 
substrate. (The holding time was 10 rnin at the desired tempera- 
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YN:3AIN plane. 

Shrinkage curves for group C materials on Si,N,-AI,O,:AIN- 
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Fig. 6. 
YN:3AIN plane. 

Shrinkage curves for group D materials on Si,N,-AI,O,:AIN- 

ture, and the atmosphere was 1 atm of N2.) This is shown in 
Fig. 8. From such micrographs, the wetting angle of the oxide 
melt was measured and the results are plotted in Fig. 9. It can be 
seen that at 1420" and 1450°C when partial wetting occurs, the 
wetting angle on A1N is much smaller than on Si,N,. At 
1500"C, the oxide melt wetted AlN fully so only the angle for 
Si,N, could be measured. 

(B)  Reaction of AlN with Oxide Melt: Fast reaction 
between A1N and the oxide melt was evident from examination 
of the reaction layer beneath the oxide melt droplet in the wet- 
ting experiment. P'-SiAlON, 15R, AlN, Al,O,, and YAG were 
identified by XRD as shown in Fig. 10. An analysis of the posi- 
tions of the p'-SiAION lines gives lattice parameters close to 
those for P,-SiAION (x = 4).29 Much less reaction was found 
between the oxide melt and Si,N, at the same temperature and 
time (1420°C for 10 min). XRD analysis of phases in the hot- 
pressed materials also confirmed the faster reaction kinetics 
of AIN over Si,N,. For example, in a compact of 20YAG + 
15A1N Lo!-pressed at 1400°C for 30 min, the peak ratio of 
Si,N, (21 10)/AIN(0002) is about 2, which is lower than the 
ratio (about 3) before hot pressing. Other phase examinations 
confirmed the same. 
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Fig. 7. 
and 0650 (D) on Si3N,-AI,O,:AIN-YN:3AIN plane. 

Shrinkage curves of materials 1010 (A), 0610 (B), 0625 (C), 

(3) Phase Evolutions 
We have already mentioned the presence of YAG and 

P,-SiAlON in the reaction zone of ternary oxide eutectic and 
AIN. Extensive XRD analysis of the hot-pressed materials, 
some interrupted at temperatures below 1 550"C, also revealed 
the following. First, all of the peaks for crystalline oxides in the 
starting powders disappeared above 1 350"C, indicating rapid 
and complete melting. Second, YAG formed above 1350°C. 
This was true even when a special effort was made to effect 
rapid heating and cooling. Third, the initial P'-SiAION formed 
had a composition higher in A1 and 0 than the bulk. Fourth, in 
compositions rich in A1,0, and Y,O,, AIN-polytypoids such as 
15R and 12H were also found after hot pressing at 1550°C. 
Fifth, in compositions lean in A1,0, and Y,O, and intended to 
lie in the single-phase a'-SiAION or (a' + P')-SiAlON range 
after complete reaction, the final P-SiAION had a composition 
close to P,,-SiAlON. Sixth, the amount of YAG began to 
decrease at temperatures above 1450°C following the onset of 
the second shrinkage step. Finally, a substantial amount of 
unreacted a-Si,N, remained after hot pressing in all materials 
except group D. A summary of the phase assemblage of four 
representative materials, one from each group, after hot press- 
ing at 1550"C, is given in Table I. Also included in the table is 
the amount of glassy phase estimated from TEM and SEM. 

We have performed extensive TEM analysis of the micro- 
structure and microchemistry of some of these materials. The 
details of this analysis will be reported elsewhere. Here, only a 

Fig. 8. SEM micrographs showing partial wetting of SIO,-AI,O,-Y,O, ternary eutectic melt on (a) Si,N, and (b) AIN at 1420°C. 
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Fig. 10. 
AI,O,-Y,O, eutectic melt (1420°C for 10 min). 

XRD pattern of the interface between AIN and the Si0,- 
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Equilibrium Glassy 
Material Group phase assemblage* After hot-press/l55O0Ct phase (~01%) 

1010 A a' &%a, 5 6 % ~ ~ '  5 

0625 C p + 12H 56%a, 14%a', 30%P'f 10 
0650 D p' + 15R 5%a, 95%P* 13 

0610 B a: + p' 64%a, 27%a', 9%p' 5 

*Per phase diagram. '1 h for A and 0.5 h for B-D. 'YAG and AIN polytypoids (12H/15R) also found. The overall amount of 
both is less than 5%. 

sample of the micrographs obtained from hot-pressed 0610 
material (group B) is shown. Figure 1 1 is a TEM micrograph of 
an elongated P'-SiAION grain. In the left center of the grain, 
a region of a different contrast can be seen. Using energy- 
dispersion X-ray analysis (EDS), the center left region was 
found to contain higher A1 and 0 than the surrounding area and 
(according to chemical and diffraction analysis) was identified 
as P,,-SiAION. This is in contrast with the remaining grain 
which was identified as = P,,-SiAION. Further analysis of sim- 
ilar micrographs led us to conclude that the center left region 
was a seed crystal from which the elongated grain grew. A simi- 
lar core-shell structure with a richer A1 and 0 content in the 
core was also found in composition 0625 (group C) in which the 
core corresponded to -P,,-SiAION. In 1010 (group A), only 
a-Si,N, and a'-SiAION and no P'-SiAION was found. 

IV. Discussion 

(1) First Shrinkage Step 
The first shrinkage step, in terms of the temperature and the 

shrinkage, is essentially independent of the powder composi- 
tions for all of the materials studied here. This can be under- 
stood by the ternary eutectic reaction. To estimate the shrinkage 
amount, which is around 4% (from 48 to 52%), we note that 
surface SiO, is around 2.5 ~01%. For a eutectic melt composi- 
tion of 44 wt% SiO,, 22 wt% AI,O,, and 34 wt% Y,0,,27 we 
then estimate the amount of the eutectic melt to be 4.1 ~01%. If 
we assume that the shrinkage is due to the removal of  liquid 
from the parent solid powder and redistribution of such liquid in 
the interstices, then the resultant densification can be calculated 
using the following equation: 

D ,  = DJ(1 - V )  (1) 

Fig. 11. 
with a supersaturated P'-SiAION seed at center left (material 0610). 

TEM micrograph showing an elongated P'-SiAION grain 

where D, and D, are the initial and final density and Vis the vol- 
ume percentage of the dissolved solid. This gives a 2% increase 
in density. The remaining 2% increase in density can be attrib- 
uted to some slight improvement of packing efficiency. 

(2) Second Shrinkage Step 
The second shrinkage temperature is determined by the wet- 

ting condition of Si,NJAIN, which precedes the dissolution of 
nitride powders. It also involves a large volume reduction from 
the very beginning. In materials 0650 and 1010 the initial 
shrinkage prior to the inflection point, which is below 1550°C 
and takes place within only 2 to 3 min, is already 15%. It seems 
likely that this is achieved by a massive particle rearrangement 
in the compact. Indeed, even in the later stage of second-step 
shrinkage, particle rearrangement is still predominant. This can 
be verified by plotting the isothermal shrinkage data, available 
from group B materials at 1550"C, in the manner of log (L,) - 
L )  vs log ( t  - to). (Here L and Lo are current (at time t )  and ini- 
tial (at time to)  lengths, respectively.) As shown in Fig. 12, the 
slope of the shrinkage curve plotted in this way is around 2/3, 
which is larger than the value 1/3 that would have been 
expected for the slower solution/reprecipitation process without 
massive particle rearrangement." Thus, particle rearrangement 
commences in second-step shrinkage, and is responsible for a 
substantial portion of the volume reduction. It is likely that 
solution/reprecipitation is instrumental in this process by 
rounding off the sharp asperities of the powder particles. This 
will improve the mobility of particles and facilitate their sliding 
over each other under the combined action of applied stress and 
capillary force. The dissolution of nitride powders to make 
available an adequate amount of liquid is deemed essential for 
triggering this process. 
(3) Role of AlN 

In a powder compact containing AlN, Si,N,, and oxide melt, 
he presence of AlN with a smaller wetting angle will cause 
ocalization of the melt to AIN. If the amount of the melt is suf- 
'lciently small, this localization is complete and the compact is 

1 ° . 1 5 5 0 ; c  1220 

.1 1 10 100 

t - to (min) 

Fig. 12. 
for group B materials at 1550°C. 

Isothermal shrinkage curves in log (Lo - L )  vs log ( t  - to) 
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essentially “dry” except in isolated regions of AlN concentra- 
tion. This liquid “trapping” situation is believed to occur in our 
materials in which the amount of ternary eutectic liquid is esti- 
mated to be 4 vol% and the amount of AlN varies from 8 to 23 
wt%. Macroscopic shrinkage will have to be postponed until 
melt delocalization occurs at a higher temperature. This hap- 
pens when the melt wets Si3N4, which then dissolves and pro- 
vides more liquid to facilitate densification. In this way, AIN 
causes a delaying effect on the second shrinkage step. 

The better wetting characteristics of AlN imply a higher 
chemical affinity between AlN and the oxide melt, as evidenced 
by the fast reaction between the two. Compared to Si3N4 disso- 
lution, the preferential dissolution of AIN tends to increase the 
A1 content of the liquid temporarily. Later, at a higher tempera- 
ture when Si,N, also dissolves, the A1 concentration in the liq- 
uid is restored to the “bulk” value. We believe the transient 
supersaturation of A1 causes the intial precipitation of Al(0)- 
rich P-SiAlON (e.g., P3, in 0610 and P4, in 0625), and the later 
restoration of overall average A1 concentration is responsible 
for the subsequent precipitation of (equilibrium) P-SiAION of a 
lower Al(0) content (e.g., P,,-SiAION in 0610 and 1010). This 
sequence of reaction is qualitatively understandable from an 
inspection of the Si-Al-0-N phase diagram3’ 

(4) Reaction Pathway in Y-Si-Al-0-N System 
The phase diagram of Y-Si-Al-0-N in the temperature range 

of 1350” and 1550°C is not complete in the current literature. 
However, from the ternary phase diagram of SiO,-AI,O,- 
Y,03,27 the glass-forming region of Y-Si-A1-0-N at 1700°C,3’ 
the subsolidus phase relationship in the same,32 and the solid 
solubility limits of the a‘ phase on the Si3N4-YN:3AIN- 
Al,O,:AlN plane at 1800°C,33 the following conclusions on the 
reaction pathway can be drawn. Three reactions are now 
identified. 

(A)  Ternary Oxide Eutectic Reaction (1340°C): 

SiO, + A1,0, + Y,O, --+ (Si,Al,Y),O, + YAG (2) 
The presence of nitrogen is known to lower the eutectic tem- 

perature somewhat, as can be seen by the maximum expansion 
of the glass-forming region at about 15 equiv% N.31 However, 
since the initial dissolution of AlN and Si,N, is very limited, the 
suppression of eutectic temperature due to nitrogen is minimal. 
This is consistent with our observation. In addition, since the 
reaction is limited by the small amounts of SO,, the excess 
oxides tend to precipitate as YAG, which is the most likely 
compound in the composition intermediate between A1,0, and 
~ , 0 , . 2 7  

(B)  lnitial Nitride Precipitation (1420-1550°C): 

(Si,AI,Y),O, + A1N + P‘-SiAlON (supersaturated) 

+ (Si,Al,Y)x(ONy (3) 
The initial precipitation follows AlN dissolution and has a 

P-SiAION composition rich in A1 and 0. For this reaction, our 
phase analysis indicates that YAG is initially compatible with 
the oxynitride liquid and P’-SiAION. In the phase diag~am,~’.~’ 
we envision a compatibility cone bounded by supersaturated 
P’-SiAlON, YAG, and a line of liquid solution on the surface of 
the oxynitride glass-forming region. (Toward the oxide trian- 
gle, there should be another compatibility region bounded by 
YAG and a surface of the liquid-forming region.) The composi- 
tion line connecting AlN and the ternary oxide eutectic then 
determines the pertinent composition in the reaction zone. This 
composition initially traverses from the liquid-YAG compatible 
region and later enters the P’-YAG-liquid cone. In this way, 
AIN dissolution triggers the precipitation of superaturated 
P‘-SiAION. This reaction continues until Si3N, dissolution. 

(C) Secondary Nitride Precipitation (above 1470°C): 

(Si,Al,Y)x(O,N),, + Si3N, + YAG- PIo-, + a’ (4) 
With complete dissolution of starting powders, the final com- 

position, by design, falls on the a‘ plane (Si,N4-YN:3AIN- 

Al,O,:AlN). This, however, was usually not achieved in our 
study as evidenced by the presence of residual a-Si3N4 even 
after complete densification at 1550°C. Thus, the actual compo- 
sition is somewhat away from the Si,N, comer on the a’ plane. 
Refemng to the phase diag~am,3’.~~ we find that at the solubility 
limit a’-SiAlON is in equilibrium with P,,-SiAlON. A compat- 
ibility tetrahedron a‘-p,,,-YAG-l2H as well as other similar 
compatibility relationships (P,,-P,,-12H-YAG, PZ5-15R- 12H- 
YAG, and P2,-P,-15R-YAG) may prevail depending on the 
actual composition on the plane. In general, the secondary pre- 
cipitation tends to form P’-SiAlON of a lower (A1,O) content 
than the initial precipitation. 

In reaching the final equilibrium, much of YAG resorbs to 
provide A1 (and some Y) to the SiAlON precipitates. (Indeed, 
we found YAG to dissolve toward the end of a’/P’-SiAlON 
precipitation.) Resorbtion of supersaturated P’-SiAION would 
also occur in some compositions. In other compositions where 
supersaturated P‘-SiAlON was already incorporated as the core 
of the SiAlON grains, it would tend to remain because of the 
sluggish kinetics of solid-state reaction. In addition, although 
P,-SiAION was found on the AIN substrate in the wetting 
experiment (Fig. lo), the composition richest in AlN, 1010, did 
not contain any P,-SiAlON after hot pressing according to 
TEM. Thus, the supersaturated P’-SiAION is transient and not 
compatible with the final phase assemblage. 

We should caution the readers that our experiments involving 
complex oxides and nitrides are generally kinetically deter- 
mined phenomena. Thus, they are not entirely bound by equi- 
librium considerations and do not always follow phase 
diagrams. Nevertheless, the above synopsis seems to be in good 
accord with our observations. This probably implies that equi- 
librium considerations, when aided by kinetic arguments, still 
largely dictate the directions of reaction pathways. 

(5) Processing Considerations 
For materials on the a’-plane, the composition of additives 

can be represented as .$(9AlN:Y,O,) + (1 - ~)(AlN:Al,O,). 
(An alternative representation in terms of (3YN:3AIN) and 
(AlN:AI,O,) would give similar results but with 6 scaled differ- 
ently.) Using this representation, the dependence of the starting 
temperature of the second shrinkage step is seen in Fig. 13. 
Here, the points at 5 = 0.5, 0.3, 0.12, 0.06 are, respectively, 
group A, B, C, D, while the points at 5 = 1 and 0 are taken from 
Refs. 14,26, and 34. The point of 6 = 0 may be regarded as an 
exception, since it represents P’-SiAION composition and lacks 
Y,03 in the starting composition, hence a higher eutectic tem- 
perature of the oxide powders. Once the composition moves 
into finite 5, the hot pressing temperature increases monotoni- 
cally with 5 until it reaches the Si,N4-Y,03:9AIN line (5 = 1). 
The hot pressing temperature for the latter composition usually 
exceeded 1650°C. The lowest hot pressing temperature for 
compositions on the a’ plane is thus around 1450°C. Indeed, we 
have successfully hot-pressed materials 0625 (6  = 0.12) and 
0650 (6 = 0.06) to full density at 1500°C. The material 0625 
reached full density within 20 min and the material 0650 within 
5 min. 

Such compositional dependence of hot pressing temperature 
is believed to be related to the viscosity of the melt and/or other 
aspects of the kinetics. As shown in Table I, the amount of unre- 
acted a-Si,N, decreases from group B to C to D. (The amount 
of a - S i 3 N ,  in material 1010 is less because of the longer hot 
pressing time.). In the same sequence, the N/O ratio and hence 
viscosity3’ also decrease. Thus, the precipitation of SiAlON 
phases is empirically correlated to a-Si,N, dissolution, melt 
viscosity, and N/O ratio. However, since full density can be 
achieved well in advance of complete a-Si,N, dissolution, the 
main role of the dissolution/precipitation in densification proba- 
bly lies in rounding off asperities on powders to improve their 
mobility initially, and in liquid-enhanced sintering to eliminate 
pores subsequently. As the amount of transient liquid initially 
increases, then decreases, the densification rate apparently 
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5 
Fig. 13. Hot pressing temperature vs 5 value for compositions on the 
Si,N4-A1,0,:A1N-YN:3A1N plane. 

follows the same trend. Phase transformation from a-Si,N, to 
a’/P‘-SiAlON is merely coincidental in the above sequence. 

Finally, we note that our hot pressing temperatures are con- 
siderably lower than typically reported for SiAlON ceram- 

This is mostly due to a more uniform mixture of finer 
powders which were present in the submicrometer sized forms. 
The combination of a more uniform mixture, finer powders, and 
an applied pressure allowed the manifestation of distinct 
shrinkage steps beginning at 1350°C and complete densification 
at 1550°C. The relatively low temperature and short time used, 
in turn, allowed us to capture early events along the reaction 
pathway toward forming SiAlON phases. The resultant materi- 
als containing a substantial amount of unreacted cw-Si,N, and 
submicrometer SiAlON phases are amenable to superplastic 
forming to large strains in biaxial punch s t re t~hing.*~,~~ 

iCS.4,1b?0 

V. Conclusions 

Densification of SiAlON using Si,N,, AIN, AI,O,, and 
Y,03 proceeds in two steps. At 1340°C, a ternary eutectic oxide 
melt of SO,, A1,0,, and Y,O, forms and a small shrinkage 
occurs. This is followed by nitride dissolution at temperatures 
above 1450°C causing a massive particle rearrangement and 
further densification by solutionheprecipitation. 

A1N plays an essential role in directing the kinetic path- 
way of the second step. With better wettability, AIN initially 
traps the oxide melt to prevent Si,N, dissolution. Preferential 
dissolution of AIN at 1450°C enriches the melt composition 
in Al, triggering transient precipitation of supersaturated 
P’-SiAlON. 

Si,N,, which dissolves at above 1470°C in the presence 
of AIN, dilutes the A1 concentration in the melt. Although the 
amounts of a’/P’-SiAION formed and a-Si,N, dissolved 
depend on the composition and generally decrease with N/O 
ratio, full densification is readily achieved without complete 
dissolution/precipitation. 

Y,Al,O,, is compatible with ternary oxide melt and all 
of the intermediate and final phase assemblages. It initially 
forms to absorb excess A1,0, and Y,O, upon melt formation, 
then gradually resorbs to provide A1 and 0 (also Y in some 
cases) to precipitating SiAlON phases. 
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(3) 
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