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Superplastic SiAION’s of the nominal composition Y,,,,.3- 
Si12-(nI+n,Al,,,+,,0,,N,~-,, are reported in this study using a 
transient-phase-forming approach. They encompass the 
fields of single-phase a’-SiAlON, single-phase P’-SiAION, 
and their two-phase mixtures. Excellent formability is 
obtained at 1550°C for the p’ and a’ + p’ materials, and at 
1600°C for the a‘ material. Typically in the nonequilibrium 
state before deformation, these fine-grained materials 
undergo dramatic phase and microstructure evolutions 
during superplastic forming. In particular, the stress-biased 
a-Si,N, - p’-SiAION reaction is found to result in 
elongated and aligned grains with fiber-strengthening effect 
and excellent formability. 

I. Introduction 

~JPERPLASTICTTY is defined phenomenologically as the ability S of a material to exhibit very large ductility under tensile 
stretching conditions.’-’ Fine-grain superplasticity was broadly 
reported for yttria-stabilized tetragonal zirconia ceramic 
Other ceramic materials that have been recently rendered super- 
plastic include alumina: mullite,’ hydroxyapatite,6 and lead 
titanate.’ Superplasticity of silicon nitride was initially reported 
in a Si,N,/SiC composite at 1600°C at a strain rate of 8 X lo-’ 
I/s.’ An equiaxed a’-SiAION, with the aid of a transient liquid, 
could also be biaxially stretched to a large strain with good sur- 
face finish at the sanie temperature and comparable strain rate 
(1 X 1 0 P  Us).* P‘-SiAION, with some 1SR polytype and tran- 
sient liquid, exhibited large tensile ductility at 1550°C as well.y 
In the latter material, the P‘-SiAION grew increasingly elon- 
gated and became aligned along the tensile direction, causing a 
pronounced strain hardening and rather high flow stress without 
premature failure. 

The excellent superplasticity of the above silicon nitride 
materials was obtained at relatively low temperatures. This was 
necessary in order to prevent rapid grain growth that would oth- 
erwise destroy the fine microstructure. In all three cases, some 
oxynitride glassy phase was also present at the grain boundary. 
These results suggest that all SiAlON materials may be ren- 
dered superplastic if formed by low-temperature processing. 
This should allow the transient liquid, which is formed by the 
eutectic reaction between oxide additives and nitrides during 
the fabrication of SiAlON materials,” to remain in the 
as-formed material to facilitate subsequent superplastic defor- 
mation. Since a-Si,N, powders are usually used as the starting 
material for fabricating SiAlON, the prerequisite of utilizing the 
transient liquid to enhance superplasticity is that the a-Si,N, to 
a’-SiAlON/P’-SiAION transformation should not be complete 
in the as-processed material. (This is possible because densifi- 
cation can precede full phase transformation under suitable pro- 
cessing conditions.”) Otherwise, most of the additives will 
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have been incorporated into the SiAlON structure and there will 
be little or no liquid phase left at the grain boundary for form- 
ing purposes. 

Guided by the above alloy design concept, we have success- 
fully fabricated several SiAlON materials which contain large 
amounts of unreacted a-Si,N, after fabrication. These materials 
are inside various phase fields for a’-SiAlON, P‘-SiAION, AIN 
polytypoids, and liquid, with reference to the phase behavior 
and composition diagrams in Fig. I .  In this report, the deforma- 
tion behavior and formability of these materials are described 
and their phases and microstructure are documented. The con- 
nection between the transient phase evolutions, microstructure 
development, and the flow stress and formability is outlined and 
compared with the alloy design concept. 

11. Experimental Procedure 

( I )  Composition 
The compositions of materials investigated here lie on the 

Si,N4-AI20,:AIN-YN:3AIN plane shown in Fig. 1 and contain. 
in equilibrium, a‘- and P’-SiAION phase assemblages of 
various proportions.” Since the compositions on the above 
(a‘) plane can be represented by the following formula, 
Y ,,,, jSi,I~,,,,+,,,A1,,,+,,O,,N,,, (i.e., the generic composition for 
a‘-SiAION), we use (rn,n) to designate the composition. For 
instance, composition 0610 stands for m = 0.6 and u = 1 .O. 
Four of these materials are listed in Table I. 

In addition to the above materials, we have also investigated 
a large number of compositions listed in Table 11. The prefix P 
denotes that the material was attrition-milled using porcelain 
balls (see below on processing), and the composition was not 
adjusted to compensate for the SiO,/AI,O, pickup during 
milling. As a result, there is an extra 5-10 wt% SiO,/AI20, in 
addition to the nominal composition indicated. The phase 
assemblage, microstructure, and the formability of these 
materials will be compared with those of Table I. 
(2) Powder Processing 

The compositions were prepared in 40-g batches from their 
starting powders [a-Si3N4 (UBE, EIO), AIN (Tokuyama Soda 
Co., Ltd., Type F), Al,O, (Sumitomo Chemical America Inc., 

Fig. 1. a’-plane and the phase regions thereon. The inset at lower left 
shows B Janecke prism of the Si,Al,Y-0,N system that contains the 
a’-plane. 
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Table I. Phase Assemblages of SiAlON Materials on ol'-Plane 

Materials Hot-pressed/l55o"C Deformed/lSSO"C 

~ 

Gld53y phaw Deformed/l6Oo"C 

1010 44% a, 56% a' 30% a, 70% a' 5% a,' 90% a',  5% p' 5 
0610 64% a,27% a' ,  9% p' 32% a, 41% a' ,  27% p' 5% a,T 48% a',  47% p' 5 
0625 56% a,  14% a', 30% p" 10% (a  + a'), 90% p" 10 
0650 5% a;! 95% p't 100% p'k 13 

'Specimen coiitniiia bonie YAG and AIN polytypea (12H/ISR). 'The residual a -Si ,N,  amounts wete tentatively indicated a\ 5% when the a-Si,N, peaks were very weak in the 
XRD pstterns. 

Table 11. Phase Assemblages of SiAlON Materials Containing Excess SiO,/AI,O, 
Material Hot-presaed/l550"C Deformed/l55VC 

PO6 10 40% a, 60% p' 100% p' 
PO6 15 39% a, 61 % (3' 100% p' 
PO625 36% a, 64% (3" 100% p'? 
PO633 15% a,85% p" 100% p' i  
PO650 100% p'* 100% p' i  

60% a, 20% a',  20% p'+ 
PlOl0 
P1015 
P1510 

40% a, 30% a', 30% p" 

35% a + 65% a'+ 

60% a ' ,  40% p" 

90% a' + 10% p" 
57% a',  43% pr+ 

'Specimen contains YAG. 'Specimen contains YAG and AIN polytypcs (IZH/ISR). 

AKPSO), and Y20,  (Aldrich Chemical Co.)]. 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 milling balls (2 mm in 
diameter) for 2 h at a speed of 900 rpm. The amounts of surface 
oxides in the starting nitride powders and alumina pickup 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 mag- 
netic 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 
1000°C followed by 15"C/min to 1550°C. The holding time at 
1550°C was 17 min except material 10 10, which used 30 min. A 
load of 27 MPa was applied at all times during heating, press- 
ing, and cooling when the temperature exceeded 1000°C. A 
detailed study of the hot-pressing behavior of these and other 
materials has been reported elsewhere." 

(4) Mechanical Testing 
Uniaxial compression tests and biaxial punch-stretching tests 

were performed to evaluate superplastic formability. The speci- 
men dimensions were 3 mm X 3 mm X 6 mm for compression 
tests, and 1.2 mm in thickness by 34 mm in diameter for punch- 
stretching tests. In compression tests, specimens were placed 
between two S i c  platens with a thin (0.1 mm) graphite foil in 
between. For punch-stretching tests, specimens were clamped 
between two circular graphite dies. A SIC punch with a hemi- 
spherical head ( 1  2 mm in diameter) was then used to stretch the 
specimen into a hemispherical dome at the testing temperature. 
The details of the setup for punch-stretching tests in our labora- 
tory were given in Ref. 13. (The flange of the specimen was 
clamped by tightening the dies.) All the tests were performed in 
a furnace with a tungsten heating element under high-purity 
flowing nitrogen. The heating rate from room temperature to 
the testing temperature was 30"C/min, and the cooling rate was 
200"C/min from the testing temperature to 1000°C. 

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

light microscopy, scanning electron microscopy (SEM), and 
transmission electron microscopy (TEM) was performed to 
clarify phase and microstructural evolution before and after 
deformation. Peak heights in XRD patterns 

o ~ ' ( a ) ~ ~ ~ ~ , ,  Pfloi,, and Prrirn) were used to calculate the phase 
contents using the procedure described in Ref. 14. The peak 
overlap between a and a' phases was resolved by a deconvolu- 
tion procedure which had an uncertainty of about 10%. Pulver- 
ized powders were analyzed to eliminate the effect of strong 
textures caused by hot pressing and subsequent deformation. 
XRD patterns of the bulk materials were then compared with 
those of the pulverized powders to assess textures. 

111. Results 

(1)  Characterization of As-Hot-Pressed Materials 
At equilibrium, materials 1010, 0610, 0625, and 0650 are 

located in the phase fields of a',  a' + p', p' + a' + 12H, and 
p' + 15R + L, respectively (see Fig. 1). The results of XRD 
analysis of the as-hot-pressed materials are shown in Table I. 
All compositions contain unreacted a-Si,N,. Its amount gener- 
ally decreases with the decrease in the [N]/[O] ratio in the start- 
ing compositions. (The exception of material 1010, which has a 
lower amount of unreacted a-Si,N, than 0610 and 0625, is the 
result of a longer hot-pressing time required to reach full den- 
sity.) It has been demonstrated that the rate of a-Si,N, to a' or 
P'-SiAlON transformation decreases rapidly with [N]/[O] , 
because of the viscosity dependence on this ratio." This is in 
agreement with our observations. We also found that Y,Al,O,, 
(YAG) formed in materials 0625 and 0650 at a temperature as 
low as 1300°C during initial heating, probably by a solid-state 
reaction between Y,O, and A1,0,. AIN polytypoids, 12H and 
15R, were also found in these materials after hot pressing, The 
larger amount of unreacted a-Si,N, in all except material 0650 
and the relatively low P'-SiAlON content in materials 0610 and 
0625 indicate that phase equilibria have not been reached after 
hot pressing. 

SEM micrographs of fracture surfaces of these materials are 
shown in Fig. 2. The grain sizes in materials 1010, 0610, and 
0625 are similar, in the range of about 0.2 Fm, smaller than that 
(0.4 pm) of material 0650. The distribution of the glassy phase 
can be better seen on a polished section, as shown in Fig. 3. 
Large glass pockets, which appear as light areas, due to the 
presence of yttrium, are visible in materials 0625 and 0650 but 
not in materials 1010 and 0610. Using a point counting method, 
we estimated the amount of glassy phase in materials 0650 and 
0625 to be 13 and 10 vol%, respectively. The amount of glassy 
phase in inaterials I010 and 0610 was also roughly estimated 
from TEM micrographs, which gave values less than 5 vol% on 
average. These values are listed in Table I for reference. 
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Fig. 2. SEM micrographs of materials (a) 1010, (b) 0610, (c) 0625, and (d) 0650 after hot pressing. 

The materials 1010,0610, and 0625 have similar grain mor- 
phology after hot pressing. Figure 4(a) is a TEM micrograph of 
material 1010. This microstructure consists of rounded grains 
with a grain size in the range of 0.1 to 0.5 pm, with the smaller 
grains usually surrounded by an intergranular glassy phase, 
which appears in dark contrast under bright-field imaging con- 
ditions due to the presence of yttrium. The grain morphologies 
of materials 0610 and 0625 are also similar. In contrast, the 
microstructure of material 0650 consists of grains having an 
average grain size of about 0.4 km, some of them faceted, as 
shown in Fig. 4(b). Elongated grains, however, are rarely seen 
in any of these specimens. The effect of excess SiO,/A1,0, 
beyond the composition on the a‘ plane is seen in Table 11. For 
comparable nominal compositions, the phase assemblage of the 
as-hot-pressed materials in Table I1 contains less unreacted 
a-Si,N,, less a’-SiAION, and more p’-SiAlON than those in 
Table I. Microstructural examination found that these SiOJ 
A1,0, rich materials contain more glassy phase. A fine-grained 
microstructure, however, is still maintained in all cases. 

(2) Compression Tests 
Compression tests were performed at 1550°C at strain rates 

ranging from 1 X 10 to 1 X lo-’ l/s. A single specimen was 
used for each strain rate. A typical set of stress-strain curves is 
shown in Fig. 5 for material 0610. At higher strain rates, a con- 
stant flow stress is maintained over a large range of strain, indi- 

cating steady-state deformation. At lower strain rates, strain 
hardening is relatively more pronounced. For these experi- 
ments, we have compared the flow stress at 500 s after deforma- 
tion. As shown in Fig. 6, these plots exhibit two regimes: in the 
lower strain rate range, the slope is close to 1, indicating New- 
tonian flow; at higher strain rates, the slope increases to around 
2, indicating shear thickening.16 (The division of two regimes 
for material 0625 is not as distinct because of data scatter, but i t  
is still consistent with the above description.) This transition 
occurs at a characteristic stress around 20 MPa, which is the 
same as we reported for several similar materials previously.’6 
This is found to be universal for all of the fine-grained SiAlON 
materials that we investigated thus far. For example, Fig. 7 plots 
the results of six other materials which all fall in the com- 
positional range bounded by materials 1010 and 0650. This 
indicates that the four materials reported here are indeed repre- 
sentative of other materials on the a‘-plane. 

(3) Punch-Stretching Test 
Clamped punch-stretching tests were conducted at a constant 

crosshead speed of 0.2 mm/min until failure. The above speed 
corresponds to an average strain rate of 2 X 10 l/s. A set of 
load-displacement curves for the four SiAlON materials tested 
at 1550°C is shown in Fig. 8. The vertical dashed line indicates 
that the travel equals the punch radius (6 mm) beyond which a 
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Fig. 3. SEM micrographs of' polished surfaces showing glassy phase distibutions 

hemispherical dome is already achieved. At the strain rate used, 
punch-stretching lies below the Newtonianlshear thickening 
transition described above. The forming loads vary in the same 
order as that of the compressive flow stress in different materi- 
als: 0610 = 1010 > 062.5 > 06.50. The formability is generally 

forming load to material 06.50. Once again. the formability is 
uniformly good except material P15 10. Note also that material 
PI010 has a much greater formability than material 1010. 

(4) Sucfffce andFractography 
large with the exception of material 1010. Since m a t e r k  1010 
and 0610 have similar flow stress but very different formability 
at 1.5.50"C, punch-stretching tests were also conducted at 
1600°C for these two materials. These results are included in 
Fig. 8. For both materials, the forming load at 1600°C is about 
30% lower than that at 1550"C, and the formability improves 
significantly, particularly for material 1010. 

Results of punch-stretching tests performed for the SiO,/ 
A120, rich materials listed in Table I 1  are shown in Fig. 9. (For 
some of these materials, tests were terminated when the punch 
displacement reached 10 mm.) For the same nominal composi- 
tions, the forming loads are smaller than those shown in Fig. 8, 
with the exception of material P06.50, which has a similar 

After punch-stretching, materials 1010 and 0610 had a better 
surface finish than materials 062.5 and 06.50. The surfaces of the 
latter were covered by a thin layer of silicates, as shown in 
Fig. 10(a), which was believed to be the result of thermal 
decomposition of the glassy phase with a high oxygen content. 
In contrast, the surfaces of materials 1010 and 0610 were very 
shiny and had no such products. The above difference is 
consistent with the different amount of glassy phase listed in 
Table I. However, some cavities about 2 kin in diameter were 
formed on materials 1010 and 06 I0 during the testing, as shown 
in Fig. 10(b). No linkage of these cavities was observed, 
though, until the failure strain. 



October 1994 Superplustic Forming of SiAlON Ceramics 2519 

1000 

1010 1550°C 
A 
CI 

0 

2 

0610 

0625 
0650 

1 
10 -4 10 -3 10 -2 

Strain Rate (l/s) 
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(a) 1010 and (b) 0650 after hot pressing. 
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Fig. 7. Flow stress vs strain rate in compression for SiAlON materi- 
als on a’-plane (1550°C). Lines are shown for materials 1010 and 06.50 
that border the compositional range. 
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Fig. 5. 
06 10 at 1550°C. 

Flow stress vs true strain curves in compression for material 

Failures of materials 1010,0610, and 0625 occurred abruptly 
by the formation of a single long crack which rapidly propa- 
gated across the whole hemispherical dome, resulting in a sud- 
den load drop. In most cases, the long crack did not extend to 
the pole but remained 1-2 mm away from it. For material 0650, 
which had the lowest forming load, a gradual decrease in the 
load accompanied the progression of fracture. Multiple cracks 
of smaller sizes could be observed on the dome. Many of these 
cracks have a “A” shape, with two cracks emanating from the 
same origin, which is characteristic of damage under a biaxial 
stress state. Similar phenomena were observed in materials pro- 
cessed with porcelain balls; materials of the lowest fonning 
load, PO633 and P0650, showed multiple cracks with a gradual 
decrease in load, while others experienced a sudden load drop 
with only one long crack in each failed specimen. 

The thickness of the dome was measured at various locations 
from the pole after the test. In all cases there is a region near the 
pole of 2 mm in radius which has a uniform thickness. The 
“friction hill” effect previously observed in superplastic zirco- 
nia, which gives a larger thickness at the pole, has never been 
seen here.] This is indicative of the good lubrication afforded 
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Fig. 8. Forming load vs punch displacement for materials 0610. 
1010, 0625, and 0650 (punch velocity = 0.2 mm/min). Fracture indi- 
cated by cross at the end of the curve. 

I 
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Displacement (mm) 

Fig. 9. Fonning load v s  punch displacement for SiAlON materials 
containing excess SiO,/AI,O, (punch velocity = 0.2 mm/min, T = 
1550°C). Fracture indicated by cross at the end of the curve. 

by the graphite foil placed between the S i c  punch and the 
SiAlON specimen, and perhaps by the glassy phase of SiAlON 
itself. 

(5) Deformation Microstructure 
(A)  XRD Analysis: Phase assemblage and deformation 

texture of the punch-stretched specimens were examined by 
XRD in both the as-deformed and the pulverized states. The 
deformed state refers to the pole region of the punch-stretched 
specimens examined in the “top view” direction. The pulver- 
ized state refers to the same but crushed into powders. Such 
patterns are displayed in Fig. 11. The data on phase assem- 
blage estimated for pulverized samples are also summarized in 
Tables I and 11. In all cases, the amount of unreacted a-Si,N, 
decreases, while that of a’/P’-SiAlON increases after deforma- 
tion. At 1600”C, the reaction rate is much faster than that 
at 1550°C. In particular, the amount of P‘-SiAlON tends to 
increase. Comparing materials with and without excess SiO,/ 
Al,O,, we found the ones with the excess oxides transformed 

Fig. 10. Light micrographs showing (a) decomposition layer on 
material 0625 and (b) cavities on material 0610 after punch-stretching 
at 1550°C for 30 min. 

more. Indeed, none of the deformed specimens with excess 
oxides have unreacted a-Si,N, left. 

Comparing the peak height ratios of XRD patterns in the pul- 
verized and as-deformed state, we notice strong deformation 
textures, especially for p’-SiAION. In material 0610 and 0625, 
the peak height ratio of ~’ziio/~‘,oiI is -17 and -8, respec- 
tively, in the as-deformed state, while it is close to 1 in the pul- 
verized state. This texture indicates that the [OOOI] direction of 
@’-grains lies on the biaxial stretching plane. Although some 
texture was inherited from hot pressing, these strong textures of 
@‘-SiAlON grains were mostly enhanced by deformation. (The 
P’ZTTO/P’,t,il peak height ratio of the as-hot-pressed and 
annealed 0610/0625 specimens was only around 2.) The defor- 
mation effect on the texture of @’-SiAION grains in material 
0650 is much weaker. The peak height ratio of P‘~iTO/~‘,oi, is 
-2, compared with the ratio of 1.15 observed for the as-hot- 
pressed and annealed material. The a’-SiAION also appeared 
to be slightly textured, having a stronger a’2iio than a’,OT2 in 
materials 1010 and 0610 in the deformed state. However, this 
texture must have already formed during hot pressing, because 
the peak height ratio of a’ZiiO/a’lt~i2 is found to be close to 1.5 
for materials 1010 and 0610 after hot pressing at 1550°C and 
annealing at 1600°C for I h. (For brevity, some of the XRD pat- 
terns of these materials are not shown here.) 
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Lastly, to determine whether punch-stretching has enhanced 
the a-to-P' or a-to-a' transformation, we have compared the 
XRD patterns of the pulverized samples of the pole and the 
flange regions of the punch-stretched specimens. The phase 
assemblages of these two regions were found to be the same, 
indicating that the deformation effect is limited to texture 
enhancement only. 

(B)  SEM: Selected SEM micrographs of surfaces frac- 
tured after the punch-stretching tests are given in Fig. 12. After 
testing at 1550°C, materials 1010 and 0610 have a very small 
grain size (not shown), -0.3 pm, compared to that before 
deformation, -0.2 pm. At 1600"C, the deformed microstruc- 
ture of the same materials (Figs. 12(a,b)) consists of much 
larger grains, around 0.6 pm, and some elongated grains attrib- 
utable to P'-SiAION which can be seen even in material 1010. 
Materials 0625 and 0650, which both contain a large amount of 
P'-SiAION after punch-stretching at 1550"C, have much larger 
grain sizes. Clearly, the stability of microstructure and the mor- 
phology are dependent on the starting phase assemblage and 
the temperature. 

(C) TEM: The microstructural content under various 
deformation and annealing conditions can be clearly revealed 
by TEM. The TEM specimen for the punch-stretched material 
was taken from the pole of the hemispherical dome with the thin 
foil parallel to the shell surface. The microstructure of material 
0610 after punch-stretching at 1600°C is given in Fig. 13(a), 
compared with that of an undeformed material from the flange 
of the same specimen shown in Fig. 13(b). Recall that in this 
material the deformed portion has a very strong p'-texture. 

Although the initial microstructure of the as-hot-pressed mate- 
rial contains mainly equiaxed grains and no elongated 
P'-SiAlON grains, the deformed microstructure, however, con- 
tains many elongated P'-SiAlON grains, with high aspect ratio, 
aligned on the biaxial stretching plane. This appearance is 
mostly due to the deformation texture since the microstructure 
of the annealed but undeformed material also contains mostly 
equiaxed grains, with only relatively few randomly oriented, 
elongated p'-SiAlON grains. Thus, deformation promotes the 
growth of elongated P'-SiAION grains and affects the align- 
ment of the rodlike P'-SiAION grains. The behavior is similar 
to that reported for material 0650 after the tension test.' 

A similar study of material 1010 deformed at 1600°C was 
performed. Note that in this material the deformed portion con- 
tains essentially no P'-SiAlON and only ol'-SiAlON. As shown 
in Fig. 14(a), the microstructure contains only equiaxed grains 
with a core-shell structure, which is a result of the epitaxial 
growth of a'-SiAION on the cr-Si,N, starting powders as was 
discussed elsewhere." For this material, there is no apparent 
difference between the deformed and the annealed microstruc- 
tures (not shown), in either the grain size or grain morphology. 

Turning to material 0650, which contains only P'-SiAlON 
and no a'-SiAION, some deformation effect has again been 
observed but it is not as strong as that in material 0610. We 
found the elongated P'-SiAlON grains still align along the biax- 
ial stretching plane, but the aspect ratio i s  much smaller than 
material 0610, as shown in Fig. 14(b). The difference between 
the deformed and annealed microstructures (not shown) is not 
as large as in material 0610 either. Note that in this 100% 
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Fig. 12. 
0625 at 1 S W C ,  and (d) material 0650 at 1550°C. 

SEM micrograph of surfaces fractured after punch-stretching for (a) material 1010 at 1600°C, (b) material 0610 at 1600°C, (c) material 

6'-SiAlON material, with only about 15 vol% grain boundary 
glassy phase, the elongated grains appear interlocked. 

Finally, microcracks have been searched for in the TEM 
examination but never detected on these biaxially stretched 
materials. Neither could dislocation activity be found in the 
deformed materials. (Evidence for interface dislocations and 
some dislocations that formed due to thermal mismatch 
between phases has been observed, however, as detailed else- 
where.") This result supports that deformation occurs via vis- 
cous flow. 

IV. Discussion 

(1) Phase and Microstructure Evolutions 
The phases and microstructure of the as-hot-pressed materi- 

als undergo further changes during annealing and deformation. 
According to our results, the phase evolutions are not acceler- 
ated by deformation, but the microstructural changes are. At 
1550"C, the approach toward equilibrium is not complete in all 
except inaterial 0650, even after punch-stretching to a full 
dome. At 160OoC, equilibrium is mostly attained after similar 
deformation. The kinetics (judged by the amount of the unre- 
acted a-Si,N,) increases when n increases (and when m 
decreases) in the formulation which is generally consistent with 
the expectation of glass viscosity that decreases with [O]/[N] 
ratio in these systems. This is further supported by the observa- 
tion that all materials with excess SiO,/Al,O, reach phase equi- 
librium after punch-stretching at 1550°C. 

Some larger grains exist in all of the a'-SiAlON materials, 
like material 1010. This is more noticeable in the deformed 
state when they reach a size of 1 pm, in a background of grains 
of 0.3 pm. These large grains could have caused local stress 
concentrations leading to premature fracture. The growth of 
a'-SiAlON by a core-shell mechanism has been detailed else- 
where.lX Some examples can be seen in Figs. 13(b) and 14(a). 
Such observations imply that several a'-grains grow around an 
a-Si,N, seed crystal. Thus, the large a'-grains are probably the 
direct result of some large a-Si,N, particles in the starting 
powders . 

P'-SiAlON grains which are elongated can be easily identi- 
tied, as in the tnicrographs of the deformed materials. However, 
it should be noted that many P'-SiAION grains are nearly equi- 
axed and do not reveal themselves in these micrographs even 
though they figure prominently in XRD. This is especially true 
in the as-hot-pressed material, e.g., 0625. This implies that 
P'-SiAION grains are initially equiaxed but become elongated 
later during deformation because of the fast growth in the axial 
direction. 

The most important effect of deformation on microstructural 
development lies in the morphology and texture of 6'-SiAION. 
Deformation promotes the growth of elongated P'-SiAION 
grains in the direction of maximum principal stress and affects 
the alignment of the resultant rodlike grains in the same direc- 
tion. The extent of 6'-texture depends strongly on the amount 
of unreacted a-Si,N, in the as-hot-pressed materials. The clear 
evidence for this comes from the three materials 0610, 0625, 
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Fig. 13. TEM micrographs of material 0610 after (a) punch-stretch- 
ing at 1600°C and (b) annealing at 1600°C. The core-shell microstruc- 
ture showing an a’-grain surrounding an a-center region is indicated 
in (b). 

and 0650 that were punch-stretched at 1550°C. The amount of 
a-Si,N, prior to deformation is 64%, 56%, and <5%, respec- 
tively, from Table I, which correlates with the resulting peak 
height ratio of p’2Ti,,/(3’,,)T,, 17, 8, and 2 ,  respectively. Thus, an 
applied stress field can cause very strong p’-texture if it is 
accompanied by a-Si,N, to P’-SiAION transformation. 

The kinematic for texture formation in terms of grain rotation 
has been modeled by Wu and Chen.’ Their model predicts a 
unique strain dependence that was successfully tested on a 
material similar to 0650 which has no residual a-Si,N,. The 
additional effect of a- to P’-SiAlON transformation on 
p’-texture, on the other hand, arises if some residual a-Si,N, 
remains in the starting material. This effect probably originates 
from the stress bias for preferential deposition onto the 
P’-SiAION grains. When the [OOOl] directions are aligned in 
the biaxial tensile direction, the applied stress provides a bias 
for the dissolution (of a-Si,N,) and the precipitation (of 
P’-SiAION) processes that proceed actively in these reacting 
materials. Since the main driving force of this reaction and 
material deposition process is that of a -+ p’ transformation 
which is much larger than the mechanical bias itself, very sub- 
stantial texturing effects can result even with a small bias stress. 
The textures obtained in this case are not expected to be explic- 
itly dependent on the strain but are mostly dictated by the 
amount of time-dependent 01- to p’-SiAION transformation 
during deformation. 

To compare the two mechanisms for texture formation, we 
have measured the textures formed in the compression test in 
material 0650 at several strain rates. Note that this material con- 
tains <5% a-Si,N, before deformation; therefore, only the 

Fig. 14. TEM micrographs of (a) material 1010 after punch-stretch- 
ing at 1600°C and (b) material 0650 after punch-stretching at 1550°C. 
The core-shell microstructure showing a‘-grains surrounding a-center 
regions is indicated in (a). 

grain rotation mechanism, and not the transformation mecha- 
nism, could operate. As shown in Fig. 15, the textures devel- 
oped in compression of material 0650 were indeed dependent 
on the deformation strains only. (It is independent of strain 
rates, which are in the range of 1 X lo-, to 1 X lo-’ Us.) The 
textures of two punch-stretched materials, 06 10 and 0625, 
which contain unreacted a-Si,N,, are much larger than material 
0650 at a comparable strain. Thus, while the two mechanisms 
are probably additive, the one related to phase transformation 
can certainly dominate, as in the case of material 0610. 

(2) 
From the results plotted in Figs. 5-8, the flow stress/forming 

load of various SiAlON materials is found to qualitatively vary 
in a systematic way, reflecting the effect of composition. First, 
for the same nominal composition, the material containing 
excess SiO,/AI,O, has a lower flow stress/forming load. Sec- 
ond, the flow stresdforming load decreases with increasing n 
and decreasing m. The above two observations are consistent 
with the notion that melt viscosity, which increases with [N]/ 
[0] ratio, scales with flow stress. This implies the central role 
played by the liquid phase in SiAlON superplasticity. 

The additional influence of microstructures, however, is also 
evident. First, the flow stress/forming load experiences a mini- 
mum when the amounts of equilibrium a’ and p‘ phases are 

Flow Stress and Forming Load 
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nearly equal. For example, for the same n = 1.0, the forming 
load of PI010 (60% a',  40% p') is lower than those of PO610 
(100% p') and P1.510 (90% a'). Likewise, the forming load of 
P1015 (57% a' ,  43% p') is lower than that of PO615 (100% p') 
despite a lower rn value in the latter. (In the above, the phase 
assemblage refers to the one measured after deformation which 
more nearly approaches the equilibrium condition.) This feature 
is well known for superplastic metals and alloys,'.'" but is 
observed for the first time for superplastic ceramics. 

The second important influence of microstructure on flow 
stresdforming load can be seen from the temperature depend- 
ence. The activation energy of the flow stress of silicon nitride 
materials which have reached phase equilibrium is around 650 
kJ/mol, according to other studies in our laboratory. This value 
is comparable to the one reported in the literature (760 kJ/mol 
in Ref. 20 and 750 kJ/mol in Ref. 2 I ,  both obtained at around 
lO00"C) and can be mainly attributed to the softening of glass. 
Thus, a very steep temperature dependence might have been 
expected for the flow stress/forming load, and it would predict 
that the forming load at 1600°C to be only 32% of that at 
1550°C. According to Fig. 8, however, the forming load of 
materials 1010 and 0610 at 1600°C is about 70% of that at 
1550°C. This indicates that the softening effect of glass at 
1600°C is substantially counteracted by other microstructural 
effects. One such effect is grain coarsening, which is slow at 
1550°C but much faster at 1600°C. In addition, since the phase 
transformation from a to a ' / p '  is much faster at 16OO0C, the 
amount of transient liquid and its Al/Y content (and hence 
fluidity) should decrease rapidly, again causing an increase of 
flow stress. This aspect once more underlines the nonequilib- 
riiim nature of the superplastic SiAlON materials investigated 
in this study. 

(3) Formability of SiAlONs 
Punch-stretching formability of superplastic ceramics usu- 

ally improves as the flow stress/forming load decreases. This 
trend is mostly obeyed in the present set of materials, although 
the correlation between formability and forming load is not as 
strong as documented for other ceramics.? The highest forming 
load for successful punch-stretching in our experiments was 
around 500-600 N. Using the model developed by Wu and 
Chen," the maximum stress near the pole is estimated to be 
around 15-25 MPa under the above load. This value is similar 
to the magnitude for the shear-thickening transition and seems 
to represent the maximum stress the grain boundary glass can 
sustain between two adjoining grains. 

As the temperature increases, the glass viscosity decreases 
somewhat but the microstructure coarsens rapidly. Eventually, 

we expect the flow stress to increase again and local stress con- 
centrations around the large grains to become significant at 
higher temperatures. This limits the upper forming temperature. 
In the other limit of lower temperatures, the flow stress 
increases rapidly because of viscosity increase, which also lim- 
its the formability, Indeed, it has been demonstrated that for a 
material similar to 0650, the maximum tensile elongation is 
obtained between 1.500" and 1600"C9 Thus, the window for 
forming temperature is quite narrow for this family of SiAlON 
materials. 

Among the materials investigated, only materials 1010 and 
PI5 10, both tested at 155o"C, have relatively low formability. It 
is notable that both materials have an essentially a/a' phase 
assemblage, while all other materials contain a considerable 
amount of P'-SiAION. Indeed, the somewhat better formability 
of PI510 compared to 1010 is correlated with a small amount of 
P'-SiAION (10%) that does exist in PI510 after deformation, 
and the much improved formability of 1010 at 1600°C is also 
accompanied by the formation of 5% p' during deformation. 
(Of course, in both cases, the forming load also decreases at 
1600°C, which is partly responsible for the improved formabil- 
ity as already discussed above.) This conelation of poor form- 
ability with the absence of p'-SiAION is rather remarkable. It 
cannot be due to the relatively low strength of a'-SiAION either 
(as often evidenced by room-temperature fracture experi- 
ments") because the failure stress relevant in punch-stretching 
is only about 20 MPa, much lower than the strength of any 
grain. 

We believe the role of P'-SiAION in formability lies in its 
tendency to form elongated grains and to align on the biaxial 
stretching plane. These grains can produce a fiber-strengthening 
effect and retard the fracture process."," While this beneficial 
effect is most significant in materials containing a large fraction 
of P'-SiAION (and especially if it is formed in situ during 
deformation for a'-Si,N, and transient liquid), the effect is still 
substantial at a lower fraction. In fact, it is well known that a rel- 
atively small amount of whiskers, e.g., lo%, is capable of 
increasing the fracture toughness substantially in whisker- 
reinforced ceramics.14 

V. Conclusion 

(1) All the SiAlON ceramics on the a'-plane have been 
demonstrated to be superplastic by punch-stretching tests. 
These materials have a very fine-grained microstructure and are 
typically in a nonequilibrium state before deformation. 

The formability of these SiAlON ceramics depends on 
the deformation temperature, forming velocity, and phase 
assemblage. P'-SiAlON and (a' + P')-SiAION have better 
formability than a'-SiAlON. 

The better formability in the p' and (a' + P')-SiAION 
is suggested to result from the fiber-strengthening effect of 
the elongated and aligned P'-SiAION. Such grains can form 
during deformation by stress-biased preferential deposition 
when a large amount of unreacted a-Si,N, is present before 
deformation. 

The flow stress of these superplastic SiAION's is 
dependent on the viscosity of the intergranular glass. It experi- 
ences a minimum in the equal-fraction two-phase region similar 
to that found in superplastic metallic alloys. 

(2) 

(3) 

(4) 
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