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Abstract: A dense, oxygen-rich Y-a-sialon ceramic, with a small amount of YAG
as a grain boundary phase. has been fabricated through GPS (gas pressure sinter-
ing). The effect of nitrogen pressure during GPS on densities and mechanical
properties of the materials has been studied, which was observed to be relevant to
the YAG content. The a-sialon with 2.5wt% YAG. GPSed under 3MPu and at
1800°C, possesses a flexural strength of 500 MPa, hardness (Vickers) of 1816 kg

mm? and fracture toughness (Kl¢) of 3.4 MPa-m'> ¢

Limited and Techna S.r.l.

1 INTRODUCTION

a-Sialon (or o). a solid solution based on the
structure of «-SiyN4 with a chemical composition
of M Siy> o AL+ nOuNg.,, (M = Y. Ln, Ca,
Mg. Li...). has been well known to be a promising
engineering material, capable of being used as cut-
ting tips because of the high hardness and better
thermal shock resistance of o phase. The very low
diffusivity in covalently bonded Si:Ny, which leads
to the difficulty in full densification of Si;Ny-based
ceramics, has annoyed the researchers working on
silicon nitride ceramics with high performance.
One conventional approach is to put oxide addi-
tives to promote densification by forming liquid
phase with the SiO» (on the surface of SizNy4
powder). The liquid phase, however. remains as a
glassy phase at the grain boundaries after cooling
down and deteriorates the high temperature
mechanical properties of the materials. In recent
vears, GPS has proved to be an effective approach
to minimize the content of oxide additives at no
sacrifice of density. because high nitrogen pressure
is of advantage for suppressing decomposition of
SizNy at temperatures above 1800°C, and for pro-
viding extra driving force for sintering.' *
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Phase relationships in the Y-Si Al O N system
indicate that whole o-sialon compositions arc
compatible with melilite. but there exists a tie-line
between oxygen-rich a-sialon (n1+=1. n—=1.7) and
YAG, forming o (m=1, n=1.7»B4(z =0.8)- 12H
(AIN-polytypoid phase)- YAG compatibility tetra-
hedron (see Fig. 1). These phase relationships pro-
vide the possibility to fabricate ' or o"-f" or o'
12H ceramics with YAG as a grain boundary
phase. In our previous work, an ¢~ YAG com-
posite sialon material with high mechanical per-
formance was fabricated through GPS.® Current
work has focused on the fabrication and mechani-
cal properties of a-sialon ceramics through GPS.

2 EXPERIMENTAL

The starting materials used were Si:Ny (LCI12.
Starck). AIN (1-2um, 1.2wt% oxygen. Zhuzhou
Institute of Hard Metals, China), Al,O; (99.99%)
and Y-03; (99.9%). The oxygen content on the
surface of nitrides was taken into account when
making the composition. The mixed powder with
an a-sialon composition of Y 33Sig 3A1- 70, 7N 43
and YAG (1 and 2.5wt%. corresponding to no. |
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and no. 2, respectively, in Table 1) was ball-milled
with absolute alcohol for 24h, dried and passed
through 120-mesh screen, and then die-pressed
followed by cold isostatic pressing into testing
bars. The reaction sequence and densification were
performed in a graphite-resistance furnace under
1 atm. of N5 while holding for Smin at intervals of

Table 1. The starting compositions and phases present after PLS at 1800°C for 2h

Specimen Starting compositions
no. e
SizNg AIN Al,05 Y,03
1 73.3 16.1 37 6.9
2 72.2 15.8 4.3 1.7
YN
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100°C in the range 1450-1800°C. A GPS furnace
with graphite-resistance was used to sinter the
specimens under nitrogen pressures of 1, 3 and
5MPa, respectively. A two-step firing schedule
(0.4 MPa, 1650°C-2h and given pressure, 1800°C—
2h) was used. For comparison, the same compo-
sitions were also sintered under flowing N, (1 atm.)

Phase compositions

Befon; I—I .T.i

a's; YAG vw; AIN tr.
o's; fw, YAG w; 12H vw

a's; AIN tr.
o's; fw; 12H vw; B vw

\

AIN

YN:3AIN

Si02

3A1RR03.28i02

YAG

AIN

Al203

Fig. 1. Representation of Y-sialon system showing phase diagram of Si—-Al-O-N and the o (m=1, n=1.7)-8,0-12H-YAG com-
patibility tetrahedron (top diagram); the enlarged region around overall composition showing the tie-line of o'~YAG rotating
towards glass (bottom diagram).
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at 1800°C. The phases were identified by X-ray
diffraction technique. Hardness and indentation
fracture toughness were measured by using a dia-
mond indenter under a load of 100N. Flexural
strength was tested by three-point bending with a
30 mm span (20mm for high temperature test) and
a cross-head speed of 0.5mm/min. Both polished
and fractured surfaces were observed by SEM. A
TEM study was also performed to reveal the grain
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boundary structure for the specimens after heat
trecatment at 1250°C for 24 h.

3 RESULTS AND DISCUSSION

Prior 10 studying the fabrication of un «-sialon
ceramic material under high pressure nitrogen.
some behaviours. such as the formation of a-sialon
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occurring under 1 atm. (N,), are still required to be
understood for reference. The formation of Y—«-
sialons studied in our previous work,%’ indicates
that the ratio of /8 and transient Y-containing
phases are apparently relevant with the compo-
sitions. Therefore, the reaction sequences of the
compositions under study were determined again.
The results show that in the formation of a-sialon,
these two compositions (1% and 2.5% YAGQG) are
very similar, except for a small amount of g-sialon
left in the composition with 2.5% YAG (no. 2).
The reaction sequences (no. 1) and densification
behaviours are represented in Figs 2 and 3.
Obviously, the big change in densification occurs at
1550-1700°C, where w-sialon is formed dramati-
cally. The final phase compositions after firing at
1800°C for 2h are listed in Table 1. As indicated,
YAG crystallizes out after heat treatments
(1250°C-24h) and monophase o« only occurs in
composition no. 1 (1% YAG). The occurrence of
B-sialon in the o compositions has always been
observed, especially in Ln—’ compositions with a
lower Z-value of Ln elements.” The formation of
either Ln—melilite or liquid phase, which exhaust
the Ln or Y level designed for making up &', results
in the production of 8-sialon. For the compositions
under study, the formation of Y-sialon glass is the
case. The overall compositions were designed on
the tie-line between o and YAG, but the formation
of glassy phase made the ¢/-YAG tie-line rotate

Table 2. The effect of temperature on densities and mechanical properties

H. X Lietal

towards glass and the other terminal point shift
towards the o’—f8 or o/~f'—12H phase regions (see
Fig. 1). The compositions in these regions contain
less Y than o/, thus compensating for the extra
yttrium dissolved in the glassy phase. B-phase
(Table 1) is an yttrium aluminium silicon oxyni-
tride (with the composition of Y,SiAlOsN), which
normally crystallizes out from Y-sialon glasses
during slow cooling or heat treatment at lower
temperatures (1050°C).® The occurrence of this
phase in composition no. 2 also indicates that more
glassy phase is involved in this composition.

It has been well established that the high pressure
of nitrogen has the effect of suppressing decompo-
sition of silicon nitride and also giving extra sin-
tering driving force. As expected, in the present
experiment, the weight losses occurring under high
pressures are all less than 1%, while the pressure-
less sintering gives a weight loss of around 2.5-
3.0%. The driving force of gas pressure for densi-
fication is also apparent. As indicated in Table 2,
the densities, achieved under 1 MPa and at 1700°C,
are all higher than those obtained at 1800°C
(0.1 MPa) (Table 3). Composition no. 1, sintered at
1800°C, has very low density (96.2%), but it can
reach a value of 98.2% dense when 1MPa
(1800°C) is applied. The densities and mechanical
performance achieved under gas pressures are
summarised in Tables 3 and 4 and Figs 4 and 5. As
observed in other researchers’ work,” in some

Sintering condition 1700°C-2h, 1 MPa

1800°C-2h, 1 MPa 1800°C-2h, PLS

Sample no. 1 2 1 2 1 2
D/Dy, (%) 975 98.8 98.2 99.3 96.2 98.2
H,10 (kg/mm?) 1572+31 1624146 168715 1935150 1341+10 1546120
Kic (MPa-m'/2) 4.2+0.1 3.810.2 41+0.2 3.8+0.2 — 3.6£0.2

Table 3. The effect of nitrogen pressure (at 1800°C) on densities and phase compositions

Pressure D/Dy, (%) Phase compositions
(MPa)
No. 1 No. 2 No. 1 No. 2
01 96.2 98.2 a'vs; AIN tr. a'vs, f'w; 12H vw; B vw
1.0 98.0 99.3 a'vs; 12H tr. a'vs; 12H w; B'vw
3.0 992 99.2 a'vs; 12H tr. a'vs; 12H w; gvw
5.0 995 985 a'vs; 12H tr. a'vs; 12H w; 'vw
Table 4. The effect of nitrogen pressure {(at 1800°C) on mechanical properties
Pressure K1c (MPa-m'/2) o, (MPa) H,10 (kg/mm?)
(MPa) . o , v o
No. 1 No. 2 No. 1 No.2 No. 1 No. 2
01 5.310.2 3.6+£0.2 — 421134 134110 1546+20
1.0 4110.2 3.840.2 414124 437817 168745 1935150
3.0 3.5+0.1 3.4+0.2 454121 500112 1732120 181611
3.4+0.2 467130 47443 1875142

172813
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cases, when the nitrogen pressure is raised up to a
certain level. it would have an adverse effect on
densification and mechanical properties. This is
because some pores originally existing in the green
body or caused by vaporization of liquid phase at
high temperatures can not be eliminated under
high pressure. Therefore, the effect of nitrogen
pressure on densification and properties is strongly
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dependent on experimental conditions and the
compositions of the materials. As indicated, com-
position no. | (1% YAG) has increasing density
with increasing nitrogen pressurc. but the peak
density (99.3%) in composition no. 2 occurs at
pressures of around 1-3MPa. It has been well
known that the mechanical performances of
ceramic materials are closely dependent on their
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densities and microstructures. As indicated, the
variation tendency of hardness is in good agree-
ment with densities. However, the strength and
fracture toughness are more sensitive to their
microstructures. Figures 6 and 7 compare the
microstructures formed through GPS and PLS,
respectively. The microstructures developed under
3 MPa (Fig. 6) are more homogeneous and contain
less pores than those that were pressureless sintered
(Fig. 7). Composition no. | contains less liquid
phase and is composed of slightly larger grains and
this probably results in its slightly lower strength,
although it has the same density (99.2%) as com-
position no. 2 GPSed under the same conditions
(3MPa and 1800°C). Among these materials, the

H. X Lietal

specimens of composition no. 2 GPSed under 1-
3 MPa have the optimum mechanical properties —
a flexural strength of 500 MPa, fracture toughness
of 3.8 MPa-m'/? and hardness of 1935 kg/mm?. The
SEM fracture surfaces of the materials GPSed
(under 3 MPa), shown in Fig. &, reveal the fracture
occurring in intergranular model. This could be
attributed to the small size and equiaxed grains of
the a-sialon materials. Figure 9 shows the TEM
photographs of specimen no. 2, GASed under
3MPa, and then heat treated at 1250°C for 24 h.
These photos show the existence of YAG crystal-
lized out at the isolated triple pockets and fibre-like
12H, as detected by the X-ray diffraction tech-
nique.

Fig. 7. SEM micrographs of specimens sintered at 1800°C: (a) no. 1 (1 wt% YAG) and (b) no. 2 (2.5wt% YAG).
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Fig. 8. SEM micrographs of fracture surfaces of GPSed specimens (1800 C. 3MPa): (1) no. 1 (I wt"s YAG)Y and (b) no. 2

(25wt YAG).

(b)

Fig. 9. TEM wmicrographs of composition no. 2, GPSed
{under 3MPa) and then heat treated. showing (1) YAG in the
triple joints and (b) 12H.

4 CONCLUSIONS

Dense. monophase. oxygen-rich a-sialon ceramic
materials. with a small amount of YAG (I-

2.5wt%) as the gramm boundary phase, have been
fabricated through GPS. For the compuosition with
1.0% YAG., densities and mechanical propertics
increase with increasing nitrogen pressure. For the
composition with more YAG (2.5% ). the effect of
nitrogen pressure on density and mechanical prop-
erties is not hinear. The specimens of composition
with 2.5% YAG. GPScd under I 3 MPa (1800°C).
have the optimum mechanical properties a
flexural strength of 500 MPa, fracture toughness of
3.8 MPa-m' * and hardness of 1935 kg mm?,
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