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Pressureless sintering of Si;N, with Y,0; and
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Pressureless sintering of Si;N, with Y,0; and Al,O; as additives was carried out at 1750°C in
N, atmosphere. Si;N, materials which had more than 92% relative density were obtained with
20 wt % addition of additives. The flexural strength of as-sintered materials containing 5 to

8.6 wt% Al,O; and 15 to 11.4wt% Y,0; was in the range of 480 to 560 MPa at room tem-
perature. The glassy grain-boundary phase of as-sintered materials crystallized to 3Y,0;
5Al,0; (YAG), Y,0;- Si0O, (YS), Y,0;- 2Si0, (Y2S) and 10Y,0; - 9Si0, * Si;N, (NA) by
heat-treatment at 1250° C for 3 days. A specimen containing 15wt% Y,0; and 5wt % Al,Q,
sintered at 1750° C for 4 h was heat-treated at 1250° C for 3 days to precipitate YAG and YS.
The nitrogen concentration of the grain-boundary glassy phase of the specimen was found
to be very high, and therefore the flexural strength of the crystallized specimen scarcely
decreased at elevated temperatures (the flexural strength of this specimen is 390 MPa at room
temperature and 360 MPa at 1300° C). Resistance to oxidation at 1200° C of the specimen was

good as well as the flexural strength, compared with that of as-sintered materials.

1. Introduction

Silicon nitride is one of the promising candidates for
heat engines capable of operating in the temperature
range from 1300 to 1400° C, because of its excellent
high-temperature mechanical properties, resistance to
oxidation and thermal shock.

However, it is difficult to densify Si;N, without
using metal oxides as additives. Since these metal
oxides ultimately form a grain-boundary glassy phase
which degrades the high-temperature mechanical
properties of sintered materials, the following methods
have been used to solve this problem; (i) hot-pressing
and hot isostatic pressing of Si, N, containing a lesser
amount of additives compared with pressureless sinter-
ing [1-3], and (ii) crystallization of grain-boundary
glassy phase in the range 1100 to 1400° C in N, atmos-
phere after pressureless sintering of Si;N, with addi-
tives [4—7]. But Method (i) has several problems such
as higher cost of sintering, a difficulty of preparing
complicated materials, etc. Accordingly, Method (ii) is
desirable for industrial materials.

Pressureless sintering is carried out up to 1800°C
because Si;N, decomposes at about 1800°C and
above 1700° C the surface silica on Si; N, particles may
be considered as an additive because it becomes vit-
reous. However, it reacts with Si;N, to form an oxy-
nitride before its viscosity can become low enough to
assist in the sintering process. Y,0; is a commonly
used additive, and the reaction between SiQ,, Y,0,
and Si; N, produces a liquid phase able to bring about
densification with o — f transformation. Y,O,
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improves the strength of sintered materials because
the liquid formed during sintering reacts further with
Si; N, to produce a refractory grain-boundary phase.
The addition of Al,O, to Si; N, containing Y,0, was
more effective to assist in the sintering process.
Rowcliffe and Jorgensen [8] showed that amorphous
Si; N, powder with Y,0; and Al,O, could be sintered
to a relative density of more than 95%. The sintering
kinetics in this system have been reported by Leohman
and Rowcliffe [9] and by Jack [10]. In this work,
pressureless sintering of Si; N, with Y,0; and Al,0; as
additives was carried out and the crystallization of
grain-boundary glassy phase of as-sintered materials
was performed to improve the high-temperature
mechanical properties.

2. Experimental procedure

2.1. Materials

Si;N, powder was supplied by Herman C. Stark
(Berlin); Y, 05 (99.99% pure) and AL, O, (98.8% pure)
were supplied by Wako Pure Chemical Industries
(Osaka, Japan) and Kanto Chemical Co. (Tokyo,
Japan), respectively. Table I gives the chemical analy-
sis of Si; N, powder.

2.2. Sintering

Si;N,, Y,0; and Al,O; were mixed in isopropyl
alcoho! in an automatic agate mortar for 2h. The
amount of additive was 10 or 20 wt %. Compositions
of the additives are shown in Fig. 1. The mixed pow-
der was weighed out (about 3 g) and then uniaxially
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TABLE I Chemical analysis of as-received Si;N, powder

Phase (%) Average particle Impurities (wt %)
size (um) Free Si Fe Al

Ca O C

o (88) 0.7
g (10

<01 004 0.1 003 13 04

pressed at 147 MPa. The size of the green compacts was
40mm x 8mm X 4mm. The green compacts were
dried at 100 and 400° C, and then sintered at 1750°C
in N, atmosphere. Powder beds were used to suppress
the decomposition of Si;N, at high temperature.

2.3. Properties

Weight loss, linear shrinkage, bulk density and three-
point bending strength of sintered materials were
measured. The size of specimens for bending tests was
25mm x 5mm X 3mm and the specimens were
finally polished using 0.05 um Al,O,. A scanning elec-
tron microscope (SEM) was available to observe
fractographs of sintered materials.

2.4. Crystallization of grain-boundary glassy
phase
The crystallization of grain-boundary glassy phase
was performed to improve the high-temperature
mechanical properties of as-sintered materials. Speci-
mens were embedded in a powder of composition
40Si;N,—~40BN-20 (additives) (wt%) and heat-
treated at 1000, 1250 and 1400° C in N, atmosphere.
The crystalline phases precipitated by heat-treatment
of sintered materials were identified by X-ray powder
diffraction.

The bulk density and flexural strength of specimens
at room and elevated temperatures were measured
by the Archimedes method and three-point bending
method, respectively. Fracture surfaces of specimens
fractured at room and elevated temperatures were
observed by SEM. The resistance to oxidation at
elevated temperature was also examined by measuring
the weight gain of crystallized specimens after heat-
treatment at 1200° C in air.

3. Results and discussion

3.1. Additives and powder bed compositions
The density, linear shrinkage, weight loss and flexural
strength at room temperature of materials sintered at
1750° C for 1.5h in N, atmosphere were measured and
the result is shown in Table II. 20 wt % addition was
found to be more effective for pressureless sintering

than 10 wt % addition. Sintered Si; N, materials which
had a flexural strength of more than 480 MPa at
room temperature and a bulk density of more than’
3.10 gecm™? were obtained in the case of No. 2, No. 3
(Y,0,* Al,0;) and No. 4 (YAG) additives. Fig. 1
shows the glass-forming region of the system Si;N,—
Si0,-Y,0,-Al,0;. It is well known that the sin-
terability of Si;N, is influenced by the liquid phase
formed by the reaction of Si;N, with additives. As
shown in Fig. 1 and Table II, the compositions of
additives which gave Si, N, materials having relatively
high bulk density and flexural strength were those
lying in the glass-forming region, although the content
of Si;N, in the grain-boundary glassy phase was not
determined. This suggested that the formation of
stable liquid phases was necessary for the liquid-phase
sintering of Si;N,.

Moreover, it was important to decrease the extent
of decomposition of Si;N, and secondary glassy
phases in order to obtain dense Si;N, materials by
pressureless sintering. For this purpose, a powder bed
technique was used in this work. Mitomo et al. [11]
showed that it was possible to prepare f-Sialon having
more than 95% relative density by the sintering of
Si; N, under 10atm N, pressure. Pompe and Carlsson
[12] showed the protective effect of the powder bed
technique. Also, Gazza et al. [13] succeeded in obtain-
ing fully dense Si; N, materials by a dual N, pressure
process. The role of N, pressure has also been reported
by Greskovich and Prochazka [14]. The decompo-
sition of phases containing oxides occurs according to
the following equations (where M = metal):

Si;N,(s) + 3Si0,(s) — 65i0(g) + 2N, (g)
3Si,N,0(s) — Si;N,(s) + 3SiO(g) + N,(g)
Si;N,(s) + 3MO(s) — 3M(g) + 3Si0(g) + 2N,(g)
Si;N,(s) — 3Si(g) + 2N,(g)
(Si-M~-0-N) glass — SiO(g) + N,(g)

+ (M-containing solids)

The decomposition reactions might occur in the
presence of carbon. As green compacts were sintered
in a graphite vessel in this work, the effect of com-
positions of powder bed on the sinterability was exam-
ined by the sintering of Si; N, with No. 4 additive and
the results are shown in Table III. In the case of Si;N,,
BN or 50Si;N,~50BN (wt %) as a powder bed, weight
loss during sintering occurred considerably, and sin-
tered Si;N, materials became heterogeneous near the

TABLE 11 Properties of as-sintered Si;N, materials sintered at 1750°C for 1.5h in Si;N, powder

No. Composition (wt %) Weight loss AL/L, Bulk density Percentage of Strength
SN, Y,0, ALO, (%) (%) (gcm ™) theoretical density (MPa)

1 90 8.2 1.9 3.0 6 2.43 75 235
80 16.3 3.7 2.0 13 2.98 89 314

2 80 15 5.0 38 16 3.11 92 480

3 80 13.8 6.2 3.0 16 3.18 94 490

4 90 5.7 43 6.9 11 2.62 89 314
30 11.4 8.6 3.0 15 3.10 92 500

5 80 9 11.0 2.6 14 3.09 94 392

6 80 6.5 13.5 33 13 3.00 92 402
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surface. On the other hand, when 708i;N,-30Si0,
powder was used, weight loss scarcely occurred
because the decomposition of Si;N, and secondary
glassy phases was restrained during sintering by SiO
vapour formed from the powder bed, according to the
following equations:

Si,N, + SiO, — 28i,N,0
38i,N,O — Si;N, + 3Si0 + N,

In practice, Si,N,O was detected in the powder bed
after sintering. However, the sinterability was not
good in this case. The reason for this could not be
clarified, but excess SiO might prevent the sintering
process. The optimum composition of a powder bed
was found to be 40Si;N,~40BN-20 (additives)
because the decomposition of Si;N, and secondary
glassy phase were greatly suppressed at high tem-
perature.

TABLE 111 Effects of powder bed composition

Figure 1 Glass-forming region in the system Si;N,—
Y,0,-Al,0,-Si0,. Nitrogen content (eq %) as fol-
lows: (—) 0, (———) 14, (- - -) 20, (---) 25.

3.2. The sintering process

Pressureless sintering of Si;N, with No. 2, No. 3 or
No. 4 additives embedded in 408Si;N,—40BN-20
(additives) powder was carried out at 1750°C in N,
atmosphere. The results of sintering for 1.5h are
shown in Table IV. With No. 2 and No. 3 additives,
the flexural strengths of sintered materials at room
temperature were more than 510 MPa. In this case, the
weight loss decreased, and both the bulk density and
flexural strength increased, compared with specimens
sintered in Si; N, powder bed (see Table II).

The change of properties of as-sintered materials
containing No. 2 additive (15Y,0;-5A1,0;) with sin-
tering time is shown in Fig. 2. Prolonged sintering was
possible for pressureless sintering of Si;N, by the
powder bed technique because the decomposition of
Si;N, materials was restrained during sintering. As
a result, Si;N, materials which had 98% relative
density (bulk density = 3.33 gcm *) was obtained by

Powder bed Weight loss AL/L, Bulk density Percentage of Strength
composition (wt %) (%) (%) (gem™?) theoretical density (MPa)
Si; N, 2.5 14 3.18 94 490

BN 38 15 3.18 94 -

508i, N, 50BN 0.8 15 3.18 94 -

708, N,~308i0, 0.3 12 2.94 87 382
80Si, N,~20 (additives) 1.5 15 3.19 94 421
40Si, N,~40BN—-20 (additives) 1.0 15 3.19 94 421
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TABLE IV Properties of as-sintered Si; N, materials, sintered at 1750°C for 1.5h

No. Powder bed Weight loss AL/L, Bulk density Percentage of Strength
composition (wt%) (%) (%) (gem™?) theoretical density (MPa)

2 408i;N,—40BN—-20 (additives) 0.9 15 322 95 559

3 40Si, N,—40BN-20 (additives) 1.0 15 322 95 510

4 40Si; N,—40BN-20 (additives) 1.0 15 3.19 94 421

pressureless sintering at 1750° C for 4h. The micro-
structure of this specimen is shown in Fig. 3. Elongated
f-Si; N, grains were observed and its interlocking struc-
ture was developed with further sintering. The grain
growth seemed to proceed at prolonged sintering time.
Whether dense Si; N, materials could be obtainable or
not by pressureless sintering depended upon the
formation of a suitable amount of liquid phase which
was stable and viscous, and had a high solubility of
Si;N, at sintering temperatures. It was possible to
prepare fully dense Si;N, materials by pressureless
sintering of green compacts embedded in a suitable
powder.

It is well known that the sintering of Si;N, with
additives occurs by a liquid-phase mechanism in
which the kinetics exhibit three stages predicted by
Kingery’s model [10]. Log (linear shrinkage) against log
(sintering time) plots for the sintering of Si;N, are
shown in Fig. 4. For clongated grains, the relative
shrinkage during the second or solution-precipitation
stage can be described by the equation

(AL/L)) = (AV[3V,) = (4n'”

where ¢ is time and 4 is a constant; n = 3orn = 5
according to whether the phase-boundary reaction or
diffusion is rate-limiting. In this work n = 5, sugges-
ting diffusion through the liquid phase, was obtained
in the solution-precipitation stage. This might be
attributed to the high viscosity of the liquid phase in
the system Si;N,-Si0,-Al,0,—Y,0; which was
formed during sintering. A considerable amount of
residual glassy phase, which led to a decrease of the
flexural strength at elevated temperature, existed in
the grain boundaries of sintered materials. Hence, the
crystallization of the residual glassy phase was necess-
ary to improve high-temperature strength.

3.3. Crystallization of grain-boundary glassy
phase
The strength of pressureless-sintered Si; N, materials
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Figure 2 Relationship between sintering time and properties of
as-sintered Si,;N, materials, sintered at 1750°C. R.D. = relative

density.
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decreased at elevated temperature because of the
presence of either low-melting eutectic or glassy
phases at the grain boundaries. The improvement of
high-temperature mechanical properties of Si;N,
materials by crystallization was reported by Tsuge
et al. [6]. Sintered Si;N, materials with Y,0, and
Al,O; as additives was heat-treated to crystallize
the grain-boundary glassy phase and precipitate
Y,0; * Si;N,, which are highly refractory. By the
heat-treatment, Si;N, materials with excellent high-
temperature mechanical properties were obtained.

However, it is important to consider the properties
of crystallized phases for the improvement of mech-
anical properties of Si;N, materials. For example,
if the thermal expansion coefficients of crystallized
phases mismatch with that of Si;N,, microcracks arise
in the grain boundaries of sintered materials at
a moderate temperature and the flexural strength
decreases.

Crystallization temperatures were determined from
differential thermal analysis (DTA) curves. DTA
curves of Si;N, materials sintered with No. 2, No. 3
or No. 4 additive are shown in Fig. 5. Exothermic
peaks were observed in all samples both at 980 to
1000°C and at 1225 to 1290°C. The former peak
and the latter peak were due to the precipitation of
unknown phase, and YAG and Y28, respectively.

Since exothermic peaks of DTA curves and pre-
cipitated phases corresponding to the peaks were simi-
lar to those of oxynitride glasses obtained in other
work [15], it was assumed that the composition of the
grain-boundary phases resembled those of oxynitride
glasses of composition §.0Si;N,—19.58i0,-30.5A1,0;—
42.0Y,0; (wt %). Thus, heat-treatment was done at
1000, 1250 and 1400°C. Table V shows the pre-
cipitated phases of specimens crystallized at 1000,
1250 and 1400°C. An unknown phase (UK) pre-
cipitated from the secondary glassy phase by heat-
treatment around 1000° C for more than 3 days, and
the amount precipitated reached a constant by heat-
treatment at 1250° C for more than 1 day. YAG and
YS were crystallized as major phases at 1250° C and
YN was crystallized at 1400° C.

The effect of heating time at 1250° C on the crystal-
lization of grain-boundary phases was studied and the
results are shown in Fig. 6. In the initial stage, the
relative amount of unknown phase increased appreci-
ably with the heating time, but began to decrease
around 10h heating. Thereafter YAG was formed
along with the decrease of the unknown phase and its
amount increased with the heating time, and then the
curves level off around 3 days. Therefore, the crystal-
lization was carried out at 1250° C for 3 days.

The bulk density and flexural strength of crystal-
lized specimens are shown in Table VI. The flexural
strength at room temperature decreased after the



Figure 3 Scanning electron micro-
graphs of as-sintered (Si;N, +
20wt % No. 2 additive) polished
surface: (A) sintered 1750°C-
1.5h, (B) sintered 1750° C—4h.
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Figure 4 Relationship between sintering time and linear shrinkage
of Si;N, materials sintered at 1700°C: (0) Si;N, + 20wt % No. 1
additive, (®) Si;N, + 20wt % No. 4 additive.
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Figure 6 Change of the amount (plotted in arbitrary units) of crys-
talline phases precipitated by heat-treatment at 1250° C with heat-
ing time: (—) YAG, (---) YS, (---) UK, (----) Y28, (-- -)
N-apatite. (a) Si;N, + 20wt% No. 2 additive, (b) Si;N, +
20wt % No. 3 additive, (¢) Si;N, + 20wt % No. 4 additive.
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Figure 5 DTA curves of as-sintered Si;N, materials and oxynitride 20~ 800 1000 120°0
glasses: (a) glass 7.58i,N,~24.38i0, 16.2A1,0,-52.0Y,0, (wt %), Temperature("C)
(b) Si;N, + 20wt % No. 2 additive, (¢) SiyN, + 20wt % No. 3 Figure 7 High-temperature flexural strength of Si;N, + 20wt %
additive, (d) Si;N, + 20wt % No. 4 additive, (e) glass 8.0Si;N,— No. 2 additive: (O) as-sintered, 1750°C-2h; (O) crystallized,
19.55i0,-30.5AL,0,-42.0Y,0; (wt %). 1250° C-3 days.
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TABLE V Crystalline phases precipitated after heat-treatment*

No. As-sintered 1000° C—6 days 1250°C-3 days 1400°C—-8h

2 B B, UK B, YAG, YS B, YN, YAG, YS
3 B B, UK B, YAG, YS B, YN, YAG, YS
4 B B, UK B, YAG, YS, Y25, NA B, NM, YAG, YN

*f = B-Si;N,, YAG = 3Y,0, - 5AL0,, YS = Y,0,-Si0,, YN
10Y,0, - 9Si0, - SiyN,, UK = unknown.

crystallization because of the change of specific volume
of grain-boundary phases and the difference of thermal
expansion coefficients between Si;N, and crystallized
phases. The flexural strength at elevated temperature
is shown in Figs 7 and 8. Flexural strengths of as-
sintered materials increased at 1000° C (Fig. 7). This
may be due to the blusting of flows existing on the
Si; N, materials by the oxide scale formed during the
bending test. At 1200°C, the flexural strengths of
crystallized specimens were higher than those of as-
sintered materials. This tendency was remarkable at
1300° C.

Fracture surfaces of as-sintered and crystallized
(Si;N, + 20wt% No. 2 additive) materials are
shown in Figs 9 and 10, respectively. In as-sintered
Si; N, materials, the fracture seemed to occur in the
Si; N, matrix below 1000°C and in the glassy grain
boundaries at or above 1200° C, while in crystallized
specimens the fractures occurred predominantly at
grain boundaries above the crystallization tem-
perature, i.e. 1250°C, and in the Si;N, matrix below
the crystallization temperature. The degradation of
high-temperature mechanical properties began at
1300° C in the crystallized specimens and at about
1200°C in as-sintered materials. The flexural strength
of crystallized specimens was maintained at a value as
high as 360 MPa at 1300° C. These results showed that
the crystallization was very effective in improving
high-temperature mechanical properties.

In this system, the reaction of Y,0,; with Si;N, to
form nitrogen melilite, which slowly disappeared with
increasing heating time, might occur in the initial
stage. Extensive work on oxynitride glasses has shown
that Si;N, dissolves in molten SiO,-Y,0,-AL O,
above 1550° C and forms a liquid phase which can be
quenched to oxynitride glasses containing up to
9 at % nitrogen [16]. Also, Leohman and Rowcliffe [9]
showed that in this system, the amorphous grain-
boundary phase contained about 6 at % nitrogen. But
in this work, nitride compounds were not precipitated
in the specimens crystallized at 1250° C and only oxide
compounds were precipitated. Therefore, nitrogen in
the residual glassy phase increases with the precipi-

TABLE VI Effects of heat-treatment at 1250°C for 3 days

No. Composition (wt %) Bulk density Strength
Iy MPa)*
SN, Y,0, ALo, &™) (MPa)
2 80 15 5 3.23(3.22) 490(560)
(3.33) 392(510)
3 80 13.8 6.2 3.24(3.22) 353(510)
4 80 114 8.6 3.15(3.19) 343(421)

*( ) as-sintered, 1750°C—1.5h; ( )'as-sintered, 1750°C—4h.
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= YSiO,N, Y28 = Y,0,-28i0,, NM = Y,0,Si;N,, NA =

tation of oxide compounds from oxynitride glass,
resulting in an increase of the softening point of the
glassy phase. Further, DTA curves of oxynitride
glasses containing 6at % nitrogen were found to be
similar to those of sintered Si,N, materials. Conse-
quently, an improvement of the flexural strength
could be attained by decreasing the amount of grain-
boundary glassy phase and increasing the N, con-
centration of the residual glassy phase.

Resistance to oxidation was also measured. The
weight gain of crystallized specimens by heat-
treatment at elevated temperature was measured and
is shown in Fig. 11. The oxidation reaction occurred
according to the equation

Si3N4 + 302 — 3Si02 + 2N2

In accordance with the mechanical properties, the
resistance to oxidation increased by heat-treatment at
1250°C while it decreased by heat-treatment at
1400° C because of the precipitated oxynitride phases,
such as YSiO,N. The oxidation behaviour seemed to
obey a parabolic law.

4. Conclusions
Sintered Si; N, materials of which the flexural strength
was more than 480 MPa were obtained by pressureless
sintering at 1750° C in N, atmosphere. The crystalliz-
ation of as-sintered materials was carried out to
improve the high-temperature mechanical properties.
The flexural strength of crystallized specimens hardly
decreased up to 1300°C and was about 360 MPa at
1300° C.

An improvement of the resistance to oxidation was
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Figure 8 High-temperature flexural strengths of Si;N, materials.
Experimental points for Si;N, + 20wt % No. 2 additive, (O) as-
sintered, 1750° C—4h; (@) crystallized, 1250° C—3 days. Data also
given for (——) (1) (Si;N, + 6wt% Y,0, + 1L.5wt% Al,0O,)
(Smith and Quackenbush [17]), (~-—-) (2) f-Sialon (Mitomo ez al.
[18)).



Figure 9 Scanning electron micrographs of as-sintered Si, N, + 20wt % No. 2 additive fracture surfaces: (a) fractured at room temperature,
(b) fractured at 1000° C, (c) fractured at 1200° C, (d) fractured at 1300°C.

Figure 10 Scanning electron micrographs of crystallized Si;N, + 20wt % No. 2 additive fracture surfaces: (a) fractured at room tem-
perature, (b} fractured at 1000°C, (c) fractured at 1200°C, (d) fractured at 1300°C,
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Figure 11 Resistance to oxidation of Si;N, + 20wt % No. 2 addi-
tive in air: (O) as-sintered, (®) crystallized, 1250°C-3 days, (O)
crystallized, 1400° C-8 h.

also attained by the crystallization of as-sintered
materials. The improvement of high-temperature
mechanical properties of crystallized Si; N, materials
might be due to the decrease of the amount of grain-
boundary glassy phase and the increase of N, con-
centration in the residual glassy phase, which gave rise
to an increase of the softening point of the glassy
phase.

In this work, crystallization of the grain-boundary
glassy phase was found to be very effective in
improving the high-temperature properties of Si;N,
materials.
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