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Low pressure sintering of sialon using different sintering additives
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The sintering behavior and the mechanical and oxidation properties of Sialon were investigated by varying the composition,
amount, and cationic radii of sintering additives composed of AIN-Er,0;-M,0; (M =Y or Sc¢). The optimum additive compo-
sition for the pressureless sintering of Sialon was determined to be (0.6 AIN:0.4 [0.3 Er,05:0.7 M,05]) and the optimum con-
tent was 10-15 mass%. The maximum relative densities of Sialon using AIN-Er,0;-Y,0; and AIN-Er,0;-Sc,0; additives
(termed SAEY and SAES) were 94.4 and 97.9% at 0.1 MPa N,, respectively. The pressureless sintered SAES sample showed
fairly high strength (506 MPa) using the optimized additive composition. In both systems, the oxidation resistance was

improved by decreasing the total amount of sintering additives.
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1. Introduction

Silicon nitride is reputed to have good mechanical proper-
ties.!»? Sintering additives such as ALO; and Y,O; have
been added to silicon nitride to facilitate densification, which
deteriorates the compound’s high temperature properties
due to the low softening temperature of the resultant grain
boundary phases.?

One of the representative methods of liquid phase sinter-
ing is to use AIN or Al,Oj; as sintering additives for Si;N,. In
this method, the sintering additives promote the formation
of a liquid phase, but only a small amount of the glass phase
remains at the end because the additives are partly incorpo-
rated into Si;N, grains to form Sialon.*

High temperature stability and oxidation resistance of
Sialon have been generally reported to be inferior to those of
SisN..¥ In order to improve the high temperature properties
and oxidation resistance of Sialon, rare earth oxides have
been added as sintering additives.® However, the high
viscosity of the resultant liquid phases suppresses densifica-
tion of Sialon and high pressures and temperatures have
been required to obtain dense samples. In this respect, AIN-
(R,05-M,05) additives (R,0;: rare earth oxide, M,0Os:
metal oxide) present a possibility to improve the sintering
behavior and oxidation resistance of Sialon.” Huang et
al. reported enhanced sinterability (relative density of
999% ) and high temperature strength (1150 MPa at 1200°C)
in a SizN4~AIN-La,03-Y,0; system using pressureless sinter-
ing.?

Sialon sintered with Er,O; has excellent high temperature
strength and oxidation resistance.” However, densification
of the Sialon was reported to be difficult due to the highly
refractory grain boundary phase.” Application of a second
additive may promote the densification by decreasing the
eutectic temperature of the grain boundary phase. However,
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studies of Si;N,~AIN-Er,0;-M,0; (M: metal) systems are
scarce.

In the present study, the sintering behavior and the
mechanical and oxidation properties of Sialon (Si;N,-AIN-
(BEr,05-M,05), M: Y or Sc) were investigated using various
mixing ratios and amounts of sintering additives. The
cations of the SAEY (Si;Ny, AIN, Er,0;, Y,0;) system have
similar radii (Er**: 0.1 nm, Y>": 0.101 nm) whereas those
of the SAES (Si;Ny, AIN, Er,03, Sc,0;) system are different
(Sc3*: 0.0732 nm) .¥-10

2. Experimental procedure

a-Si;N, (SN-E10, UBE), AIN (Grade C, HCST), Y,O;
(99.99%, Ventron), Sc,0; (99.9%, Reacton), and Er,0;
(99.9%, STREM) were used as starting materials.

After weighing, the raw powders were intensively mixed
for 2 h using a planetary mill with isopropanol and SiC balls.
The slurry was dried using a vacuum rotary evaporator at
60°C and the mixed powder was then sieved (125 um) to
minimize agglomeration. Finally, the powder was compacted
into bars (80x14x16 mm) using a cold isostatic press
(CIP, 240 MPa, 3 min).

To determine the optimal composition and additive
amount for the densification and properties of the SAEY
and SAES systems, three series of sintering experiments were
performed at 1,800°C for 3h under 0.5 MPa N,. In the
first series, the Er,0;:M,0; ratio (M=Y, Sc) was varied
(0.9:0.1, 0.7:0.3, 0.5:0.5, 0.3:0.7, and 0.1:0.9) while the
AIN: (Er,O; +M,0;) ratio was fixed at 0.6:0.4. The total
amount of additives was 20 wt% . In the second series, the
AIN: (Er,0;+M,0;) ratio was varied (0.9:0.1, 0.7:0.3,
0.6:0.4, 0.4:0.6, and 0.2:0.8) with a fixed additive content
(20 mass%) and fixed Er,0;:M,0; ratio based on the results
of the first series. In the third series, the amount of sintering
additive (5, 10, 15, 20, 25, and 30 mass%) was varied while
using fixed Er,0;:M,0; and AIN:(Er,0;+M,0;) ratios
based on results of the first and the second series. The
optimum composition was determined by measuring the
sintered density of the samples using Archimedes’ method.
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Based on the results, pressureless sintering (0.1 MPa N,)
was carried out at 1750°C and 1800°C for 3 h using the
optimized additive composition. In all cases, a powder bed
(Si3N,:BN=6:4) was used to enhance the densification dur-
ing sintering.'V

To observe the formation of secondary phases, the sam-
ples were analyzed by x-ray diffraction (XRD, D5000, Sie-
mens) with CuKa radiation. The effect of the cationic radius
of the sintering additives on the lattice parameter of o-Sialon
was measured using 260 values of the (201) and (102) reflec-
tion of Sialon.'?

The microstructure of the samples was observed using
scanning electron microscopy (SEM, JEOL, JSM-6300F,
Japan) after plasma etching (RF plasma barrel etcher,
Bio-Rad).

For the measurement of mechanical properties, the sin-
tered samples were cut into 50 X 3 X 4 mm sized bars accord-
ing to the ASTM standard and polished to a 3 um finish.!?
The four point bending strength was measured using a Zwick
1476 universal testing machine (5 specimens per condition,
upper span of 7 mm, lower span of 20 mm). Young’s modu-
lus, hardness, and fracture toughness of the samples were
measured using an ultrasonic tester (5072PR, Panametrics)
and a Vickers indenter (AVK-A, Akashi, loading condition:
10kg, 155s).

The surface of samples was polished to a 1 um finish to
measure the weight gain after oxidation in air for 72 h at
1000°C, 1200°C, and 1400°C using a box furnace.

3. Results and discussion

3.1 Sintering behavior

Table 1 shows the relative densities of the sintered samples
in this investigation. In the first series, the relative density
decreased with the amount of Er,O; in both the systems due
to the high eutectic temperature of the Er,0;-SiO, system
(1680°C) except for a slight improvement of the SAES Al
system.®

Huang et al. reported that the sinterability of Si;N, was
improved by the application of a La,O; and Y,03 mixture
with AIN.'¥ La,O; and Y,O; react to form compounds
(La;sYOg, LaYO;) and the eutectic temperature of the
La,0;-Y,0; system is much lower than the melting tempera-
ture of each component (1570°C vs. 2250°C).'> On the other
hand, Er,O; was reported to form a complete solid solution
with Sc,05.'® The differences between the La,0;-Y,0; and
Er,0;-Sc,05 systems is believed to induce the discrepancy
between the results of Huang et al. and the present research.

The Y,0;-Si;N, system maintains its strength at high
temperatures and shows high oxidation resistance, but the
application of the system has been limited partly due to
deterioration during long-term oxidation at 1000°C.!” The
deterioration has been attributed to volume expansion of
secondary phases such as Y,Si;O;N,. One of the methods to
solve this problem is the addition of rare earth oxides.'® For
this reason, the optimum composition in the first series was
chosen as Er,03;:M,0;=0.3:0.7 despite the slight decrease of
the sintered density compared to the samples containing
lower amounts of Er,0;.

In the second series, the densities of the sintered samples
were measured while varying the AIN: (Er,O;+ M,0;) ratio.
In this series, the Er,03;:M,0; ratio was fixed at 0.3:0.7 based
on the results of the first series. In both systems, the densifi-
cation was improved with increasing AIN content up to 60

Table 1. Relative Densities (RD) of the SAEY and SAES System
Samples after Sintering at 1,800°C for 3 h under 0.5 MPa N,

Mixing ratio by RD RD
SAES Mixing ratio by weight
weight (%) (%)

Series SAEY

A0 0.0:1.0=En0;:Y,0; 96.0 | A0 0.0:1.0=En0;:Sc;,0; 983

Al 0.1:0.9=En0;:Y,0; 93.6 Al 0.1:0.9=Er0;:S¢c,0; 98.6

A2 03:0.7=Er,05: Y05 93.6 | A2  03:0.7=Enr0;:Sc,0; 974

It

. A3 0.5:0.5=Er,0;: Y,0; 855 | A3 0.5:0.5=Er0;:Sc,0;  93.6
Series

A4 0.7:03=En0;:Y,0; 754 | A4 0.7:0.3=En0;:Sc,0;  90.8

AS 0.9:0.1=En0;:Y,0; 698 | AS 0.9:0.1 =En0;:Sc,0;  75.1

A6 1.0:0.0=En0;: Y,0; 713 A6 1.0:0.0=Enr0;:Sc,0; 713

Bl 0.8:02=EY:AIN 87.1 Bl 0.8:02=ES:AIN 89.0

B2 0.6:04=EY:AIN 90.2 B2 0.6:04=ES:AIN 923

Sez:es B3 0.4:0.6=EY: AN 93.6 B3 0.4:0.6=ES:AIN 97.4
B4 0.2:0.8=EY:AIN 83.1 B4 0.2:0.8=ES:AIN 86.5

B5 0.1:09=EY: AN 75.8 BS 0.1:09=ES:AIN 86.1

C1 5 mass% AEY 87.2 Cl1 5 mass% AES 99.1

C2 10 mass% AEY 93.9 C2 10 mass% AES 98.4

31 C3 15 mass% AEY 94.5 C3 15 mass% AES 97.8
Series ¢4 20mass%AEY 936 | C4 20mass% AES 974
Cs 25 mass% AEY 94.1 Cs 25 mass% AES 96.7

Ceé 30 mass% AEY 93.4 Cé 30 mass% AES 96.1

mass%. Both Al,0;-Y,0; and Al,0;-Sc,0; have eutectic
points near this composition (60 mass% AIN), which
explains the high relative density of Sialon with the B3 com-
position in Table 1.19:20 Accordingly, the optimum compo-
sition in the second series was determined as AIN: (Er,O;+
M,0;) =0.6:0.4 (B3 in Table 1).

In the third series, the relative density of the SAEY system
was nearly constant when the amount of additives was at
least 10 mass%, but that of the SAES samples decreased
gradually with an increase of the total amount of additives.

The deterioration of Si;N, at high temperatures has been
attributed to the softening of an amorphous grain boundary
phase. Therefore, many studies have been performed to
minimize the residual amorphous phase after sintering.2!
Decreasing the amount of sintering additive is one possible
solution to reduce the amorphous phase.??) Consequently,
the optimum compositions of the SAEY and SAES systems
in that respect are C2 (10 mass% ) and C3 (15 mass%),
respectively, as shown in Table 1.

The samples having these optimum compositions were
pressureless sintered at 1750°C or 1800°C under 0.1 MPa N,
for 3h (Table 2). Fused Si was formed at the surface of the
C2 samples sintered at 1800°C. At 0.1 MPa N,, the decom-
position of silicon nitride (Si;Ny — 3Si(1) +N,) has been
reported to occur above 1841°C,2 while the phenomenon
was observed at 1800°C in the present investigation. This is
due to the lower decomposition temperature of Sialon com-
pared to SizN4. Mitomo and Fukunaga reported the decom-
position reaction of Y-Sialon under 0.1 MPa N, as
follows:2¥

Yo.6(Sig 3, Al7) (Ogg, Nis.1)
—> 7.28i+0.6YSi, +2.7AIN +0.9SiO + 6.2N,.
(1)
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Table 2. Relative Densities (RD) of the SAEY and SAES System
Samples Prepared under Different Dintering Conditions using
Optimized Compositions (C2 and C3 in Table 1)

Sintering Condition SAEY RD(%) SAES  RD (%)
1750°C, 0.1 MPa N, gas, 3 h c2 93.6 C2 97.9
1800°C, 0.1 MPa N, gas, 3 h C3 94.4 C3 96.8
1800°C, 0.5 MPa N, gas, 3 h c2 93.9 C2 98.4
1800°C, 0.5 MPa N, gas, 3 h C3 94.5 C3 97.8
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Fig. 1. XRD patterns of the samples after sintering at 1800°C for
3 h under 0.5 MPa N, (V: o-Sialon, A: S-Sialon, H: Y,Si;O;N,,
OI Y4S]A10N, ‘: SiOZ, .I A13S102N3) .

They observed that reaction (1) began at 1700°C and became
intense at 1750°C and above. The present results indicate
that Sialon containing Er,O; and Sc,O; decomposes rather
distinctly at 1800°C under 0.1 MPa N, pressure.

The high temperature properties of Si;N, deteriorate
above 1400°C if Si is present in the sample.?® Accordingly,
the C2 composition was pressureless sintered at 1750°C.
Fused Si was not formed under this condition and the rela-
tive density was comparable to that of samples sintered at
1800°C under 0.5 MPa of N, pressure (Table 2). By the
optimization of the additive conditions, Sialon containing
refractory rare earth oxide additives could be densified under
0.1 MPa of N, pressure without suffering from decomposi-
tion.

3.2 Microstructure analysis
After sintering, the secondary phases of the SAEY and
SAES systems were analyzed by XRD (Fig. 1). 8-Sialon was
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Fig. 2. Lattice parameters of a-Sialon in the (a) SAEY and (b)
SAES system samples after sintering at 1800°C for 3 h under 0.5
MPa N,.

the main phase in all cases and «-Sialon was also observed
under some conditions. Watari et al. reported that the phase
transformation from «- to fS-Sialon was enhanced when
using Y,0j; instead of Er,O; because the liquidus temperature
and viscosity of Er,Os;-containing phases are higher than
those containing Y,05.29 However, the intensities of reflec-
tion for o-Sialon were not strongly affected by the Er,Os:
Y,0; ratio in the present investigation (Fig. 1). On the other
hand, «-Sialon was observed in the SAES system when the
amount of Er,O; was at least 30 mass% . The addition of
refractory Er,0; is believed to increase the viscosity of the
grain boundary phase of the SAES system. As a result, the
relative density of the system and the amount of f-Sialon
decreased with increases of the amount of Er,0; in the SAES
system.

Figure 2 shows the variation of the lattice parameters of
a-Sialon with increasing Er,05;:M,0; ratio. The lattice para-
meters of the SAES system increased proportionally to the
Er,0; content. In contrast to the SAES system, the lattice
parameters in the SAEY system did not vary significantly.
The ionic radii of Y3 and Er®* are very similar (Er’*:0.1
nm, Y*":0.101 nm) and, accordingly, the change of the
Er**:Y3" ratio did not influence the lattice parameters of
a-Sialon.”"® On the other hand, the lattice parameters of
the SAES system were strongly affected by the mixing ratio
due to the different ionic radii of Er** and Sc3* (Sci+:
0.0732nm).” The lattice parameters of f-Sialon were
reported to be not affected by the mixing ratio, because the
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Fig. 3. Microstructures of the samples after sintering at 1800°C for 3 h under 0.5 MPa N,: (a) SAEY Al, (b) SAES Al, (¢) SAEY A3 and

(d) SAES A3.

additives are not incorporated in the grain.?”

Figure 3 shows the microstructures of the SAEY and
SAES materials. Elongated §-Sialon grains were observed in
the SAEY samples and the microstructure was not strongly
affected by the Er,05:Y,0; ratio (Fig. 3(a), (¢)). In con-
trast, the formation of elongated S-Sialon grains was sup-
pressed with increasing amounts of Sc,0sin the SAES sam-
ples (Fig. 3(b), (d)). Both Y,O; and Er,0; have been
reported to promote the elongation of the Si;N, and Sialon
grains.?®-2 Thus, the morphology of the Sialon grains in
Fig. 3 was not strongly affected by the mixing ratio of the
two oxide additives. Elongated grains were also observed in
Si;Ny sintered with Sc,03,2® but the present results indicate
that among Er,O; and Sc,03, the former induces more dis-
tinct elongation of the Sialon grains.

The amount of liquid phase also affected the microstruc-
ture of Sialon (Fig. 4). Lee et al. reported that the increase
of the quantity of sintering additives promoted the forma-
tion of the f-phase and increased its aspect ratio, which
enhanced the strength and fracture toughness of Si;N,.3? In
the present investigation, enhancement of grain growth did
not occur significantly in the SAES system with additive
amounts up to 15 mass?%. On the other hand, strong grain
growth occurred when the additive content was above
this value (Fig. 4(d)).

3.3 Mechanical properties

The strength of the SAEY samples was not tested due to
their low relative density. Fig. 5 shows the strength of the
SAES samples with various Er,05:Sc,0; ratios and additive

amounts. The relative density and strength are directly relat-
ed to each other except for the sample Al (Fig. 5(a)). The
Al sample was rather dense (relative density, RD: 98.6% ),
while its strength was lower than that of the rather porous
SAES A3 sample (RD: 93.6% ). This result suggests that the
microstructure (Fig. 3(b), (d)) and/or composition of the
glass phase influence the strength of the SAES samples.

Although the amount of liquid phase increased rapidly
and grain growth became distinct when the additive content
was above 15 mass% (Fig. 4), such changes did not have a
strong influence on the SAES sample strengths (Fig. 5(b)).
Since the composition of the additives was the same in the
C1-C5 SAES samples, the result also indicates that the low
strength of the SAES Al sample described above is more
strongly attributed to the composition of the glass phase
rather than to the microstructural change.

Table 3 shows some mechanical properties of the SEAS
samples sintered under 0.1 or 0.5 MPa N,. The Young’s
modulus, hardness, and strength of the pressureless sintered
samples were slightly lower than that of the over-pressure
sintered samples, presumably due to their lower relative den-
sities. The fracture toughnesses of the samples were 5.2-6.2
MPa-m!/2, The pressureless sintered samples had higher
fracture toughness values than those sintered under 0.5 MPa
Nz.

Recently, Zhou et al. reported the pressureless sintering of
Sialon at 1750-1900°C with ALLO; and Y,0; additives.??) In
their report, the fracture toughness and hardness of the sam-
ples sintered at 1850°C were 6.2 MPa-m'/? and 17.6 GPa,
respectively. However, a Sialon with similar mechanical
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Fig. 4. Microstructures of the SAES system samples sintered at 1800°C for 3 h under 0.5 MPa N, with (a) 5, (b) 10, (¢) 15 and (d) 20 mass2%

additives (composition C1-C4 in Table 1).

properties could be obtained by pressureless sintering at
1750°C in the present investigation after the optimization of
the additive conditions.

3.4 Oxidation behavior

Figure 6 shows the weight gain of samples after oxidation
in air at different temperatures. Weight gain by oxidation
was not clearly observed in the SAEY samples up to 1200°C
in spite of their high porosity. At 1400°C, however, their
weight increased rapidly. They have open porosity due to
their low relative density. Once oxidation begins, the weight
gain of porous samples is expected to be faster than that of
dense bodies due to the high internal surface area. Raj et al.
reported that porous silicon nitride suffered from rapid
weight gain during oxidation until the pores were closed due
to volume expansion during the oxidation of Si;N,.3V

The SAES materials gained weight at 1200°C (Fig. 6(a)).
The SAES A0 sample suffered from rather rapid oxidation
at this temperature, while moderate oxidation was observed
in the SAES A2 system even at 1400°C. Er,O; clearly
improved the oxidation resistance of the SAES materials.

The amount of sintering additive also affected the oxida-
tion behavior of the Sialon samples tested in the present
investigation (Fig. 6(b)). The weight gain by oxidation
became distinct with the increase of the additive content. The
oxidation behavior of the SAEY materials was more suscep-
tible to the amount of liquid phase than that of the SAES
system at 1400°C.

Cristobalite (SiO,) was the only phase observed in the
silicate layer formed on the SAEY Al sample after oxidation.

134

In contrast, S-Sialon and Sc¢,SiO as well as cristobalite were
detected in the silicate layer of the SAES A1 sample (Fig. 7).
A Sialon phase was not detected in the SAEY samples
because the silicate layer was very thick. Intensive bubble
formation was observed in the silicate layer of the SAEY
materials.

The SAEY samples were heavily damaged after oxidation
at 1400°C. In contrast, the silicate layer formed on the SAES
system was thin and dense. Microcracks were formed
beneath the silicate layer parallel to the surface in the oxi-
dized SAES and SAEY samples (Fig. 8). The thickness of
the damaged area was about 100 um. Similar damage was
also observed by Lee et al. after the oxidation of Sialon using
MgO, ALO;, and Y,0; as sintering additives.?* OMeara and
Sjoberg reported that the oxidation reaction was not restrict-
ed to the silicate/Si;N, interface, but occurred simultaneous-
ly in the sub-scale region, which constitutes a very large
oxidation reaction zone.?® They also reported that pores
were detected both in the scale and in the sub-scale regions,
which is consistent with results of the present investigation.

The oxidation resistance of the pressureless sintered Sialon
was improved by the addition of Er,0O;. Among the tested
samples, the SAES C2 showed the best oxidation resistance.
However, although the weight gain of the SAES C2 sample
by oxidation was not significant at 1400°C, the sample
suffered from damage at the sub-scale region. The result
indicates that the mechanical properties of the samples may
decrease at 1400°C in air. Further investigation is required to
determine the maximum temperature for the application of
the Sialon prepared in the present research.
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Table 3. Flexural Strengths of the SAES System Samples Prepared
using Different Sintering Conditions and Optimized Compositions

L. Young’s Fracture
Sintering . Hardness  Strength
. Composition modulus toughness
Condition (GPa) (MPa) 12
(GPa) (MPa'm ™)
1750°C, 0.1 MP
) 310 15.6 468.8 6.1
Ny gas,3 h
1800°C, 0.1 MPa
C3 299 15.4 517.1 6.2
N, gas, 3 h
1800°C, 0.5 MPa
C2 310.8 16.0 505.8 5
Nygas,3h
1800°C, 0.5 MPa
Cc3 313 16.6 5329 52
N, gas,3 h

4. Conclusions

Sintering, and the mechanical and oxidation properties of
Sialon were investigated while varying the composition,
amount, and ionic radii of sintering additives. By optimizing
the additive composition, Sialon with a fair relative density
(97.9%) and strength (517 MPa) was obtained using pres-
sureless sintering. The lattice parameters of «-Sialon in the
SAES system were strongly affected by the mixing ratio of
Er,0; and Sc,03, while such behavior was not observed in
the SAEY system due to the similarity of the cationic radii of
Er** and Y3". The strength of the SAES system was affected
by the Er,0;:Sc,0; ratio, but was not strongly influenced by
the additive content. In both systems, the oxidation resis-
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Fig. 6. Weight gains of the SAES system samples with variations
of the (a) composition and the (b) amount of the additives after
oxidation at different temperatures for 72 h in air.
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Fig. 7. XRD patterns of the SAES Al sample after oxidation at
1400°C for 72 h in air. (@: SiO, (cristobalite), A: B-Sialon, [ ]:
SCzsiO7) .

tance was improved with increasing the mixing ratio of Er,O;
in spite of a decrease in the relative density. The weight gain
by oxidation was reduced when the amount of sintering addi-
tives was decreased.
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Fig. 8. Cross-sectional morphology of the SAES Al system sam-
ples after oxidation at 1400°C for 72 h in air.
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