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ABSTRACT

Partially stabilized alpha-sialon composition (X=0.1} powder was hot-pressed al 1800~ 20007 for 0~90min
with 30 MPa. Sintering hehavior, phase changes and mechamical properties for the specimens were studied,
As smtering temperature was raised from 1800 to 1900%, the relative density tended to increase and reached
99% of theoretical at 19007, However the amount of alpha-sialon decreased hecause alpha-sialon transformed
to beta-Sighly and yitrinm nch silicate glass. In the case of hot-pressing at 1900°C for various hmes, denstfication
increased wilh sintering time and full densification above 99% of theoretical was attained by 30 min. The amount
of alpha-sialon decreased with sintering time. The maximum strength of 825 MPa was obtained by hot-pressing
at 19007 for 60 min.
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I. Introduction

Silicon nitride has been well known for high-lempe-
rature applications because of its excellent thermal and
mechameal properlies at high temperatures. While the
covalenl nature of the silicon-nitrogen bond provides
silicon nitride with the attractive material properties
such as chemical mertness, igh hardness and stre-
ngth, it also linuls densification of powder compacls
without the addition of oxide sintering agents. Toge-
ther with the $i10; swrface layer on the silicon nitride
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particles, these additives form hguid phases at sinter-
ing temperatures which solhdify inte glass phases below
15007, on cooling. However, this glassy grain-boundary
phase degrades mechanical properties, paiticularly al
elevated temperature®,

Four approaches for reducng the glass phase con-
tent have been considered; (1) the development of de-
nsification processes which require less liguid phase®,
{2) postsintering treatments to alter the glass composi-
tion®, (3) posisinlering treatments to crystallize the
glassy compounds mm gram boundary™, and {4) transienl
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liquid-phase sintering where constituents of the glass
phase are incorporated into the silicon nitride grains
by sclid solution®,

A transient hquid phase sintering method was used
for the fabrication of beta-sialon ceramics by reaction
sutering in the Si-Al-0-N system. Alpha-sialon cera-
mijcs have received considerable interest m recent
vears. The general composition for alpha-sialon is M,
(8i, ADw(N, Ohs, where X<2 and M is a modifying
cation: M=Li*, Mg, Ca®, Y™, or lanthanide ion
other than La'" and Ce®* ™. It 15 guessed from the
compogition that alpha-sialon is also silicon nitride ba-
sed malerial prepared by the transient liquid phase
sintering method.

Y-a-Sialon 1s formed in the Y-Si-AI-O-N sysiem ac-
cording to the following reaction:

(4— LAXKISEN,+ X/2(YOh+ AN = YV (Siig a5, Alisy)
{Orse Nig-15.)

where, 0<X<0.38.

Alpha-sialons are divided into two kinds according
to the solubilly of yttrium: One is the fully-stabilized
alpha-sialon wihin 0.3<X<0.8, the ather is the partia-
lly-stabihzed alpha-sialon wilhin 0<X<0.3%.

In the range of partially stabilized alpha-sialon, stre-
ngth is improved as Lhe content of alpha-sialon decrea-
ses. An alpha-sialon composition powder with X<02,
however, shows poar sinlerability at temperatures lo-
wer than 1800C because the solution-precipitahion pro-
ceeds not much due to the little material transporl.
In general, mare than 5 wt% of oxide additive was re-
quired for densification by hot-pressing. In sinlering
of SN, at high temperature above 1800T, there is
weight loss due to thermal decomposition winch pre-
vents the densification of S1,N,-based materials. There-
fore, there is a maxium applicable sintering tempera-
ture in hot-pressing of SisNys. Previous work has been
performed below 18507, and lew cases were reproted
thal SisNy was hot-pressed at 1900C. The present pa-
per reports the sinlering behavior, changes of product
phases and mechanical properties of a partially stabiliz-
ed alpha-sialon ceramics (X=0.1) hot pressed al
1800~20007C for ~90 min with 30 MPa.

2. Experimental Procedure

2.1, Starting Materials
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Table 1. Composition of Specimen

wt(%) 94.781 3.237 1.982

The commercial powders of Si:N, (H.C. Starks, H1
Grade), Y0, (Aldrnich Chemial Co., 99.999% pure) and
AIN (H.C. Starks, A Grade} were used as starting ma-
lerials. The mixture of ihe starling composition pow-
ders {Table 1} was otamned by milling n a polyethylene
vessel with Si;N; media and anhydrous ethanol. The
mixture was dried at 110, and granulated by passing
through a 100 mesh Tyler standard screen.

2.2. Fabrication of Silicon Nitride Specimens and
their Examination

The mixtures were hol-pressed in a BN-coated gra-
phite die (34 by 34 mm) for O to ¥ min m fowing
nitragen gas, w the temperature rapge of 1800~ 2000
C. A pressure of 30 MPa was applied uniaxially th-
rough the graphite punches to the compact.

The amount of weight loss was claculated from wei-
ghts measured before and after hot-pressing, Afier the
surfaces af the hol-pressed specimens were ground
using diamond wheels of 140, 400 and 600 grit, the
displacement. densily 1 water was measared. Recla-
ngualy bars (approximanion dimension 4 by 3 by 34
mm) were cut n a plane perpendicular (o the hot-pres-
sing direction. The edges ol the sectioned bars were
chamfered (lenglhwise) lo prevent edge effecis. Flexu-
ral strenglh was measured by 3-poinl loading with a
30-mm span and a cross head speed of 0.5 mm/min
in air. More than live specimens were subjected to
flexural strength tests for each sintering condition. Vi-
ckers microhardness was measured using a diamond
Vickers indentier. The load and leading lime were 200
g and 5 sec, respeclively. The fracture toughness, Ky,
was measured using the mdentation method proposed
by Evans and Charles®. An indenter load of 10 Xg was
applied to lhe specimen for 5 sec,

The phases of hot-pressed specimens were determi-
ned by X-ray powder diffraction using Ni-fitered,
CuKo radiation The phase content of alpha- and beta-
5iN, were analyzed quantiatively according 1o Gazzara
and Messier method"”. Microstructures of the polished
surfaces of the hot-pressed specimens werc observed
by scanning electron microscopy after etchung for 25
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Fig. 1. Density of specimen sintercd at various tempe-
rature for 1h

to 60 sec in a malten NaOH,

3. Resulis and Discussion

The density change with sintering lemperature for
1h smtering time 18 given mn Fig. 1. The relative den-
sity increased as sintering temperature incrased from
1800 to 1900, and altained 99% of theoretical at 1900
T. It was difficult to mesure the densily of the speci-
men hot-pressed at 2000T due 1o sevgre thermal de-
compomtion. Fig. 2 shows that the phases analvzed by
XRD are hela-SisN; and alpha-Si:N, solid solution, indi-
cating that partially-stabilized alpha-sialon was formed.
It was found that the amount of alpha-sialon, however,
decreased as lemperature increased. The alpha-sialon
amount was 16.1% at 18007 and 10.5% at 18350T, res-
pecuively, and alpha-sialon was not observed at all at
1900, Suzuki ef @l reported that alpha-mialon was
stable below 1700C and iransformed to hela-SisN, slo-
wly by the solution-reprecipitation process at tempera-
tures higher than 1700T. Swintering temperatures in
this work were In an upstable region (1800~1900T)
for the [ormation of alpha-sialon, therefore it is thought
that with mcreasing hot-pressing temperature, the
amount of alpha-sialon was reduced hecause the yti-
rium component of the starting malerials formed a gla-
s8v phase in grain boundary instead of heing incorpo-
rated inlo the alpha-Si;N, lattice, This is m good agree-
ment with the results of SEM observation {or the poli-
shed surfaces of sintered bodies (Fig. 3). Light colored
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Fig. 2. X-ray diffrection paltern of specimen sintered
at various temperalure for 1h.
(a) 1800T (b) 18507 {c) 1900T

heterogeneties which were different from the matnx
were observed in micrographs of unetched polished
surface, The amount of light phase was found to inc-
rease with the sintering temperature. as shown in Fig.
3-1. However, after etching the light phase almost di-
sappeared, suggesting that these light phases were ytt-
rium rich silicate glass phase which could he removed
by etching, as can be seen in Fig. 3-2. Flexural strength
at room {emperature improved with increasing sintering
temperature due to the increased density, with the ma-
mimum flexural strength (825 MPa) was obtamned at
1900T of sinlering temperature (Fig.4). Fig. 5 shows
the vanation of fracture toughness and hardness with
gintering temperature. As sinlering lemperature nc-
reased [rom 1800 to 18507, traclure toughness increa-
sed [rom 4.9 to 55 MN/m* and the value at 1900%C
was aimost same with ihat of 1850T. On the other
hand, hardness increased as a sequence of 134, 17.2
and 17.6 GPa at 1800, 1850 and 15007, respectively
and the changes in hardness well agrees with that of
density.

The densification curve at 1900% as a function of
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Fig. 3-1. SEM micrographs of pohshed specimen sur- Fig. 3-2. SEM micrographs of polished specimen sut-

face sintered at various temperature for 1h [ace sintered at varicus temperature far 1h

hefore elching). (belore elching).

() 18007 (b) 180T () 19007C (a\ 18007 (b) 1850C (c) 19007
sintering time is given n Fig. 6. A relative density of seen in Fig 6. wilh the increase ol hot-pressing Lime
889 was obtained for specimens heated to 1900T then and a large increase in densiy was abserved in the
immediately cooled. Densification proceeded, as can he early part of sintering time, that is, wilhin 15 min. Full
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Fig. 4. Flexural sirength of specimen sintered al va-
rious temperature for 1h.
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densification ahove 99% of theoreiical densily was at-
tamed in about 30 mn. Although sintering time was
lenglhened to more than 30 min, density was not af-
lected by mare sintening time. This result is not in
agreement with that reported by Ishizawa et al." Where
1t was found thal the relative density of Y-a-Sialon
of X=0.1 was less than 98% up lo 2000T.

Little work has been reported for SisN; hol-pressed
as high as 1900T. Weight loss, wich is attributed (o
the thermal decomposition of silicon nitride at 1900C
(Fig. 73, closely parallels the density change (Fig. 6).
The maximum value of weight loss was 3.5 wi%, which
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g. 7. Weight loss of specimen sintered at 1900T as
a function of time.

means little effect on densification of silicon nitride.
It is, Lherefore, thought that dense Si;Ny ceramics can
be fabrcated by hotpressing at 19007 even if for
oxide sintering aids as low as 2 wi% Fig. & shows thal
the phases ol speamens change with sintering time.
The amount of alpha-sialon decreased with increasing
of hot-pressing time and remained as (races on XRD
patterns even after 30 min. This suggests, as can be
seen m Fig. 2 and 3, that alpha-sialon was ransformed
to bela-SiN. and yttrium rich slicate glass because al-
pha-sialon was unslable ar 1900%C. This 15 supported
by EDS 2nalysis of etched surfaces of hot-pressed spe-
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Fig. 8. X-ray diffrection pattern of specimen smtered
at 1900C as a function of time.

(@) 0rmn (5) 15min {¢) 30 min {d) 60 min (e)
90 min.

Table 2. EDS Analysis Resulls in Specimens Sintered
at 1900C as a Function of Soaking Tune

Soaking Time Chemical Composition (wl%) |
(min) SpN. | AN Y205
15 95.55 3.80 0.65
30 9n.73 3.78 0.49
90 | 95.83 | 3.69 0.48

(Al Specimens were Etched m NaOH Solution)

cimens (Table 2), which shows that the amount of ytt-
ria remaining after etching away the grain houndary
phase decreased with increasing sinterng lime. It is
assumed thal alpha-sialon was converled into beta-Sis
N, through the solution-reprecipitation process and the
yttrium from alpha-sialon lattice intersticial site segre-
gated to the grain bounderies and changed the compo-
sition of the glass phase. Fig. ¢ shows that flexural st-
rength at room temperature increases as sitering Lme
mncreases to 60 min, at which time maximum strength
of 825 MPa was obtained. With knowedge of density
changes depending on sintering time in Fig. 6 the stre-
ngth was increased to the 30 min with the ncreasing
of sintering time because the sintered body which has
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above 999 of relative density was acquired. And when
the strength of 30 min-sinlered body was compared
with that of 60 min-sintered body, it had ilitle higher
strength that 60 min-sinlered body got more grown
particles. As the body was sintered 90 min, it was
thought that the strength was decreased because the
excess growlh of particles was occurred. Fracture tou-
ghness and hardness curves with sintering time at
1900% are in Fig. 10. As sintering time passes, [racture
toughness decreases gradually and hardness increases
to 176 GPa al 30 min and remains constant at that
value up to 90min. Fig. 11 provides more understan-
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@

Fig. 11-1. 5EM micrographs of polished specimen surfaces sinlered al 1900T as a function of Lme (helore etching).
(2} O (b) 15mun (¢} 3¢ min () 60 min (e} 90 min

ding for the flexural strenglh trends. Many pores ol
1~2um can he seen on the unetched surfaces of Lhe
specimens sinlered for 0, 156 and 30 min at 19007, bul
lew pores are present at the sintering time of 60 and
90mmn These pores could act as flaws resulting 10
a decreased slrength, The specimens hol-pressed for
90 mun also have [ew pores on the unelched surlaces
but they had experienced the large grain growth up

A 207 A 2 5.(1992)

to about 10~15pm (Fig. 11-2), which was thought to
be respansible for lower flexural strength of the speci-
men sintered for 90 mm than that sintered for 60 min.

4. Conclusions

An alpha-sialon composiion wilh 94.78 wi% Si.N,,
3.24 wt% AIN and 198 wt% Y.0, could be hol-pressed
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{c)

(d)

Fig. 11-2. SEM micrographs of polshed specimen surfaces sintered al 18007 as a function of time (after ciching).
(a Omm (M 15min (&) 30 min (d) 60 pun {e) 90 mn

lo 99% of Lheoretical density at 1900C for 60 min at
30 MPa. As the sintering temperature increased from
1800 to 19007, the content of alpha-sialon decreased
because alpha-sialon transformed te heta-5i;N; through
the soluticn-reprecipitation process. In the case of hot-
pressing at 19007, densification proceeded with sinte-
ring time and a densily above 99% of theoretical was
attained after 30 mm. The content of alpha-phase dec-
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reased with smmlermg time. It is thought from 3EM
photographs and EDS analysis of the specimens aller
elching that alpha-sialon was converted to beta-5iN,
and Y-85i-Al-O-N glass. The maximum strength of 825
MPa was obtained by hot-pressmg at 1900% for 60
minFracture loughness and hardness of this sample
were 5.4 MN/m™ and 17.6 GPa, respectively.
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