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ABSTRACT

Chemically and geomelrically homogeneous mixing of SN, powders with sintermyg additives(YAG, 3Y:Q0,-
5AL,Q:) was attempted via coprecipitalion method. X-ray dot maps for Lhe additive elementls{Al and Y) showed
that the additives are eveniy distributed in the powder muxture prepared by coprecipitation method(CP). TEM
observation of Lhe coprecipitation-treated SN, powders revealed that they are covered with extremely fine
crystallites of additive. The shift in iscelectric point{(IEP) of SN, powders [rom pH 6.7 to pH 7.9 after coprecipi-
fation mixing gave another evidence [or coating of 5i;N, powders with YAG additives. SIMS analvsis for compo-
sition on the surface and 1n the matrix of mixed powders showed that the YAG additives are highly enriched
on the surface of coprecipitation-ireated 5i;N; powders, Especially when a small amount of addilive was used,
the effect of homoegeneous additive distribution on densification was perceptible: After pressureless-sintering
al powder compacts containing 5 mol% YAG at 1800T for 050, a sintered density of 96.5% theoretical was
obtained [rom the specimens prepared by coprecipitation m comparison with 93 8% froni the mechanically-mixed
ane.
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1. Introduction dilives due to ils strong covalent bonding character

and low volume diffusion coefficient even at high tem-

It is impossibie to obtain a complete densification perature, The mell which forms from the reactiom of
of SN, by pressureless sintermg without sintermg ad- additwves with nherent oxide layer on SiaM, powders
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enhances Lhe densification Lthrough a hguid-phase sin-
tering mechanism. However, most of this liqud phase
remains as glassy gram-boundary phase which affects
mgh temperature properties m a detrimental way.
Therefore, a small amount of sinlering additive 15 nee-
ded Lo reduce the amount of residual glassy phase.
Bul when a small amounl of additives are used, it is
difficull to mux them homogeneously with SN, pow-
ders. Inhomogenecus distnibulion of additives may
cause a formation of microstructural inhomogeneilies
in consequence ot undesirable sintering behaviors like
local densification and decrease in mechanical proper-
ties'?,

Other previous works on the surface characters and
the electrophoretic behavior of SiN, powders'™® have
poinfed out that SuN. powders have lughly negative
zeta-potential i high pH range and thereby lorm a sta-
ble suspension. This suggested the possiblity of a pre-
cipitation method [or additve doping onto the SN,
powders. Recently, several mvesligations have been
performed for the homogeneous mixing of SN, pow-
ders with additives (hrough precipitation from salf-so-
lution™ and hydrolysis of metal alkoxides!™ ',

Shaw et. al® added AlLO, and Y20 to SisN, through
precipuation of aluminium and yitrium salt-solution.
An improvement in the sinterabilify duc to a homoge-
neous disiribution of additives was obtained for the
precipitation-mixed powder in comparison wilth the
mechanically-mixed one. Kishi et al!® used a method
of Al-alkoxide hydrolysis tor the addition of ALy to
SigN, and obtained higher strength than for mechanica-
lly prepared powder mixiures. Similar results have
been reported by Greil et al.'V, where MgO and ALO,
were concurrenlly added also with use of alkoxides.

fo this work, an improved geometrical and chemical
homogeneity of sintering additive(3Y.05-24L0) m SN,
powders was studied by coprecipitation of melal hyd-
roxides from milratle salt-solution. The distribution of
additive elements(Al and Y) and the mixing homaoge-
neity were investigated with WDS(Wavelength Disper-

Tabie . Characteristics of SiNy Powders Used

sive Spectrometry) and SIMS{Secondary lon Mass
Spectromelry). As an alternalive way faor the same pur-
pose, zeta-potentials of SN, powders were measured
at different pH values and the change m 1soelectric
poinl{IEP} before and alter mixing was determined.
The sintercd properties such as sintered density, wei-
ght loss, and linear shrinkage were measured. Microst-
ructures ot sinlered powder compacls were chserved.

2. Experimental Procedure

Two different kinds of Si;N, powder mixtures were
prepared by coprecipilation of metal hydroxides from
nitrate salt-solutions(CP) and by conveniional mechani-
cal mxing{MM), respeclively. As an addilive, 3Y;0;-5
AlO:(YAG) compound was chosen, The additive conte-
nts were 5. 10 and 15 mol%. The characteristics of
the SLN,' used are given in Tahle 1.

Far preparation of powder mixiures through copre-
cipitation, a solutian of Y{NO/AUNO:), with 3'5 molar
ratio was spraved into a suspension of Si:N,; in NH.OH,
being stirred by mechanical agitation. The hqud inclu-
ding the residual veactant and the praduct(NH,*, OH"
and NO; ) was eliminated (rom the precipitation-trea-
led powder suspension through a repealed filtering
and washmyg with neutralized water and ethanol, Afier
drying at 1207 for 24 hr in air, powder mixtures were
calcined at 700°C {CPN?) and 9007 (CPN9) tor 1hr in
llowing N, gas. Hard agglomerates formed during dry-
g and calcining could be completely destroyed by
atirition in isopropanol for 1.5 hr, using 2.6 mm diame-
ler alumina balls. Mechancally mixed SiN, powders
with Y.0.® and ALO? were prepared in alirition mill
for 4 hr, also using alumina balls and 1sopropancl(MM).

Tao determine the homogeneity of additive distribu-
tions, analyses with WDS and SIMS were carried out.
As an mdirect method for the same purpose, zeta-pole-
ntial was measured?! for the as-received SisN,, the YAG
powders produced by coprecipiiation and the prepared
powder mixtures al various pH, respectively.

Element {wi%]

a-fraction J BET surface area

St N ] C e Al Ca (%) {m2/g)
59.30 3843 2, 0.17 0.2 (.05 001 =95 19.7
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Table 2. Results of Chemical Analysis for Composition of Als0: and Y>0,; in the YAG Produced by Coprecipitation

and the Prepared SUN, Powder Mixtures

g | —[ Caclulated Measured N Ditference
aimple
A V.0, ALO, V.0, ALO, Y.0,
YAG 429 57.1 42,5 568 —0D4 —0.3
5CPN9 4.4 34 2.1 04
23 3.0

5MM 4.1 3.1 18 a1
10CPNS 4.5 6.0 6.0 5.9 1.5 —0.1
15CPNg 5.8 9.0 3.7 3.5 14 —05

Prepared powder mixtures were cold-isostatically
pressed mio a cylindrical shape with a dimension af
14 mm diameter %12 mm height under a pressure of
200 MPa. Green densities were 55-~57%

which was calculated fram the rule of mixtures.

of Lheoretical

Sintermg was performed in a graphile [urnace at
various lemperatures(1500- 1800C Y under (.15 MPa N
-atmosphere in SNy powder hed. The furnace was
heated ap to 1000C with a heatmg rate of 50T /min
and then to the sintering temperature at 10°C /min.
The hald tine al simtering lemperature was 0.5 hr.
After sintering, weight loss, hnear shrinkage and sinle-
red densily were determmed. The phases were idenli-
fied by XRD® with a siep speed of 1.2°/mm. Powder
marphology and  mucrestructure of sintered bodies
were observed by TEM® and SEM’ after plasma-el-
ching®,

3. Results and Discussion

3.1. Chemical Composition and XRD Analysis

The compositions of AlJs and Y.0s in the YAG pow-
ders produced by coprecipitation and the 51Ny powder
mixtures with varous amounts of YAG were anaivzed.
The results are summarized in Tahle 2. The measured
composition of YAG powders shows that the copreopi-
tation reaction was successtully pertormed with a cor-

11128, Ho C. Starck, Berlin, FRG

2H, C. Starck, Berlin, FRG

?A-16G, Alcoa, Putshurgh, USA.
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Fig. 1. XRD pattern of coprecipitation-treated S1.N4 po-
wders comtaming 10 mol% YAG atter calcimng
al 9007 .

rect sloichigmetry. Bul. wrrespective of preparation me-
thods, all the SiN, powder mixtures have an excess
AlO, contenl than expected. whereas any remarkable
differences in Y:0; content are nol detected. Tlus ex-
cess ALO, seems to be resulted from the wear of mui-
ling media.

Fig. 1 shows the XRD patierns for the Si;N;-10 mol%a
YAG powder mixtures prepared by copreaiprtation and
calciming at 900C for 1 hr in flowing N. atmosphere.
In spite of the incomplete crystallization, the peaks co-
rresponding to YAG can be casily scen in the given
diffraction pattern.

3.2, X-Ray Dot Maps for Additive Elemenis

Distribution of additive elements(Al and Y) in the
prepared powder mixtures comtaining 10 mol% YAG
wag investigated with WDS, X-ray dot maps for Al and
Y on the surface of green compacts are given with
SEM unages 1 Fig. 2, The Al X-ray maps reveal that
Alq 15 evenly distributed n the coprecipitation-mixed
sample{CPN9, Fig. 2(a)), whereas Lhe locallv-concentra-
ted bright spots in Fig. 2(b} show that a local enrnich-
ment of AlLO; can occur m the mechanicaly-mixed one
(MM). Although the difference m Y-distnbution bet-
ween CPN9 and MM 1s not so noticeable as in the
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Fig. 2. SEM 1mages ol 5i;N; powder compacts containing 10 mol% YAG with X-ray dot maps for Alupper) and
Y(lower): Prepared hy (1) coprecipitation and {b) mechanical mixing.

case of Al, relatively many parlicles with no detection
spots for Y can be observed in MM.

3.3. TEM Observation of Coprecipitation-Treated
Si;Ny Powders

The morphology of coprecipitation-lreated SN, po-
wders with 5 mol% YAG was observed with TEM and
the resull is given m Fig. 3. Tt 18 clear that SigN; pow-
ders with a particle size of 0.2~05 pm are covered
with exlremely fine addilive crystallites. However, the
agglomerates composed ol additive crystallites only and
the surface of SiyNy free from additives are also obser-
vable. This means that a completely ideal coating of
SN, with additive was not still achieved.

Fig. 3. TEM image of coprecipitation-treated SiaN, 3.4. Zeta-Potential Measurement

powders with 5mol% YAG. It is well known (hat a modification of powder
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Fig. 4. Change in zeta potentials as a function of pH for
{a) as-received Si;N;, (b) YAG produced by cop-
recipitation and subsequent calcination at va-
rious temperatures, and (c) prepared powder
mixtures(CPN9 and MM) containing 10 mol%
YAG.

A 304 A 10 (1993)

surface character leads to the change ot zela-poten-
1i—1m

tials Based on Lhiz fact, some pretreatments ol
SLN; powders like surface oxidation'® or acid leaching!™
have been already attempted 1o obtan high negative
zeta-potentials in a high pH-range through an increase
in silanol sile density on the Si:N, surface. Such treat-
ments of SiyN, accompamed a shift n the isoelectrical
point(IEP) from pH 6~7 to pH= 2, which means a cha-
nge m surface character of Si;N: te that of 510, These
results indicale that the determination of change in
the IEP can be used for an evaluation ot coating state:
if the surface of 5i;N, powders was completely coated
with additives, the IEP of Si;N, powder mixtures will
be shifted to that of additive powders.

Curves in Fig. 4(a) and (b) show Lhe change in zela-
potentials for the as-received Si;N, and the YAG pow-
ders produced by coprecipitation as a function of pH,
respeclively. The YAG powders were calcined at 900°.
11007, and 1500C for 1h o awr. The as-received SisN,
powders have high negative zela-polenbials al above
pH 10 and an IEP at pH#&.7, which agrees well with
the resulls of other previous works'". The charge re-
versal of YAG powders calcmed at 900C occurs at
pH= 9.2, Here it should be noled thal the IEP of YAG
is shifled to lower pH with increasing calcination lem-
perature Such an elfccl of calcinalion temperature on
the change of IEP has been reporled also in olher
investigations on the surface charge of alumina®,
According to the explanationg given by lhem, the num-
ber of surface hydroxyl groups of oxides will be dec-
reased with calcination temperature to an extenl thal
a reversible rehydroxylation cannel take place.

Fig. 4(c) lustrates the zela-potential curves [or CPN
9 and MM powders. The IEPs determined from each
curves are pH 7.9 for CEN9 and pH 6.4 [or MM, respe-
ctively. An almost same IEP of MM as the starting
SitN, powders(pH 6.7) indicates thal 1l 15 mpossible
to mix additives in a form of coating by conventional
mechanical mixing. On the contrary, the change of IEP
from pH 6.7 to 7.9 for the CPN9 suggests that relali-
vely large parts of CPN9 powder surfaces are covered
with YAG additive(pH=9.2).

3.5, SIMS-Analysis
Compositions on the surface and in the malrix of

prepared powder mixtures were analyzed by secondary
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Table 3. Results of SIMS Analysis for Composition on the Surface and in the Matrix of Coprecipitation-Treated

and Mechanically-Mixed Si1N. Powder Mixtures

Additive Surface Matrix
Freparalion |- o oent | ALD, Y0, | SN | ALO, V.0, s, | B
MM 5 mol% 11 2.8 93.3 30 10 960 2
5 mol% 240 18.2 57.8 29 24 94.7 13
CPNo 10 mol% 33.7 390 27.3 8.3 95 82.2 12
15 mol% 23.8 36.9 39.3 8.0 126 79.4 a
Table 4. Sintering Results for Si;N, Powder Compacts Contaning Various Amounts of YAG Additive
e | e | Seecwmen | Amfm. (B | AL () D (glm) | RD ¢ TD)
1700C 10 mol% CPN7 199 18.1 3.172 96.4
CPNO 0.81 17.3 3,186 968
MM 0.69 15.6 3.190 56.9
15 mol% CPN7 299 154 3.246 97.1
CPN9 1.36 18.1 3.265 97.7
MM 045 155 3.284 98.2
1800°C 5 mol% CPN7 194 158 3.011 92.9
CPNG 1.85 17.0 3125 96.5
MM 102 144 3.038 a3.8
10 mol% CPN7 2.50 18.1 3.230 98.1
CPN9 1.34 177 3.224 98.0
MM 1.27 14.4 3243 585
15 mol% CPN7 313 185 3.283 08.2
CPNg 260 18.1 3.272 979
MM 0.83 15.2 3.288 98.4

ion mass spectrometry(SIMS) to evaluate the state of
additive distribution more quantitatively, It SyNs pow-
ders were complelely covered with the coprecipitated
additive particles, the compositicn of powder surface
is different [rom thal of the matrix. That is, for the
case of ideal coating. only the ions of additives(Al and
Y) have to be detected on the surface in the initial
slage of measurement. On the contrary, in case of me-
chanically-mixed powders, any difference in composi-
tion between on surface and in matrix cannol be dete-
cted because both SizN, and additive particles with a
nearly same size will be randomly positioned and Lhe-
reby the Si-ion of SulN, has to be delected together
with Al and Y even at the beginning of measurement.

On the basis of idea menlioned ahove, a so-called
'K [actor’ (or Coating Parameter) was calculated from

-834-

the measured intensity of Si(l;) and additive ions

(Laame) after the following equation:

Iz\ll[lnu.

IS]

(
(

where t is time after the starting of measurement. Af-

I

K

Idddl.\e

Is

Sl=w

ter t=x Lhe spullered depth exceeds the coating layer
and consequently the intensities will not change also
with further sputtering. Powders with K valuc ot 24
can be regarded as coated®.

Tahle 3 shows Lhe results of SIMS analysis for the
powder mixtures contaimmg 5, 10 and 15 mol% YAG.
As expected, high enrichment of additives on the pow-
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()

(b)

Fig. 5. SEM images of plasma-etched SisN, specimens containing (a) 10 and (b} 15 mol% YAG alter sintering
at 1800C for 0.5 hr, respectively(Upper ones: CPNG, lower: MM).

der surface 15 found [or the coprecipilation mixing(CP
series) and consequently all the CP samples show high
coating parameters of 6~ 13 depending on the additive
amount. However, the unexpected detecton of Sidon
also on the surface of CP powders imphes thal Lhere
are surfaces free from additives. The mechanically-mi-
xed powders{MM) have na diflerence in compuosttion
between the surface and the matrrx,

3.6. Sintering

Results (rom the sinlering experiments are summa-
rized wm Table 4 Wilthout exception MM specimens
show lower weight loss and iinear shrinkage than CP
powders. The difference in linear shrinkage between
MM and CP samples is based on the different sreen
density: The green density of MM(57%]) is higher by
2% theoretical than CP(55%). The highest weight loss
was obtamed generally in CPN7 powder compacts, This

304 10 501993

seems to be resulted from the iaster rehydroxylation
of oxide additives during the slorage due lo a lower
calcination tempoature than other powders. The effecl
of homogeneous mixing on the sintered density was
evident especially in case of the addition of 5 mol%
YAG The coprecipilation-lreated powder compacts
{(CPN9) show a sintered density of 96.5% theoretical
compared to 93.8% for the mechanically-mixed ones.
For specunens conlaining 19 and 15 mol% YAG, a no-
teworthy dillerence in sintered densily due 1o the pre-
paration method was not found. However, SEM images
al them after plasma-etching(Fig, 5} indicale that relali-
vely hemogenous microstructures can be formed in
CP specimens.

4, Discussion

Effectiveness of coprecipitation methed [or homoge-

-835-
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neous mixing of S1 Ny with sintering additives was pro-
ven from several expenimenial results, WDS-analysis,
TEM observation, zeta-polential measuremenl and
SIMS-analysis showed that SiN, powders can be coa-
ted wilth YAG addilive by coprecipitalion method, even
though a completely ideal coating could not be ohtai-
ned.

Such an incompleteness of ecoatng might be caused
either by nsufficiently optimized precipitation proces-
sing or by the specific surface character of Siil,. The
precipitation of hydroxide parhicles i 5i;N, suspension
can occur either homogenecusly by supersaturation ot
niirate salt-solutions or heterogeneously on SiN, parti-
cle surfaces. It 13 obvicus for a completely ideal coating
of SN, with precipitates that a homogeneous precipi-
tation must be avoided. However, in this experiment.
the tirst contact place of sprayed nitrate sall-solutions
is not necessarily the SisN; surfaces but the upper area
of suspension. It the precipitation occurs preferentially
on the upper area of the suspenson, the formation
and growth of precipitates can take place more easily
by homageneous reaclion rather than heterogeneous
precipitation on SN, particles. The more the amount
of additive, ie, the more concentrated the salt-solu-
tions are, the more favorahle a hemogeneous precipita-
tion can be. The decrease of K-lactor with increasing
additive content supports this assumption. As an ano-
ther reason [or an mcomplele coating, lhe damage of
addlitive coaling layer by the post-attrition for destroy-
ing the hard agglomerates can be given. Besides these
possibilrties, Lhe surface groups such as SINH, or S,
NH on Si;N; can provide the unfavorable sites for pre-
cipitation of metal hydroxides' "

As mentioned in 3.6, the improved mixing homoge-
neity nn CP specmens could not affect the sintered
density of speamens containing 10 and 15 mol% YAG.
In these cases an increased amount of ligud phase
can enhance the stering process so fast as the homo-
genenty effects are concealed. But the homogeneous
mixing of addilives mighl result 1n an even distribulion
of iquid phase and thereby hinder local reprecipitation
and growth of B-SuN,. The fine and homogeneous mic-
rostructure could be ohlained.

5. Conclusion

_836_

Cherucally and geometncally homogeneous mixing
of SuN, powders with sintering additives(YAG) could
be realized through coprecipitation of hydroxides from
nitrate solubion and subsequent calcination. X-ray maps
for additive elements showed that Al and Y are evenly
distributed in coprecipitation-treated powder mixture.
TEM observation of coprecipitation-treated powders
confirmed that SigN, particles are covered with fine
crystallites of additives The coating of SizN, particles
with YAG caused a shifting of isoelectric pont (IEP)
from pH#&.7 to pH7.9. SIMS analysis for composition
on surface and in the matrix of prepared powders sho-
wed that the surface ol caprecipitation-ireated powders
has considerably high conlent of additives.

The mixing homogeneity in coprecipitation-treated
powder mixture affected the densification of SN, es-
pecially when a small amount of additive(d mol%) was
used. A higher sintered densily of 96.5% theoretical
was obtained in coprecipitation-treated specimen com-
pared to mechanically-mixed one(93.8%). Although a
difference m smtered density due to the preparation
toutes could not be determmed for the powder mixtu-
res conlammng 10 and 15 mol% YAG, the microstructu-
ral developments seem Lo be favorahle in coprecipila-
lion mixing. The evenly distribuled additives in copre-
cipitation-treated specimens hindered a local reprecipi-
lalicn and growth of f-phase and consequently resulted

in fine and homogeneous microstructure,
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