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Abstract 

Sdtcon nttrtde was pressureless smtered at 1700- 
1800°C wtth hqutds m the ternary system MgO-AIN-  
SlO2, hqulds rich m mtrogen and htgh MgO content 
smtered readily, St3N 4 of  98% theoretwal denstty was 
obtamed Heat treatments of  the samples were carrted 
out to co'stalhse the gram boundary phase Htgh- 
temperature flexural strength,fracture toughness and 
creep of the samples were measured Increase m 
nttrogen content wtth constant MgO StO 2 ratto 
produced products wtth better thermomechanwal 
properttes Supertor products were obtained wtth htgh 
mtrogen and low MgO content m the smtermg hqutd 
due to a ~lower smtermg rate and acwular gram 
growth The best product had a flexural strength (4- 
pomt bending test, 40-20ram) of  490MPa and 
fracture toughness of  6 1 MPa m I/2 The creep stram 
rate and stress of  a sample smtered wtth a hquM with a 
high MgO content were 1 0 x 10- s h- 1 (at 1200°C) 
and 100 MPa, respecttvely 

Sthztummtrtd wurde drucklos zwtschen 1700 und 
1800~C mlt emer Flusstgphase des quastternaren 
Systems MgO-AIN-S tO  2 gesmtert Es wurden 
Dwhten yon 98% th D erzwlt, wobet Proben mtt emer 
Flusstgphase mtt hohen Stwkstoff und MgO-Gehalten 
eme schnellere Verdwhtung zetgten Warmebehand- 
lungen wurden zur Auskrtstalhsatton der Korn- 
grenzenphasen durchgefuhrt Auflerdem wurden 
Hochtemperaturbtegefesttgkett, -bruchzahtgkett und 
-krzechen der Proben untersucht Em Anstteg des 
Stwkstoffgehaltes bet konstantem MgO StO2-Ver- 
haltnts fuhrte zu besseren thermomechamschen 
Etgenschaften Dze besten Produkte ergaben swh mtt 
hohen Stwkstoff- und germgen MgO-Gehalten m der 

* To whom all correspondence should be addressed 

Flusstgphase wegen der hterdurch verrmgerten Smter- 
rate und dem stengelformtgen Kornwachstum Dw 
hochsten Festtgketten (Auflager 40-20 mm) betrugen 
490 MPa und der KRC=61MPam 1/2 Dw Krwch- 
dehnungsrate fur eme gesmterte Probe mtt hohem 
MgO-Gehalt betrug 1 0 x 10- s h- x bet 1200°C und 
emer Belastung yon 100 MPa 

Le nltrure de slhclum a btO frtttO naturellement entre 
1700 et 1800°C en phase hqutde dans le systkme 
ternazre MgO-AIN-SI02,  les hquldes rwhes en azote 
et h haute teneur en MgO permettent un frittage plus 
rapMe, on obtwnt une densztb relatwe de 98% Les 
kchantlllons ont btb soumts h des trattements therml- 
ques en rue de crtstalhser la phase mtergranulalre La 
rkslstance h la flexton ~ haute tempbrature, la tbnacltk 
et la rbslstance au fluage des bchantdlons ont ktb 
mesurOes Une augmentatton de la teneur en azote h 
taux MgO StO 2 constant ambhore les proprtbtbs 
thermomkcamques De medleurs produtts ont btk 
obtenus gt fame d'un hquzde h haute teneur en azote et 
fatble teneur en magnbsw, en ratson d'une vttesse de 
frtttage plus Jatble et d'une crotssance amsotrope des 
grams Le mellleur produtt prbsente une rbststance gtla 
rupture en flexton (4 pomts, 40-20 ram) de 490 MPa 
et une tbnacltb de 6 1 M P a m  1/2 La vttesse de fluage 
d'un kchanttllon frtttb avec une phase hqutde gt haute 
teneur en magn~sw est de 1 0 x 10- s h- 1 ~ 1200oc 
sous une contramte de 100 MPa 

1 Introduction 

Early studies of  slnterlng of  SIaN 4 used MgO as a 
liquid forming agent 1.2 This hquld, present at the 
gram boundaries ,  affects the hlgh-ternperature 
mechanical properties of  slntered S13N4, as, at high 
temperature ,  3 It behaves  like a viscous fluid 
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Table 1. Composmons of hquld smtermg aids for smtenng SI3N 4 (see also Fig 1) 

Batch Composztton Addltton (mol % ) 
(wt% Sl3N 4 d- wt% hqmd) 

MgO AIN StO 2 

Ltqutd composmon Composmon 
(wt%) 

of N 2 m hqutd 

P3 91SlaN 4 + 9M2S 100 - -  

P4 77S13N 4 + 23PGI0 30 4 32 6 
P8 79SI3N, , + 21PG8 10 40 
Pl2 79S13N, , + 21PG1 27 40 2 

- -  Mg2s 6S114 3057 2 nil 
37 Mg12 8S115 6Ala3 sO4,t oNIs s 9 57 
50 Mg4 oSI2o oAlt600,,4 oN16 o ! 1 10 
32 8 Mgl l  6Sq,, 1AI1730393Nx73 ! I 97 

Terwllhger and Lange 4 presented a model of pressure- 
less sintenng of SIaN 4 with 5% MgO, showing that 
pore growth due to decomposition causes a decrease 
in the driving force for sinterlng with consequent 
stoppage of shrinkage Several other oxides of Y, Ce, 
Zr, La and Sm have been tried later as smtenng aids 
to improve the thermomechanlcal properties of the 
product 5-12 Post-slnterlng heat treatment reduces 
the amount of glassy phase as it precipitates a 
refractory phase at the grain boundaries This 
improves the high temperature properties. Glachello 
et ai, t3 using 8% Y203 and 1% MgO as sintenng 
aid, obtained a 44% increase in strength at 1125°C 
upon devitrificatlon Work on other liquid slntertng 
systems, V1Z Y 2 0 3 - A 1 N - S 1 0 2 1 4 ' 1 s  and C e 2 0  3 -  

A1N-S102,16 also showed Improvement m strength 
and fracture toughness of pressureless slntered 
S I a N  4 upon post-sintermg heat treatment Tsuge 
and co-workers, 17'1s using Y203 and (Y203+ 
A1203) ,  obtained yttrium aluminlum garnet (YAG) 
as a grain boundary crystalline phase only when 
Y203 Al203 >_ 2, which improved the mechanical 
properties Masakl and KamigaIto 19 slntered SI3N 4 
with MgO, A 1 2 0  3 and spinel separately, and observed 
that the best sIntermg and strength was achieved 
with a mixture of MgO, A120 3 and spinel In a simi- 
lar attempt, Rablnovlch et a120 obtained the best 
slnterlng (95%) and MOR (350-400 MPa) with 15% 
spinel The grain boundary phase was either a glass 
or a Mg-Al-splnel Slnterlng of SIaN 4 with a 
nitrogen-rich liquid phase has been studied 21"22 to 
increase the viscosity of the gram boundary glassy 
phase at h~gh temperature and to precipitate out 
SI3N 4 and other crystalline phases from the hquld 
on reaction or by a post-slntermg heat treatment. 

This paper deals with the pressureless slnterlng of 
SI3N 4 with liquids selected from the system MgO- 
A1N-SIO2 The formation of glasses and melts in 
this system and their behaviour is &scussed. A1N 
was selected as one of the raw material to introduce 
N 2 into the system to take advantage of the 
r e a c t i o n  23 

4 A1N + 3 SIO2 = SIaN4 + 2 A120 a (1) 

The MgO-SIO:-A120 a phase diagram indicates 

that MgAI204 (m p 2138°C) spinel may form by 
further reaction ofAl20 3 with the MgO In the batch 

MgO + Al203 = MgO AI203 (2) 

Two principles were followed in selecting the 
composition of the liquid (a) the composition 
should be away from the region where complete 
vitrification occurs and (b) the composition should 
lie around the line MgO-(4 A1N 3 S102) in order to 
precipitate out MgAl204 either during slntermg or 
upon post-slnterlng heat treatment Only one 
composlhon of the externally added slntering aid 
had the molar ratio corresponding to forstente 
(2MgO SIO2) (see Composition 1, Table 1 and 
Fig l) The aim of the present work is to densffy 
SI3N 4 with a predetermined nitrogen-rich hquld 
composition which devitrifies easily, forming refrac- 
tory crystalline products The slnterlng behavlour 
and thermomechanlcal properties, both of the 
as-slntered and heat-treated samples, are reported. 

2 Experimental Procedure 

L a b o r a t o r y - p r e p a r e d  S I3N 4 having (%) N, 38 63 _+ 
052, O, 22___03, Ca, 0053, Mg 001, Na, 0084, Fe, 
0 138, ~-S13N4, 86, and surface area 8 78 m 2 g-I  was 
used The other raw materials were MgO (E. Merck, 
Dermstadt, FRG, >97% Fe, 0 005, Ca, 0 3, Na, 0 2, 
K, 0 005%), A1N (Starck 'A', Goslar, FRG C, 0-05, 
Fe, 0 l, A1, 65 5, N, 32 5%) and $102 (Hesla Mineral, 
Ranchl, India, optical grade, >999%" Fe20 3 
0 004%) Different liquid slnterlng aid compositions 
are given in Table 1 and Fig 1 The surface SIO 2 
(4 lw t%)  In SIaN 4 was taken into account dunng 
preparation of the batch composmon The compo- 
nents were weighed to _001  g, and 100g of the 
batches were attrited in n-hexane using alumina 
balls and pot Alumina pick-up in each gnndlng of 
3h was about 0 5wt%. The powder was sieved 
through a 200-mesh sieve and dried For the 
slntenng study, cylindrical pellets of dimension 
15 5 mm diameter x 14 5 mm height were prepared 
at 200 MPa isostatlc pressure Sintenng studies were 
generally done at 1700°C for 20 mxn with an average 
temperature rise of about 30°C min- 1 Temperature 
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AI.N A $i02 
Fig 1 MgO-AIN-SIO2 ternary dmgram showmg glass 
compositions (mol %) and the glass-forming zone below 1650°C 

O, Crystalhne phase, (3, glassy phase 

Measurement  o f  the strength of  the samples 
was done by 4-point bending using 4 0 m m  total 
span and 20mm constant  bending moment  span 
(40 mm-20  mm) Bars of  size 45 mm x 4 5 mm × 
3 5 mm were ground to 600-mesh emery powder  and 
then polished wlth 2/ lm diamond paste The loading 
rate was 1 25 N s - I  Fracture  toughness (K¢) was 
measured with the same bars by the single edge 
notched bend technique No tch  thickness was 
generally 0 2 mm and a/w varied from 0 2 to 0 65 
with notch radius R values from 0 25 to 0 4mm,  
where a is the notch length and w is the sample width 

Measurement  of  creep strain rate (g) of  the 
samples P3 and P4 was done under  flexure with test 
bars of  the same dimensions as In the M O R  
measurement  The temperature  and stress were 
varied from l l 00  to 1300°C and 75 to 300MPa,  
respectively 

and shrinkage were plotted by a two-pen X - Y  
recorder For  other  studies, bars of  size 6 7 m m  × 
17mm x 15mm were prepared f rom the green 
powder  at different isostatlc pressures They were 
fired at 1700-1800°C for 30-60 mln to obtain better 
denslfiCatlon Sintering was carried out  in a graphite 

resistance-heated furnace in a BN-coated graphite 
crucible using a packing of  SIaN 4 powder  In a pure 
nitrogen atmosphere Details of  the preparat ion are 
given in Table 2 The change in dimensions was 
measured up to 0 01 mm and densities by the water 
Immersion method Crystalhsatlon of  the samples 
was generally carried out at 1330°C in pure nitrogen 
for 24h The phases present in uncrystalhsed and 
crystallised samples were determined by X R D  using 

a CUK~ target 

3 Results and Discussion 

3.1 Sintering 
The glass-forming zone in the M g O - A I N - S 1 0  2 
system is shown in Fig 1 The zone close to SiO 2, VlZ 
PG6,  PG9  and PG12, forms clear and complete 
glasses but this tendency decreases as the amount  of  
nitrogen in the glass composi t ion In terms o f  A1N 
Increases 24 The curved line separates the zone of  

composit ions which, when cooled, formed complete 
glasses at 1650°C from those which did not  The 
composit ions In the zone to the left of  the line 
generally yielded different crystalline phases in the 
melt, depending upon composi t ion The melting 
point also increased with the nitrogen content  of  the 

composit ions Thus, as the composi t ion approached 

Table 2. Observations made during smtermg of silicon mtnde 

Batch A rerage lsostatw Smtermg Slntermg Linear Ecaporatton Ftred Phases 
Fur[ace area pressure temperature r ime shrml~age loss densttv 

(meg -1 ) (MPa) (cC) (ram) (%) I%) (Mgm -3) As-smtered Crystalhsed 

P3 12 51 95 1 700 40 20 70 4 61 3 03 fl-Sl3N 4 fl-Sl3N4, 512N20 
285 1 700 40 1942 091 3 12 

P4 1046 143 ! 650 60 1805 5 16 302 fl-Sl3N 4 fl-Sl3N4, Sl2N20 
143 ! 700 60 19 18 1 40 3 13 
143 l 750 60 19 68 2 57 3 07 
143 1 800 60 18 00 3 82 2 98 
429 1 700 60 13 75 2 07 3 02 

P8 14 30 285 1 800 30 17 58 2 74 3 06 fl-Sl3N 4 fl-St3N 4, SI2N20 (tr), 
other (tr) 

P12 10 68 285 1 750 60 13 28 21 22 2 87 fl-Sl3N 4 fl-Sl3N4, SI2N20 , 
285 1 800 30 16 32 1 51 3 10 MgAI204, other 

The &ffractogram of the as-smtered sample when compared with the KCI showed a slight shift of the 200 peak of fl-SlaN4, whereas for 
the other two peaks (101 and 210) the shifts were irregular It was therefore assumed tf there was any formation of sohd solution of 
SI3N 4 with alumina to form slalon the amount of substitution would be very low 
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the A1N corner, a more refractory gram boundary 30 
phase was expected to form Compositions PG13 
and PG14 did not melt at all, even at 1750°C, due to 
the high A1N content Compositions for liquid 
sinterlng aids were selected from outstde the 
complete glass-forming zone which could yield 20 

crystalllsed grain boundary phases during cooling ;~ 
after slnterlng or upon heat treatment The compo- ua 

o 
SltlOn ofhquid slntermg aids is  expected to alter very 
little at high temperature as the dissolution of S I a N  4 _z 

tv" 

would be low i n  a mtrogen-rich llqmd The " 
tn 10 

compositions are tabulated in Table 2 
The dynamic slntering data of the P4 and P12 

composmons are plotted m F]g 2(a) and (b) A small 
shrinkage of  1% was observed at 1110°C with the 
P12 composmon Thereafter the smtering of  par- 
ticles increased, the maximum rate of wbach was 4.63 
and 5 1 mln -~ at 1592 and 1640°C for P4 and P12, lo00 
respectively The higher percentage of liquid in P4 
(23wt%) was probably responsible for the higher 
reaction rate as observed from the peak heights of a0 -Mg 
P12, as compared with P4, which contained 21 wt% 
llqmd At this stage, the shrinkage may be attributed 
to both a particle rearrangement and a solution 
reprecipitatIon mechanism The shift of maximum 
sinterlng rate for P12 to 1640°C was probably due to 
the htgher nitrogen content of the composition with ,., 2o o 
consequent higher wscosIty 

The slntering of samples was performed for _z 
r r  

different periods at fixed temperatures (Table 2) For " 
P3 the slnterlng additive corresponded to the 
composition of forsterlte (M2S) The melt formed 10 
with this composttlon can sinter SI3N 4 well at 
1700°C in 40mln The fired density was 3 12gm 
cm -a, which was almost 98% that of S13N 4 The 
maximum density obtained by Terwllllger and Lange 
using 5wt% MgO was 86% of the theoretical at 
1570°C after 46min wtthout pressure 4 and almost Olooo--,~ 
theoretical after 4 h  at 1650°C wtth pressure 1 
DenslfiCatlon occurs, according to them, by rapid 
rearrangement of grams upon formation of the 
eutectlc hquid which has a very low contact angle of  
only 5 ° With the hquld composmon PG10, 98% 
denslfication was achieved at 1700°C in 1 h This 
liquid composition contained relatively high 
amounts of  MgO and SIO2, and a lower amount  of 
AIN The effect of high temperature (1750-1800°C) 
on consohdatton was deleterious due to decom- 
posttlon of  the mtrogen-contammg hqutd. At lower 
temperature (1650°C) the amount  of  llqmd phase 
was not large enough to sinter the product to its full 
density At 1700°C the liquid can produce 95% 
dens~ficatlon within 3 man The composmon of  PG8 
had a h]gher amount  of  A1N (40 mol %) and a lower 

MgO-AIN-S=02 
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Fig. 2. Dynamic smtermg study of (a) P4 and (b) PI2 
composmons One small dw~sJon on x-axss represents 2 mm 

amount  of MgO (10mol%) This hquld could 
produce an approximately 96% dense material in 
30 mln at 1800°C PG1, containing the same amount  
of AIN as PG8 but having a higher MgO (27 mol %) 
and a lower SIO2 (32-8 mol %) content, could slnter 
P12 to 97% of the theorettcal denstty under the same 
conditions 

3.2 Phases  obtained after crystail isation 
The lmtlal crystalhsatlon trial earned out at 1200, 
1330 and 1400°C for 24h in pure mtrogen showed 
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that the best temperature for crystalhsat~on was 
1330°C Crystalhsatlon products  obtained are 
shown in Table 2 The composmon P3 yielded only 
S~2N20 on crystalhsat~on On crystalhsat~on the 
compositions P4 and P12 produced another phase 
with d values of 3 55 and 3 50A in addmon to 
$12N20 It may be noted that the hquld of  
composition P12 lying on the MgO-A join of Fig 1 
IS close to P4 which contains liquid PG10 In 
addition, a small amount  of Mg-Al-spmel was 
observed in the crystalhsed product of  P12 It may be 
noted further that In most of the cases Mg- 
containing crystalline phases &d not precipitate, 
indicating that Mg remained m the mtrogen glasses 
where It acts as a network former The P8 compo- 
sition yielded a very small amount  of 512N20 and 
some unidentified phases with d values of 4040, 
3 121 and 2 304~ Although the liquid content was 
23 wt% the peak heights were very small, indicating 
that the amount  of crystalhne phase precipitated 
was small This composition lies towards the SlO 2 

corner with low Mg content and the glass is expected 
to be more stable The observation suggests that for 
easy crystalhsatlon of the grain boundary llqmd the 
composition should be selected from the left side of 
the MgO-A join (Fig 1) 

3.3 Microstructure 
The mlcrostructure was examined by SEM after 
etching polished surfaces with NaOH at 350°C for 
30s Pohshlng was done Initially up to 600-mesh 
emery powder and finally with 2 pm diamond paste 
on a pohshmg disc Figures 3, 4 and 5 show the 
mlcrostructures of P3, P4 and P8 samples, respec- 
tively The grains m P3 and P8 are generally 
elongated, with P8 having the higher aspect ratio, 
the grains in P4 are more equlaxed P4 and P8 
contained 23 and 21wt% llqmds, respectively This 

Fig. 3. Mlcrostructure of P3 sample 

Fig. 4 M~crostructure of P4 sample 

Fig 5. Mlcrostructure of P8 sample 

is reflected in Figs 4 and 5 The distribution of the 
liquid is found to be even m the P8 sample 

4. Mechanical Properties 

4.1 Flexural strength 
The flexural strength of sintered samples is shown m 
Fig 6 The P3 sample smtered with the hquld on the 
MgO-SIO 2 binary and not containing mtrogen 
showed a low strength of 300MPa The flexural 
strength of the samples increased as nitrogen was 
introduced m the smtermg hquld The P4 and P12 
samples had almost the same MgO SIO2 ratio but 
the amount  of mtrogen m the sintering liquids was 
13 8 and 17 3 a tom%, respectively Both showed 
higher strength than P3 P12, having a higher 
nitrogen content, was superior to P4 in strength 
Low MgO content and the presence of nitrogen both 
make the hquld less reactive A slow solution 
reprec~pltatIon favours preferential growth m the c- 
direction Such liqmd wxll be also more viscous than 
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Fig. 6. Vanatmn of flexural strength of V, P3, fq, P4, II, P4 
crystalhsed, A, P8, A, P8 crystalhsed, and ©, P12 samples with 

temperature 

that of P4 and P12 because of the presence of a high 
amount  of  nitrogen and $10 2 As a result P8 could 
not be smtered to full density in a short t~me at 
1750°C hke the other composmons but reqmred 
1800°C The mlcrostructure of  P8 showed preferen- 
tml growth in the c-direction, glwng rise to an 
interwoven aclcular m~crostructure which resulted 
in superior mechanical properties In contrast, the 
m~crostructure of  the samples containing a hqmd 
w~th a h~gher MgO $102 ratio w~th or w~thout 
nitrogen, such as P3 and P4, showed relatively 
equmxed grams with consequent lower strength and 
toughness Liquids with a high MgO content had 
high reactivity, for example, P4 could be smtered to 
over 95% density in 3 mm at 1700°C 

Composmon P12 had almost the same MgO 
S~O 2 ratm but higher mtrogen content than P4 and 
was superior to ~t both at room temperature and at 
high temperature m flexural strength Th~s compo- 
smon also lay on the MgO-A join (Fig 1), where 
Mg-alummate (MgO A1203) was expected to form 
After crystalhsatlon P4 and P8 showed 33 and 29% 
~mprovement m flexural strength, respectwely, at 
1000°C (Table 3) 

The rate of  decrease of  MOR above 800°C for P4 
and P8 was lower above 1000°C, probably because 
of  dewtnficatlon of the gram boundary phase 
occurring during testing above IO00°C 

4.2 Fracture toughness 
The fracture toughness (K~c) of  three composmons is 
plotted m Fig 7, both at room temperature and at 
higher temperatures Room-temperature fracture 
toughness values of the composmons were depend- 
ent upon the nitrogen content of the glassy smtermg 
rod, which increases the hardness of the gram 
boundary glass 25.26 The value of K~c was low m the 
case of  the P3 sample, probably due to the absence of  
mtrogen K~c values increased as the amount  of  
mtrogen in the gram boundary glass of  the samples 

Table 3. Fiexural strength of uncrystalhsed and crystalhsed 
samples 

Sample Flexural strength (a) (MPa) 

Room temperature 1000°C 
(15-20°C) 

O"1o % 

O'RT 

P4 330 177 041 
P4crystalhsed 300 223 074 

P8 487 240 049 
P8 crystalhsed 483 380 0 78 

was increased The value of K~c at higher tempera- 
ture fell drastically m the P4 sample, and was also 
greatly reduced for P3 and P8 samples The highest 
fracture toughness obtained was 6 1 M P a m  1/2 for 
sample P8, which Is comparable (6.0 MPa ml/2) Is to 
that of a sample smtered with a hqmd m the Y 2 0 3  - 

A1N-S10 2 system having an almost similar molar 
composmon m glass but with 11 wt% hqmd content 
The reasons are d~scussed m the previous section 
Fracture toughness of  crystalhsed P4 showed a 
lower value than the original sample at room 
temperature but exceeded the value of the uncry- 
stalhsed sample at about 900°C and remained higher 
above thin temperature Variation of K~c of  cry- 
stalhsed P4 was also much less than for uncrystal- 
hsed P4 Thus the good effect of grain boundary 
crystalhsatlon was estabhshed The value of  K~c for 
the P8 sample was 5 3 M P a m  ~/2 at 1200°C, due to 
the h~gh mtrogen content of the gram boundary 
glass which is itself tough 25 

At and above 1000°C, the stress-strata behawour 
of the P3 and P4 samples was also non-hnear This 
type of non-hneanty was an in&cation of plastic 
flow which ultimately leads to the occurrence of slow 
crack growth 27 

4.3 Creep 
Creep data for the P3 and P4 samples are tabulated 
m Table 4 and plotted m Fig 8 The samples were 

gE6 

o 

soo idoo ~oo 
TEMPERATURE ,'12 

Fig. 7. Vanatlon of fracture toughness of ~, P3,/k, P4, A, P4 
crystalhsed, and C), P8 samples w~th temperature 
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Table 4 Da ta  on  creep behawour  of  P3 and  P4 samples 

Composition Temperature Stress 
(°C) (MPa) 

Duration Creep Steadv-state n Actwatton 
(h) stram rate creep stram energy 

(h -1 x 10 -6) (h -1 x 10 -6) (kJmo1-1) 

P3 

P4 

1 150 75 10 0 2  0 2  
t 200 175 57 0 45 0 45 
1 200 200 40 0 5 0 5 
1 200 300 53 3 3 2 2 
1 300 100 92 2 1 0 79 
1 300 150 78 3 0 2 1 
1 300 200 96 8 1 4 0 

( l l O 0  75 28 18 18 
i 50 75 20 4 2 4 2 
200 75 20 10 10 

3o 
303 

311 

tested between 1100 and 1300°C at loads varying 
between 75 and 300MPa The values of the stress 
exponent (n) obtained for P3 was 3 at 1200°C and 
2 4 at 1300°C As these values were far from 1, the 
creep may be controlled by non-Newtonlan flow of 
hquld at the gram boundaries Activation energaes 
of the P3 and P4 compositions calculated from an 
Arrhemus plot (Fig 9) were 303 kJ mol-  1 at 200 MPa 
m the temperature range 1150-1300°C and 312 kJ 
mol-  1 at 75 MPa between 1100-1200°C, which are 
slmllar to those quoted m the hterature 28,29 

5 Conclusions 

(a) Denslficatlon of $13N 4 to over 98% theoretical 
density was achieved with a liquid composition 
selected from outside the glass-forming region m the 
system MgO-A1N-SIO 2 

(b) The refractory MgAI20 4 phase could be 
crystalhsed out from the gram boundary glass of 
smtered $13N 4 (P12) when the hquld composition 
(PG1) lay on the tie-line MgO-(4A1N 35102) In 
other c a s e s  512N20 was the phase crystalhsmg out 
during heat treatment 

(c) Llqmds m the system MgO-AIN-SIO 2 having 
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less than 10 mol % MgO and greater than 40 mo1% 
AIN produced slntered products (P8) with good 
mechamcal properties at high temperature 

(d) Llqmds containing around 30mo1% MgO 
(PG10) were very reactive and could slnter SIaN 4 to 
over 95% of the theoretical density m 3mm at 
1700°C However, the smtenng range appears to be 
very small 

(e) Heat treatment resulted m an improvement m 
strength at 1100°C as high as 33% 
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