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Abstract

Silicon nitride was pressureless sintered at 1700-
1800°C with hquids in the ternary system MgO—-AIN-
810,, hiquids rich in nitrogen and high MgO content
sinteredreadily, Si;N, 0of 98% theoretical density was
obtained Heat treatments of the samples were carried
out to crystallise the grain boundary phase High-
temperature flexural strength, fracture toughness and
creep of the samples were measured Increase in
nitrogen content with constant MgO S$10, ratio
produced products with better thermomechanical
properties Superior products were obtained with high
nitrogen and low MgQO content in the sintering hquid
due to a slower sintering rate and acicular grain
growth The best product had a flexural strength (4-
pomnt bending test, 40-20mm) of 490 MPa and
fracture toughness of 6 1 MPam*'?* The creep strain
rate and stress of a sample sintered with a iquid with a
high MgO content were 10x 1073 h™! (at 1200°C)
and 100 M Pa, respectively

Sthziumnitrid wurde drucklos zwischen 1700 und
1800°C mut ewner Flussigphase des quasiternaren
Systems MgO-AIN-510, gesintert Es wurden
Dichtenvon 98% th D erzielt, wober Proben mit einer
Flussigphase mit hohen Stickstoff und MgO-Gehalten
eine schnellere Verdichtung zeigten Warmebehand-
lungen wurden zur Auskristallisation der Korn-
grenzenphasen durchgefuhrt  Auferdem wurden
Hochtemperaturbiegefestigkert, -bruchzahigkeit und
-kriechen der Proben untersucht Em Anstieg des
Stuckstoffgehaltes ber konstantem MgO S:10,-Ver-
haltmis fuhrte zu besseren thermomechanischen
Eigenschaften Die besten Produkte ergaben sich mit
hohen Stickstoff- und geringen MgO-Gehalten in der

* To whom all correspondence should be addressed

Flussigphase wegen der hierdurch verringerten Sinter-
rate und dem stengelformigen Kornwachstum Die
hochsten Festigkeiten ( Auflager 40-20 mm) betrugen
490 MPa und der Kyc=61MPam'’? Die Kriech-
dehnungsrate fur eine gesinterte Probe mit hohem
MgO-Gehalt betrug 10 x 10"°h™* bet 1200°C und
etner Belastung von 100 M Pa

Le mitrure de sitlicium a été fritté naturellement entre
1700 et 1800°C en phase hquide dans le systeme
ternaire MgO—-AIN-S10,, les hquides riches en azote
et a haute teneur en MgO permettent un frittage plus
rapide, on obtient une densité relative de 98% Les
échantillons ont été soumis a des traitements thermi-
ques en vue de cristalliser la phase intergranulaire La
résistance a la flexion a haute température, la ténacité
et la résistance au fluage des échantillons ont été
mesurées Une augmentation de la teneur en azote a
taux MgO S:10, constant améliore les propriétés
thermomécaniques De meilleurs produits ont été
obtenus a I'aide d'un liquide a haute teneur en azote et
faible teneur en magnésie, en raison d'une vitesse de
frittage plus faible et d'une croissance anisotrope des
grains Le meilleur produit présente une résistance a la
rupture en flexion (4 points, 40-20 mm) de 490 M Pa
et une ténacité de 6 1 MPam''? La vitesse de fluage
d'un échantillon fritté avec une phase hquide & haute
teneur en magnésie est de 10x 10™°h™' a 1200°C
sous une contrainte de 100 M Pa

1 Introduction

Early studies of sintering of S1;N, used MgO as a
hquid forming agent 2 This hquid, present at the
grain boundaries, affects the high-temperature
mechanical properties of sintered S1;3N,, as, at high
temperature,® 1t behaves like a viscous fluid
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Table 1. Compositions of liquid sintering aids for sintering Si1,N, (see also Fig 1)

Batch Composition Addition (mol %) Liquid composiion Composition
(wt% Si;N, + wt% hquid) (wt%)
MgO AIN $10, of N, m hquid
P3 91S1;N, +9M,S 100 — — Mg, 65114 3057 5 nil
P4 7751,N, +23PG10 304 326 37 Mg;2 851,5 6Al;13 8044 0Nis3 s 957
P8 79S1;N, + 21PG8 10 40 50 Mg, 65120 0Al6 0044 oNis o 1110
P12 79S1;N, + 21PG1 27 402 328 Mg, 65114 1Al17 3034 3N 7 5 1197

Terwilhiger and Lange* presented a model of pressure-
less sintering of S1;N, with 5% MgO, showing that
pore growth due to decomposition causes a decrease
in the drniving force for sintering with consequent
stoppage of shrinkage Several other oxides of Y, Ce,
Zr, La and Sm have been tried later as sintering aids
to improve the thermomechanical properties of the
product 3712 Post-sintering heat treatment reduces
the amount of glassy phase as 1t precipitates a
refractory phase at the grain boundaries This
improves the high temperature properties. Giachello
et al ** using 8% Y,0; and 1% MgO as sintering
aid, obtained a 44% increase 1n strength at 1125°C
upon devitrification Work on other iquid sintering
systems, viz Y,0,-AIN-S10,'4!5 and Ce,0;-
AIN-$10,,!¢ also showed improvement 1n strength
and fracture toughness of pressureless sintered
Si1;N, upon post-sintering heat treatment Tsuge
and co-workers,!”!® using Y,0,; and (Y,0,+
Al,O;), obtained yttrium alumimium garnet (YAG)
as a grain boundary crystalline phase only when
Y,0; Al,05>2, which improved the mechanical
properties Masaki and Kamigaito!? sintered S1;N,
with MgO, Al,O, and spinel separately, and observed
that the best sintering and strength was achieved
with a mixture of MgO, Al,O; and spinel In a simi-
lar attempt, Rabinovich et a/ 2° obtained the best
sintering (95%) and MOR (350-400 MPa) with 15%
spinel The grain boundary phase was either a glass
or a Mg-Al-spinel Sintering of Si;N, with a
nitrogen-rich iquid phase has been studied?!+?? to
increase the viscosity of the grain boundary glassy
phase at high temperature and to precipitate out
S1;N, and other crystalline phases from the liquid
on reaction or by a post-sintering heat treatment.

This paper deals with the pressureless sintering of
S1;N, with liquids selected from the system MgO-
AIN-S10, The formation of glasses and melts in
this system and their behaviour 1s discussed. AIN
was selected as one of the raw matenal to introduce
N, mto the system to take advantage of the
reaction?3

4 AIN + 3810, = S13N, + 2Al,0, 1)
The MgO-810,-A1,0; phase diagram indicates

that MgAl,0, (mp 2138°C) spinel may form by
further reaction of A1,0, with the MgO 1n the batch

Two principles were followed 1n selecting the
composition of the hquid (a) the composition
should be away from the region where complete
vitrification occurs and (b) the composition should
lie around the ine MgO—4 AIN 3 $10,) 1n order to
precipitate out MgAl,O, either during sintering or
upon post-sintering heat treatment Only one
composition of the externally added sintering aid
had the molar ratio corresponding to forsterite
(2MgO S10,) (see Composition 1, Table 1 and
Fig 1) The aim of the present work 1s to densify
S;;N, with a predetermined mitrogen-rich hquid
composition which devitrifies easily, forming refrac-
tory crystalline products The sintering behaviour
and thermomechanical properties, both of the
as-sintered and heat-treated samples, are reported.

2 Experimental Procedure

Laboratory-prepared Si1;N, having (%) N, 38 63 +

052,0,224+03,Ca, 0053, Mg 001, Na, 0084, Fe,
0138, a-S1;N,, 86, and surface area 8 78 m2 g~ ! was
used The other raw materials were MgO (E. Merck,
Dermstadt, FRG, >97% Fe, 0005, Ca, 03, Na, 02,
K, 0005%), AIN (Starck ‘A’, Goslar, FRG C, 0-05,
Fe, 01, Al 655,N, 32 5%)and S10, (Hesla Mineral,
Ranchi, India, optical grade, >999% Fe,0,

0004%) Dafferent hquid sintering aid compositions
are given 1n Table 1 and Fig 1 The surface S10,
(41wt%) m Si;N, was taken into account during
preparation of the batch composition The compo-
nents were weighed to +001g, and 100g of the
batches were attrited 1n n-hexane using alumina
balls and pot Alumina pick-up in each grinding of
3h was about 05wt%. The powder was sieved
through a 200-mesh sieve and dried For the
sintering study, cyhindrical pellets of dimension
15 5mm diameter x 14 5Smm height were prepared
at 200 MPa 1sostatic pressure Sintering studies were
generally done at 1700°C for 20 min with an average
temperature rise of about 30°C min~! Temperature
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Fig 1 MgO-AIN-S510, ternary diagram showing glass
compositions (mol %) and the glass-forming zone below 1650°C
@, Crystalhne phase, O, glassy phase

and shrinkage were plotted by a two-pen X-Y
recorder For other studies, bars of size 67 mm x
17mm x 15mm were prepared from the green
powder at different 1sostatic pressures They were
fired at 1700-1800°C for 30-60 min to obtain better
densification Sintering was carried out 1n a graphite
resistance-heated furnace in a BN-coated graphite
cructble using a packing of S1;N, powder 1n a pure
nitrogen atmosphere Details of the preparation are
given in Table 2 The change in dimensions was
measured up to 0 01 mm and densities by the water
mmmersion method Crystallisation of the samples
was generally carried out at 1330°C 1n pure nitrogen
for 24h The phases present in uncrystallised and
crystallised samples were determined by XRD using
a Cuy, target

Measurement of the strength of the samples
was done by 4-pomnt bending using 40mm total
span and 20mm constant bending moment span
(40mm-20mm) Bars of size 45mm x 4 Smm X
3 5mm were ground to 600-mesh emery powder and
then polished with 2 um diamond paste The loading
rate was 125Ns~! Fracture toughness (K,) was
measured with the same bars by the single edge
notched bend technique Notch thickness was
generally 0 2mm and a/w vaned from 02 to 065
with notch radius R values from 025 to 04 mm,
where @ 1s the notch length and w1s the sample width

Measurement of creep strain rate (§) of the
samples P3 and P4 was done under fiexure with test
bars of the same dimensions as in the MOR
measurement The temperature and stress were
varied from 1100 to 1300°C and 75 to 300 MPa,
respectively

3 Results and Discussion

3.1 Sintering

The glass-forming zone in the MgO-AIN-Si10,
system 1s shown 1n Fig 1 The zone close to $10,, viz
PG6, PG9 and PG12, forms clear and complete
glasses but this tendency decreases as the amount of
nitrogen 1n the glass composition in terms of AIN
increases 2* The curved line separates the zone of
compositions which, when cooled, formed complete
glasses at 1650°C from those which did not The
compositions 1n the zone to the left of the line
generally yielded different crystalline phases in the
melt, depending upon composition The melting
point also increased with the nitrogen content of the
compositions Thus, as the composition approached

Table 2. Observations made during sintering of silicon mtnde

Baich  Average Isostatic  Sitering  Sintering Linear  Evaporation  Fired Phases
surface area  pressure temperature time shrinkage loss density
(m2g™h (M Pa) cC) (mn) (%) (%) (Mgm™3)  As-sintered Crystallised

P3 1251 95 1700 40 2070 461 303 B-Si;N,  f-Si;3Ng, Si,N,0
285 1 700 40 19 42 091 312

P4 1046 143 1650 60 1805 516 302 B-S1;N,  B-S1,N,, Si,N,0
143 1700 60 1918 140 313
143 1750 60 19 68 257 307
143 1800 60 1800 382 298
429 1700 60 1375 207 302

P8 14 30 285 1800 30 1758 274 306 B-S1;N,  B-S13N,, S1,N,0 (tr),

other (tr)

P12 1068 285 1750 60 1328 2122 287 B-Si;N,  B-Si3N,, S1,N,0,

285 1800 30 16 32 151 310 MgAlLO,, other

The diffractogram of the as-sintered sample when compared with the KCl showed a shight shift of the 200 peak of §-S1;N,, whereas for
the other two peaks (101 and 210) the shifts were irregular It was therefore assumed 1f there was any formation of sohd solution of

S13N, with alumina to form sialon the amount of substitution would be very low
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the AIN corner, a more refractory grain boundary
phase was expected to form Composttions PG13
and PG14 did not melt at all, even at 1750°C, due to
the high AIN content Compositions for hquid
sintering aids were selected from outside the
complete glass-forming zone which could yeld
crystallised grain boundary phases during cooling
after sintering or upon heat treatment The compo-
sition of hquid sintering aids 1s expected to alter very
little at high temperature as the dissolution of S1;N,
would be low 1mn a mitrogen-nich lhiqmd The
compositions are tabulated 1n Table 2

The dynamic sintering data of the P4 and P12
compositions are plotted in Fig 2(a) and (b) A small
shrinkage of 1% was observed at 1110°C with the
P12 composition Thereafter the sintering of par-
ticles increased, the maximum rate of which was 4-63
and 51 mm~! at 1592 and 1640°C for P4 and P12,
respectively The higher percentage of hiquid in P4
(23 wt%) was probably responsible for the higher
reaction rate as observed from the peak heights of
P12, as compared with P4, which contained 21 wt%
liquid At this stage, the shrinkage may be attributed
to both a particle rearrangement and a solution
reprecipitation mechanism The shift of maximum
sintering rate for P12 to 1640°C was probably due to
the higher nitrogen content of the composition with
consequent hgher viscosity

The sintering of samples was performed for
different periods at fixed temperatures (Table 2) For
P3 the sintering additive corresponded to the
composition of forsterite (M,S) The melt formed
with this composition can sinter Si;N, well at
1700°C 1n 40min The fired density was 3 12gm
cm” 3, which was almost 98% that of S1;N, The
maximum density obtained by Terwilliger and Lange
using 5wt% MgO was 86% of the theoretical at
1570°C after 46 min without pressure* and almost
theoretical after 4h at 1650°C with pressure’
Densification occurs, according to them, by rapid
rearrangement of grains upon formation of the
eutectic liquid which has a very low contact angle of
only 5° With the liquid composition PG10, 98%
densification was achieved at 1700°C n 1h This
liquid composition contained relatively high
amounts of MgO and S10,, and a lower amount of
AIN The effect of high temperature (1750-1800°C)
on consolidation was deleterious due to decom-
position of the nitrogen-containing liquid. At lower
temperature (1650°C) the amount of liquid phase
was not large enough to sinter the product to 1ts full
density At 1700°C the liqud can produce 95%
densification within 3min The composition of PG8
had a higher amount of AIN (40 mol %) and a lower
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Fig. 2. Dynamic sintering study of (a) P4 and (b) P12
compositions One small division on x-axis represents 2 min

amount of MgO (10mol%) This hquid could
produce an approximately 96% dense material 1n
30 min at 1800°C PG1, containing the same amount
of AIN as PG8 but having a higher MgO (27 mol %)
and a lower S10, (32-8 mol %) content, could sinter
P12 t0 97% of the theoretical density under the same
conditions

3.2 Phases obtained after crystallisation
The mmitial crystallisation trial carned out at 1200,
1330 and 1400°C for 24 h 1n pure mitrogen showed
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that the best temperature for crystallisation was
1330°C Crystallisation products obtained are
shown 1n Table 2 The composition P3 yielded only
S1,N,0O on crystalhisation On crystallisation the
compositions P4 and P12 produced another phase
with d values of 355 and 350A n addition to
S1,N,O It may be noted that the liqmd of
composition P12 lying on the MgO-A join of Fig 1
1s close to P4 which contains hqud PG10 In
addition, a small amount of Mg-Al-spinel was
observed in the crystallised product of P12 It may be
noted further that in most of the cases Mg-
contamning crystaliine phases did not precipitate,
indicating that Mg remained in the nitrogen glasses
where 1t acts as a network former The P8 compo-
sition yielded a very small amount of S1,N,O and
some umdentified phases with d values of 4040,
3121 and 2304 A Although the hquid content was
23 wt% the peak heights were very small, indicating
that the amount of crystaline phase precipitated
was small This composition lies towards the S10,
corner with low Mg content and the glass 1s expected
to be more stable The observation suggests that for
easy crystallisation of the grain boundary hquid the

composition should be selected from the left side of

the MgO-A join (Fig 1)

3.3 Microstructure

The microstructure was examined by SEM after
etching polished surfaces with NaOH at 350°C for
30s Polishing was done imitially up to 600-mesh
emery powder and finally with 2 um diamond paste
on a polishing disc Figures 3, 4 and 5 show the
microstructures of P3, P4 and P8 samples, respec-
tively The gramns in P3 and P8 are generally
elongated, with P8 having the higher aspect ratio,
the grains 1n P4 are more equaxed P4 and P8
contained 23 and 21 wt% hquids, respectively This
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Fig. 3. Microstructure of P3 sample

Fig 5. Microstructure of P8 sample

1s reflected 1n Figs 4 and 5 The distribution of the
liquid 1s found to be even in the P§ sample

4. Mechanical Properties

4.1 Flexural strength

The flexural strength of sintered samples 1s shown 1n
Fig 6 The P3 sample sintered with the hquid on the
MgO-Si0, bimnary and not containing nitrogen
showed a low strength of 300 MPa The fiexural
strength of the samples increased as nitrogen was
introduced 1n the sintering iquid The P4 and P12
samples had almost the same MgO S10, ratio but
the amount of mitrogen 1n the sintering liquids was
138 and 17 3atom%, 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 liquid less reactive A slow solution
reprecipitation favours preferential growth in the c-
direction Such liquid will be also more viscous than
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Fig. 6. Vanation of flexural strength of %7, P3, (1, P4, A, P4
crystallised, A, P8, A, P8 crystallised, and O, P12 samples with
temperature

that of P4 and P12 because of the presence of a high
amount of nitrogen and S10, As a result P8 could
not be sintered to full density in a short time at
1750°C hike the other compositions but required
1800°C The microstructure of P8 showed preferen-
tial growth in the c-direction, giving rise to an
interwoven acicular microstructure which resulted
in supenor mechanmical properties In contrast, the
microstructure of the samples containing a hqud
with a higher MgO S10, ratio with or without
nitrogen, such as P3 and P4, showed relatively
equiaxed grains with consequent lower strength and
toughness Liquids with a high MgO content had
high reactivity, for example, P4 could be sintered to
over 95% density in 3mn at 1700°C

Composition P12 had almost the same MgO
S10, ratio but higher nitrogen content than P4 and
was supertor to 1t both at room temperature and at
high temperature 1n flexural strength This compo-
sition also lay on the MgO-A join (Fig 1), where
Mg-alummate (MgO Al,0;) was expected to form
After crystallisation P4 and P8 showed 33 and 29%
improvement 1n flexural strength, respectively, 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 dewitnification of the grain boundary phase
occurring during testing above 1000°C

4.2 Fracture toughness

The fracture toughness (Kj¢) of three compositions 1s
plotted 1n Fig 7, both at room temperature and at
higher temperatures Room-temperature fracture
toughness values of the compositions were depend-
ent upon the mtrogen content of the glassy sintering
aid, which increases the hardness of the gran
boundary glass 23:2° The value of K. was low 1n the
case of the P3 sample, probably due to the absence of
nitrogen K- values increased as the amount of
nitrogen 1n the grain boundary glass of the samples

Table 3. Flexural strength of uncrystalhsed and crystallised
samples

Sample Flexural strength (6) (M Pa)

0100,
Room temperature  1000°C Ort
(15-20°C)
P4 330 177 041
P4 crystalhised 300 223 074
P8 487 240 049
P8 crystallised 483 380 078

was increased The value of K¢ at higher tempera-
ture fell drastically in the P4 sample, and was also
greatly reduced for P3 and P8 samples The highest
fracture toughness obtained was 6 1 MPam!/? for
sample P8, which 1s comparable (60 MPam!/?)!5 to
that of a sample sintered with a hquid n the Y,0;-
AIN-S10, system having an almost similar molar
composition in glass but with 11 wt% liquid content
The reasons are discussed 1n the previous section
Fracture toughness of crystallised P4 showed a
lower value than the onginal sample at room
temperature but exceeded the value of the uncry-
stallised sample at about 900°C and remained higher
above this temperature Vanation of K. of cry-
stallised P4 was also much less than for uncrystal-
lised P4 Thus the good effect of grain boundary
crystallisation was established The value of K. for
the P8 sample was 53 MPam'/? at 1200°C, due to
the high nitrogen content of the grain boundary
glass which 1s itself tough 23

At and above 1000°C, the stress—strain behaviour
of the P3 and P4 samples was also non-linear This
type of non-lineanity was an indication 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
in Table 4 and plotted 1n Fig 8 The samples were

2]
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FRACTURE TOUGHNESS, MPamv?
N

500 1000 00
TEMPERATURE ,°C

Fig. 7. Vanation of fracture toughness of ¥/, P3, A, P4, A, P4
crystallised, and O, P8 samples with temperature
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Table 4 Data on creep behaviour of P3 and P4 samples

11

Composition Temperature Stress Duration Creep Steady-state  n  Acuvation
cO) (MPa) (h) strain rate  creep strain energy
(B % 107%) (h™' % 107°) (kJ mol™*)
1150 75 10 02 02
1200 175 57 045 045
1200 200 40 05 05 30
P3 1200 300 53 33 22 303
1300 100 92 21 079
1300 150 78 30 21 24
1300 200 96 81 40
1100 75 28 18 18
P4 {1150 75 20 42 42 311
1200 75 20 10 10

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

5 Conclusions

(a) Densification of S1;N, to over 98% theoretical
density was achieved with a hiqud composition
selected from outside the glass-forming region in the
system MgO-AIN-S:10,

(b) The refractory MgAl,O, phase could be
crystallised out from the grain boundary glass of
sintered Siz;N, (P12) when the liquid composition
(PG1) lay on the tie-line MgO—-4 AIN 38:10,) In
other cases S1,N,O was the phase crystallising out
during heat treatment

(c) Liquids 1n the system MgO-AIN-S10, having

1t 1300°C/ P3 °C

2 3
Logp(STRESS, MPa)

Fig. 8 Vanation of steady-state creep strain rate (¢) of stress
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Fig. 9. Activation energy for creep of P3 and P4 samples
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less than 10 mol % MgO and greater than 40 mol %
AIN produced sintered products (P8) with good
mechanical properties at high temperature

(d) Liquids contaiming around 30mol% MgO
(PG10) were very reactive and could sinter S1;N, to
over 95% of the theoretical density in 3min at
1700°C However, the sintering range appears to be
very small

(e) Heat treatment resulted 1n an improvement 1n
strength at 1100°C as high as 33%
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