Available online at www.sciencedirect.com

SciVerse ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 32 (2012) 1925-1932

Grain boundary glasses in silicon nitride: A review of chemistry, properties
and crystallisation

Stuart Hampshire *, Michael J. Pomeroy

Materials and Surface Science Institute, University of Limerick, Limerick, Ireland

Available online 18 January 2012

Abstract

Silicon nitride for engineering applications is densified by liquid phase sintering using oxide additives such as yttria and alumina. The oxynitride
liquid remains as an intergranular glass. This paper provides a review of microstructural development in silicon nitride, grain boundary oxynitride
glasses and effects of chemistry on properties. Nitrogen increases Ty, viscosities, elastic moduli and microhardness. These property changes are
compared with known effects of grain boundary glass chemistry in silicon nitride ceramics where significant improvements in fracture resistance
of silicon nitride can be achieved by tailoring the intergranular glass chemistry.

Crystallisation of the grain boundary Y-Si—Al-O-N glass phase can improve properties. Nucleation and crystallisation of a Y-Si—Al-O-N
glass, similar to that found in grain boundaries of silicon nitride densified with yttria and alumina, can be optimised to form different Y-disilicate

polymorphs at different temperatures. One solution to provide a single disilicate phase over a range of temperatures is discussed.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction — microstructural development in
silicon nitride

Silicon nitride-based ceramics including SiAIONs are impor-
tant structural materials that have been for many years the focus
of extensive research effort.!~1> These ceramics possess high
flexural strength and fracture toughness, high hardness, excel-
lent wear resistance and low creep deformation up to 1350 °C.
These properties arise from the development of microstruc-
tures through the processing of the ceramic by liquid phase
sintering! ™ which results in full densification and formation
of high aspect (length to diameter) ratio (3-Si3Ny grains sur-
rounded by a grain boundary glass phase leading to excellent
fracture toughness and high strength.3~12

Sintering of silicon nitride is carried out at 1750-1900 °C
under a nitrogen atmosphere (0.1-10 MPa). Sintering additives,
such as yttria (or various lanthanide oxides) and alumina, are
mixed with a-Si3Ny powder particles which possess surface lay-
ers of silica. The oxides react with this silica and some of the
nitride itself at sintering temperatures to form an oxynitride lig-
uid which promotes densification by solution—precipitation.'~*
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The oo — B transformation in silicon nitride requires a lattice
reconstruction. This type of process occurs when the trans-
forming material is in contact with a solvent, in this case a
Y-Si—Al-O-N oxynitride liquid phase. The greater solubility
of the less stable a form drives it into solution after which it
precipitates as the less soluble, more stable 3 form in excess of
1400°C.3#

A systematic study of pressureless sintering kinetics for
silicon nitride ceramics* applied the Kingery liquid-phase sin-
tering model'* in which three stages are identified:

(1) Particle Rearrangement following formation of the initial
liquid phase, where the rate and the extent of shrinkage
depend on both the volume and the viscosity of the liquid;
the volume depends on the total amount of oxide additives
while the viscosity depends on additive (e.g. Y203:Al,03)
ratios; this stage is also the incubation period for the o — 3
transformation.*

(2) Solution—diffusion—reprecipitation, where, according to
Kingery, shrinkage is given by:

AV
Vo

where ¢ is time and n=3 if solution into or precipitation
from the liquid is rate controlling,3’4 as is the case for lower

o /" (1)
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viscosity liquids with additives such as MgO or low Z lan-
thanide (Ln) oxides, and n =5 if diffusion through the liquid
israte-controlling, as is the case for high Zlanthanide oxides,
where diffusion through a more viscous oxynitride liquid is
much slower.* The a — B transformation begins during this
stage and proceeds by dissolution of o and precipitation of
Si and N onto existing 3 grains, which grow in the longi-
tudinal direction as prismatic hexagonal rod-like crystals
that eventually impinge on each other forming an inter-
locked microstructure. With lower viscosity liquid phases,
the transformation proceeds when densification is almost
complete and is enhanced by high N solubility within the
liquid phase.*!°

(3) Coalescence or elimination of closed porosity and grain
growth, during which the liquid acts to promote further
growth of the (3 grains but this critically depends on
the liquid-phase composition, established by the additives
used, and also the use of high o or high 8 content pow-
ders or B seeds, all of which have a significant impact
on phase transformation, microstructural development and
densification.>”'> After cooling, the liquid remains as an
intergranular phase, usually a glass, according to the fol-
lowing:

a-Si3Ng + Si0y 4+ Y203 + Al O3
—  B-Si3Ng + Y-Si—Al-O-N phase 2)

Fig. 1 shows a scanning electron micrograph of silicon
nitride sintered with 6 wt.% yttria and 2 wt.% alumina'® in
which can be seen high aspect ratio 3-Si3N4 grains surrounded
by a Y-Si—Al-O-N grain boundary glass phase (white). For

Fig. 1. Scanning electron micrograph of silicon nitride densified with 6 wt.%
yttria and 2 wt.% alumina.
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Fig. 2. TEM micrograph of silicon nitride showing a triple point (TP) glass
pocket and intergranular glass film (IGF) between two B-Si3Ny grains.

silicon nitrides sintered with different amounts and ratios of
Y203:Al,03 to the same level of porosity with the same grain
size, both fracture toughness and aspect ratio of the (3 grains vary
with composition in the same way, showing that more elongated
rod-like crystals have better resistance to crack propagation.'?
As the grain boundary composition changes, the aspect ratios of
[ grains vary and grain coarsening also occurs as sintering time
or temperature is increased.

Various Ln oxides,!!"!2 with either alumina or MgO, have
also been investigated as sintering additives for silicon nitride
and this allows the development of different types of microstruc-
tures and, hence, properties by modifying the chemistry of the
sintering liquid phase. Valuable insights can be gained by high
resolution transmission electron microscopy (HRTEM) into the
nature of the oxynitride glass grain boundaries and, in particu-
lar, the nanoscale films which are present at almost all 3-Si3Ny
grain faces®®13 as shown in Fig. 2.1 The thickness of the IGF
is very sensitive to the type of oxide additive used and its con-
centration and film thickness (in the range 0.5-1.5 nm) depends
strongly on chemical composition®~%13 but not on the amount of
glass present.® According to Tanaka et al.,® the variation in film
thickness can be qualitatively understood in terms of the balance
of three long-range forces acting normal to the film, namely the
van der Waals dispersion force, a structural “steric” force, and
an electrical-doublelayer force. However, Zhang et al.'> studied
the dynamic behaviour of a nanometer-scale amorphous IGF in
Si3Ny ceramic by an in sifu heating experiment in a HRTEM in
which the IGF gradually vanishes at 820 °C accompanied by the
formation of crystal planes in the interface region. The IGF reap-
pears after cooling back to room temperature. They conclude
that their results cannot be explained within the framework of
a force balance model but put forward alternative explanations
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based on low temperature material transport processes that lead
to alteration of the IGF composition during annealing.'3

The overall development of 3-SizN4 microstructures during
sintering is influenced by the adsorption of Ln cations at silicon
nitride grain surfaces'"'>16 and by the viscosity of the intergran-
ular phases. A model, based on the differential binding energy
(DBE), has been developed!'®!” to characterise the competition
between Ln atoms and Si as they diffuse to the 3-Si3Ny grain
surfaces. It was predicted that La should have the strongest and
Lu the weakest preferential segregation to the grain surfaces of
all the lanthanides. Those elements with larger positive DBE val-
ues than Si prefer to reside in more oxygen-rich regions while
those with negative values have an even higher preference than
Si for bonding to nitrogen at the SizNy4 grain surfaces. Additional
calculations have defined the adsorption sites and their binding
strengths for each of the lanthanides on the (3-SizN4 prismatic
planes. The theoretical work has been combined with aberration-
corrected Z-contrast scanning transmission electron microscopy
(STEM)'® and unique atomic-resolution images reveal that the
lanthanides that induce the greatest observed grain anisotropy
are those with the strongest preferential segregation plus high
binding strength to the 3-SizN4 prismatic grain surface.

2. Oxynitride glass chemistry and properties

As progress was made in understanding the nature of silicon
nitride ceramics, how additive chemistry controls microstructure
and how microstructure affects properties, there was a growing
impetus to understand the nature of these intergranular oxyni-
tride glass phases. This resulted in a number of investigations
of oxynitride glass formation, structure, properties and crystalli-
sation in various M—Si-O-N, %22 M-Si-Al-O-N!319.23-28.30
and M-Si-Mg-O-N?%30 gystems, where M is a modifying
cation such as Mg, Ca, Ba, Sc, Y and the lanthanides. Essentially,
oxynitride glasses are silicates and alumino-silicates in which
nitrogen atoms substitute for oxygen in the glass network.!>-3

Convenient methods of representing the complex
M-Si-Al-O-N systems®' have been developed. Fig. 3
shows the Y-Si—AI-O-N system represented by Jdnecke’s
triangular prism in which the boundaries of the complete

YN,

Y-Si-Al-O-N system
Glass-forming region at
1700°C

SigN,

A0 Si306

Fig. 3. Janecke’s triangular prism representation of the Y-Si—Al-O-N system
showing the oxynitride glass forming region after melting at 1700 °C."3

oxynitride glass forming region are outlined.!® The basal
plane of the prism is the Si—Al-O-N square. The addition of
a fifth component such as Y, produces a prism with the back
right triangular face being a ternary oxide system and the
front left face the nitrides. Any point in the prism represents
a combination of 12 positive and 12 negative valencies. For a
system containing three types of cations, Si, Al and M with
valencies of vsj, val, and vy, respectively, in this case, SilV,
AN and Y then:

Equivalent percent (equiv.%) of Si
(vsi[Si]) x 100

= - 3)
vsi[Si] + vai[Al] + vm[M]
Equivalent percent (equiv.%) of Al
_ (vailAl]) x 100 @
vsi[Si] + vai[Al] + vm[M]
Equivalent percent (equiv.%) of M
(vm[M]) x 100
- 8

= UsilSil + val[All + vm[M]

where [Si], [Al] and [M] are, respectively, the atomic concen-
trations of Si, Al and M. If the system also contains two types
of anions, O and N with valencies vp and vy, respectively, i.e.
O, NI then:

(vo[O]) x 100

Equivalent percent (equiv.%) ofO = ——— (6)
a P e vo[0] + unIN]

Equivalent t (equiv.%) of N = (ol X100
uivalen crcen cquiv.7o O = —
1 P a vol0] + onIN]

It has been shown?>28 that when cation ratios (M:Si:Al) are

kept constant, properties increase with nitrogen addition and
linear correlations are typically observed between N content
and Young’s modulus, microhardness, glass transition temper-
ature, viscosity and microhardness. Each of these changes with
increase in nitrogen is a result of (1) the increased anion coordi-
nation with Si when N replaces O and (2) the greater resistance
to bending of the Si—-N-Si bond,3® which results from the more
covalent nature of the Si—N bond compared with the Si—O bond.

Fig. 4 shows a typical plot of Young’s modulus as a function
of N content for Y-Si—Al-O-N glasses with Y:Si:Al=37:42:21
(in equiv.%).3? Elastic modulus is a function of bond energies,
network compactness and cross-linking of the glass network
and it has been shown that increases in elastic modulus with N
can be related to increases in fractional glass compactness and
decreases in molar volume.3>33

Fig. 5 shows the results of viscosity tests at 950°C and
1020°C as a function of N content for Y-Si—AI-O-N glasses
with Y:Si:Al=28:56:16 (in equiv.%). Viscosity increases
linearly>? with nitrogen substitution for oxygen by some 2 orders
of magnitude with 18 equiv.% N. This effect is a result of the
increase in the rigidity and covalence of the bonding of the
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Fig. 4. Effect of nitrogen content on Young’s modulus (E) and microhardness
(WHy) for glasses with cation composition (in equiv.%): 37Y:42Si:21Al

network as nitrogen substitutes for oxygen,>*32 which inhibits
relaxation of the network as the temperature increases.

For Ln—Si—Al-O-N glasses with constant O:N and Ln:Si:Al
ratios, evidence shows that as the lanthanide atomic number
increases, Young’s modulus, hardness, glass transition tempera-
ture (T) and viscosity increase almost linearly with increases in
lanthanide cation field strength,26’28’30 CFS (where CFS = vir2,
v is valency and r is ionic radius), which is attributed to increas-
ing compactness of the glass network due to the smaller ions
exerting stronger bonding on the (Si,Al)(O,N), tetrahedra in the
glass structure.”

Fig. 6 demonstrates the effects of different Ln cations (Eu, Ce,
Sm, Dy, Y, Ho, and Er) on viscosities of Ln—Si—Al-O-N glasses
of composition (in equiv.%): 28L.n:56Si:16Al. At any particu-
lar temperature, viscosity decreases by ~3 orders of magnitude
in the order: Er>Ho >Dy>Y >Sm>Ce>Eu. Viscosities of
some Ln—Si—Al-O-N liquids (Sm, Ce, Eu) for a given level of
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Fig. 5. Effect of nitrogen content on viscosity (at 950°C and 1020°C) of
Y-Si—Al-O-N glasses with cation composition (in equiv.%): 28Y:56Si:16Al.
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Fig. 6. Viscosities of different Ln-Si—Al-O-N glasses with constant N content
and cation composition (in equiv.%): 28Ln:56Si:16Al.

nitrogen are less than those of the equivalent Y-Si—Al-O-N
liquids and this should promote easier densification of silicon
nitride. In these cases, the ionic radii are larger than that of Y
(assuming Eu in 2+ oxidation state).3* The beneficial effects
for sintering are counteracted by the negative consequences for
high temperature behaviour, particularly creep resistance. Those
cations with ionic radius smaller than Y exhibit higher viscosi-
ties and should provide grain boundary glasses with higher creep
resistance.

3. Effects of glass chemistry on properties of silicon
nitride

It is clear that grain boundary chemistry affects inter-
facial bond strengths.”'%12 One of the critical issues in
microstructural design of silicon nitride ceramics is to con-
trol the debonding behaviour at the interface between the
B-SizNy grains and the intergranular glassy phase so that
the elongated 3 grains can contribute to toughening mech-
anisms such as crack deflection and crack bridging. Becher
et al.!” reported significant improvements in the fracture resis-
tance of self-reinforced silicon nitride ceramics by tailoring
the chemistry of the intergranular amorphous phase. They
found that the steady-state fracture toughness values of these
silicon nitrides increased with the Y:Al ratio'® of the oxide
additives as shown in Fig. 7. The increased toughness was
accompanied by a steeply rising R-curve and extensive inter-
facial debonding between the elongated [3-SizNy grains and the
intergranular glassy phase. Weaker interfaces, which should be
related to lower Young’s modulus of the glass, favour higher
fracture toughness. Fig. 8 shows the effect of Y:Al ratio on
Young’s modulus of Y-Si—AI-O-N glasses which decreases
with increasing Y:Al ratio, i.e. with easier interfacial de-bonding
and increasing Kj. in SizN4. Compared to silicon nitrides
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Fig. 7. Fracture toughness of silicon nitride sintered with different Y,03:Al,03
ratios (data from Becher et al.!0).

with low Y:Al ratios, the high Y:Al ratio materials exhibited
more extensive debonding at grain boundary interfaces, result-
ing in increased intergranular fracture. Microstructural and
chemical characterisation reveals that the Y:Al ratios in the
additives influence the atomic bonding structure across the [3-
SizNy/intergranular glass interface by altering the composition
of the glassy phase and inducing different Al and O contents in
the growth region of the elongated grains. In order to gain fur-
ther understanding of the influence of intergranular glass on the
fracture toughness of silicon nitride, the debonding behaviour of
the interface between the prismatic faces of 3-Si3N4 whiskers
and oxynitride glasses was investigated in model systems based
on various Si—(Al)-Y(or Ln)-O-N oxynitride glasses.35 It was
found that while the interfacial debonding strength increased
when an epitaxial 3-SiAION layer grew on the 3-SizNy4 rod-
like grains, the critical angle for debonding was lowered with
increasing Al and O concentrations in the SiAION layer show-
ing that by tailoring the densification additives, and hence the
chemistry of the intergranular glass, it is possible to significantly
improve the fracture resistance of silicon nitride.

At temperatures exceeding 1000 °C, strengths decrease due
to the softening of the intergranular glass phase. Grain boundary
chemistry, effective viscosity and volume fraction of the inter-
granular glass phase control creep rate and formation and growth
of cavities in the amorphous phase.’® Dynamic microstructural
changes occur as the intergranular glass phase goes through
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Fig. 8. Young’s modulus of Y-Si—Al-O-N glasses with 10 and 20 equiv.% N as
a function of Y:Al ratio. Y203:Alx0O3 additive ratios for Si3sN4 shown in Fig. 7
are highlighted.

its glass transition temperature and at higher temperatures,
crystallisation sequences commence which can affect high tem-
perature properties and oxidation.’” For example, it is well
known that Y-Si—~O-N quaternary compounds oxidise with a
large specific volume expansion leading to microcracking and
degradation of the silicon nitride.’!

Since the intergranular glass is known to have deleterious
effects on high-temperature mechanical properties of silicon
nitride, these can be improved by decreasing the amount of
grain boundary glass through higher pressure processing or
by crystallisation of the glass through controlled post-sintering
annealing. 3341

4. Crystallisation of oxynitride glasses of similar
composition to grain boundary glasses in silicon nitride

Crystallisation heat treatments on silicon nitride ceramics can
lead to significant improvements in strength particularly at high
temperatures (>800 MPa at 1300 °C). Post-sintering heat treat-
ment of Si3Ny ceramics densified with the Y,0O3 and Al,O3
results in crystallisation of different yttrium silicates, especially
Y,Si,07, from grain boundary glass.*>#! Sajgalik et al.*? inves-
tigated preformed bulk glasses in the Y3Al5012,-SiO; system
with the additions of CaO as model grain boundary phases for
Si3N4 ceramics. Y2SioO7, was the major crystallisation product
but as annealing time increased, Ca-containing aluminosilicates
were formed along with cavities within the glasses due to differ-
ences in specific volumes of the resulting phases. Other studies
of crystallisation?>*> of bulk Y-Si—Al-O-N glasses in the range
1000-1300 °C show that, once again, yttrium disilicate is a major
phase and the morphology changes with temperature. As further
growth occurs at longer times or higher temperatures, yttrium
aluminium garnet, YAG, also crystallises leaving a N-rich glass
phase from which silicon oxynitride precipitates. In general, the
crystallisation products depend on both the heat-treatment pro-
cess and the composition of the parent glass, particularly the
cation ratios.

Ramesh et a used a two-stage glass—ceramic heat
treatment process to study the optimisation of nucleation
and crystallisation of a glass of composition (in equiv.%):
28Y:56S1:16A1:830:17N. The major crystalline phases present
are mixtures of different forms of yttrium disilicate and silicon
oxynitride. Bulk nucleation was observed to be the dominant
nucleation mechanism.

In order to determine the optimum nucleation temperature,
classical furnace heat treatments were conducted at intervals of
20°C over a temperature range from Ty — 40 to Ty + 100 (°C)
for 10 h followed by heating to 1270 °C for 30 min to grow the
crystal nuclei for subsequent microstructural and microhardness
analysis. Having established the optimum nucleation temper-
ature, the optimum nucleation hold time was established by
holding the sample for different times prior to heating to 1270 °C
for 30 min to grow the crystals. The highest fractional crystalli-
sation as found by microstructural analysis occurred at 1025 °C
corresponding to T +40 °C which was also the temperature at
which microhardness exhibited a maximum with an increase
over that for the parent glass of 5.3%. Further heat treatments

1.44
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were then carried out under these optimum conditions fol-
lowed by a second heat treatment (crystal growth temperature)
varying from 1170 to 1310 °C at 20 °C intervals for 30 min. The
temperature which resulted in the highest level of crystallisation
and increase in microhardness was 1210 °C (T¢c3 — 60 °C) (T3
is the third crystallisation temperature) and this also coincided
with the largest increase in microhardness compared with the
parent glass of 12.7% at 1210 °C.

Differential thermal analysis, DTA, was also carried out to
determine the optimum nucleation temperature according to the
method reported by Marotta et al.*> who concluded that, if
samples are held for the same time ¢, at each heat-treatment
temperature 7, then In7 (kinetic rate constant for nucleation)
is proportional to {(1/7,) — (1/T,')}, where T, and T}, are,
respectively, the crystallisation exotherm temperatures obtained
with and without a nucleation hold. Plotting {(1/T),) — (1/T,,")}
against nucleation hold temperature gives a bell shaped curve,
with the optimum nucleation temperature corresponding to the
maximum of this curve. The activation energy (E) is related
to heating rate (cr) and crystallisation temperature 7}, such that
a plot of 1n(o¢3/Tp2) versus 1/T), gives a straight line of slope
—3E/R (R is gas constant), when crystallisation is a bulk pro-
cess. The plot of {(1/T,)—(1/T,")} against nucleation hold
temperature** showed that optimum nucleation temperature was
1020°C, i.e. Ty +35°C, which is in close agreement with the
optimum nucleation temperature determined using the heat treat-
ment experiments. The activation energy calculated from the
slope of the plot was 834 kJ mol~! which s close to the activation
energies observed for viscous flow of Y-Si—Al-O-N glasses,
implying that the dominant mechanism is diffusion controlled.

The different nucleation hold temperatures yielded differing
phase assemblages. Thus, at 7y — 40 °C and Ty — 20 °C, yttrium
disilicates are the only phases crystallised from the glass, while
at higher temperatures silicon oxynitride is also a crystallisa-
tion product. At temperatures of Ty +20°C and above, YAG
crystallises in trace amounts. With respect to the yttrium disil-
icates, the most abundant polymorph changes with nucleation
hold temperature. Accordingly, while the a-polymorph is most
prevalent over the temperature range Ty —40°C to T, +20°C,
the B-polymorph is present in the greatest amounts over the
temperature range from 7, +40°C (the optimum nucleation
temperature) to Ty + 100 °C.

Following the two-stage treatments, the lowest crystal growth
temperature investigated, 1170 °C, showed only y-yttrium disili-
cate present, strongly suggesting that this is the only polymorph
of yttrium disilicate stable at this temperature. y-Yttrium dis-
ilicate was also present at 1190 °C but with some a present,
indicating that this latter polymorph becomes more stable at this
crystallisation temperature. 1210 °C is the crystal growth tem-
perature at which the highest fraction crystallised and greatest
improvement in microhardness was found and corresponds to a
phase assemblage comprising a- and B-yttrium disilicates. At
1220 °C, in addition to the a- and B-yttrium disilicates, traces of
both silicon oxynitride and YAG appear. The oxynitride becomes
more prevalent at higher crystal growth temperatures of 1290
and 1310°C at which the most stable yttrium disilicate is the
8-polymorph.

heat release (arb. units)

1100 1200 1300
temperature (°C)

Fig. 9. DTA curve showing crystallisation events in glass with composition
(in equiv.%): 28Y:56Si:16A1:830:17N for different Y,Si;O7 polymorphs and
Si, N, O as a function of temperature‘46

As a result of these observations of these multi-phase prod-
ucts of nucleation and crystal growth, a further analysis of
the DTA curve was undertaken.*® Fig. 9 is a reinterpretation
of the original curve and shows the positions of the crystalli-
sation of y-yttrium disilicate and the y- to a-Y2SizO7, a- to
B-Y32Si; 07 and B- to 8-Y;2SipO7 transformations. It is clear that
the discontinuities in the curve can be associated with these
transformations and the crystallisation of SipN»>O. Crystallisa-
tion of this Y-Si—Al-O-N glass is not a simple devitrification
process but also involves various phase transformations which
allow the microstructural changes needed to achieve the opti-
mum degree of crystallisation and increase in microhardness. In
a system where polymorphic changes arise during heat treatment
then optimum nucleation conditions determined by both heat
treatment and DTA studies may relate only to the best hetero-
geneous nucleation conditions for microstructural development
through both crystal growth and phase transformation. This may
be problematic for silicon nitride ceramics where the tempera-
ture of operation may differ from that used to crystallise the
grain boundary glass.

An alternative approach is to stabilise one polymorph of the
disilicate by replacing 25at.% of Y by La. Pomeroy et al.*’
showed that a single a-Y72Si;07 phase could be obtained on
heating a mixed Y-La—Si—AI-O-N glass with composition (in
equiv.%): 21Y:7La:56Si:16A1:830:17N to 1300 °C. This should
be expected when taking into consideration the average ionic
radius for the mixed La and Y glass modifiers and superimposing
this on the disilicate polymorph stability —ionic radius map given
by Liddell and Thompson®® according to which the mixed -
Y1.5Lap5Si207 should be stable up to at least 1350 °C before
any transformation occurs.

5. Summary

(1) Oxide sintering additives such as yttrium oxide or lanthanide
oxides plus alumina provide conditions for liquid phase
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densification of silicon nitride following which the liquid
remains as an intergranular oxynitride glass.

As nitrogen is substituted for oxygen in these oxyni-
tride glasses increases in elastic modulus, hardness, glass
transition temperature and viscosity are observed because
nitrogen introduces extra cross-linking into the glass net-
work compared with the equivalent oxide glass with the
same cation composition. These properties also increase
with increasing cation field strength of the lanthanide mod-
ifier for fixed oxygen:nitrogen ratio.

In silicon nitride ceramics, the amounts and ratios of the
additives initially introduced determine the quantity and
chemistry of the glass phase and this affects properties
such as fracture toughness, ambient and high temperature
strengths, creep resistance and oxidation resistance. Signif-
icant improvements in fracture resistance of self-reinforced
silicon nitride ceramics can be achieved by tailoring the
chemistry (Y or Ln):Al ratio of the intergranular amor-
phous phase. Weaker interfaces, which should be related to
lower Young’s modulus of the glass, favour higher fracture
toughness. The choice of lanthanide modifier is essential to
optimise microstructure, interfacial debonding and mechan-
ical properties.

Grain boundary glass chemistry, effective viscosity and
volume fraction of the intergranular glass phase control
creep rate and behaviour of silicon nitride ceramics at high
temperatures. Crystallisation of the grain boundary glass
phase is one approach to improving properties. The crystal
transformations occurring during a two-stage nucleation-
and-growth treatment for a Y-SiAION glass containing
17equiv.% N can be optimised. The crystallisation of
these glasses is highly complex due to the fact that all
5 polymorphs of yttrium disilicate can form under vary-
ing conditions of heat treatment as well as the additional
crystallisation of silicon oxynitride.

The devitrification processes in Y-Si—Al-O-N glasses can
be simplified by substituting Y by a lanthanide ion such that
the average ionic radius of the mixed modifier system is
compatible with crystallisation of a single Y-La disilicate
polymorph.
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