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ABSTRACT

SiAlON glasses are silicates or alumino-silicates, containing Mg, Ca, Y or rare earth (RE) ions as modifiers, in which nitrogen

atoms substitute for oxygen atoms in the glass network. These glasses are found as intergranular films and at triple point junc-

tions in silicon nitride ceramics and these grain boundary phases affect their fracture behaviour. This paper provides an over-

view of the preparation of M-SiAlON glasses and outlines the effects of composition on properties. As nitrogen substitutes for

oxygen in SiAlON glasses, increases are observed in glass transition temperatures, viscosities, elastic moduli and microhardness.

These property changes are compared with known effects of grain boundary glass chemistry in silicon nitride ceramics. Oxide sin-

tering additives provide conditions for liquid phase sintering, reacting with surface silica on the Si
3
N

4
 particles and some of the

nitride to form SiAlON liquid phases which on cooling remain as intergranular glasses. Thermal expansion mismatch between

the grain boundary glass and the silicon nitride causes residual stresses in the material which can be determined from bulk

SiAlON glass properties. The tensile residual stresses in the glass phase increase with increasing Y:Al ratio and this correlates

with increasing fracture toughness as a result of easier debonding at the glass/β-Si
3
N

4
 interface. 

Key words : Oxynitride glasses, Silicon nitride, Grain boundary, Sintering additives, Thermal expansion mismatch,

Residual stress, Fracture resistance 

1. Introduction

iAlON or oxynitride glasses are essentially alumino-

silicate glasses in which up to 1 in 5 oxygen atoms in

the glass network are substituted by nitrogen atoms.1-4)

These glasses exhibit elastic modulus and hardness values

up to 25% higher than the equivalent oxide glass.1-6) Ther-

mal properties such as viscosity and glass transition tem-

perature also increase with increasing nitrogen content.1-5,7)

A number of investigations have been undertaken on oxyni-

tride glass formation, structure, properties and crystallisa-

tion in various M-Si-O-N,8-11) M-Si-Al-O-N5-9,12-22) and M-Si-

Mg-O-N4,23) systems, where M is a modifying cation such as

Mg, Ca, Ba, Sc, Y and the rare earth (RE) lanthanides.

2. SiAlON Glass Synthesis and 
Representation of Systems

SiAlON glasses1-5) are prepared by mixing the appropriate

powders – silica, alumina, the modifying oxide(s) plus sili-

con nitride or aluminium nitride – in isopropyl alcohol in a

ball mill with sialon milling media, followed by evaporation

of the alcohol. Glasses (50-60 g) are melted in boron nitride

lined graphite crucibles under 0.1MPa nitrogen pressure at

1600-1750oC for 1h, after which it is quickly removed from

the furnace and poured into a preheated graphite mould at

~850-900oC.  The glass is annealed at this temperature for

one hour to remove stresses and then slowly cooled. 

A number of investigations have outlined the limits of

glass formation for the Mg-, Ca, Y- and lanthanide RE- Si-

Al-O-N systems.1-5,8-17) Convenient methods of representing

both Si-Al-O-N and M-Si-Al-O-N systems24) involve the con-

cept of reciprocal salt pairs. The four-component Si-Al-O-N

system is a square plane which has, as components, the

oxides and nitrides of silicon and aluminium. The introduc-

tion of a further cation gives a five-component system repre-

sented by Jänecke's triangular prism shown in Fig. 1 for the

Y-Si-Al-O-N system.8,9)
 The concentrations of all compo-

nents are expressed in equivalents instead of atoms or

gram-atoms. The corners of the basal Si-Al-O-N square are

Si
3
O

6
, Si

3
N

4
, Al

4
O

6
 and Al

4
N

4
. The prism representation

allows the third “modifying” cation to be taken into account

so that any point in the prism represents a combination of

12 positive and 12 negative valency units.  Equivalent per-

centages are calculated on the basis of the ratio of charges

for one species expressed as a percentage of the charge asso-

ciated with all ions of the same sign.1-3,8,9)  Thus, for a glass

in the Y-Si-Al-O-N system, equivalent percentage Si is

expressed as: 

equivalent % (e/o) of Si 

= (4[Si] × 100)/(4[Si] + 3[Al] + v
M

[M]) (1)

S
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where [Si], [Al] and [M] are, respectively, the atomic con-

centrations of Si, Al and the modifying cation M (in this case

Y) in any composition and 4, 3 and v
M
 (in this case 3) are

their respective normal valencies.  Any vertical plane within

the prism has a constant nitrogen:oxygen ratio on which:

equivalent % (e/o) of nitrogen 

= (3[N] × 100)/(2[O] + 3[N]) (2)

where [O] and [N] are, respectively, the atomic concentra-

tions of oxygen and nitrogen within any composition and 3

and 2 are their respective valencies. 

equivalent % (e/o) oxygen = 100 – e/o N (3)

Fig. 1 shows the complete glass forming region for the Y-

Si-Al-O-N system after melting at 1700oC.8,9) The glass

forming region for the oxide system is plotted on the front

face of the prism and, as nitrogen is introduced, the Y-Si-Al-

O-N glass forming region expands initially and then con-

tracts above approximately 10 e/o N until the solubility

limit for nitrogen is reached at ~28 e/o of nitrogen (~1 in 5

oxygen atoms). 

Al
2
O

3
 extends glass formation in oxynitride systems as it

does in silicates. The miscibility gap in various silicate

binary systems extends into the equivalent M-Si-O-N sys-

tem with consequent phase separation in some low alumina

glasses.10,11)

3. Characterisation and Properties 
of SiAlON Glasses

3.1. Glass Characterisation and Property Measurements

X-ray diffraction analysis is carried out in order to confirm

that the glasses are totally amorphous.  Scanning electron

microscopy is used to confirm this and to assess homogene-

ity.  Nitrogen content is determined on a number of glasses

using a standard nitrogen analyser. The bulk densities are

measured using an Archimedian technique.

Differential thermal analysis (DTA) is carried out in a

flowing nitrogen atmosphere at a heating rate of 10oC.min−1,

using Al
2
O

3
 as a reference material, in order to detect the

glass transition temperature (T
g
) and crystallisation tem-

perature (T
c
).  The onset point of an endothermic drift on

the DTA curve corresponding to the beginning of the glass

transition range is reported as T
g
 while the peak of the exo-

therm is taken as Tc. Errors in measurement are ± 3oC.

Thermal expansion coefficient is measured in a dilatome-

ter in air at a heating and cooling rate of 5oC.min−1 and the

thermal expansion coefficient (α) is calculated between

200oC and 700oC. The inflection point of the expansion

curve is taken as an indication of the glass transition tem-

perature (T
g
), while the maximum is taken as the softening

point (T
s
).

The elastic moduli (E;G) are calculated from measurements

of the longitudinal, V
l
 , and transverse, V

t
, ultrasonic wave

velocities with a better than 10−3 m.s−1 accuracy by means of

10 MHz piezoelectric transducers.5) The Young’s modulus,

E, the shear modulus, G, and Poisson’s ratio, υ, are derived

from the following relationships:

(4)

G = ρ.V
t

2 (5)

υ = (E/2G) – 1 (6)

where ρ is the density of the material. The accuracy of the

measurement depends mainly upon the accuracy of the

density measurement and the accuracy is then ∆E/E

~1 ± 2%. Microhardness is measured using a standard

Vickers’ indentation technique.

Viscosity is deduced from creep tests performed in air

between 750 and 1000oC, either in 3-pt bending5) or in com-

pressive mode.25) The expression for viscosity, η is based on

the strong analogy existing between the stress/strain rela-

tionships in an elastic solid and those governing a viscous

fluid:

η = σ / [2(1+υ) ] (7)

where σ and  are the applied stress and the creep rate

and υ is Poisson's ratio.

  

3.2. Effects of Glass Composition on Properties of

Oxynitride Glasses

Systematic investigations by Drew, Hampshire and

Jack8,9) measured the properties of M-Si-Al-O-N glasses

with fixed cation ratios and, thus, they showed, unambigu-

ously, the effect of changes in N:O ratio on properties. For

glasses in the Ca-, Mg-, Nd- and Y- Si-Al-O-N systems with

fixed cation composition (in e/o) of 28Y: 56Si:16Al, incorpo-

ration of nitrogen results in increases in glass transition

temperature (T
g
), shown in Fig. 2, and also microhardness,

viscosity, resistance to devitrification, refractive index, die-

E
ρ 3V1

2
4Vt

2
–( )

V1/Vt( )
2

1–
--------------------------------=

ε′

ε′

Fig. 1. Jänecke’s triangular prism representation of the Y-Si-
Al-O-N system showing glass forming region after
melting at 1700oC (after Drew et al.8)).
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lectric constant and a.c. conductivity.

In an extensive study of the Y-Si-Al-O-N system,5) it was

confirmed that glass transition temperature (T
g
), viscosity,

microhardness and elastic moduli all increase linearly and

systematically with increasing nitrogen:oxygen ratio for dif-

ferent series of glasses. As shown in Fig. 3, values of

Young’s modulus (E) increase by 15 to 25% as ~17-20 e/o N

is substituted for oxygen at fixed cation ratios.3) Elastic

Modulus is a function of bond energies, network compact-

ness 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.3,26) These trends were also con-

firmed by other studies.18) The coefficient of thermal expan-

sion (α) decreases as N content increases at fixed Y:Si:Al

ratios5 from 6.64 × 10−6K−1 at 0 eq.% N to 5.67 × 10−6K−1 at 17

eq.% N. Increases in viscosity of greater than 2 orders of

magnitude are observed as 17 eq.% nitrogen replaces oxy-

gen in SiAlON glasses.  

These effects are known to be due to the increased cross-

linking within the glass structure as 2-coordinated bridging

oxygen atoms are replaced by 3-coordinated nitrogen

atoms1-6) and also because of the greater resistance to bend-

ing of the Si-N-Si bond,27) which results from the more cova-

lent nature of the Si-N bond as compared to the Si-O bond.

Some nitrogen atoms may be bonded to less than three Si

atoms, as in: 

(a) Si − N- - Si 

(b) Si −N2− 

This suggests that “non-bridging” nitrogen atoms may

also be present. The local charge on the non-bridging nitro-

gen ions is balanced by the presence of interstitial modify-

ing cations in their local environment. In the case of silicate

(oxide) glasses, non-bridging oxygen atoms replace bridging

oxygen atoms at high modifier contents. For (a) above, while

the N atom links two silicon atoms rather than three, it is

still effectively a “bridging” ion.

The glass network contains tetrahedral structural groups:

SiO
4
, SiO

3
N and SiO

2
N

2
. Amorphous SiO

2
 containing only

[SiO
4
]4− groups has a completely balanced network with

each tetrahedron having 4 bridging oxygen atoms. The

[SiO
3
N]5−  group requires the presence of an extra positive

charge locally to balance the extra negative charge from the

N anion and therefore the situation is very similar to that

for an [AlO
4
]5− tetrahedron within the network, which also

requires an extra positive charge to make it isoelectronic

with the SiO
4
 tetrahedron. Therefore, oxynitride glasses

containing SiO
3
N groups can accommodate more modifiers

(in this case Y ions) in “charge compensating” sites than the

equivalent oxide glasses without creating non-bridging oxy-

gen species (NBOs).

 Figs. 4 and 5 show, respectively that, when the Si and N

contents in the glass composition are fixed, E and α increase

as Al is replaced by Y. T
g
 also increases with Y:Al ratio.

Thus, increases in the Y:Al ratio have the same effect on E

and T
g
 as increasing N content but the increase in a with

increased Y:Al ratio is just the opposite of that for increases

in nitrogen.

In these glasses, the role of yttrium is as a modifier or as a

network dwelling cation that compensates the charge differ-

ence between Al and Si.  Increasing the Y:Al ratio leads to

an increase in the average Al coordination with O from 4 to

≥56) and as a result, the network packing increases and a

loss of 4-fold coordination of Al reduces the Al-O-Si linkages

and increases the number of NBOs. The increase in Young’s

modulus as the Y:Al ratio increases is due to the increased

network packing while the increase in thermal expansion

coefficients results from increases in NBOs associated with

reduced Al.  

4. SiAlON Glasses in Silicon Nitride Grain 
Boundaries

Oxynitride glasses are found as grain boundary phases in

≡ ≡

Fig. 2. Effect of N (e/o) on glass transition temperature (T
g
)

for glasses with fixed cation ratio of 28Y:56Si:16Al
(after Hampshire et al.9)).

Fig. 3. Effect of N (eq.%) on Young’s modulus for glasses
with fixed Y:Si:Al ratios3.
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silicon nitride based ceramics as a result of the use of densify-

ing additives that allow liquid phase sintering to occur.28-30)

These additives, such as yttria or one of the rare earth

oxides, plus alumina, react with silicon nitride and silica

present on the nitride particle surface to form M-Si-Al-O-N

(M=Y or rare earth) liquid phases which result in densifica-

tion of the ceramics and transformation of the α-silicon

nitride to the β form. The α-Si
3
N

4
 dissolves in the liquid and

is precipitated as β-Si
3
N

4 
which grows in the longitudinal

direction as prismatic hexagonal rod-like crystals that even-

tually impinge on each other forming an interlocked micro-

structure. The liquid cools as an intergranular phase,

usually a glass, according to the following30):

α-Si
3
N

4
 + SiO

2
 + M

x
O

y
 + Al

2
O

3
  

β-Si
3
N

4
 + M-Si-Al-O-N phase                 (8)

 

These intergranular M-Si-Al-O-N phases are present as

glass films31,32) or as triple points.31-34) Fig. 6 is a scanning

electron micrograph of silicon nitride densified with Y
2
O

3
 +

Al
2
O

3
 and shows elongated hexagonal β-Si

3
N

4
 grains (grey),

with high aspect (length to diameter) ratios, in a finer grain

matrix surrounded by α Y-Si-Al-O-N glass phase (light).

The additive chemistry determines the nature and volume

fraction of the intergranular oxynitride glass phases and

these control microstructural development which affects

mechanical properties, where the elongated grains can

function as reinforcements similar to whiskers or fibers in

reinforced ceramics.34,35)

Fig. 6 also shows a crack propagating through the silicon

nitride microstructure. Fracture is mainly intergranular as

has been observed previously32-35) and some bridging grains

are formed when the crack is deflected around silicon

nitride grains, leaving grains intact. The formation of

bridging grains is affected by the presence of residual

stresses in the material, caused by thermal expansion

mismatch between the grain boundary phase and the silicon

nitride, which interact with the crack tip. For smooth

grains, tensile stress in the grain boundary phase would be

expected to draw the crack along the weaker grain

boundary glass phase, enhancing debonding and leading to

intergranular fracture.

In order to isolate the influence of glass composition on

the debonding behavior at the interface between the elon-

gated β-Si
3
N

4
 grains and the oxynitride glasses, Becher et

al.34) dispersed silicon nitride whiskers in oxynitride glasses

with different Y:Al ratios and found that the interfacial deb-

onding behavior varies with glass composition. The observa-

tions suggested that chemical bonding across the interface

determined the strength of the interface while the residual

thermal expansion mismatch stress imposed on the inter-

face can modify the debonding length.

Elongated reinforcing grains in silicon nitride micro-

structures can be introduced by seeding techniques33,36)

allowing study of interfacial debonding and fracture resistance

of the ceramics. Significant improvements in the R-curve

behavior and the steady-state fracture toughness values

 →

Fig. 4. Effect of Y:Al ratio on Young’s modulus for glasses
with fixed Si (56 eq.%) and N (17 eq.%) content4.

Fig. 5. Effect of Y:Al ratio on thermal expansion coefficient
for glasses with fixed Si (56 eq.%) and N (17 eq.%)
content4.

Fig. 6. Microstructure of silicon nitride densified with 6 wt%
Y

2
O

3
 and 2 wt% Al

2
O

3
 showing elongated β-Si

3
N

4

grains, finer grains and grain boundary glass phase.
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were observed in seeded silicon nitride densified with

sintering additives with high Y:Al ratio. Compared to silicon

nitrides with low Y:Al ratios, these high Y:Al ratio materials

exhibited more extensive debonding at grain boundary

interfaces, resulting in increased intergranular fracture. A

strong correlation was found between fracture toughness

and critical debonding angle which was crucially dependent

on grain boundary glass composition, noteably the Y:Al

ratio. Fig. 7 shows the fracture toughness values for silicon

nitrides with similar microstructures containing different

Y:Al ratios and it is clear that K
Ic
 increases with increasing

Y:Al ratio which also correlates with easier debonding at

the glass/β-Si
3
N

4
 interface33). This also correlates with

increased elastic modulus and thermal expansion

coefficients for the bulk SiAlON glasses (Figs. 4 and 5) and

these properties determine the nature and level of residual

stresses at the grain boundary.

5. Determination of Residual Stresses 
at Silicon Nitride Grain Boundaries

Peterson and Tien37) determined the residual stresses in

the glass phase in silicon nitride grain boundaries and

related these to the increased number of bridging grains

and, hence, increased fracture toughness. In the current

work, thermal residual stresses in silicon nitride, due to

cooling down from the glass transition temperature follow-

ing sintering, have been determined using values of thermal

expansion coefficients, elastic modulus and glass transition

temperature determined on bulk glasses of similar composi-

tion to the grain boundary phases (Figs. 4 and 5).

As thermal expansion coefficients of the glasses are higher

than for silicon nitride itself, then fracture resistance of the

glass will be low since the glass is under tensile residual

stress. If the silicon nitride grains are under compression

and the intergranular glass is under tension, the relative

fracture energy ratio would decrease, which would promote

crack deflection along grain boundaries through the glass

phase.

In order to calculate residual stresses, Peterson and

Tien37) used a modification of Eshelby’s inclusion method

based on the thermal expansion mismatch as follows:

(9)

and

(10)

where σ
sn

  and σ
g
  are the stresses in the silicon nitride

and glass matrix, α
sn

 and α
g
 are the thermal expansion coef-

ficients of the silicon nitride and glass matrix, E
sn

 and E
sn

are the Young’s moduli of the silicon nitride (measured as

307 GPa) and the glass, ∆T is the difference in temperature

over which the stresses are locked in, f
sn

 is the volume frac-

tion of the silicon nitride, ν
sn

 and ν
g
 are Poisson's ratios of

the silicon nitride (0.28) and glass (0.29). ∆T is taken as the

difference between the glass transition temperature, T
g
, of

the grain boundary glass and room temperature. (1 – f
sn

) is

the volume fraction of the glass, f
g
, which was calculated as

approximately 0.1 for the composition 6 wt% Y
2
O

3
 + 2 wt%

Al
2
O

3
, taking into account the surface silica present on the

silicon nitride and a nitrogen content of ~20 eq. %. 

Fig. 8 shows the effect of Y:Al ratio on residual stresses in

grain boundary glass phase and on the β-Si
3
N

4
 grains. The

tensile residual stresses in the grain boundary glass phase

increase with increasing Y:Al ratio to values close to 700

MPa for Y:Al = 4.5. The compressive residual stress in the

β-Si
3
N

4
 grains also increases with increasing Y:Al ratio to as

high as 80 MPa. Fig. 9 shows that the tensile residual stress

in the grain boundary glass phase decreases as the thermal

expansion coefficient of the grain boundary phase decreases

σsn αsn αg–( ) T∆
1 2νsn–

Esn

------------------
1 fsn νg 1 4fsn–( )+ +

2Eg 1 fsn–( )
----------------------------------------------+=

1–

σg

fsn
1 fsn–( )
------------------σsn–=

Fig. 7. Effect of Y:Al ratio on fracture toughness of silicon
nitrides densified with different Y

2
O

3
:Al

2
O

3
 ratios. Fig. 8. Effect of Y:Al ratio on residual stresses in grain

boundary glass phase (tensile) and on β-Si
3
N

4
 grains

(compressive).
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and extrapolates to 0 at α =  α
sn

. Tensile stress at the grain

boundary and compressive stress in the silicon nitride

grains promote crack deflection and the formation of

bridging grains and increases in fracture toughness. 

The analysis given here does not take into account the

state of the residual stresses within the material nor the

relationship between these residual stresses and intergran-

ular bond strength. Also, it has not been established cur-

rently if a crack propagates through the glass phase or

along the glass/β-Si
3
N

4
 interface. However, the magnitude

of the residual stresses found in the current analysis agree

well with those predicted by Pieterson and Tien37) and also

with those obtained by the finite element method by

Wippler et al.38) It appears that the thermal expansion

mismatch between the grain boundary phase and the silicon

nitride grains has a large and predictable effect on the

residual stresses and hence on the fracture behaviour of

silicon nitride ceramics.

6. Conclusions

In Y-SiAlON bulk glasses, glass transition temperature (T
g
),

viscosity, elastic modulus (E) and microhardness increase with

increasing nitrogen while thermal expansion coefficient (α)

decreases. As Y:Al ratio increases, E, T
g
 and α all increase.

These property changes are compared with known effects of

grain boundary glass chemistry in silicon nitride ceramics

as a result of use of oxide sintering additives which form Y-

SiAlON intergranular glass phases. Thermal expansion

mismatch between the grain boundary glass and the silicon

nitride causes residual stresses in the material which can

be determined from bulk SiAlON glass properties. The

tensile residual stresses in the glass phase increase with

increasing Y:Al ratio and this correlates with increasing

fracture toughness of the ceramic as a result of easier

debonding at the glass/β-Si
3
N

4
 interface.
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