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Abstract

The tribological properties of yttrium containing a/b composite sialon ceramics have been studied under non-lubricated condi-
tions by means of block-on-ring and ball-on-disk type experiments against a commercial silicon nitride material. The sialon cera-
mics were produced by hot pressing powder mixtures of Si3N4, AlN, Al2O3 and Y2O3, resulting in composite ceramics containing
different amounts of the a/b phases. The effects of microstructural differences on the mechanical properties of the ceramics, and

their wear characteristics under a range of testing conditions have been assessed. It was found that Vickers hardness decreased whilst
both fracture toughness and bending strength increased with increasing amount of b phase in the composite. Under mild testing condi-
tions, material removal was considered to occur by polishing of the surface, and in this case the high a-sialon composites exhibited the
highest wear resistance, reflecting their higher hardness. Under severe testing conditions, the wear behaviour was characterised as
microcracking caused by the higher Hertzian stress levels, and resulted in grain removal or ‘‘dropping’’ from the surface of the
materials. Under these conditions, the elongated microstructure and higher fracture toughness of the low a-sialon composites hin-

der the crack propagation and result in better wear characteristics when compared to the fine equiaxed a-sialon materials.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ceramic materials have long been promoted as promis-
ing materials for use in tribological applications, due to
their high hardness, high temperature stability and che-
mical inertness relative to metals. Amongst the advanced
engineering ceramics silicon nitride is recognised as one of
the most suitable candidates for these applications due to
its unique combination of strength and toughness.1

Silicon nitride exists in two crystal structure modifi-
cations, a and b, with the b phase being stable at higher
temperatures. The microstructures of the two phases are
distinctly different; a Si3N4 ceramics have a uniform
equiaxed microstructure whereas the anisotropic growth
rates in b Si3N4 result in a microstructure containing
elongated b grains in a fine grained matrix. The differ-
ences in crystal structure and microstructure result in a
range of ceramics with a wide range of mechanical
properties; a Si3N4 possesses higher hardness than b
Si3N4, but the growth of the elongated b grains is a pre-
requisite for achieving ceramics with high toughness.2

The covalent bonding of this ceramic makes the pro-
duction of fully dense bodies virtually impossible with-
out the use of metal oxides to aid sintering, and the use
of these additives results in a Si3N4 matrix surrounded
by a grain boundary phase, which is usually amorphous.
The properties of the materials are therefore not solely
determined by the microstructure and morphology of
the silicon nitride grains, but also by the nature of this
residual grain boundary phase. There have been
numerous studies on the effect of grain boundary com-
position on the mechanical properties of silicon nitride
ceramics,3,4 and also reports of improved mechanical
properties through crystallisation of the grain boundary
phase.5

Both the a and the b phases of Si3N4 can form sub-
stitutional solid solutions with the Si and N elements
being replaced with Al and O, respectively. The two
resulting phases are termed a- and b-SiAlON respec-
tively. In addition, the a-sialon phase can incorporate
rare earth metallic elements within its structure, and
sintering of these materials occurs through the forma-
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tion of a transient liquid phase which results in ceramics
with reduced amounts of residual glassy phase.6

The response of a material in tribological applications
is not an inherent material property but depends to a
great degree on experimental conditions such as sliding
velocity and normal load, as well as environmental
conditions such as temperature and humidity. For this
reason, research has generally focussed on producing
‘‘wear maps’’ 7 and ‘‘wear transition diagrams’’ 8 in an
attempt to identify the wear mechanisms operating over
a wide range of conditions. Numerous assessments of
the wear characteristics of silicon nitride ceramics have
been carried out, and include investigations into the
effects of sliding speed 9 temperature 10 and humidity.11

The wear modes occurring in silicon nitride depend to a
large degree on these testing conditions, and under low
loads and relatively low temperatures, the wear mode is
one which is to a large part controlled by tribochemical
reactions. Under these conditions, reaction between the
sliding surface and water vapour in the air results in the
formation of an amorphous Si(OH)4 layer, and wear is
determined by the rate of formation and removal of this
film.8 Under higher loads, the dominant wear mechan-
ism in one of mechanical wear, occurring by the propa-
gation of cracks along grain boundaries, and resulting
in micro fracture within the material 12 In this regime
the microstructure of the material is expected to play a
more significant role in wear than its chemical stability,
and recently, there have been studies carried out to
assess the effects of microstructure on wear, although
these have concentrated on factors such as grain size
and amount of grain boundary phase,13 and micro-
structure anisotropy.14 However, despite the fact that
the importance of microstructure, in terms of the rela-
tive amounts of the a and b phases, on the mechanical
properties of silicon nitride and sialon materials is well
documented,15,16 there are relatively few studies on the
effects of these factors on the wear properties.17,18 In
this work, we report on the effect of the composition of
mixed a/b composite sialon ceramics on their mechan-
ical and tribological properties. Wear properties were
assessed under non-lubricating conditions over a range
of normal loads and employing both block-on-ring and
ball-on-disk experiments.
2. Experimental

2.1. Sample preparation

The compositions of the starting materials were all
within the Y containing a-sialon plane as shown in
Fig. 1. Within this plane the nominal composition can
be given by Y m/3 Si 12-(m+n) Al m+n O n N 16-n. Two of
the composites produced were Y-a-sialon/b-sialon
composites with compositions lying on the Si3N4-9AlN.
Y2O3 line. The other two composites were produced
from compositions within the single phase a-sialon
region of this plane. The samples were produced by
mixing appropriate amounts of a-Si3N4 (E-10 grade,
Ube Industries, Ltd., Japan), Al2O3 (AKP-50, Sumi-
tomo Chemical Co., Ltd., Japan), AlN (F grade,
Tokuyama Co., Japan) and Y2O3 (RU-P, Shin-Etsu
Chemical Co., Ltd., Japan) in methanol, using a Si3N4

pot and Si3N4 balls. The slurry was dried, and then
passed through 125 mesh. The powders were hot-pres-
sed at 1800 �C for 1 h with an applied pressure of 40
MPa, under a 0.1 MPa nitrogen atmosphere.

2.2. Characterisation

Phase identification was carried out by X-ray dif-
fractometry of crushed samples, and the relative
amounts of a and b phases calculated following the
method of Gazzara and Messier.19 For mechanical
property measurements, test bars were cut from the
sintered specimens, before being ground, and final
polished with a 0.5 mm diamond slurry to dimensions of
3�4�40 mm. Additional samples for block-on-ring tests
were machined in the same way to a size of 3�4�1.5
mm thickness, and those for ball-on-disk type experi-
ments were actually in the form of rectangular plates
27�30�4 mm thickness. For all mechanical and wear
property analyses, the samples were tested on the face
normal to the hot pressing direction. Fracture surfaces
of the samples following bending strength tests were
observed by scanning electron microscopy, SEM (JSM-
6340F, Jeol Ltd., Japan).
Strength measurements were carried out by four-point

bend with inner and outer spans of 10 and 30 mm,
respectively. Young’s modulus was measured by the
Pulse Echo method and Vickers hardness tests were
carried out under a load of 98 N. Fracture toughness
(KIC) was determined by the indentation-fracture (IF)
method under the same load. The oxidation kinetics of
the samples was studied by thermogravimetry. Samples
Fig. 1. Starting compositions of the materials in the a-sialon plane.
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of the sintered bodies were heated to 1200 �C at a heat-
ing rate of 10 �C min�1 in an atmosphere of dry air with
a flow rate of 100 ml min�1, and the mass change due to
oxidation was monitored continuously over a holding
period of 50 h at the set temperature.

2.3. Wear tests

Block-on-ring tests were carried out under non-lubri-
cated conditions using the equipment described in a
previous paper.14 Briefly, the sialon samples were
employed as the blocks and were located in a holder
above the ring, which was a commercially available sili-
con nitride material (SN235P, Kyocera, Japan) of 30
mm diameter. The surface roughness of both the Si3N4

ring and the sialon specimens were prepared under Rz
0.1 mm. Temperature and humidity were kept constant
at 25�3 �C, 25�2% RH. Sliding speed and distance
were kept constant at 0.15 m/s and 75 m, respectively,
and tests were conducted with normal loads varying
from 5 to 90 N. The worn volume of the sialon blocks
was calculated by integration of the sectional worn area
measured by a contact type roughness tester (SV-624,
Mitsutoyo, Japan). The worn area was measured at nine
equi-distant points (spacing 0.3 mm) in the direction
parallel to the sliding direction.
For ball-on-disk type tests the sialon plates were

rotated against a stationary Si3N4 ball with a diameter
of 10 mm at a load of 49 N and a speed of 0.18 m/s. The
sliding distance was 108 m, and the other conditions
were the same as those in block-on-ring tests. For the
worn plate specimens, the cross sectional area of the
worn track was taken as the average of that measured at
four separate locations. The worn volume was calcu-
lated according to Japanese Industrial Standard (JIS
R1613) by the following equation

Worn volume ¼ pR S1 þ S2 þ S3 þ S4ð Þð Þ=2

where R and S are the sliding radius and cross section
area of the worn track.
Table 1

Sample designations and compositions
Sample
 m
 n
 Theoretical phase structure
 Phases identified by XRD
 Calculated b content (%)
1
 1.1
 1.1
 a-Sialon
 a-Sialon
 0
2
 1.0
 0.5
 a-Sialon
 a-Sialon+b sialon (trace)
 3
3
 0.70
 0.35
 a-Sialon+b sialon
 a-Sialon+b sialon
 25
4
 0.50
 0.25
 a-Sialon+b sialon
 a-Sialon+b sialon
 49
Sample 2 showed trace amounts of b-sialon, reflecting the composition of this sample on the boundary of the a-sialon phase region (see Fig. 1).
Fig. 2. Fracture surfaces of the sintered sialon composites. The a-sialons show an equiaxed microstructure (a and b) whilst the number of elongated

grains increases with b-Sialon content (c and d).
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3. Results and discussion

All of the samples were sintered to full density
(>98% theoretical density). Table 1 shows the designa-
tions of the samples and the phases identified by XRD,
along with the calculated b content. Sample 1 (Y-
1.1,1.1) was single phase a-sialon whilst sample 2 (Y-
1.0,0.5) contained trace amounts of b-sialon, reflecting
its composition lying on the boundary of the a-sialon
phase field (Fig. 1). Samples 3 and 4 (Y-0.7,0.35 and Y-
0.5,0.25) were composite materials containing both
a-and b-sialon phases. The fracture surfaces of the
samples following bending tests are shown in Fig. 2.
The microstructure of the a-sialon samples (Fig. 2a and
b) comprised uniform equiaxed grain morphology with
average grain size of approximately 0.5–1.0 mm. The
composite sialons (Fig. 2c and d) exhibited a bimodal
microstructure where elongated b grains of a few
microns in length and submicron diameters were dis-
persed in a matrix of fine a-sialon grains. These differ-
ences in microstructure are reflected in the mechanical
properties of the samples as shown in Fig. 3. The a-sia-
lons exhibited the highest hardness, reflecting the inher-
ently higher hardness of the alpha phase, and the equi-
axed microstructure of these materials, and there was a
decrease in hardness with increasing b content. How-
ever, both fracture toughness and bending strength
increased monotonically with increasing b content. The
higher fracture toughness and strength of the a/b com-
posites is due to the presence of the elongated b grains
within the microstructure, which facilitate toughening
mechanisms such as crack bridging, as is commonly
observed in ‘‘in-situ’’ toughened silicon nitride cera-
mics.20 Despite the difference in phase composition of
the materials, the Young’s modulus of the samples
appeared to show little dependence, and for all four
samples was in the region of 320�5 GPa.
A wear diagram indicating the relationship between

the composition, normal load and worn volume of the
samples following the block-on-ring wear tests is given
in Fig. 4. As can be seen in this figure, at low normal
loads during block-on-ring experiments (5 and 30 N),
the composite samples with the high b content showed
appreciably more wear than the a sialon samples. As the
load was increased to 90 N (the maximum obtainable
with the current experimental equipment) this trend was
reversed, with the a/b composites showing slightly bet-
ter wear properties than the single-phase materials. This
trend is further highlighted with the results from the
ball-on-disk experiment, also shown in Fig. 4, where the
a-sialons show an order of magnitude higher wear than
the composites. The worn surfaces of the a-sialon
(sample 1) and the a/b composite (sample 4) specimens
following Block-on-Ring wear tests at a normal load of
5N are shown in Fig. 5. In both cases the surfaces were
relatively smooth and showed no evidence of appreci-
able material removal (Fig. 5a and b). Scattered very
fine particles and partially agglomerated material could
be seen on the worn surfaces. The smooth appearance
of the surfaces is representative of wear in which no
Fig. 3. Mechanical properties of the composite sialons: (a) hardness,

(b) fracture toughness and (c) bending strength.
Fig. 4. Wear map showing the relationship between composition,

normal load and worn volume of sialon block specimens obtained

from the block-on-ring tests, along with the result from the ball-

on-disk test.
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microcracking occurs in the material, and the wear
mode is predominantly controlled by tribochemical
reactions. Gomes et al. reported that the polished
appearance of a worn silicon nitride was due to a com-
bination of fine abrasion modes and humidity-assisted
tribo-oxidation.21 Under these conditions, the higher
hardness of the fine grained a-sialons imparts greater
resistance to material removal. It is generally accepted
that in ceramic materials, this type of worn surface is
characterised by localised plastic flow and tribochemical
reactions.22 These tribochemical reactions, which are
stimulated by friction, can result in the formation of a
reaction layer, which can reportedly lower the wear rate
in humid environments.23 However, other authors have
reported that such reaction layers play no role in redu-
cing wear.10 In silicon nitride based ceramics, the tribo-
chemical reaction results in the formation of a silica
layer, and it is therefore expected that the propensity to
oxidation of the material will have a bearing on the
formation of such layers.
The TG data of the full alpha and the high beta sam-

ples following 50 h at 1200 �C showed that the weight
gain was 0.19 and 1.65 mg cm�2, respectively. That is,
the high beta composite showed an order of magnitude
greater weight gain than that of the full alpha. It is
generally reported that the oxidation resistance of alpha
sialons is superior to that of beta sialon, due to the
reduced amount of glassy phase in the former.24,25 This
greater resistance to oxidation in the case of the alpha
sample may be another reason for the improved wear
behaviour under low loads. Andersson et al reported
that during unlubricated sliding of self mated Si3N4,
high local temperatures at the asperity contacts resulted
in oxidation and easily detachable reaction products.26

The greater propensity to oxidation for the high beta
composite may lead to increased wear through the
removal of the oxide film by adhesive wear, and thus
exposing the surface to further oxidation. High wear
rates by such oxidation mechanisms have been reported
for high temperature sliding of silicon nitride, where
oxidation is the dominant wear mechanism.8

As the normal load is increased, the wear conditions
become more severe, and in silicon nitride ceramics it
has been shown that under high stress or high load
conditions the predominant wear mode is one where
wear occurs by the propagation of cracks along the
grain boundaries leading to microfracture.27 Such
intergranular cracking can lead to the ‘‘pulling out’’ or
‘‘dropping’’ of grains from the material surface.28 Worn
surfaces following block-on-ring tests at a normal load
of 90 N are shown in Fig. 6. For both the a-sialon and
the a/b composite, the surfaces were very rough and
high magnification revealed that the microstructure was
clearly visible in areas where grains had been removed
from the surface. This is most clearly seen for the a-sia-
lon sample (Fig. 6a). Analysis of the Hertzian stress
fields produced during the wear tests, using the method
described by Kaoki et al.,29 indicated maximum tensile
Fig. 5. Worn surfaces of (a) the a-sialon and (b) a/b composite samples following block-on-ring experiments at 5 N. Both surfaces are relatively

smooth with no obvious signs of material removal. The a-sialon surface was worn less than the composite due to its higher hardness.
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Fig. 6. Worn surfaces of (a) the a-sialon and (b) a/b composite samples following block-on-ring experiments at 90 N. The worn surfaces are very

rough and areas of exposed microstructure can be observed due to grain dropping. This phenomena was more prevalent for the fine grained a-sialon.
Fig. 7. Fracture surface of the Y(1.1,1.1) sample following ball-on-disk wear test. Many grain boundary microcracks can be observed beneath the

worn surface (indicated by arrows).
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stresses of approximately 85, 190 and 370 MPa for the
block-on-ring tests at normal loads of 5, 30 and 90 N,
respectively. For the ball-on-disk wear tests the same
analysis yields a maximum tensile stress one order of
magnitude higher, approximately 2.2 GPa. It should be
noted that the stress level for the block-on-ring test at 90
N is comparable to the bending strength of the two
a-sialon materials, and that for the ball-on-disk test is
higher than the strength of all four samples. Under
these conditions, the dropping of grains is thought to
occur following microcracking within the specimen due
to the high tensile stresses produced.30 Fig. 7 shows the
fractured surface of the Y(1.1, 1.1) specimen following
the ball-on-disk wear test. In this figure, the sample is
shown fractured in the direction normal to both the
worn surface and the sliding direction. The concave
region beneath the worn surface shows the generation of
many grain boundary microcracks, and it is thought
that the presence of these cracks leads to the removal of
individual grains from the surface of the material during
wear under severe conditions. Under these conditions,
the improved fracture toughness in the composite
materials, afforded by the presence of the elongated b
grains, makes the propagation of these cracks more dif-
ficult, and consequently the wear of these materials is
reduced in comparison to the fine grained a-sialons. The
worn volume of the samples is plotted against their
fracture toughness in Fig. 8. It can be seen that the wear
decreased with increasing fracture toughness of the
samples, and that this phenomenon was more pro-
nounced for the samples tested under the more severe
conditions of the ball-on-disk experiments.
4. Conclusions

The mechanical and wear properties of mixed a/b
sialon composite ceramics with various ratios of a and b
phases, have been examined under a range of testing
conditions. It was found that with increasing b content
in the composites, there was a decrease in hardness, but a
monotonic increase in both bending strength and fracture
toughness due to the presence of elongated grains in the
microstructure. In block-on-ring experiments at low
loads, the wear behaviour was characterised as one con-
trolled mainly by tribochemical reactions and microabra-
sion. Under these conditions, the higher hardness of the
single-phase a-sialon materials results in the best wear
properties. The propensity for easier oxidation in the a/b
composites materials may also contribute to greater wear
through the removal of the oxide film by adhesive wear.
However under heavier normal loads, and under ball-

on-disk experiments, where higher Hertzian stress fields
are generated, the wear mode changes to one where
wear occurs by the removal of individual grains follow-
ing microcracking within the grain boundary phase.
Under these conditions, the fracture toughness of the
material has a significant effect on crack propagation
and the bimodal microstructure of the a/b composites
results in improved wear properties.
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