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Abstract

The erosion behaviour of three pressureless sintered Ca a-sialon ceramics with different grain sizes, morphologies and various
amounts of grain boundary glass was investigated using a gas-blast type erosion rig. The erodent particles used were SiC grits. The

effects of grain size and morphology on the erosion mechanism were studied. It was found that the dominant material removal
mechanism for the fine equiaxed-grained sialon was grain dislodgment, while that for the elongate-grained material was transgra-
nular fracture. The effect of different amounts of intergranular glass on the erosion resistance of these materials was also studied. It
was found that an optimum amount of grain boundary glass had a beneficial effect on erosion resistance. Finally, the effect of post-

sintering heat treatment on the erosion behaviour of these materials was investigated. The results showed that heat-treated samples
exhibited a higher erosion rate than their as-sintered counterparts. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Compared to most brittle materials, sialon ceramics
exhibit excellent erosion resistance.1,2 There are two
crystallographic modifications of sialon, a and b. a-Sia-
lons have, in general, an equiaxed grain morphology
and high hardness,3 while b-sialons tend to form elon-
gated grains and exhibit significantly higher toughness
and lower hardness than a-sialons.4 a/b-Sialon compo-
sites offer some improved mechanical properties due to
the combination of the high hardness of the a-sialon
phase and the strength and toughness of the elongated
b-sialon grains. In particular, it has been shown that a/
b-sialon composites possess an order of magnitude
greater erosion resistance than b-Si3N4 when exposed to
erosion by alumina particles.1 The superior erosion
resistance of these materials can be attributed to a com-
bination of their high hardness, toughness and strength.
Recent studies at Monash University have established

that elongated a-sialon grains can be formed in situ in

Ca stabilized a-sialons via pressureless sintering.5�7 In
situ toughened a-sialon ceramics with an elongated
morphology exhibited toughness and strength compar-
able to those of b-sialon while retaining the high hard-
ness of a-sialon.8 This indicates a great potential to
produce a better sialon material for erosion resistant
applications. However, elongated a-sialon grains have
been observed in a number of Ca a-sialon compositions
which contain various amounts of secondary phases and
intergranular glass.6,7,9 In order to optimize the erosion
resistance of these materials, a better understanding of
the influence of microstructural aspects including grain
morphology and the presence of intergranular phases
on the erosive wear mechanism is essential.
In this study, three Ca a-sialon ceramics with different

grain sizes, morphologies and various amounts of
intergranular glass were subjected to erosion tests. The
effects of the microstructural variables on the erosion
behaviour of these materials were studied. In order to
clarify the influence of intergranular glassy phase on
the material removal mechanisms, erosion tests were
also carried out on the samples in which the inter-
granular glass was devitrified through a post-sintering
heat treatment.
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2. Experiments

2.1. Materials

Ca a-sialon can be described by the formula Cam/
2Si12�(m+n)Al(m+n)OnN16�n and has a phase region which
extends two-dimensionally on the Si3N4-3/2(Ca3N2)
.3AlN-4/3(AlN.Al2O3) plane of the Jänecke prism.9,10

The m and n are substitution numbers referring to
m(Al–N) and n(Al–O) bonds replacing (m+n)(Si–N)
bonds in each unit cell.11 The three a-sialon composi-
tions selected for this study lie nominally along a line
with m:n=2:1 on the plane mentioned above (Fig. 1).
The designation CA1005 refers to a design composition
of m=1.0 and n=0.5 in the a-sialon formula, and
CA2613 and CA3618 describe the material of composi-
tions m=2.6, n=1.3 and m=3.6, n=1.8, respectively.
The starting powders used were Si3N4 (H.C. Starck,
Grade M11; oxygen content 1.2 wt%), AlN (H.C.
Starck, Grade AT; oxygen content 1.14 wt%) and
CaCO3 (APS Chemicals, Australia, Laboratory Grade).
Compositional correction was made to account for the
oxygen content in nitride powders. The powder mixture
was ball milled in isopropanol for 30 h using Si3N4

media. After drying, the powders were uniaxially pres-
sed into 25 mm diameter pellets, followed by cold iso-
static pressing at 200 MPa. The pellets were packed in a
50 wt% Si3N4:50 wt% BN powder bed inside a graphite
die and were calcined at 900�C for 1 h in vacuum to
decompose CaCO3 to CaO. Sintering was carried out at
1800�C for 4 h in a graphite furnace in a nitrogen
atmosphere. The furnace heating rate was 20 �C min�1.
Cooling took place in the furnace by switching off the
power after the scheduled dwell. The cooling rate was

estimated to be approximately 40�C min�1 from 1800 to
1500�C and 25�C min�1 between 1500 and 1200�C.
Post-sintering heat treatment was carried out at 1300�C
for 12 h in nitrogen since previous studies have indi-
cated that such heat treatment results in the crystal-
lization of the intergranular glassy phase in Ca a-sialon
materials.5,12

2.2. Characterization

The bulk density of the target sialon ceramics was
determined using the boiling water method.13 The bulk
density of hot-pressed samples of similar composition,
reported in the literature, was used as a reference for the
true density of the target materials.14 The total porosity,
P%, of the target materials was calculated from
P%=(dt � db)/db.100, where dt and db are the true
density and bulk density of the target materials.15

The hardness and fracture toughness of the sialon
ceramics were measured using the Vickers indentation
method at a load of 98 N.16 A value of 240 GPa for
Young’s Modulus was used to evaluate the fracture
toughness of the Ca a-sialon materials.17

The phases present in the Ca a-sialon ceramics were
identified using X-ray diffraction (XRD) analysis, car-
ried out on a Rigaku-Geigerflex diffractometer with
nickel filtered CuKa radiation. Microstructures of the
polished and etched samples were examined using a Jeol
FE6300 scanning electron microscope (SEM) equipped
with a field emission gun. Etching was performed by
immersing polished surfaces of the samples into molten
NaOH (�400�C) for 10 s. Prior to SEM examination,
the samples were carbon coated to prevent charge
accumulation. The accelerating voltage used was 10 kV.
The eroded surfaces were ultrasonically cleaned in
methanol, dried, sputter coated with carbon and exam-
ined using SEM.
The diameter and length of a-sialon grains were

determined as the lengths of the shortest and the longest
diagonal of the two-dimensional exposed grains,
respectively, from the SEM micrographs of polished
surfaces. Over 500 grains of each sample were mea-
sured. The apparent aspect ratio of the grains was given
by the ratio of the average length over average diameter.
No stereological factors were considered here.

2.3. Erosion tests

The erosion tests were carried out using commercial
grade SiC abrasive grits (Norton Black). The grits were
angular in shape and ranged in size between 210 and
500 mm (Fig. 2). The particle size distribution analysis,
as determined by the laser diffraction technique, showed
the median diameter to be d50=388 mm. The apparent
solid density of the erodent particles was determined
using a helium pycnometer. Hardness and indentation

Fig. 1. Ca a-sialon phase diagram published by Hewett et al.10 and

later Wood et al.9 The dashed line presents the compositions with an

m:n=2:1 ratio and the three dots on the line indicate the three com-

positions chosen for the present work.
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fracture toughness of the erodent particles were deter-
mined by micro-indentation tests at a load of 1.96 N.
The erodent particles were mounted in thermosetting
resin, ground and polished to 0.5 mm diamond finish
prior to the indentation test.
Erosion tests were performed in a gas-blast type ero-

sion test rig which has already been described in detail
previously.18 Mild steel was employed as the control
material in each test. The test conditions were as fol-
lows: the sample-nozzle stand off distance was 13.8 mm;
the particle velocity 20 m/s and the impact angle 90�.
Each sample was eroded with a fixed amount of erodent
for nine exposures. The dosage used was approximately
106 g. Mass loss from the target materials was measured
using an analytical balance with an accuracy of �0.1
mg. Wear volume was calculated from the mass loss and
the bulk density of each material. Cumulative volume
loss was plotted as a function of the amount of erodent
impacting on the surface. The steady state erosion rate
(�E), defined as the volume loss from the specimen per
unit mass of erodent used, was determined from the
slope of the linear part of the volume loss-mass of ero-
dent plot.

3. Results

3.1. Microstructure

The crystalline phases in materials CA1005, CA2613
and CA3618 before and after heat treatment are shown
in Table 1. Ca a-sialon was the dominant phase in all
samples.
In material CA1005, a-sialon was the only phase

revealed. In material CA2613, a-sialon was the domi-
nant phase but there was also a trace of 2Hd (AlN-
polytypoid). In material CA3618, a-sialon was again the
dominant phase but small amounts of 2Hd and AlN0 were
also present. It has been established that AlN-polytypoid

phases, in this case the 2Hd phase, are AlN defect
structures that result from the incorporation of silicon
and oxygen atoms into the AlN structure.9,19 The AlN0

phase had a very similar XRD spectrum to the AlN
starting powder. However, another study suggested that
the AlN0 phase is not unreacted AlN powder, but rather
a precipitated silicon-containing AlN solid solution.6

Table 1 also shows that there is a slight decrease in the
amount of a-sialon with the increase in the m-value of
the compositions. This decrease was accompanied by
the presence of a small amount of 2Hd phase in sample
CA2613, and 2Hd and AlN0 phases in sample CA3618.
Furthermore, in the heat-treated CA1005, no gehlenite
phase (Ca2Al2SiO7) was found. However, in the heat-
treated CA2613 and CA3618, a minor gehlenite phase
existed. Gehlenite is the crystallised form of the inter-
granular glass and the very low content of this phase in
CA1005, being at most less than 3%, indicates a very
low amount of glass in the sample. The result is con-
sistent with the fact that the CA1005 composition is
located inside the single a-sialon phase region. It is
important to note that the relative XRD peak intensity
ratio between gehlenite I(211) and Ca a-sialon I(102) is
0.13 for sample CA2613 and 0.34 for CA3618. This
suggests that the amount of intergranular glass increased
with the increase in the m-value of the composition.
SEM micrographs of polished and chemically etched

surfaces of the three Ca a-sialon ceramics are shown in
Fig. 3. The average diameter, length and apparent
aspect ratio of a-sialon grains of these materials are
given in Table 2.
Sample CA1005 contained almost equiaxed a-sialon

grains with a large fraction of the grains being slightly
elongated with an aspect ratio less than 2 [Fig. 3(a)].
The size of the a-sialon grains varied widely from 0.1 to
over 2 mm with an average diameter of 0.44 mm.
Sample CA2613, as shown in Fig. 3(b), displayed two

distinct crystalline phases: the a-sialon phase with a
smooth trait and the AlN-polytypoid phase with speckled

Fig. 2. SEM micrograph of as-received SiC erodent particles.

Table 1

Crystalline phases of Ca a-sialon samples prior to and post heat

treatmenta

Sampleb m-Value a0c 2Hdc AlN0c Gc

CA1005(AS) 1.0 vs - - -

CA1005(HT) 1.0 vs - - -

CA2613(AS) 2.6 vs vw - -

CA2613(HT) 2.6 vs vw - w

CA3618(AS) 3.6 vs w w -

CA3618(HT) 3.6 vs w w mw

a a0=a-sialon; 2Hd=Si2.4Al8.6O0.6N11.4 (AlN-polytypoid);

AlN0=aluminium nitride solid solution; G=gehlenite (Ca2Al2SiO7) or

more likely gehlenite solid solution (Ca2Al2�xSi1+xO7�xNx
39).

b AS: as-sintered; HT: heat-treated at 1300�C for 12 h in N2.
c X-ray peak intensities: vs=very strong (relative peak intensity

>85%), mw=medium weak (20–40), w=weak (10–20), vw=very

weak (<10).
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features. The a-sialon grains appeared mainly in an
elongated shape and ranged widely in size. The small
grains were typically 0.2–0.3 mm in diameter and 0.7–1.2
mm in length, while the large grains were 0.9–1.2 mm in
diameter and 3–8 mm in length. Their aspect ratios were,
however, very similar, ranging from 3 to 8 with an
apparent ratio of 5.2. 2Hd AlN-polytypoids appeared as
long laths with an average thickness and length of 0.6
and 4 mm, respectively. The speckled appearance of 2Hd

grains was the result of the faster etching rate of AlN
compared to that of a-sialon when NaOH etchant was
used.20

Sample CA3618, according to XRD analysis (Table 1),
consisted of three crystalline phases: the a-sialon, 2Hd

and AlN0 phases. However, only two of these phases,
namely the a-sialon and 2Hd phases, could be identified
from the SEM micrograph [Fig. 3(c)]. The AlN0 phase
was shown from previous work to have an equiaxed or
globular morphology.6,9 Therefore, it is difficult to dis-
tinguish the AlN0 phase from a-sialon phase on the
basis of SEM examinations of polished sections. The a-
sialon phase in CA3618 had a similar elongated grain
morphology to that observed in material CA2613 except
that it was much larger and longer in size. The average
diameter for a-sialon grains was 0.57 mm, although
some grains were as large as 2 mm in diameter. The
apparent aspect ratio was 7.3. The 2Hd laths in CA3618
also exhibited much larger dimensions compared to
those in sample CA2613. The substantial grain growth
of a-sialon and 2Hd was due to an increased amount of
glass in material CA3618.
SEM microstructural observations agree well with the

XRD results: as the m-value increases, Ca a-sialon
compositions exhibit lower a-sialon and higher glass
and AlN’ contents. The size and aspect ratio of the a-
sialon grains are also found to increase with the m-value.

3.2. Physical properties

The physical and mechanical properties of the target
materials are presented in Table 3, where some interest-
ing trends can be observed. Compositions with higher
m-values are easier to densify than those with lower m-
values. The increase in the amount of intergranular
glassy phase with increase in the m-value may account
for this. Material CA3618 attained a bulk density of
above 99.7% of its true density whereas material
CA1005 only achieved a bulk density of 95.5% of its
true density. Clearly, intergranular glassy phase or the
liquid phase when it is above the eutectic temperature is
crucial for facilitating densification during sintering.
Further, the post-sintering heat treatment resulted in a
slight decrease in the bulk density of the samples. This
may be accounted for by an increased porosity resulting
from the volume reduction due to the devitrification of
the intergranular glass.21 The increase in porosity at

Fig. 3. SEM micrographs of Ca a-sialon samples: (a) CA1005, (b)

CA2613 and (c) CA3618. The samples were polished and chemically

etched in molten NaOH for 10 s prior to SEM examination.

Table 2

Average diameter, length and apparent aspect ratio of a-sialon grains

for the three Ca a-sialon ceramics

Material Average

diameter (mm)
Average

length (mm)
Apparent

aspect ratio

CA1005 0.44 0.69 1.6

CA2613 0.46 2.38 5.2

CA3618 0.57 4.18 7.3
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grain boundaries was indeed observed in a recent study
on grain boundary devitrification of Sm a-sialon
ceramics.22

In Table 3, it is also seen that the hardness of the
materials decreases with increasing m-value. As the m-
value increases, the amount of a-sialon decreases and
that of the glass increases. Thus CA1005 has the highest
hardness, with values of 16.4 and 15.5 GPa for the as-
sintered and heat-treated samples, respectively. CA3618
exhibits the lowest hardness, with corresponding values
of 14.5 and 14.1 GPa, respectively. A slight reduction in

hardness was noticed for the heat-treated samples com-
pared to the as-sintered ones. This may also be accoun-
ted for by the increased porosity resulting from glass
devitrification in the heat-treated samples.
Indentation fracture toughness measurements of the

three a-sialon compositions indicate that toughness
increases with increasing m-value. The improved tough-
ness in samples with higher m-values can be attributed
to the presence of the elongated a-sialon grains as well
as the large polytypoid laths in these materials. This can
be evidenced by earlier studies on the fracture surfaces
of high m-value materials dominated by elongated a-
sialon grains in which microstructural toughening
mechanisms such as grain debonding and grain pullout
were observed.7

3.3. Erosion behaviour

Fig. 4 presents the cumulative volume loss due to
erosion of the Ca a-sialon ceramics as a function of the
amount of SiC erodent impinging on the material sur-
face. In all cases, cumulative volume loss increases line-
arly with the amount of erodent after an incubation
period. The slope of this linear portion was used to
obtain the steady-state erosion rate. This linear rela-
tionship between the volume loss and the amount of the

Table 3

Properties of the erodent and target materials

Sample Bulk

density

(kg/m3)

True

densitya

(kg/m3)

Total

porosity

(%)

Hardness

(GPa)

Toughness

(MPa m1/2)

SiC erodent – 3208 – 31.7�0.2b 2.4�0.1b

CA1005(AS) 3035 3170 �4.45 16.4�0.3 4.5�0.1

CA1005(HT) 3033 – �4.52 15.5�0.3 4.6�0.4

CA2613(AS) 3150 3210 �1.90 15.0�0.3 5.4�0.5

CA2613(HT) 3150 – �1.90 14.7�0.2 5.5�0.1

CA3618(AS) 3205 3210 �0.16 14.5�0.3 5.7�0.3

CA3618(HT) 3200 – �0.31 14.1�0.4 5.9�0.2

a Bulk density of hot-pressed samples.
b Measured by Vickers indentation at 1.96 N load.

Fig. 4. Cumulative volume loss of Ca a-sialon ceramics as a function of the amount of SiC erodent impinging on the target surface. The solid

symbols represent the heat-treated samples: CA1005 (&), CA2613 (~) and CA3618 (*), while the corresponding open symbols present their as-

sintered counterparts, respectively. The solid and the dashed lines are the point to point joins of data points.
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erodent indicates that each consecutive dosage has
removed approximately the same amount of material
from the target surface.
Fig. 5 shows the steady-state erosion rates of a-sialon

ceramics eroded by airborne SiC particles. As can be
seen, among the three as-sintered samples, material
CA1005 shows the highest rate of erosive loss and
material CA2613 the lowest. This trend in erosion rates
is, however, altered in their heat-treated counterparts
where the erosion rate tends to decrease with the increas-
ingm-value, although the erosion rates of the heat-treated
CA2613 and CA3618 appear to be very similar. In all
cases, the heat-treated samples display a higher erosion
rate than their as-sintered counterparts and the differ-
ence in erosion rate between the heat-treated and the
as-sintered samples decreases with the increasing m-
value.

3.4. SEM observations

The erosion craters formed by airborne SiC erosion at
normal impact are circular in shape. To facilitate com-
parison of damage sustained by individual samples, the
SEM micrographs were taken at or near the centre of
the erosion crater.
Fig. 6(a) shows a general view of the eroded surface of

as-sintered sample CA2613, while Fig. 6(b) shows the
centre-right region of Fig. 6(a) at a higher magnification.

Similarly, Fig. 6(c) presents the general view of the ero-
ded surface of the heat-treated sample CA2613 and
Fig. 6(d) is a higher magnification micrograph of the
centre-left region of Fig. 6(c). It can be seen that the
morphology of the eroded surface is quite different for
the as-sintered and heat-treated samples. For as-sintered
material CA2613 [Fig. 6(a)], the damaged surface
appears to be relatively smooth and contains some
small-scale faceted regions. The higher magnification
micrograph [Fig. 6(b)] reveals that the damage features
for the as-sintered sample were mainly transgranular
fracture and smearing of the deformed materials.
Transgranular fracture was even observed in the elon-
gated grains which were oriented virtually parallel to the
target surface, as marked by arrows in [Fig. 6(b)], indi-
cating that the intergranular calcium oxynitride glass
provided a strong bonding between the grains. Further,
in many cases, the skeletons of the underlying grains
were observed in the plastically deformed regions, indi-
cating the preferential removal of the softer glassy
phase. In contrast, for the heat-treated material CA2613
[Fig. 6(c)], the erosion damage is clearly more severe.
Higher magnification SEM examination [Fig. 6(d)]
showed that erosion damage involved both transgra-
nular and intergranular fractures, as well as localized
plastic deformation. Intergranular fracture, evidenced
as grain pull-outs, is caused by substantial grain
boundary microcracking and was often observed for

Fig. 5. Steady-state erosion rates of a-sialon ceramics eroded by airborne SiC particles after 90� impingement. Shaded bars represent the erosion

rates of the heat-treated samples, while clear bars show the erosion rates of the as-sintered samples.
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equiaxed grains as well as some elongated grains that
were oriented parallel to the surface.
When as-sintered material CA3618 was exposed to

SiC erosion at normal impact, as shown in [Fig. 7(a)],
the damage patterns were again dominated by trans-
granular fracture and plastically deformed materials.
On the other hand, when the heat-treated CA3618 sam-
ple was eroded by SiC particles, as shown in [Fig. 7(b)],
profuse grain boundary microcracking occurred. The
higher magnification SEM examination [Fig. 7(c)] showed
that the main material removal mechanisms were trans-
granular fracture and grain dislodgment.
The eroded surfaces of material CA1005, both as-sin-

tered and heat-treated, are presented in Fig. 8(a) and
(b), respectively. As can be seen, in both cases, the
damage features were governed by grain ejection and
plastically deformed materials coupled with small-scale
chipping. This is, however, quite different from the
damage features observed in as-sintered materials
CA2613 and CA3618 where transgranular fracture was
the dominant material removal mechanism.

4. Discussion

When brittle materials are exposed to impact by hard
and sharp particles, the resulting damage patterns show
some degree of similarity to those produced by a sharp
indenter such as a Vickers diamond pyramid indenter.
Accordingly, the more controlled indentation process has
been used to model the dynamic erosion process.23�25

Two theoretical models, the dynamic and the quasi-sta-
tic models, have been developed to describe the elastic–
plastic damage caused by sharp particle contact.23,24

Both these models predict the erosion rate as:

�E / �nD3:7�pK�1:3
c Hq ð1Þ

where �E is the erosion rate; �, D and � are the velocity,
mean diameter and density of the erodent particles; and
Kc and H are the fracture toughness and hardness of the
target material. The exponents n, p and q differ in the
two models, being 3.2, 1.3 and �0.25 for the dynamic
model and 2.4, 1.2 and 0.11 for the quasi-static model,

Fig. 6. SEM micrographs of steady-state erosion surfaces of material CA2613 after 90 �impingement: (a) and (b), as-sintered sample; (c) and (d),

heat-treated sample. Note: arrows in (b) indicate the transgranular fracture of the elongated grains which are oriented virtually parallel to the

eroding surface.
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respectively. As can be seen, both models suggest that
the erosion rate has a strong inverse dependence on the
fracture toughness, but has a much weaker dependence
on the hardness of the target material.
The validity of these two models has been tested on a

wide range of ceramic materials.1,26�28 The results,

however, vary from one system to another. For exam-
ple, for erosion of alumina ceramics, it was well estab-
lished that the erosion rate does not simply depend on
the hardness and fracture toughness of the target mate-
rials. In fact, the microstructure of the target materials
has been shown to have a controlling effect on the
material removal mechanism.18,29�31 On the other hand,
for erosion of sialon ceramics, the only two published
systematic studies showed a qualitative agreement
between the experimental results and the two theoretical
models: the erosion rate decreases strongly with the
increasing fracture toughness, but less sensitively with
the increasing hardness.1,2 However, such qualitative
agreements are not supported by this work. While the
most erosion resistant Ca a-sialon composition,
CA2613, possesses moderate hardness and toughness
values, the other two compositions have either higher
hardness (CA1005) or higher toughness (CA3618) than
CA2613. Nevertheless, both are less erosion resistant
than sample CA2613. The discrepancies between our
observation and the two theoretical models may be

Fig. 7. SEM micrographs of steady-state erosion surfaces of material

CA3618 after 90� impingement: (a) as-sintered sample; (b) and (c)

heat-treated sample.

Fig. 8. SEM micrographs of steady-state erosion surfaces of sample

CA1005 after 90� impingement: (a) as-sintered sample and (b) heat-

treated sample.
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explained in terms of the microstructural characteristics
of the target materials.
The major microstructural parameters for ceramic

materials are porosity, crystalline phases, grain size and
morphology and the nature of the grain boundary pha-
ses. It is the primary interest of the present study to
examine the effects of these microstructural parameters
on the erosion behaviour of a-sialon ceramics.
The dominant material removal mechanism for the

as-sintered CA2613 and CA3618 samples is transgra-
nular fracture [Figs. 6(a) and 7(a)], but for CA1005 is
intergranular fracture [Fig. 8(a)]. Both CA2613 and
CA3618 consist mainly of randomly oriented elongated
a-sialon grains and large 2Hd laths. The interlock effect
of the elongated grains effectively hindered the grain
dislodgment mechanism. Thus, more energy is required
to remove the interlocked elongated grains from the
target surface than to dislodge equiaxed grains. The
interlock effect hypothesis is further supported by our
SEM observations of the eroded surfaces of the heat-
treated materials CA2613 and CA3618. As shown in
Figs. 6(d) and 7(c), despite the substantial intergranular
cracking, the transgranular fracture of the interlocked
long a-sialon grains still remains as one of the dominant
material removal mechanisms.
The major microstructural difference between the two

high m-value compositions is that CA2613 possesses a
fine elongated grain morphology with relatively less
grain boundary glass and higher porosity while CA3618
exhibits a coarser and longer grain morphology coupled
with a higher amount of grain boundary glass and an
additional minor AlN0 phase.
It is well known that porosity has a deleterious effect

on erosion resistance because the pores, especially those
at grain boundary triple junctions, can be regarded as a
stress-concentrating flaw system32 and consequently
become preferred sites for microcrack initiation.33 Thus,
from the porosity point of view, the more porous mate-
rial CA2613 should have inferior erosion resistance than
CA3618. However, our experiments revealed a lower
erosion rate for CA2613 compared to CA3618 (Fig. 5).
The crystalline phases and the grain size can influence

the erosion behaviour of the ceramic materials. How-
ever, our erosion tests showed the heat-treated samples
CA2613 and CA3618 displayed a comparable erosion
rate (Fig. 5), suggesting that for sialon compositions
with a similar grain morphology, minor differences in
crystalline phases, grain sizes and the amount of crys-
tallized intergranular phases do not significantly influ-
ence the erosion resistance.
It can, therefore, be concluded that the excessive

amount of intergranular glass in sample CA3618 is pri-
marily responsible for its poorer erosion performance,
as the glassy phase is, in general, much less resistant to
erosion than the a-sialon grains. On the other hand, an
optimum amount of grain boundary glass may improve

the erosion resistance of these ceramics. Grain bound-
ary glass fills into the pores and facilitates the particle
rearrangement during the sintering and also has the
potential to absorb or cushion the stress induced from
solid particle impact via viscous flow.
The Ca oxynitride glass present in the Ca a-sialon

ceramics has a relatively low Tg point (800–900�C).34

Thus, the glass in the vicinity of the impact site could be
softened due to local adiabatic heating caused by the
impact of the fast-moving particles.18,35,36 In a previous
study of erosion of these materials by garnet particles
under similar conditions, it was observed that the local
adiabatic heating effect resulted in the melting of the
erodent particles whose melting point is 1250�C.37

Moreover, if the grain boundary glass has strong bond-
ing with the elongated ceramic grains, it would make
intergranular fracture and grain ejection more difficult
upon erosion. This effect could be especially significant
in a-sialon ceramics because in a-sialon, unlike in b-
sialon and b-Si3N4, both grain boundary glass and a-
sialon grains contain identical elements. Thus, the
bonding between a-sialon grains and the glassy matrix
could be strong. The contribution of intergranular pha-
ses to the erosion process can be further illustrated by
comparing the a-sialon samples before and after post-
sintering heat treatment.
The erosion test results showed that the as-sintered

material CA2613 possessed significantly higher erosion
resistance than its heat-treated counterpart (Fig. 5). The
post-sintering heat treatment can have three effects on
a-sialon materials: (1) the partial crystallization of the
excess glass located at three-grain edges,38 which can
result in up to 10% volume reduction in the Ca a-sialon
system12 and thus produces a radial tensile stress in the
triple junctions at the interface between the a-sialon
grains and the gehlenite phase;38 (2) the formation of
the gehlenite phase which leads to an enrichment of the
nitrogen content in the grain boundary glass film and
the residual glass at the three-grain edges; and (3) the
creation of thermal stresses at the three-grain edges due
to thermal expansion mismatch between the a-sialon
grains and devitrified phases.
The volume reduction and the creation of thermal

stresses can generate microcracks or even pores at the
grain boundary triple junctions and consequently
weaken the bonding strength between the a-sialon
grains and the gehlenite phase. The weakened grain
boundary triple junctions can be regarded as preferred
sites for microcrack initiation upon erosion and thus
degrade the erosion resistance of the a-sialon ceramics.
The gehlenite phase observed in the Ca a-sialon sys-

tem is a member of the melilite group and can also exist
as a solid solution incorporating a small amount of
nitrogen with the general formula Ca2Al2�xSi1+x-
O7�xNx.

39 However, the formation of the gehlenite solid
solution consumes much more oxygen than nitrogen
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and hence results in a residual glass with increased
nitrogen content and increased viscosity. This is because
in glass structure, nitrogen possesses three bonds which
increase the packing density and the stiffness of the
network.40 The higher viscosity residual glass can fur-
ther degrade the erosion resistance of the a-sialon cera-
mics because of the reduction in the ability of grain
boundary to viscoplastically absorb or cushion the
impact stress.41 This scenario is supported by the SEM
study on the eroded surfaces of material CA2613. As
shown in Fig. 6(b), the material removal mechanism for
the as-sintered sample is predominantly transgranular
fracture, indicating strong bonding between the grains.
In contrast, the eroded surface of heat-treated sample
CA2613 [Fig. 6(d)] revealed substantial grain boundary
microcracking and grain dislodgment.
Comments may be made on erosion behaviour of

material CA1005. It has been shown that the dominant
material removal mechanism, for both as-sintered and
heat-treated samples, was grain ejection coupled with
small-scale chipping. This is because material CA1005
contains approximately equiaxed grains and a very
small amount of intergranular glass, which is mainly
responsible for a relatively large number of pores in the
sample. The linkage of the pre-existing flaws and the
substantial grain boundary microcracks induced from
the severe impacts results in the ejection of the equiaxed
grains. Thus, material CA1005 has the highest erosion
rate of the three compositions. Furthermore, small-scale
chipping is evidence of the severity of the damage pro-
duced by SiC erosion owing to its extremely high hard-
ness. Finally, heat treatment has further weakened the
intergranular bonding strength of the material, resulting
in poor performance in the erosion tests (Fig. 5).

5. Conclusions

The present study has clearly demonstrated that
microstructural parameters such as grain size, grain
morphology, and the amount of intergranular glass can
all play a role in determining the erosion behaviour of
Ca a-sialon ceramics. The following conclusions can be
made from the results of this study.

. For material consisting of fine approximately
equiaxed grains (CA1005), the dominant material
removal mechanism is grain ejection, while for
materials containing mostly elongated grains
(CA2613 and CA3618), it is transgranular fracture.
This is because the interlock effect of the elongated
grains hinders the grain ejection mechanism.

. An optimum amount of intergranular glass may
improve the erosion resistance of a-sialon ceramics
due to the following reasons: (1) grain boundary
glass reduces the amount of porosity in the material;

(2) grain boundary glass forms strong bonds with
the a-sialon grains due to the similarity in their
respective chemical compositions; and (3) grain
boundary glass has the potential of absorbing and
cushioning the stress induced by solid particle
impacts.

. An excess amount of grain boundary glass will
result in poorer erosion performance due to the
lower erosion resistance of the glass phase com-
pared to a-sialon.

. Post-sintering heat treatment increases the erosion
rate of Ca a-sialon materials. Such differences can
be attributed to (1) the weakening of the bond
strength between the a-sialon grains at the three-
grain edges due to the volume reduction induced
from the devitrification of the intergranular glass;
(2) the creation of the intergranular stresses due to
thermal expansion mismatch between the a-sialon
grains and devitrified phases; and (3) the reduction
of the ability of the grain boundary to viscoplasti-
cally absorb or cushion the stresses during erosion
owing to the crystallization of the intergranular
glass.
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