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Abstract

In the present work, the mechanical properties and erosion-resistance ability of hot-pressed and pressureless sintered slag a-sialon
ceramics, which were started from slag a-sialon powders prepared by SHS technique based on slag powders, [J. Mater. Chem. 12

(2002) 1199] were measured. The hardness and toughness of pressureless sintered slag a-sialon samples reached 15.53 GPa and 4.72
MPam1/2 respectively. The strength of hot-pressed slag a-sialon ceramics reached 599 MPa as well. In comparison with Al2O3 and
ZrO2 ceramics, as-sintered slag a-sialon ceramics showed much higher erosion-resistance ability. These properties are very close to

that of normal a-sialon ceramics prepared by expensive chemical agents as raw materials.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Sialon ceramics [mainly a-sialon (a0) and b-sialon (b0)]
exhibit great potential for engineering applications
because of their excellent mechanical properties, such as
high hardness, toughness and strength.2 Typically, sia-
lons are prepared by firing powder compacts of Si3N4,
AlN, Al2O3 and some oxide sintering additives at high
temperatures via a liquid phase sintering mechanism.
Both the expensive starting powders and the complex
manufacturing process (compared to most oxide cera-
mics) have limited the practical application of sialon
ceramics. On the other hand, slag is a waste product
from metallurgical plants and is produced on a daily
basis in large quantities. Therefore, there are econom-
ical and ecological advantages for the reuse of this was-
teful slag. The basic components in the blast furnace
slag are CaO, SiO2, Al2O3 and MgO. There have been
previous attempts to produce cement and glass out of
slag.3,4 However, little literature is available on the use
of slag to synthesize advanced ceramics, although its
composition can be easily matched to that of the sialon
ceramics if extra nitrogen is incorporated. Recently, we
synthesized low-cost (Ca, Mg)-a-sialon powder from
slag using a novel synthesis method, namely Self-propa-
gating High-temperature Synthesis (SHS).1 This process
has obvious advantages in comparison to traditional
Carbothermal Reduction and Nitridation (CRN)
method, such as high-productivity and low-energy con-
sumption.5 The synthesized a-sialon powders show
some good sinterability and can be densified at 1750 �C
by hot-press sintering. In the present work, the
mechanical properties of hot-pressed and pressure-less
sintered slag-sialon ceramic samples were further stud-
ied. And as an important potential application, the ero-
sion behaviour of slag-sialon ceramics were measured
and compared with Al2O3, ZrO2 and normal pressure-
less sintered Ca-a-sialon materials.
2. Experimental

The characters of slag a-sialon powder synthesized
using SHS have been described in a previous paper.1

This powder was ball milled to about 1 mm (shown in
Fig. 1) and then sintered directly by hot pressing
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(1700 �C, 1 h) and pressureless sintering (1800 �C, 2 h)
in a graphite furnace.
Bulk densities of the samples were measured accord-

ing to the Archimedes principle. Phase identification
was performed by X-ray diffraction (XRD) using a
Rigaku Geigerflex diffractometer. Hardness and inden-
tation fracture toughness were measured by using a
Vickers diamond indenter under a load of 100 N for 10
s. Sintered samples were cut and ground into rectan-
gular bar specimens (3�4�35 mm). Bending strength
was measured at room temperature with an INSTRON-
1195 using the three-point bending test with a span
length of 30 mm and a cross-head speed of 0.5 mm/min.
Morphology of the starting powder and the micro-
structure of solid specimens were observed under a
scanning electron microscope (Jeol, JSM 840A).
The erosion tests were carried out in a gas-blast type

erosion test rig, which has previously been described in
detail by Zhang et al.6 The erodent particles used were
commercial grade SiC and garnet abrasive grits. The
SiC particles had a size distribution between 210 and
500 mm (mean 388 mm) and the garnet particles ranged
between 200 and 600 mm (mean 400 mm). The mechan-
ical properties of the erodent particles are shown in
Table 2. The test conditions were as follows: the sample-
nozzle stand off distance was 13.8 mm; the particle
velocity 20 m/s and the impact angle 90� or 30�. Weight
loss from the target materials was tested using an ana-
lytical balance with an accuracy of 0.1 mg. Cumulative
weight loss was plotted as a function of the amount of
erodent impacting on the surface.
3. Results and discussion

3.1. Mechanical properties

Ball-milled slag a-sialon powders were hot-pressed
(HP) at 1700 �C for 1 h and pressureless sintered (PLS) at
Fig. 1. SEM photo of starting slag a-sialon powder.
Fig. 2. Microstructure of as-sintered slag a-sialon samples (a) PLS at 1800 �C for 2 h (b) HP at 1700 �C for 1 h.
Table 1

Properties of HP- and PLS-slag-sialon samples
Samples
 Measured

Density

(g/cm3)
Relative

density

(%)
Hardness

(Gpa)
Toughness

(MPa.m1/2)
Strength

(MPa)
PLS
 3.07
 96
 15.53
 4.72
 360
HP
 3.17
 99
 16.02
 4.48
 599
Table 2

Properties of erodent particles and reference target ceramic samples
Materials
 Density

(g/cm3)
Hardness

(GPa)
Toughness

(MPam1/2)
Garnet
 4.1
 13.9
 1.1
SiC
 3.2
 20.4
 2.5
Al2O3
 3.76
 17.9
 –
Mg–PSZ
 5.74
 9.5
 13.1
Normal Ca-a-sialon (PLS)
 3.2
 15.6
 4.5
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1800 �C for 2 h respectively. The etched microstructures
of PLS and HP samples are shown in Fig. 2. Some elon-
gated or plate-like grains can be found in both of them,
but these types of grains are coarser in the PLS sample.
This can be attribute to its higher sintering temperature
and more porous for grain growth. The starting slag a-
sialon powders are around 1 mm and have an equi-axed
morphology, so it can be concluded that these coarse
elongated or plate-like grains formed by ostwald growth
during sintering. This supports the findings that the
morphology of grains after sintering is mainly attributed
to their crystal habit and grain growth space.7

The density and mechanical properties of the HP and
PLS sintered samples are presented in Table 1. The theo-
retical density of slag a-sialon is 3.19 g/cm3, obtained by
measuring the density of the slag a-sialon powder. Hence,
the HP sample attained a bulk density of >99% and PLS
samples achieved a bulk density of 96% of the true den-
sity. It is also seen in Table 1 that the strength of the HP
sample reached 599MPa and the hardness and toughness
of PLS sample were 15.53 GPa and 4.72 MPam1/2. These
properties are very close to that of normal a-sialon cera-
mics prepared using very expensive chemical starting
powders. Although the HP sample is dense, the hardness
is lower than normal HP a-sialons (generally above 18
GPa). This might be attributed to the presence more glass
at grain boundaries, which is soft and brittle. The lower
strength of PLS sample is related to its low density and
weak bonding between grains. The fracture surface of
samples (shown in Fig. 3) further indicates that the large
Fig. 3. Fracture surface of as-sintered slag a-sialon samples (a) PLS at 1800 �C for 2 h (b) HP at 1700 �C for 1 h.
Fig. 4. Cumulative weight loss of samples as a function of the amount

of YAG erodent impinging on the target surface at 90-degree angle.
Fig. 5. Cumulative volume loss of samples as a function of the

amount of SiC erodent impinging on the target surface at (a) 30-degree

angle (b) 90-degree angle.
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pores and some big plate-like grains (indicated by an
arrow) impair its strength greatly (generally above 500
Mpa) in PLS slag a-sialon. Some grain pullout (indi-
cated by arrows) can be observed in the dense HP salg
a-sialon sample, which should lead to reinforcement
and thus strength.

3.2. Erosion resistance

Figs. 4 and 5 present the cumulative weight or volume
loss due to erosion of the ceramic samples as a function
of the amount of YAG or SiC erodent impinging on the
material surface. For comparison, Al2O3, ZrO2 and a
normal PLS Ca-a-sialon ceramic were also tested. The
properties of these reference samples are listed in
Table 2. As can be seen, in the case of erosion using
YAG erodent at a 90-degree angle, Al2O3 and ZrO2

ceramics show much higher rate of erosive loss than
the as-sintered PLS slag-sialon ceramics. When using
the harder SiC erodent particles at 30 and 90�, both the
HP and PLS sintered slag a-sialon samples were much
better than the Al2O3 ceramics, and very close to nor-
mal a-sialon ceramics prepared using high purity pow-
ders. It can also be seen that the erosion rates of all
target materials impinged at 30� are lower than that at
90�. This difference can be attributed to different mate-
rial removal mechanisms in these two cases. In the case
of shallow angle eroded surface, the dominant materials
removal mechanism was grain ejection and plastic
deformation, while in the case of the high angle eroded
surface, the material removal mechanism was mainly
grain ejection. Figs. 6 and 7 show the representative
surface features of slag a-sialon after erosion using SiC
erodent at 30 and 90� impacts. In Figs. 6(a) and 7(a),
obvious plastic smearing can be observed and in
Figs. 6(b) and 7(b), more grain ejection effects can be
Fig. 6. SEMmicrographs of surface features of PLS slag-sialon samples after erosion using SiC particles at impingement angle of (a) 30� and (b) 90�.
Fig. 7. SEMmicrographs of surface features of HP slag a-sialon samples after erosion using SiC particles at impingement angle of (a) 30� and (b) 90�.
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noticed. At low angle impact, the kinetic energy of the
impinging particles contributes mainly to the ploughing
mechanism and very little to normal repeated impact.
At high angle impact, the kinetic energy of the imping-
ing particles contributes mainly to repeated impact. The
ploughing mechanism is associated with the plastic
smearing and cutting of the materials, while the repe-
ated impact mechanism is responsible for initiating and
propagating grain boundary microcracks.8 Ceramics
have high hardness and low toughness, and thus they
are not easily plastically deformed, but cracks readily
propagate to form a crack network. Therefore, the
material removal rate is low at low angle impact and
high at high angle impact. In addition, because there is
not much difference in hardness and toughness between
HP and PLS slag a-sialon samples, the erosion-resis-
tance is similar in these two cases.
4. Conclusions

The a-sialon powder synthesized by SHS from slag
displays properties suitable for the preparation of cera-
mic products. The as-sintered slag a-sialon samples
showed good mechanical properties very close to that of
normal expensive a-sialon ceramics, and a much better
erosion resistance than that of ZrO2 and Al2O3 cera-
mics. Because of the low cost of this process and the
starting materials, future applications of the material by
industry are therefore anticipated.
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