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bstract

n this study, �- and �/�-SiAlON materials, doped with Y2O3 and Nd2O3, were sintered using two different sintering processes: spark plasma
intering (SPS) and gas pressure sintering (GPS). The wear and mechanical properties of the samples were compared related to the composition,
dditives and sintering processes. The results show that the hardness was not affected by the processing type whereas the toughness values were

ower for spark plasma sintered materials than gas pressure sintered materials. This can be explained by the changed microstructure of the two
ifferent types of material. Additionally, �/�-SiAlON materials, sintered using gas pressure sintering, showed a lower wear than the spark plasma
intered materials. The results of the wear test were compared with �-Si3N4 materials and it was observed that �/�-SiAlON, sintered by GPS, has
etter wear properties than the tested �-Si3N4 materials.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Nowadays, SiAlON ceramics are widely used in high tem-
erature industrial, automotive and aerospace applications, such
s in cutting tools, wire drawing, dies and blast nozzles.1–3

here are two well-known kinds of SiAlON. �-SiAlON and
-SiAlON, which are solid solutions based on �- and �-Si3N4,

espectively. These ceramics are generally produced using oxide
nd nitride additives to enhance their densification. However, the
emaining amorphous phase softens at high temperatures and
esults in a deleterious effect on the high temperature strength,
nd oxidation properties.4–7 With the aim of improving SiAlON
eramics properties, efforts have focused on controlling the grain
oundary chemistry, either by reducing the impurity contents of
he glass,8 by adding more glass-forming refractory oxides9–13
s sintering additives, or by crystallizing the intergranular phases
hrough post heat treatment.14 The minimization of the inter-
ranular amorphous phase in SiAlON materials allows for an
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mprovement in the wear and friction properties of SiAlON
eramics. Recent studies show that the wear properties of yttrium
ased SiAlON ceramics, containing high amounts of �-SiAlON,
re better than for �-SiAlON, whereas this condition is reversed
nder mild wear conditions due to the lower amount of the grain
oundary phase in the �-SiAlON microstructure.15–17 However,
relatively recent development in the field of �-SiAlON materi-
ls is the enhancement of microstructures with elongated grains
y improving the fracture toughness.18 The improvement of
he fracture toughness of �-SiAlON ceramics can be achieved
ith microstructural control during sintering. The development
f such microstructures is most commonly achieved through
he seeding of the starting powders19 using starting compo-
itions which result in extended transient liquid formation20

nd/or rapid sintering techniques, such as spark plasma sinter-
ng, SPS.21 SPS is a comparatively new sintering process. This
echnique has significant advantages over conventional sintering
echniques. In the SPS method, raw powders in a carbon die are
ressed uniaxially, with a direct current (dc) pulse voltage being

pplied. The pulsed direct current is allowed to pass through the
lectrically conducting pressure die as well as the material (if it
s conducting). Therefore, rapid heating is available and the sin-
ering time can be shortened. The SPS technique has been widely

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.010
mailto:semra.kurama@gmail.com
mailto:skurama@anadolu.edu.tr
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.010


9 pean

u
a

S
s
t
c
t
c
b
r

2

2

w
p
(
o
t
t
w

f
m
(
2
m
(
1
r
a
b

o
t
�
t
a

i
a
t
(
a
p
(
m

4
X
A
R
a

s
G

m
t
w
t
r
m

2

6
F
u
I
fi
w
r
m
a
l
n
r
c

m
m
r
b
f

3

3

h
m
f
h
p
T
p
p
�
a
c
N
t
t
p

22 S. Kurama et al. / Journal of the Euro

sed to produce a wide range of ceramics, including oxides22–24

nd nitrides.23–27

In a recent account of the wear properties of yttrium based
iAlON ceramics, it was shown that wear behaviour depends
ignificantly on the microstructure and chemical stability of
he materials.16 In this work, two different �- and �/�-SiAlON
ompositions, doped with Y2O3 or Nd2O3, were sintered using
he gas pressure sintering and the spark plasma sintering pro-
esses. The effect of the sintering type and the additive on wear
ehaviour is discussed related to the starting composition. The
esults are compared with two �-Si3N4 materials.

. Experimental studies

.1. Material preparation and characterisation

Two starting compositions of �- and �/�-SiAlON, doped
ith Y2O3 or Nd2O3 (99.99% HC Starck) additives, were pre-
ared using Si3N4 (UBE-10, containing 1.6% oxygen), AlN
Tokuyama, containing 1% oxygen), Al2O3 (99.99%, Sumit-
mo AES IIC), Y2O3 and Nd2O3 powders. When calculating
he overall composition, the oxides (according to the manufac-
urers’ specifications) on the surface of Si3N4 and AlN powders
ere taken into account.
The starting powders were weighed and milled in water-

ree isopropanol for 90 min using an agate milling media. The
ixed powders were dried and isostatically pressed into bars

of dimensions 60 mm × 20 mm × 20 mm) under a pressure of
00 MPa for gas pressure sintering (GPS). The sintering of the
aterials was carried out by GPS and spark plasma sintering

FAST HPD25; FCT Germany) under nitrogen atmosphere at
825 ◦C for 90 min (3 MPa) and 1750 ◦C for 5 min (20 MPa),
espectively. Y2O3 and Nd2O3 were chosen as the sintering
dditives owing to their different ionic radiuses and stabilization
ehaviour in the �-SiAlON structure.

To show the effect of starting composition on wear behaviour
f SiAlON ceramics two different types of starting composi-
ion were selected. One of the compositions was selected in the
/�-SiAlON region (m = 0.5 and n = 1.0). The other composi-

ion was selected within the single �-SiAlON region (m = 1.25
nd n = 1.0). The designation of the materials is given in Table 1.

In order to develop an elongated grain structure and to
nvestigate the grain boundary phase effect on mechanical
nd wear properties, an additional liquid phase during sin-
ering was formed by the addition of Y2O3 and Nd2O3
2 wt.% excess). These additives remain as the grain bound-
ry phase. In addition, two different Si3N4 materials, hot
ressed at 1700 and 1850 ◦C with 11 wt.% of amorphous phase
6 wt.% Y2O3 and 5 wt.% Al2O3), were selected as reference
aterials.
The surface of the sintered materials was removed (at least

mm) and then the phase composition was analysed using the

-ray diffraction technique (XRD 7 Seifert, FPM; Cu K�).
quantitative XRD analysis was made with the programme

EFINE++ (Seifert FPM).28 A microstructural characterisation
nd a worn surface analysis were performed with a field emis-
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�
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ion scanning electron microscope (FESEM, Leo 982, Stuttgart,
ermany).
The mechanical properties were assessed through measure-

ents of the hardness and fracture toughness. Vickers hardness
ests were carried out under 98 N. The fracture toughness (KIC)
as determined using the indentation-fracture (IF) method using

he Anstis equation29 under the same load. In both cases the
esults are presented as the average of five separate measure-
ents.

.2. Wear test

After sintering, the samples were ground and polished using
�m diamond grains to a surface roughness of Ra = 0.04 �m.
ollowing this procedure, friction and wear tests were conducted
nder dry conditions on a computer controlled tribometer SRV
II (Optimol Instruments GMBH, Germany) in ball-on-disk con-
gurations under a reciprocating sliding motion. The materials
ere tested against a steel ball bearing (100Cr6, Ø10 mm) at

oom temperature. Experiments were conducted inside a cli-
atic chamber keeping a constant relative humidity of 50% and
temperature of 22 ◦C. The sliding speed was 0.1 m/s and the

oad ranged from 10 to 30 N. Each test pair had a 60 min run-
ing time under selected speed and loads. These tests were each
epeated twice. Before testing, the materials were ultrasonically
leaned in an acetone bath for 5 min.

The wear scare length at the plate was measured using a light
icroscope. The cross section of the wear scare at the plate was
easured by using a profilometer and then the volume and wear

ate, w, were calculated. The friction force, Ff, was transmitted
y a transducer to a recorder continuously during the testing,
rom which the friction coefficient, μ, was obtained.

. Results

.1. Sintering behaviour of samples

According to Table 2, SPS sintered materials (except for N2)
ave the same density as the GPS materials. Even though the
aterials were sintered at a lower temperature (1750 ◦C) and

or a shorter time (5 min), by the SPS sintering, they had a
igher amount of the �-SiAlON phase than that of those gas
ressure sintered. The results of XRD analyze are given in
able 2 revealed that both of the (m = 1.25 and n = 1.0) com-
ositions, doped with Nd2O3 and Y2O3, resulted in single
hase �-SiAlON, whilst for the (m = 0.5, n = 1.0) compositions
-SiAlON was also observed as it was expected. The additional
dditive using, to increase density of samples, was not signifi-
antly effect the phase composition of these samples (N1, Y1,
1-E2 and Y1-E2). These additional additives were stayed in

he structure as an amorphous phase after the consummation of
he densification of samples. However, the �/�-SiAlON com-
osition (m = 0.5, n = 1.0) has different amount of �-SiAlON

hase related with the type of sintering method. XRD phase
nalyze results of the samples, sintered by GPS, are more reli-
ble than that of SPS. Due to fast cooling rate of SPS the
↔ �-SiAlON transformation was prevented and the compo-
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Table 1
Material designations and compositions.

Sample m n Additive Excess Nd2O3 (2 wt.%) Excess Y2O3 (2 wt.%)

Nd2O3 Y2O3

N1 1.25 1.0 •
N1-E2 1.25 1.0 • •
N2 0.5 1.0 •
N2-E2 0.5 1.0 • •
Y1 1.25 1.0 •
Y1-E2 1.25 1.0 • •
Y2 0.5 1.0 •
Y2-E2 0.5 1.0 • •
485-Si3N4

a

480-Si3N4
b
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a Sintered at 1850 ◦C.
b Sintered at 1700 ◦C.

ition of sintered SiAlON shifted from starting composition.
n the other side the samples, sintered by GPS, stayed the

tarting composition. Therefore its phase ratio is ∼55 wt.%
-SiAlON–45 wt.% �-SiAlON for sample N2. The addition
f excess amount of additive also resulted with significant
hange in phase composition of SiAlON (N2-E2), sintered by
PS.

.2. The effect of the starting composition and amount of
dditive on friction and wear behaviour

Figs. 1 and 2 show the variations of the friction coefficients
nd wear rates with load under dry conditions for materials sin-
ered using both sintering processes, respectively. It can be seen
hat the friction coefficient and wear rate of the plate decreases
ith increasing load for both types of sintered material. The

esults of SPS sintered samples (N1 and N2), doped with Nd2O3,
howed that starting composition has an significant effect on the

ear behaviour (the higher amount of �-SiAlON phase the lower

riction coefficient) of SiAlON under low load (10 N) whereas
his difference decreased under higher loads (20 and 30 N). On
he other side the friction coefficient of GPS’s sample (N1) is

g
a
s
w

able 2
he density and XRD results of materials.

ample Theoretical
x-values

SPS

Phases (wt.%) Calculated
x-value

1 0.42 �-SiAlON 0.48 ± 0.01
1-E2 0.42 �-SiAlON 0.52 ± 0.01

2 0.17
75.5 �-SiAlON ± 0.3

0.25 ± 0.01
24.5 �-SiAlON ± 0.3

2-E2 0.17
76.9 �-SiAlON ± 0.3

0.30 ± 0.01
23.0 �-SiAlON ± 0.3

1-E2 0.42 �-SiAlON 0.40 ± 0.01

2-E2 0.17
86.5 �-SiAlON ± 0.2

0.23 ± 0.01
13.5 �-SiAlON ± 0.2
igher (change between 1.4 and 0.9) than that of SPS (change
etween 1.1 and 0.95). This difference is also observed in Y2O3
oped samples (Y1-E2 and Y2-E2). The presence of �-SiAlON
hase positively affected the friction resistance of Y2-E2 sam-
les compare to sample Y1-E1 for both of sintering method. This
esult obtained thanks to morphology and amount of �-SiAlON
hase.

In the spark plasma sintered �-SiAlON composition (N1
nd N1-E2), increasing the amount of additives results in an
ncreasing wear rate. Thus, the amorphous grain boundary phase
eteriorated the wear properties of the materials. However, the
xcess amount of additive effect was not so pronounced in the
as pressure sintered materials (N1 and N1-E2).

The wear test of SiAlON materials were investigated against
steel ball bearing (100Cr6, Ø10 mm) at room temperature.
uring the wearing test steel ball also was worn by SiAlON
aterials, related with the starting composition and sintering
ethod. The photos of wear surface of selected samples are
iven in Fig. 3. The wearing areas of steel balls were calculated
nd results are in agreed with the friction coefficient of SiAlON
amples. The steel ball, used against to SPS-sintered samples,
as worn more than that of GPS-sintered.

GPS

Density
(g/cm3)

Phases (wt.%) Calculated
x-value

Density
(g/cm3)

3.41 �-SiAlON 0.36 ± 0.01 3.40
3.44 �-SiAlON 0.38 ± 0.01 3.44

3.26
55.4 �-SiAlON ± 0.3

0.28 ± 0.01 2.3744.6 �-SiAlON ± 0.3

3.31
74.4 �-SiAlON ± 0.4

0.26 ± 0.01 3.2925.6 �-SiAlON ± 0.4

3.31 �-SiAlON 0.41 ± 0.01 3.31

3.24
81.1 �-SiAlON ± 0.3

0.25 ± 0.01 3.2418.9 �-SiAlON ± 0.3
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Fig. 1. Variation of friction coefficient with load in (a) spark

.3. The effect of the microstructure and mechanical
roperties on friction and wear behaviour

In the corresponding SPS and gas pressure sintered materials,
he different degree of grain boundary phase was observed, with
ifferent wear behaviour. The sample N1, sintered with SPS, has
ore wear resistance (Figs. 1 and 2) than that of GPS sintered
ven though the former has more grain boundary phase (Fig. 4a
nd b). This result can be explained with the microstructure
ifferences of samples. The comparable gas pressure sintered
aterials generally have a coarser microstructure and higher

i
i
w
a

a sintered materials and (b) gas pressure sintered materials.

racture toughness in comparison to materials sintered using
PS.

For all materials, the stainless steel adhered to the ceramic
urface at low load more often than at high load in dry condi-
ions. The material Y2-E2 showed the best wear properties for
oth sintering processes, whilst the material N1 performed the
orst. The wear surfaces of the Y2-E2 and N1 materials were
nvestigated using FESEM microstructural analysis. By increas-
ng the load, no significant differences could be observed in the
orn material surfaces. The results for 30 N load applications

re given in Fig. 5.
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Fig. 2. Variation of the wear rate of the ceramic plate with load in (a

The best material, Y2-E2, showed better wear properties than
he investigated �-Si3N4 materials, accepted as standard mate-

ials. Since the wear properties of the 485-Si3N4 material are
etter than those of the 480-Si3N4 material, the former was com-
ared with the SiAlON materials. The micrographs of the worn
urface of the 485-Si3N4 material are given in Fig. 6. Based on

p
t
(
a

k plasma sintered materials and (b) gas pressure sintered materials.

he microstructural observations, the wear process of the Si3N4
aterials can be easily summarized. At first, the grain boundary
hase breaks out (Fig. 6a and b) and, after stronger damage of
he grain boundaries, the grains were pulled out at the surface
Fig. 6c). The �-Si3N4 materials 485 and 480 possess a high
mount of grain boundary phase in comparison to the SiAlON
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ig. 3. The photos of wear surface of steel ball (under 30 N load) sintered by GP

aterials. Thus, wear started from the grain boundary phase in
he 485-Si3N4 material at a low load (10 N), whereas this effect
ould not be seen in the Y2-E2 and N1 materials, sintered using
PS or SPS, even under a high load application (30 N). Not even

he higher fracture toughness of the �-Si3N4 materials (485 and
80), in comparison to the best SiAlON material (Y2-E2), could
ecelerate the wear process.

Mechanical test results showed that generally samples, sin-

ered by SPS, have higher hardness than that of GPS samples.
owever, the toughness of these samples is lower than that
f GPS-sintered. These results are in agreement with the
riction coefficient of samples. By increasing the amount of

h
p
o
A

1, (c) N1-E2, (e) Y1-E2, (f) Y2-E2 and sintered by SPS (b) N1 and (d) N1-E2.

-SiAlON phase the friction resistance and toughness of sam-
les decreased.

. Discussion

The two different types of sintering methods did not showed
uch effect on densification behaviour of both compositions.
he samples, sintered by SPS (at 1750 ◦C and 5 min) have

igher amount of the �-SiAlON phase than that of those gas
ressure sintered. This result can be explained by the instability
f the �-SiAlON phase at lower temperatures (1450–1600 ◦C).
fter sintering at a high temperature, during the cooling pro-
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Fig. 4. FESEM micrographs of the as-sintered materials

ess, the � → � SiAlON phase transformation occurs.30 In the
resent study, there could be two effective factors influencing
his transformation. The SPS system has much higher cool-
ng rates in comparison to the GPS furnace in stabilizing the
-SiAlON phase. On the other hand, the SPS samples may
ot have reached equilibrium. Another factor is the presence
f an amorphous phase. The stability of the �-SiAlON is related
o the ionic size of the additive, and the stabilization capacity
f the large cations (Nd3+) in the �-SiAlON structure is lower
han that of the smaller cations.30–37 The use of an additional
are earth additive, in comparison to the �-SiAlON composi-
ion, results in a higher amount of the �-SiAlON phase in the
aterials (compare N2 and N2-E2) in the gas pressure sintering

rocess.
The microstructural effect on wear behaviour on SiAlON was

learly observed in sample N1 related with sintering method.
ue to coarse grain morphology and less amount of grain bound-

ry phase sample N1, sintered by GPS, has lower wear resistance
han that of SPS-sintered. It is also in agrees with the literature.
utshi et al., Gomes et al. and Dogan and Hawk found that
he wear resistance was improved when the grain size became
maller despite of a decrease in fracture toughness.38–40 By con-
rast, Carrasquero et al. demonstrated that the “self-reinforced”
icrostructure with elongated grains suppressed the propagation i
S-N1, (b) GPS-N1, (c) SPS-Y2-E2 and (d) GPS-Y2-E2.

f cracks, which not only improved both fracture tough-
ess and strength but also enhanced the wear resistance.41 In
/�-SiAlON materials a higher aspect ratio of the �- and
-SiAlON grains was observed than in single phase �-SiAlON
aterials. The best wear properties were achieved in the Y2O3

oped �/�-SiAlON composite material (Y2-E2), with a high
spect ratio and fracture toughness sintered by gas pressure sin-
ering. Even though fine grain morphology was obtained in the
park plasma sintered materials, the aspect ratio of the grains
as not high enough to improve the wear behaviour of these
aterials. The SiAlON materials, densified using SPS, with
ne microstructure and low aspect ratios, possess lower frac-

ure toughness in comparison to gas pressure sintered materials.
omparing the wear behaviour of the �-SiAlON materials with

hat of �-Si3N4 materials, an inferior wear behaviour for the
/�-SiAlON Y2-E2 material could be detected under a high

oad. This can be explained by the effect on wear behaviour of
he greater grain boundary phase in �-Si3N4 materials. In �-
i3N4 materials, the grain boundary phase accelerates the wear
bserved in two steps:
i) by removing the grain boundary phase, and
i) by continuing with a pull out of large grains.
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Fig. 5. FESEM micrographs of the worn material surfaces under a

However, this behaviour was less pronounced in the �/�-
iAlON composition (Y2-E2), sintered using GPS.

The effect of amount of sintering additive on wear behaviour
f SiAlON is also clearly observed in this study. The
ample N1-E2, doped with excess amount of Nd2O3 and
intered by SPS, has lower friction resistance than sam-

le N1 which was sintered at same conditions. It would
eem that the increase in the wear rate of the materi-
ls can not have been caused solely by the change in the
mount of the grain boundary phase, but are also related

s
a
m
s

able 3
ardness and toughness of materials.

ample SPS GPS

HV10 (GPa) KIC (MPa m1/2) HV10 (GPa

1 19.01 ± 0.48 3.2 18.92 ± 0.
1-E2 18.51 ± 0.19 3.3 18.74 ± 0.
2 19.15 ± 0.37 3.3 –
2-E2 19.04 ± 0.14 3.7 17.90 ± 0.
1-E2 18.64 ± 0.25 3.6 18.19 ± 0.
2-E2 19.04 ± 0.24 3.6 18.21 ± 0.
85-Si3N4

a

85-Si3N4
b

a Sintered by hot pressed at 1850 ◦C.
b Sintered by hot pressed at 1700 ◦C.
oad (a) SPS-Y2-E2, (b) SPS-N1, (c) GPS-Y2-E2 and (d) GPS-N1.

o grain morphology and fracture toughness of the materials
Table 3).

In the literature, it has been shown that friction coefficient is
trongly influenced by hardness and decreases as the �-SiAlON
ontent increases.42 In the present study, the same results were
bserved for N1 and Y2-E2 materials sintered by both types of

intering process. Additionally, yttrium doped materials (Y1-E2
nd Y2-E2) showed a better wear rate than neodymium doped
aterials (N1-E2 and N2-E2). This result is related to the ionic

trength of yttrium.43

Standard

) KIC (MPa m1/2) HV10 (GPa) KIC (MPa m1/2)

15 4.2
40 4.2

–
21 4.6
34 3.0
45 4.8

15.07 ± 0.23 5.8
15.77 ± 0.17 5.5
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Fig. 6. FESEM micrographs of the worn area of 485-Si3N

. Conclusion

Single phase �-SiAlON and two phase �/�-SiAlON mate-
ials have been produced using Y and Nd as stabilizing cation
n SiAlON phase, and their wear properties assessed under dry
liding conditions. The type of sintering process (SPS and GPS)
as shown to have a significant effect on wear behaviour.
Under high loads the better mechanical properties of compo-

itions afforded by the presence of elongated � and �-SiAlON
rains resulted in lower wear than the single �-SiAlON and �/�
omposite materials. This is not only related with the presence
f �-SiAlON in structure but also microstructure of �-SiAlON
rains, which are in elongated form.

Additionally, the additive system used in the sintering of
aterials affected the wear rates as Nd-doped materials under

ry sliding conditions. Y2-E2 materials that have well wear
esistance under different loading conditions, due to stronger
nterfaces, exhibited lower wear rates under high load condi-
ions, where fracture is dominant, as a consequence of strong
onding strength between the grains and grain boundary result-
ng in a higher degree of brittle fracture.
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