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Abstract

o- and o/3-SiAION compositions, doped with Y,0O3 or Nd,Os, were densified by gas pressure sintering (GPS). The wear and mechanical properties
of the materials were investigated and compared to (3-SizN, materials. Microstructure evolution and its change with composition as well as the
influence of the microstructural changes on the mechanical and tribological properties were reported. Wear tests were performed using a tribometer
with ball-on-plate geometry in reciprocating sliding contact under dry condition. It was observed that a/3-SiAION compositions, doped with Y, O3,
have better wear properties in comparison to a-SiAION and (3-Si3Ny4 samples. Field emission scanning electron microscopy (FESEM) was used
to analyse the worn surfaces after wear tests. The results showed that o/3-SiAION and B-Si;N4 materials have different wear behaviour.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Several structural ceramics are widely used in tribologi-
cal applications due to their high hardness, elastic modulus
and good wear behaviour. Among the non-oxide ceramics,
SizNy-based ceramics were intensively investigated over the
last decades for several potential engineering applications
because of their superior combination of properties,' such as
retention of high strength over a wide range of temperature
as well as high toughness and hardness. SiAION ceramics
are closely related to silicon nitride. They are solid solu-
tions where the Si and N elements are replaced by Al or
O. a- and B-SiAION are isostructural with a- and (B-SizNy.
B-SiAION has the formula Sig — ,Al,O,Ng _ ., where 7 <4.0. a-
SiAION is well established compounds with the general formula
M,Si12 — m+m) Al +20,N16 -, where M is one of the cations
(Li, Mg, Ca and Y) and most rare earths (excluding La, Ce, Pr
and Eu); m is the number of Si—-N bonds in a-Si3Ny replaced
by AI-N; n is the number of Si—N bonds in a-SizNy replaced
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by Al-O; and x is equal to m divided by the valency of the M
cation.> Due to their superior properties they have great poten-
tial for many commercial applications requiring wear resistance,
high fracture toughness, chemical stability and high temperature
stability. Accordingly, this material has potential application in
cutting tools, bearing parts, rollers, refractory parts etc. The used
oxide sintering aids result in materials containing a significant
amount of glassy intergranular boundary phase, typically around
10 wt%. The properties of the materials are therefore determined
to a large extent by the properties of this phase. The reduction
of the amount of grain boundary is important for tailoring the
properties.

In o-SiAION materials with rare-earth additives the mechan-
ical properties can be adjusted by varying the ratio of a- to
B-SiAION. Additionally, they also provide the possibility to
reduce the grain boundary phase because the rare-earth ions can
be accommodated in a-SiAION.>#

It is well known that mechanical, tribological and chemi-
cal properties of a- and a/3-SiAION ceramics are affected by
chemical composition, microstructure and crystal structure. The
tribological response of SIAION ceramics as self-mated pairs or
as dissimilar couples with metals was investigated in a wide
range of experimental conditions like speed, load, temperatures,
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lubrication, and humidity.>>> However, only few published
papers relate the microstructure grain size and morphology, the
amount and nature of intergranular phase as well as the ceramic
composition to wear behaviour.'®!7 Therefore, the optimisa-
tion of the tribological properties with regard to microstuctural
design is still a matter of research.

In this study, various contents of Nd>O3 and Y,03 were used
as sintering additives for the production of a- and o/B-SiAION
materials. The aim of this study was to investigate the effect
of these sintering additives and the influence of the amount of
grain boundary phase on the mechanical properties, hardness
and fracture toughness of SiAION ceramics. Friction and wear
behaviour of these SiIAION ceramics were also investigated in
reciprocating sliding contact under 50% of relative humidity and
without lubricants.

2. Experimental
2.1. Material preparation

The starting powders, Si3zN4 (UBE-10, containing 1.6% oxy-
gen), AIN (Tokuyama, containing 1% oxygen), Al,03 (99.99%,
Sumitomo AES IIC), Y,03 and Nd,O3 (99.99% H.C. Starck),
were mixed as shown in Table 1. The powders were mixed in a
planetary ball mill using isopropanol as a solvent. The samples
were pressed to bars 20 x 50 x 20 mm?> by cold isostatic press-
ing at 200 MPa. Afterwards, the samples were densified by gas
pressure sintering (GPS) at 1825 °C for 90 min. For sintering
Y>03 and Nd, O3 were chosen as additives due to their different
ionic radii and stabilisation behaviour in the a-SiAlON structure.
The starting compositions and the designation of the samples are
given in Table 1. One of the compositions was selected in the
a/B-SiAlON region (m = 0.5 and n = 1.0). The other composition
was selected within the single a-SiAION region (m=1.25 and
n=1.0). 2wt% excess amounts of additives were also used to
show that the amount of sintering additives affects the wear and
mechanical properties. In addition, two different SizN4 materi-
als, densified by hot pressing at 1700 and 1850 °C with 11 wt%
of amorphous phase (6 wt% Y03 and 5wt% Al,O3), were
selected as reference materials.

Table 1
Sample designations and compositions

2.2. Characterisation

The density of the samples was measured using the
Archimedes method. The surface of the sintered samples was
removed (at least 4 mm) and then the phase composition was
analysed by X-ray diffraction (XRD 7 Seifert, FPM; Cu Ka).
Quantitative XRD analysis and the determination of the occu-
pation factors were performed with the software REFINE++
(Seifert FPM).26 The microstructure was characterised by means
of a field emission scanning electron microscope (FESEM, Leo
982, Germany).

Hardness and fracture toughness were measured using a Vick-
ers diamond indenter on a polished surface with a load of 10 kg.
Kic values were calculated using the formula®’:

EN 12
Kic = k(H> x F x ¢? x 0.0316 [MPam!/?]

E, Young’s modulus (GPa), H, hardness (GPa), F, load
(N), c=crack length (wm), k, dimensionless constant
(0.016 £0.004).

The results are presented as the average of five separate mea-
surements. The initial surface roughness of the samples was
characterised after grinding and polishing with 6 pm diamond
grains by using stylus profilometry (Hommelwerke-LV-50) with
a stylus tip radius of 5 wm (TK E100). Table 2 shows the result-
ing values of the surface roughness according to the German
standard DIN 4762-4287.

Prior to the friction tests all samples were cleaned in an ultra-
sonic bath with acetone for 5 min, and then dried in hot air. Wear
tests were carried out using the SRV III Optimol friction tester
(Optimol Instruments GMBH, Germany) in ball-on-disk config-
urations under sliding conditions with 25 cycles per second and
an amplitude of 2 mm. The sliding pair consisted of a ceramic
sample (10 x 10 x 10 mm?) and a bearing steel ball (100Cr6,
(10 mm) which formed the upper oscillating specimen. In com-
parison, tests were conducted against a silicon nitride ball with
@10 mm. In order to eliminate the contribution of the lubricant,
wear tests were generally conducted under dry conditions in
air. Temperature and humidity were kept within 25 3 °C and
50 £ 5% RH, respectively. Sliding conditions were set at a slid-

Sample m n Additive Excess Nd,O3 (2 wt%) Excess Y203 (2 wt%) Density (g/cm3) Porosity (%)
Nd,03 Y,>03

N1251 1.25 1.0 . - - - 3.40 -
N1251-E2 1.25 1.0 . - . - 3.44 -
NO51 0.5 1.0 . - - - 2.37 12.47
NO51-E2 0.5 1.0 . - ° - 3.29 0.05
Y051 0.5 1.0 - ° - - 1.98 34.26
YO051-E2 0.5 1.0 - . - 3.24 0.10
Y1251 1.25 1.0 - ° - 2.76 2.28
Y1251-E2 1.25 1.0 - ° - 3.31 -
485-Si3Ny? - - - - - - - -
480-Si3Ny° - - - - - - - -

2 Sintered at 1850 °C.
b Sintered at 1700 °C.
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Table 2

Values of the surface roughness parameters, hardness and toughness of SiAION and for Si3N4 materials investigated

Sample Kic (MPam!/2) HV10 (GPa) Surface roughness parameter mean values (pm)
R, R,
N1251 42 +0.15 18.9 £ 0.15 0.03 0.29
NI1251-E2 4.2 +0.40 18.7 + 0.40 0.035 0.35
NO51-E2 4.6 +0.24 17.9 £ 0.24 0.03 0.27
YO051-E2 48 £ 0.5 182 + 0.5 0.04 0.34
Y1251-E2 30+ 04 182 £ 0.4 0.04 0.39
485-Si3Ny 58+£03 151+ 0.3 0.03 0.18
480-Si3Ny 55+£02 15.8 £ 0.2 0.03 0.19

R,: arithmetic average surface roughness value; R;: the arithmetic average values of the sum of the highest and the lowest values.

ing speed of 0.1m/s and a normal load of 10, 20 and 30 N. The
sliding time was set at 1 h.

The wear area of the ball and the length of the wear scar on the
samples were determined with an optical microscope connected
with the softimaging system AnalySIS. The sectional worn areas
of the samples were measured at three points perpendicularly
to the sliding direction, using a contact type roughness tester
(Hommelwerke-LV-50). The worn volume of the samples (AV)
was calculated by integration of the sectional worn area. The
specific wear rate (w) was calculated by the equation:

AV

571 ey

w =

where F [N] and d [m] are normal load and sliding distance.

3. Results

The starting compositions, XRD results, lattice parameters,
calculated x values, density and mass change of the samples
are summarised in Table 3. The XRD results showed that all
materials consist of a- and/or 3-SiAION. No crystalline grain
boundary phase was observed. All materials had almost full the-
oretical density except for the NO51 and Y051 samples having
a porosity of 12 or 34% (Table 1). These samples (NO51 and
Y051) were not analysed under tribological, mechanical and
microstructural test due to their low density.

Even though Nd- and Y-doped materials with m=1.25 and
n=1 showed a single-phase composition the calculated x values
of N1251 (NdySi12 — gn+n)Aly +21O0sNi6 — ) are slightly lower
than the theoretical values. This indicates that a higher amount of
a grain boundary phase is formed in the Nd-a-SiAION materials.

3.1. Friction and wear behaviour

The wear images of the SIAION materials N1251 (Fig. 1a)
and Y051-E2 (Fig. 2a) after fretting tests against a steel ball
show that mainly mild tribochemical assisted wear was con-
ducted up to a load of 30 N which corresponds with a maximum
Hertzian pressure of 1700 MPa. By contrast, the worn surfaces
after fretting tests againsta 10 mm silicon nitride ball show heavy
wear (Fig. 1b and Fig. 2b) which is characterised by microcrack-
ing and removal of grains at a maximum Hertzian pressure of
1700 MPa corresponding with a load of 20 N. These differences
are caused by the developed surface layers. In the tribocontact
against steel, FeOy could be detected in addition to SiOx by EDX
at the worn surface (Fig. 3). This special surface layer works as
alubricant tribo layer and can better distribute the contact stress.
The friction coefficient and specific wear rate (w) versus load
of the investigated SiAION tribopairs including 3-SizN4 refer-
ence materials (485 and 480) against the steel ball are given in
Figs. 4 and 5. It is obvious that the starting composition and
applied loads have important influence on the wear behaviour of

Table 3

Density, mass change and XRD results of the samples

Sample Theoretical x-values Phases Lattice parameters (a-SiAION) Calculated x-value Density (g/cm?) Am (%)
N1251 0.42 a-SiAION Z:Z:g;gf;ig:gggj 0.36 & 0.01 3.40 0.47
N1251-E2 0.42 a-SiAION Z:;?g;ggiggggg 0.38 £ 0.01 3.44 0.50
Nos1 - 6L03BSAION (o3 68213 200002 028 001 237 ods
we
Y1251-E2 0.42 a-SiAION a=7:821010.0001 0.41 £ 0.01 3.31 0.52

¢=5.70008 £ 0.0002
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Fig. 1. FESEM micrographs of the worn surfaces of the N1251 material after fretting at a maximum Hertzian pressure of 1700 MPa against a 10 mm ball of (a) steel

100Cr6 and (b) silicon nitride.
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Fig. 2. FESEM micrographs of the worn surfaces of theY051-E2 material after fretting at a maximum Hertzian pressure of 1700 MPa against a 10 mm ball of

(a) steel 100Cr6 and (b) silicon nitride.

the samples. A significant decrease of the friction coefficient (1)
was observed for all samples by increasing the load from 10N
to 30 N. Considering the variation of the u values with sliding
conditions, the specific wear rates also decreased for all sam-
ples with increasing normal load (Fig. 5). The development of
surface layers by tribooxidation was accelerated by increasing
Hertzian pressure. It should be noticed that samples contain-
ing single-phase a-SiAION (N1251 and N1251-E2) showed
worse wear rates than the other samples. This behaviour can
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Fig. 3. EDX results of the layer on N1251 tested against the steel ball.

be related to the grain morphology of the N1251 and N1251-
E2 samples. Even though the Y1251-E2 sample also consists of
almost pure a-SiAION it has better wear behaviour than N1251
and N1251-E2.

The o/B-SiAION samples (Y051-E2 and NO51-E2) have
higher fracture toughness than pure a-SiAION materials. Their
grain size and aspect ratio are not significantly different (Fig. 6).
But the wear resistance of a/B-SiAION is better than that of the
investigated pure a-SiAION. Among the a/3-SiAION materials,
the Y-doped material YO051-E2 has the best wear resistance over
the whole range of applied loads. The pure Y-a-SiAION mate-
rial (Y1251-E2) has only slightly higher friction coefficients
(less than 10% increases) and at the highest applied load has
smaller wear rate than all other materials.

This result indicates that the type of additive has influence
on the material properties. According to literature the specific
wear rate of SizN4 materials, doped with different types of addi-
tives (Lu, Yb and Y), increased by increasing the cation size
of the additive resulting in the change of the field strength.?8>°
Ionic field strength, defined as the ratio of valence to radius
square of a cation. It can be a useful unifying parameter to
interpret this situation. It is a measurement of the bonding
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Fig. 4. Friction coefficient as a function of normal load and starting composition against a 10 mm steel ball.

interaction of the cation with neighbour ions. On the other
hand, the structure of the thin films at the grain boundary is
strongly different in the case of Y and Nd additives result-
ing in lower strength of the grain boundaries in Nd-doped
B-SiAION materials in comparison to the Y-doped materials.
This lower grain boundary strength has a strong influence on
the wear behaviour. Additionally, the effect of the amount of
grain boundary phase is also directly related to the type of

cation. The Y051 sample could not be densified by using the
stochiometrical amount of additives (Table 1). Therefore, an
additional amount of additive was used to increase the den-
sity and also to investigate the grain boundary phase effects
on the wear properties. Although, both compositions Y051-
E2 and NO51-E2 contain 2 wt% excess amounts of additives,
higher a-SiAION content was observed in the Y051-E2 sample
in comparison to the corresponding Nd-o-SiAION (NO51-

—
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Fig. 5. Wear rate of materials as a function of normal load and starting composition against a 10 mm steel ball.
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Fig. 6. Microstructure of the as-sintered materials. (a) N1251, (b) YO051-E2 and (c) 485 Si3Ny.

E2) (Table 3). This indicates that a higher amount of rare
earth is incorporated in the a-SiAION lattice. Although, the
same nominal amount of additives was used in both compo-
sitions, a higher amount of grain boundary phase exists for
the Nd-containing material. This increasing amount of grain
boundaries strongly deteriorates the wear properties of the mate-
rials.

Comparing the results with the reference 3-SizN4 materials,
the wear rate of YO051-E2 is much lower than that of the refer-
ence 3-SizN4 material under all loads (Fig. 5). Even though
B-Si3N4 samples have a finer microstructure with elongated
grains and higher fracture toughness than the SiAION mate-
rials (Fig. 6) their wear resistance is not as good as that of the
Y-doped o/B-SiAION YO051-E2. The micrographs of the worn

Smm
IKTS

Fig. 7. Micrograph of the worn surface of the N1251 material after fretting against a 10 mm steel ball under the load of (a) 10 N and (b) 30 N.
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Fig. 8. Micrograph of the worn surface of the Y051-E2 material after fretting against a 10 mm steel ball under the load of (a) 10N and (b) 30 N.
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Fig. 9. Micrograph of the worn surface of the 3-Si3N4 material 485 after fretting against a 10 mm steel ball under the load of (a) 10N and (b) 30 N.

surfaces give the reason. While at the N1251 (Fig. 7) and YO051-
E2 (Fig. 8) samples no removal of the grain boundary phase
could be detected up to a load of 30N, this process starts even
at a load of 10N in the 485 sample (Fig. 9). The different wear
behaviour between SiAION and B-SizN4 materials is caused
by the higher content of amorphous grain boundary phase in
the B-Si3 N4 materials in comparison to the o/3-SiAION mate-
rials. The grain boundary strength in 3-SizNy is lower than
in SiAION with the same rare-earth-sintering additive. Thus,
the break out of grain boundary phase can start earlier in 3-
SizN4 samples followed by cracking of the grains. This explains
the differences between the 3-Si3Ns and the Y-o/B-SiAION
materials. As stated above the kind of the rare earth has also
a strong influence on the wear behaviour resulting in much
higher wear rate of the Nd-a/3-SiAION in comparison to the
Y-a/3-SiAIONs of the same composition. This can be caused
by the formed different amount of grain boundary phase (Nd-
SiAlONs have higher amounts of grain boundary phase) and
the different strength of the grain boundaries. Further investi-
gations are necessary to understand this behaviour completely.
Therefore, wear of the Nd-a/3-SiAIONs cannot be directly com-
pared with the Y,03 containing 3-Si3N4 materials used in this
investigation.

4. Conclusion

The influence of Y- and Nd-doped single a- and o/3-SiAION
compositions on the wear properties was investigated during
sliding contact under dry condition. The kind of rare-earth addi-
tive and the content of amorphous grain boundary phase were
shown to have a significant effect on the wear behaviour. In
particular, the materials sintered with Y led to a stronger grain
boundary and superior wear resistance and mechanical prop-
erties. Additionally, the lowest friction value was observed for
o/B-SiAION compositions (Y051-E2), consisting of 81.10 wt%
a-SiAION and 18.90 wt% (3-SiAlON. Considering the morphol-
ogy of the worn surfaces, it can be reported that B-SizN4 and
SiAION have a different wear behaviour which is related to the
amount of grain boundary phase. Even though 3-SizN4 materi-
als have a higher toughness and finer microstructure with a high
aspect ratio as compared to YO51-E2 samples it was insufficient
to tolerate the negative effect of the grain boundary strength
on the wear behaviour of this material. These results showed
that the wear properties of SIAION ceramics can be tailored by
selecting the starting composition and the type of additive.

The Nd-a/3-SiAIONs have a lower wear resistance than the
Y-a/3-SiAIONs of the nominal same compositions. This can
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be caused by the differences in the amount and composition of
the formed grain boundary phases. But further investigations are
necessary to understand this behaviour.
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