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In designing wear-resistant ceramics, it is important to understand the inﬂuence of the
microstructure and material properties on friction and wear behavior. In addressing such issues,
a series of fretting-wear tests was carried out on an important nonoxide engineering ceramic,
i.e., SiAlON ceramics, densiﬁed using both pressureless and gas-pressure sintering routes. Under
the selected operating conditions with a commercial SiAlON ball as a counterbody, tribomechanical wear assisted by deep abrasive grooves, plowing, grain pullout, and microcracking was
observed as the major wear mechanism. In addition, the formation of a discontinuous silica-rich
tribochemical layer on the worn surface was also observed. Although the steady-state coeﬃcient
of friction (COF) varies in a narrow window of 0.59 to 0.64, the wear rate of the investigated
SiAlON ceramics lies in the range 7.3 9 106 to 8.4 9 105 mm3/NÆm. An attempt has been
made to correlate wear loss with hardness and indentation toughness. Concerning the inﬂuence
of the microstructure, the wear rate is found to have an inverse linear correlation with the
b-SiAlON content. Another important observation has been that the wear rate has an inverse
linear relationship with the substitution parameter (z).
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I.

INTRODUCTION

AMONG nonoxide ceramics, the Si3N4/SiAlON
ceramics, owing to their superior combination of low
density and high fracture toughness, hardness, strength,
and thermal shock resistance, are widely researched for
their potential engineering applications.[1] These materials are commonly used in diverse applications that
require wear resistance and chemical stability at elevated
temperatures, such as cutting tools, seal rings, valve
seats, cylinder liners, and a variety of high-eﬃciency
engines and other mechanical systems.[2]
In the SiAlON family, a SiAlON and b SiAlON are
two well-studied phases of particular importance.[3–5]
The a-SiAlON and b-SiAlON ceramics are solid solutions of a Si3N4 and b Si3N4 that have had some of their
Si and N atoms replaced by Al and O. The b-SiAlON
ceramics have good sinterability and relatively high
fracture toughness, which are associated with the typical
rodlike grains. The a-SiAlON ceramics exhibit higher
hardness, but their sintered microstructures are usually
composed of equiaxed grains, which cause lower values
of fracture toughness in comparison to the b phase.
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The a-SiAlON and b-SiAlON phases are completely
compatible and are readily prepared by a single-stage
sintering of the appropriate mixture of nitrides (Si3N4,
AlN) and oxides (Al2O3). Therefore, mixed a-SiAlON
and b-SiAlON materials have received increasing attention owing to their easier fabrication and higher
chemical resistance compared to Si3N4 materials. More
important, good mechanical properties can be obtained
due to a combination of the high hardness of a SiAlON
and the good strength and toughness of b SiAlON. In
recent times, S-phase SiAlON ceramics received limited
attention. Basu and co-workers investigated the aspects
of microstructure development, microstructure-mechanical property relationship, and wear resistance properties
of S-SiAlON ceramics.[6–8]
The combination of high hardness and toughness
makes SiAlON ceramics particularly attractive for
tribological applications. A number of friction and wear
studies have been carried out to understand the tribological performance of Si3N4-based materials. The
friction coeﬃcient and wear rate of the Si3N4-based
materials depends on material properties such as microstructure, grain size, grain shape, toughness, hardness,
counterbody material, and experimental conditions such
as load, sliding speed, and environment (humidity,
atmosphere, etc.). Jones et al.[9] studied the wear behavior of Y-a/b-composite SiAlON ceramics and reported
that the ceramics with high a-SiAlON content exhibit
higher wear resistance for mild wear conditions. More
important, similar ceramic compositions (lower a-SiAlON content) with elongated microstructure oﬀer
more resistance to crack propagation and, therefore,
demonstrate better wear characteristics when compared
to the ﬁne, equiaxed a-SiAlON materials. Reis et al.[10]
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studied the wear properties of a-SiAlON matrix
reinforced with b-SiAlON ﬁbers and reported that the
wear of a-SiAlON matrix composites is caused by
adhesion and microabrasion between the rubbing surfaces. In addition, the wear rate was reported to be
strongly dependent on the amount of added b-SiAlON
ﬁbers. In a separate study, Reis et al.[11] investigated the
tribological behavior of a-SiAlON/b-SiAlON ceramics
under dry conditions and realized that SiAlON ceramics
with diﬀerent phases (a/b) can potentially oﬀer higher
wear resistance (1.86 and 3.87 9 106 mm3/NÆm), and
the dominant wear mechanisms were found to be
adhesion and abrasion. It has been observed that a
transition from tribochemical wear at a low load to
tribomechanical wear at a higher load occurs for many
Si3N4 systems.[12] A common mechanism for mechanical
wear has been reported to be grain pullout, aided by
intergranular fracture.[13] Zhao et al.[14] reported the
relationship between the load, sliding speed, and wear
properties of Si3N4 and interpreted the wear of Si3N4 as
the result of adhesion with the counter material,
followed by the pullout of the Si3N4 grains. Nakamura
et al.[15] studied the wear properties of a Si3N4 reinforced with in-plane-aligned rodlike b-Si3N4 grains
against a Si3N4 counterbody using a block-on-ring
tribometer. The grain pullout, caused by the propagation of microcracks parallel to the sliding surface, was
reported to be the major wear mechanism. Xie and
co-workers[16] studied the eﬀect of the microstructure on
the wear behavior of Ca-doped a-SiAlON ceramics
having two distinct microstructures, characterized by
either large, elongated or ﬁne, equiaxed grains. They
reported that the large, elongated-grained microstructure exhibited a reduced wear rate in the severe wear
regime, compared to the ﬁne, equiaxed-grained microstructure. Such behavior was attributed to a greater
resistance to crack extension arising from the large,
elongated-grained microstructure. In order to understand the inﬂuence of the counterbody materials,
Basu and co-workers performed experiments on
b-SiAlON and S-phase SiAlON against SiAlON, steel,
alumina, and hard metal balls.[7,17] Both types of SiAlON
ceramics are reported to experience higher wear loss
against steel.
Despite the fact that considerable research is being
carried out on SiAlON ceramics, no comprehensive
understanding has been achieved as far as the inﬂuence
of the microstructure, fracture toughness, and hardness
on the tribological performance of SiAlON ceramics is
concerned. Such understanding is necessary, due to
growing interest and new potential applications. In
order to meet such aims, systematic wear experiments
were carried out on a series of self-mated SiAlON
ceramics using a fretting tribometer under identical
Table I.
Serial Number
1
2
3

operating conditions. The selection of investigated
materials with a broad range of hardness and toughness
properties enables us to understand the relationship of
the wear resistance to the mechanical properties. In
addition, the selected ceramics contain a variation in the
b-SiAlON content and, therefore, the results of the
study will also be helpful in realizing the potential
inﬂuence of the phase content on the tribological
properties.
II.

EXPERIMENTAL PROCEDURE

A. Materials
In the present study, fretting-wear tests were carried
out on various SiAlON ceramics using a b-SiAlON ball
as a counterbody. Table I provides the details of various
Si3N4 powders used in the present work. As far as the
processing is concerned, three diﬀerent types of silicon
nitride powders are used (see Table I); they include:
UBE-10 (impurity: 1.3 ± 0.1 wt pct O and £0.2 wt pct C),
Silzot HQ (impurity: £1 wt pct O, £0.5 wt pct Si,
£0.1 wt pct Al), and b Si3N4 (impurity: 1 wt pct
Fe2O3). The attrition milling was performed for coarse
Si3N4 starting powders, to decrease the particle size. As
far as the designation of the starting powder particles is
concerned, the attrition milled b-Si3N4 particles 1 and
0.5 lm in size are coded as B1 and B0.5, respectively,
while Silzot particles 1 lm in size have been coded as
A1. In addition, commercial b-Si3N4 powders with an
average particle size of 3 lm were used as seed crystals
and designated in this work as B3. All of the SiAlON
ceramics are characterized by a distinctly diﬀerent
combination of microstructure (a-SiAlON:b-SiAlON
phase ratios, grain size, z values, and intergranular
phase), hardness, toughness, elastic modulus, and thermal conductivity. All such properties are experimentally
evaluated; Table II provides a summary of the properties of the investigated SiAlON ceramics.
To utilize the hardness of the a SiAlON and the
toughness of the b SiAlON, a composition of 30a:70b
SiAlON was designed by using Y-Sm-Ca multication
doping as sintering additives, according to previous
work by Mandal et al.[18] The alpha-SiAlON phase was
prepared from a multicationic mixture (Ca-Y based)
containing a rare earth element with an atomic number
greater than 62 and at least one of the rare earth
elements with an atomic number equal or smaller than
62. Although the same number of sintering aids were
used in all compositions, diﬀerent a:b SiAlON phase
ratios and diﬀerent types of intergranular phases (amorphous or melilite) were obtained due to the diﬀerent
oxygen contents of Si3N4 powders after milling. The
samples were sintered either by gas pressure sintering

Details of Various Si3N4 Powders Used in the Present Work

Powder

Code

Phases

D50 (lm)

Production Method

UBE-10
Silzot HQ
b Si3N4

R
A
B

98a:2b
89a:11b
100b

0.55
1.70
4.70

diimide
direct nitridation
combustion synthesis

2320—VOLUME 40A, OCTOBER 2009

METALLURGICAL AND MATERIALS TRANSACTIONS A

METALLURGICAL AND MATERIALS TRANSACTIONS A

VOLUME 40A, OCTOBER 2009—2321

UBE (D50: 0.5 lm)

Silzot (D50: 1 lm)

beta (D50: 1 lm)

50 wt pct A1 + 50 wt pct B1

beta (D50: 0.5 lm)
seed: B3 (D50: 3 lm)

beta (D50: 0.5 lm)

beta (D50: 0.5 lm)

UBE (D50: 0.5 lm)

SN2

SN3

SN4

SN5

SN6

SN7

SN8

Starting Powder

SN1

Sample
3358
3356
3332
3361
3330
3333
3312
3311

1940 C, 2 h, 22 bar N2
1940 C, 2 hr, 22 bar N2
1940 C, 2 h, 22 bar N2
1800 C, 1 h, 22 bar N2
HT: 1990 C, 5 h, 22 bar N2
1850 C, 1 h, 22 bar N2
1850 C, 1 h, 1 bar N2
1850 C, 1 h, 22 bar N2

Density
(kg/m3)

1940 C, 2 h, 22 bar N2

Sintering
Conditions

17.59 ± 0.19

12.70 ± 0.20

13.22 ± 0.08

12.41 ± 0.18

14.69 ± 0.16

14.22 ± 0.13

15.76 ± 0.15

16.07 ± 0.06

HV10
(GPa)

6.24 ± 0.23

3.01 ± 0.20

4.98 ± 0.40

5.45 ± 0.17

4.15 ± 0.17

3.76 ± 0.15

5.27 ± 0.13

5.61 ± 0.21

KIc
(MPaÆm1/2)

293.3

263.9

264.8

230.4

312.7

292.5

302.6

316.7

Elastic
Modulus
(GPa)

12.63

14.32

15.78

23.90

18.66

17.46

16.04

16.20

Thermal
Conductivity
(W/m/K)

67b:33a
M:0.89
Z:0.33
76b:24a
M:0.71
Z:0.35
92b:8a
M:0.24
Z:0.42
84b:16a
M:0.20
Z:0.20
100b
amorphous
Z:0.10
100b
amorphous
Z:0.24
100b
amorphous
Z:0.35
71b:29a
M:0.65
Z:0.59

XRD
(Polished
Surface)

very fine

very fine

fine

coarse-bimodal

coarse

coarse

fine-bimodal

fine-bimodal

Microstructure

Table II. Composition, Mechanical, Thermal Properties, and Phase Assemblage of Investigated SiAlON Ceramics, Used as Flat Materials in Tribological Investigation

under a 2.2-MPa nitrogen gas pressure at diﬀerent
temperatures or by pressureless sintering at 1850 C for
1 hour. The post-sintering heat treatment was performed for one composition (coded SN5) at 1990 C
for 5 hours under a 2.2-MPa nitrogen gas pressure, to
facilitate grain growth. The polished surfaces of the
sintered samples were gold coated prior to examination
using a scanning electron microscope (SEM) (Zeiss
make).
Figure 1 illustrates the SEM micrographs of the
samples coded SN5 and SN6. From these micrographs,
it can be seen that the micrographs contain elongated b
grains, a phase, and some glassy phase. It is widely
known that SiAION ceramics are usually formed by
mixing Si3N4, Al2O3, and AlN powders with one or
more metal oxides (often including Y2O3 or other rare
earth oxides) and then ﬁring the powder compact of the
desired shape at 1750 C for a few hours. The function
of the metal oxide is to react with the silica that is always
present on the surface of the silicon nitride particle. As a
result, liquid phase forms prior to reaching or at the
sintering temperature; this liquid phase assists in densiﬁcation. After the sintering, some liquid phase remains
and results in a glassy phase. In the present work, the a:b
phase ratio and the phase composition of the intergranular phase were determined by careful analysis of the

X-ray diﬀraction (XRD) (Rigaku Rint 200, Tokyo,
Japan) results. In such an analysis, a comparison of the
relative intensities of the most intense/characteristic
peaks as well as the structure factor is adopted.[19] The
melilite phase (Ln2Si3xAlxO3+xN4x), which is the
only crystalline intergranular phase, formed during
sintering reactions and its relative amount were calculated by dividing the melilite peak intensity at the
interplanar spacing, d = 2.81 Å to the b-SiAlON peak
intensity at d = 2.67 Å. The hardness and fracturetoughness measurements were carried out by the Vickers
indentation technique, by applying a 10-kg load for
10 seconds. The elastic modulus of the samples was
measured by the ultrasonic velocity method. A computer-controlled pulser/receiver (Olympus Panametrics,
Japan) was used for ultrasonic velocity measurement.
The center frequency of the transducer was 5 MHz. The
transit time was determined with an accuracy of ±20 ns.
The working principle is the transmission of ultrasonic
waves, or the transmission and reﬂection of pulses (i.e.,
pulse echo). Thus, the elastic properties can be calculated from the material density (q) and the measurable
velocities of the longitudinal (ml) and shear waves (ms).
Assuming that the samples used in this analysis are
isotropic, standard velocity-elasticity relations can be
used to calculate the elastic modulus and Poisson’s ratio.
These relations are
E ¼ m21 qð1 þ rÞð1  2rÞ=ð1  rÞ

 

r ¼ 1  2b2 = 2  2b2
where ml is the longitudinal wave velocity (m/s), ms is
the shear rate velocity (m/s), E is the Young’s modulus
(pascals), r is the Poisson’s ratio, and b = ms/ml. The
velocity of the wave through the material (ml) is determined by following formula:
ml ¼ ð2dÞ=t
where ml is the velocity of the wave, d is the sample
thickness, and t is the arrival time between the front and
back reﬂections. The thickness of samples was measured
with a micrometer.
B. Thermal Conductivity Measurement

Fig. 1—SEM micrographs representing the microstructure of samples (a) SN6 (wear rate: 2.8 9 106 mm3/NÆm) and (b) SN5 (wear
rate: 1.4 9 105 mm3/NÆm). The solid arrows show the presence of
glassy phase arising from sintering additives; the dashed arrow
shows elongated b-SiAlON grains.
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As-sintered discs 13 mm in diameter were used for the
thermal diﬀusivity measurements. Gold and carbon
were coated on both sides of the samples. Gold prevents
the direct transmission of the beam and improves the
energy transfer to the sample, while carbon increases
the absorption of the front surface and the emission of
the back surface. All the thermal diﬀusivity measurements were carried out between room temperature (RT)
and 1273 K using the laser-ﬂash method. The thermal
property measurements were carried out under a ﬂowing
nitrogen gas atmosphere at a ﬂow rate of 100 mbar/s.
The thermal diﬀusivity (a) was calculated using the
following formula:

 2

p  tx
½1
a ¼ W x  d2
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where Wx is a dynamic correction factor to account
for the heat losses, d is the thickness of the sample,
and tx is the time for the test piece for the initiation
of the pulse. After the thermal diﬀusivity measurements of all the investigated SiAlON ceramics, the
thermal conductivity (k) was calculated according to
the following equation:
k ¼ q  Cp  a

½2

where q is the density of the sample and Cp is the speciﬁc
heat and thermal diﬀusivity of the sample. In our
calculations, the speciﬁc heat (Cp) values of all the
SiAlON ceramics were taken as 700 J/kgÆK, as was also
used in the work of Akin.[20] The thermal conductivity
(k) values of all the investigated SiAlON samples are
listed in Table II.
C. Fretting Tests
Fretting, an important wear phenomenon, refers to
any situation in which the contacts between the materials are subjected to a low-amplitude sliding motion.
Varenberg et al.[21] deﬁned fretting as a relative cyclic
motion between two surfaces that have a nonuniform
distribution of local relative displacement at their
contact. In the present study, fretting tests were carried
out on various compositionally modiﬁed SiAlON
ceramics (Table II) using a 9.5-mm-diameter b-SiAlON
ball (Si6–zAlzOzN8–z; z = 0.3, grade TCQ) as a stationary counterbody. The mechanical properties of the
counterbody used are listed in Table III.
The fretting experiments were performed using a
fretting-wear tester (TR-281M, DUCOM, India), which
produces a linear relative oscillating motion. A ball-onﬂat conﬁguration (Figure 2), working on the principle of
the mode I fretting (linear relative tangential displacement at a constant normal load) is used in the present

Table III. Properties of Counterbody Material
(Spherical Ball) Used in Tribological Investigation
Hardness (HV5)
Fracture toughness (KIC)
Elastic modulus (E)
Thermal conductivity (k)

15.5 GPa
4.7 MPaÆm1/2
310 GPa
22 W/m/K

Fig. 2—Schematic of the fretting test setup used in the present
investigation.
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investigation. Using a stepper motor, the ﬂat sample was
made to oscillate with a relative linear displacement of
constant stroke and frequency. An inductive displacement transducer was used to monitor the displacement
of the ﬂat sample, and a piezoelectric transducer is
attached to the loading arm to measure the friction
force. A variation in the tangential force was recorded
and the corresponding coeﬃcient of friction (COF) was
calculated online with the help of a computer-based data
acquisition system.
Prior to the fretting tests, both the ﬂat and ball were
ultrasonically cleaned in acetone. For comparative
reasons, identical test conditions were maintained by
conducting all the fretting tests at a constant load of
8 N, with a displacement of 100 lm at a frequency of
6 Hz for 45,000 cycles. The selection of the combination
of operating parameters ensures gross-slip fretting
conditions at fretting contact. All the fretting tests were
conducted in an ambient atmosphere at RT (23 ± 2 C)
with a relative humidity of 40 ± 5 pct.
After the wear tests, the wear volume of the investigated SiAlON ceramics was computed using a laser
surface proﬁlometer (Perthometer PGK-120, Mahr
GmbH, Gottingen, Germany). The wear volume was
calculated by integrating the surface area of each twodimensional (2-D) proﬁle over distance. Further, the
wear volume was normalized with respect to the load, to
obtain speciﬁc wear rates (wear volume/(load 9 total
fretted distance)). To determine the proﬁle depth, the
worn surfaces were scanned using a laser surface
proﬁlometer. Furthermore, detailed topographical features of the wear scar were investigated using an SEM,
in order to explain the wear mechanisms. Prior to the
SEM observation, the worn samples were sputter coated
with a thin Au-Pd coating, in order to obtain suﬃcient
conductivity on the surface and avoid charging of the
surface in the SEM.

III.

RESULTS

A. Friction and Wear Data
During the fretting tests, the COF was calculated
from the tangential friction force averaged over each
cycle. Figure 3 plots the COF vs the number of cycles
for various ﬂat samples. All investigated SiAlON
samples exhibited similar frictional behavior during
fretting against SiAlON. It can be seen from Figure 3
that the evolution of the COF can be characterized by
an increase in the COF value to 0.6 to 0.7 within the
running-in period (ﬁrst 2000 cycles). Thereafter, the
steady-state COF value is revealed. For various fretted
ceramics in the present case, the steady-state COF varies
over a window of 0.59 to 0.64. Table IV presents the
steady-state COF values for the investigated samples. A
minimum steady-state COF of 0.59 was recorded for the
(84b:16a) SiAlON/SiAlON tribocouple, while a maximum steady-state COF of 0.64 was recorded in the case
of the (92b:8a) SiAlON/SiAlON tribocouple. In a
previous study,[16] a steady-state COF of 0.55 to 0.65
was recorded when b SiAlON was fretted against
VOLUME 40A, OCTOBER 2009—2323

Fig. 3—Plot of frictional behavior of investigated SiAlON ceramics
(SN1 through SN8), when fretted against b SiAlON under identical
gross slip fretting conditions (load 8 N, displacement of 100 lm, and
frequency 6 Hz for 45,000 cycles).

Table IV. Comparisons of the COF, Wear Volume, Wear
Rate, and Contact Stress of Diﬀerent SiAlON Ceramics
against SiAlON
Sample
Designation
SN1
SN2
SN3
SN4
SN5
SN6
SN7
SN8

Steady
State COF (l)
0.63
0.62
0.64
0.59
0.63
0.60
0.61
0.62

Wear
Volume (mm3)
3.9
2.2
3.0
6.0
9.8
2.1
5.3
3.9

9
9
9
9
9
9
9
9

103
103
103
103
104
104
104
104

Wear Rate
(mm3/NÆm)
5.5
3.0
4.2
8.4
1.4
2.8
7.3
5.5

9
9
9
9
9
9
9
9

105
105
105
105
105
106
106
106

SiAlON under the conditions of an 8-N load, with a
displacement of 100 lm but with a diﬀerent frequency
of 8 Hz for 105 cycles.
In order to evaluate the wear volume, a number of
2-D surface proﬁles across the worn surface were
obtained using a laser surface proﬁlometer. Some
representative 2-D proﬁles are shown in Figure 4. Closer
observation reveals the diﬀerential wear, i.e., variation
in depth at diﬀerent locations of the worn surface. This
also indicates that the worn surfaces are rough, because
a number of sharp hills and valleys are observed on the
2-D proﬁles. Typically, the maximum depth of the
fretted wear scar varies between 10 and 20 lm. As
mentioned earlier, the wear volume was calculated on
the basis of a large number of proﬁles. The measured
wear volumes and speciﬁc wear rates of the investigated
samples are listed in Table IV. Broadly, the measured
wear rate varies in the range of the order of 105 to
106 mm3/NÆm. From the results of the wear rate, it is
apparent that SN6, SN7, and SN8 are the most wear
resistant of the ceramics examined in this study.
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Fig. 4—2-D surface proﬁles measured using laser surface proﬁlometer of worn surfaces on various investigated materials: (a) SN6,
(b) SN7, and (c) SN8.

B. The SEM Observations of Worn Surfaces
In order to understand the fretting-wear mechanisms
for the investigated SiAlON ceramics, the worn surfaces
were analyzed using a SEM equipped with energydispersive spectroscopy (EDS) analysis. The overall
topographical features of the worn surfaces of diﬀerent
grades of SiAlON ﬂats are shown in Figures 5, 6, and 7.
In order to illustrate the wear of the ball counterbody,
Figures 8(a) and (b) show the morphology of the overall
damage area of the SiAlON ball, fretted against the
hardest material (SN8, HV10 = 17.59 GPa) and with
the softest material (SN5, HV10 = 12.41 GPa), respectively. The EDS spectra of the transfer layer and unworn
surface are presented in Figures 9(b) and (c). As can be
seen from Figures 5, 6, and 7, the worn surface can be
characterized by a tribolayer formation with abrasive
grooves. In all cases, the tribolayer formation is discontinuous. The EDS compositional analysis of the tribolayer exhibited a higher oxygen content when compared
to the unworn surface (Figure 9). This suggests that
oxidation of the SiAlON phase took place. This was also
observed for all the ﬂat compositions. It should therefore be clear that the thick tribolayer was essentially a
silica-rich layer. The abrasive grooves were also seen on
the tribolayer of the SiAlON ﬂat (Figures 5, 6, and 7)
and on the SiAlON counterbody (Figures 8(a) and (b)).
This observation suggests that the tribolayer formation
is mainly due to the transfer of the counterbody ball
material to the ﬂat samples. The occurrence of the
tribochemical reaction can be ascribed to the combination of high contact pressure and temperature, as will be
discussed later. For the ﬂat samples SN1, SN2, SN3,
SN4, and SN8, deep abrasive grooves in the central
region were observed (Figures 5, 6, and 7). The reason
METALLURGICAL AND MATERIALS TRANSACTIONS A

for this was determined to be the extensive deformation
due to the plowing action of the counterbody ball.[22]
Plowing is deﬁned as a plastic deformation process
characterized by the displacement of asperities between
the two interlocking surfaces. Apart from the central
region of the wear scar, much less damage was seen on
the worn surface of the ﬂat materials. Severe cracking
perpendicular to fretting direction was also observed on
the tribolayer (Figure 5(b)). While the formation of the
tribochemical layer takes place in a dynamic manner,
the progression of delamination cracks around the
plowed regions cause the subsequent removal of the
tribolayer (for example, Figure 7(b)). The tribooxidation results in the formation of tribochemical layer
and its fragmentation has resulted in wear debris.
Figures 5(a) and (b) and 6(a) also reveal the occurrence
of microfracture and grain pullouts.

It is clear that tribomechanical wear coupled with
spalling and abrasion of the tribolayer is the major wear
mechanism for the SiAlON/SiAlON tribocouples. In
particular, the material removal in the case of abrasive
wear results from a combination of three factors: plastic
deformation, fracture of the tribolayer, and intergranular fracture. Wear debris and abrasive particles are
accumulated due to the force and heat generated by the
surface movement and form a tribolayer on the surface
of the ﬂat. The presence of the wear debris, to a limited
extent, can be seen in Figure 5(c). Figures 8(a) and (b)
clearly show the presence of abrasive grooves and grain
pullout on the counterbody ball material, suggesting
abrasion as the major wear mechanism of the ball
material. The wider abrasive grooves with a width in the
range of 18 to 28 lm were seen on the counterbody ball,
after fretting against the lowest-hardness material (SN5).

Fig. 5—SEM micrographs of the damage zone of the SiAlON ﬂat samples: (a) SN1, (b) SN2, and (c) SN3. Double-pointed arrow indicates the
fretting direction. In insets, overview of the fretted damage region is presented.
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Fig. 6—SEM micrographs of the worn surface of the SiAlON ﬂat samples: (a) SN4 and (b) SN5. Double-pointed arrow indicates the fretting
direction. In insets, overview of the fretted damage region is presented.

IV.

DISCUSSION

From the critical observations of the worn surface
topography, it should be clear that tribomechanical
wear in combination with tribochemical wear is the
major wear mechanism. This is in contrast to tribochemical wear, commonly reported as the only dominant wear mechanism for nonoxide ceramics such as
silicon nitride and silicon carbide.[7] It is signiﬁcant that
the present experimental results provide us the opportunity to critically analyze the relationship between the
mechanical properties, i.e., hardness, toughness and
wear resistance. In particular, the diﬀerent grades of
the investigated SiAlON ceramics (SN1 through SN8)
exhibit a wide range of hardness and toughness
properties (Table II). The variation of such properties
is primarily due to the diﬀerence in b-SiAlON content
and other microstructural features. On the basis of
these considerations, we will make an attempt to
discuss the relationship of wear resistance to mechanical property for SiAlON ceramics. Prior to this, the
magnitude of contact stress and contact temperature
will be analyzed.
A. Contact Stress and Temperature
The correlation of wear damage with the estimation
of initial Hertzian contact pressure can provide insight
into the possible inﬂuence of the severity of the contact
stress. The initial Hertzian contact pressure (maximum)
is calculated using the following formula:[23]


1=3
Po ¼ ð3=2ÞPm ¼ 6WE 2 p3 R2
½3
The initial contact diameter is given by the following
formula:
a ¼ ð3WR=4E  Þ1=3
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½4

where Po is the maximum contact pressure, Pm is the
mean contact pressure, W is the applied load, E* is the
eﬀective elastic modulus, and R is the radius of the ball
counterbody.
The eﬀective elastic modulus, E* can be calculated by
the following equation:




1=E  ¼ 1  m21 E1 þ 1  m22 E2

½5

where E1 and E2 are the elastic modulus of the mating
solids and m1 and m2 are the Poisson’s ratio of the
contacting solids.
Table V represents the calculated values of the initial
Hertzian contact pressure, the contact diameter, and
the diameter of the as-fretted wear scar (measured from
SEM images), for various investigated SiAlON compositions. The SN1 sample, with a hardness of 16.07 GPa
and the highest elastic modulus of 316.7 GPa, exhibits a
maximum contact pressure of 1267 MPa, whereas the
SN5 sample, with a hardness of 12.41 GPa (lowest) and
the lowest elastic modulus (230.4 GPa), exhibits a
minimum contact pressure of 1131 MPa. It can be
pointed out here that, for the higher-hardness and
higher-elastic-modulus materials, the elastic deformation will be less and, therefore, the initial Hertzian
contact area will also be less. Thus, for a given load, the
contact stress will be higher if the contact area is less.
Therefore, in spite of higher contact stress, the materials with higher hardness exhibit better wear resistance
properties. For all the ﬂat compositions, a comparison
of the initial Hertzian contact diameter with the ﬁnal
wear scar diameter reveals that the contact region is no
longer elastic; that is, the deformation causes the
contact to be established over a larger contact area
(Table V).
It can be reiterated here that the silica-rich tribolayer
on ﬂat SiAlON ceramics forms during the fretting tests
(Figures 5, 6, and 7). The feasibility of the oxide layer
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 7—SEM micrographs of fretted zone of SiAlON ﬂat samples: (a) SN6, (b) SN7, and SN8. Double-pointed arrow indicates fretting direction.
In insets, overview of the fretted damage region is presented.

formation depends to some extent on the contact
temperature during the fretting tests. Therefore, the
inﬂuence of the contact temperature needs to be
considered. It needs to be emphasized here that the real
contact temperature or ﬂash temperature cannot be
experimentally measured with reasonable or acceptable
accuracy using any measurement or diagnostic tool. It
has therefore been a widely accepted practice that this
parameter is evaluated using analytical models, instead.
Accordingly, the contact temperatures were calculated
using Archard’s model[24] in the present work. It can be
further noted that this model has been used in our
earlier research work.[7,25,26] According to Archard, the
contact temperature depends on the thermal conductivity, COF, contact stress, and sliding speed. The
contact-temperature rise (DTm) can be calculated using
the following formula:
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DTm ¼

h
.
i
l  ðp  Pm Þ1=2 W1=2  V ð8  kÞ

½6

where l is the COF, Pm is the Hertzian contact stress at
yield, W is the applied load, V is the sliding velocity, and
k is the thermal conductivity of the SiAlON ﬂats.
The Hertzian contact stress at yield can be calculated
using the formula:
 

½7
P m ¼ W y p  a2
where Wy is the load to initiate yield and a is the contact diameter at yield. The contact diameter at yield
can be calculated using Eq. [4], with W replaced by
Wy. From the established theory of plasticity criterion
at a friction contact, the load (Wy) to initiate yield at
the tribocontact can be expressed by the following
equation:[27]
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Fig. 8—SEM micrographs of damage zone of the counterbody ball, after fretting with (a) lowest hardness material (SN5) and (b) hardest
material (SN8). Double-pointed arrow indicates fretting direction. In insets, overview of the fretted damage region is presented.

Fig. 9—SEM images of damaged zone of (a) SN5 sample and (b) and (c) EDS spectra of transfer layer and SiAlON ﬂat, respectively.

Table V. Maximum and Mean Hertzian Contact Pressure and Initial Hertzian Contact Diameter
for the Investigated Fretting Couple
Sample
Designation
SN1
SN2
SN3
SN4
SN5
SN6
SN7
SN8

Po (Maximum
Hertzian Contact
Pressure) (initial), MPa

Pm (Mean
Hertzian Contact
Pressure) (initial), MPa

Initial Hertzian
Contact
Diameter (lm)

Wear Scar
Diameter on
SiAlON Flat (lm)

Maximum Contact
Temperature rise (K)

1267
1248
1234
1262
1131
1191
1190
1235

845
832
822
841
754
794
793
823

54.9
55.3
55.6
55
58.1
56.6
56.7
55.6

522
483
550
506
477
533
539
495

365.89
363.17
356.99
349.43
333.14
360.67
379.65
388.58
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Wy ¼ 21:17  R2  Y  ðY=E Þ2

½8
*

where Y is the yield strength of the ﬂat sample, E is the
eﬀective elastic modulus, and R is the radius of the ball
counterbody.
The maximum contact-temperature increase (DTmax)
is calculated according to the following formula:[28]
DTmax ¼ 1:67  DTm

½9

The maximum temperature rise (DTmax) values of
the investigated SiAlON compositions, presented in
Table V, reveal that the maximum temperature rise
(DTm) is in the range of 333 to 388 K. Therefore, the
ﬂash temperature would be in the range of 358 to 413 K.
Such a low temperature at fretting contact is because of
low speed (2.4 9 103 m/s) as well as low load (8 N).
Although the analytically calculated maximum contact temperature is very low, the combination of
temperature and mechanical stress conditions at the
tribological interface promotes tribochemical reactions
at a much lower temperature than would occur under
static/stress-free conditions.[29,30] Also, the precise
experimental measurement of the asperity dimension,
thermal properties of mating asperities, dynamic inﬂuence of entrapped wear particles (third-body eﬀect),
local pressures at the asperities, etc. is not known and,
therefore, the actual temperature is expected to be
diﬀerent than one that would be obtained analytically.

B. Wear Mechanisms
In order to explain the occurrence of tribochemical
wear, we propose two possible oxidation reactions that
result in the discontinuous silica layer formation:
Si3 N4 þ 3O2 ¼ 3SiO2 þ 2N2

½10

2SiAlON þ 2:5O2 ¼ 2SiO2 þ Al2 O3 þ N2

½11

The thermodynamic feasibility of Reaction [10] in the
temperature range 333 to 388 K (maximum rise in
contact temperature during wear (Table V)) is assessed
from the free-energy calculations using commercial HSC
software,[31] which follows the Barin et al.[32] data
compilation. In Figure 10, the DG values for Reaction
[10] to occur from left to right are plotted as a function
of temperature. The free-energy plot in Figure 10
indicates that Reaction [10] is feasible in the temperature
range obtained from Archard’s model. Therefore, it can
be said that formation of the silica layer can occur
through oxidation of the silicon nitride phase present in
the SiAlON ceramics.
In addition, an attempt was made to calculate the
free-energy change in Reaction [11] from the data
available in the published literature.[33–36] To evaluate
the feasibility of Reaction [11], we have used the
available free-energy data of SiAlON with a substitution
parameter (z) equal to 1, while the z values of the
SiAlON system used in this study lie in the range 0.10 to
0.59. The thermodynamic calculations, based on the
published data, indicate that Reaction [11] is not feasible
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 10—Plot of DG for reaction to occur from left to right vs temperature for oxidation of silicon nitride to form silica tribochemical
layer, as observed in all investigated tribocouples.

(DG = +ve). Nevertheless, it is not appropriate to rule
out the possibility of Reaction [11] in the absence of the
free-energy-of-formation data for SiAlON with z < 1.
Because the developed SiAlON compositions are
developed for high-wear-resistant applications, major
eﬀort has been put toward the understanding of the
tribological behavior as well as the variation in compositions on the wear properties of the developed ceramics.
Figures 5, 6, and 7 show the SEM micrograph of the
worn surfaces of the investigated SiAlON ﬂat compositions, with the characteristic wear features marked on
them. In general, tribolayer formation, the formation of
deep abrasive grooves on the tribolayer, plowing, and
grain pullout are observed to be the governing factors
involved in the material-removal process of developed
SiAlON ﬂats.
It is important that we summarize here the wear
mechanisms. The unreacted a/b-Si3N4 phase undergoes
oxidation to form a SiO2-rich layer, as per Reaction [10].
The observation of a thick SiO2 layer suggests the
nonprotectiveness (thick oxide layers are known to be
nonprotective in the case of pure oxidation), and this is
reﬂected in cracking/spalling around the tribochemical
layer. The observation of deep abrasion marks reveals
that abrasive wear plays a role. The grain pullout
essentially occurs due to cracking in the residual glass
phase; its presence can be noted in Figures 1(a) and (b).
The glass phase, being brittle, is cracked; this leads to
the pullout of grains.
From these observations and from Section III–B, it
should be evident that tribomechanical wear is one of
the major wear mechanisms of material removal and,
hence, the wear rate should have correlation with the
mechanical properties. This is discussed in Sections 1
and 2, as follows.
1. Wear rate–mechanical property relationship
Figure 11 shows the plot of the wear rate vs hardness.
These data points do not allow us to conclusively reach
a linear relationship. Looking at Figure 11, two data
VOLUME 40A, OCTOBER 2009—2329

Fig. 11—Variation in measured speciﬁc wear rate with hardness
(HV10) of investigated ceramics.

sets contained within a dashed and dash-dotted ellipse
each follow a linear relationship. From the observed
correlation between the wear rate and hardness, it can
be said that the wear rate of the investigated SiAlON
ceramics has an inverse linear relationship with the
hardness. This also implies that the harder the material,
the less severe the plowing-induced material removal
and, therefore, the less the wear rate. Such a clear
prediction could not be made when the wear rate is
correlated with the toughness of the SiAlON ﬂat
materials. It can be reiterated here that wear behavior
critically depends on many factors, such as the testing
parameters and microstructure (grain size, phase assemblage, etc.), as well as the properties of the mating
materials.[9,16] Under a given set of testing and environmental conditions, wear characteristics depend mainly
on the material microstructure, which in turn is strongly
dependent on the material composition and mechanical
properties. From this discussion, we can state that the
diﬀerence in the wear rate, in the present case, cannot be
approximately explained on the basis of the diﬀerence in
the toughness properties.
2. Wear rate–microstructure relationship
From Table IV, it can be observed that SN6, SN7,
and SN8 are the most wear resistant of the SiAlON
grades examined. The common property of these
SiAlON ceramics is that three of them show a ﬁnegrained microstructure. Sample SN5 has a microstructure that is signiﬁcantly diﬀerent than the three
mentioned here. The microstructure of SN5 is characterized by large elongated grains within a ﬁne-grained
matrix. This material is also relatively wear resistant.
Sample SN2, which was produced from a-Si3N4–rich
powder (A1), showed elongated-shaped b-SiAlON
grains with an aspect ratio in the range of 4 to 7 in
the ﬁne-grained a-SiAlON matrix. For sample SN3,
prepared from a b-Si3N4 powder (B1), the result is the
development of a more uniform microstructure in which
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Fig. 12—Variation in measured speciﬁc wear rate with b-SiAlON
content of investigated ceramics.

no substantial development of elongated b-SiAlON
grains was observed.
Samples SN2 and SN3 have similar wear rates in spite
of diﬀerent microstructural evolution, a:b-phase ratios,
fracture toughness, and hardness. This suggests that the
b-SiAlON phase content has an eﬀect on wear resistance. In an attempt to analyze the inﬂuence of the
b-SiAlON content on wear resistance, the wear rate is
plotted against the b-SiAlON content in Figure 12. A
careful analysis of the data suggests that two groups of
datasets can be conventionally ﬁtted with a linear plot.
Also, the inverse linear relationship implicates that the
b-SiAlON content should be tailored to optimize wear
resistance.
As has been mentioned in Section I, the investigated
b-SiAlON ceramics (Si6zAlzOz N8z) has diﬀerent z
values. The substitution parameter represents the extent
of the substitution of Si by Al and N by O. In order to
understand the inﬂuence of such substitutions on the
wear rate, the wear rate has been plotted against the z
values in Figure 13. When looking at Figure 13, it is
clear that the two data sets each follow a linear
relationship. From the observed relationship between
the wear rate and the z value, it can be said that the wear
rate of the investigated SiAlON ceramics has an inverse
linear relationship with the z value, i.e., the higher the
substitution of Si by Al and N by O, the better the wear
resistance. This reconﬁrms that the SiAlON solidsolution alloy has better wear resistance than the parent
Si3N4.
It should be stated here that, although the same
additive compositions were used with all the Si3N4
powders used in this study, the Si3N4 types and
their impurities caused SiAlON ceramics with diﬀerent phase compositions than those aimed at (30 pct
a SiAlON-70 pct b SiAlON). These diﬀerences make it
diﬃcult to get conclusive comparisons of the SiAlON
ceramics. However, the results of the present work
should have certain implications on the processing and
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material removal for self-mated SiAlON ceramics.
The wear of the SiAlON counterbody is observed
to be dominated by severe abrasion. In addition,
the formation of a discontinuous silica-rich tribochemical layer, as well as its spalling, has been observed in all the tribocouples.
4. From the microstructural point of view, the wear rate
exhibits an inverse linear relationship with the b-SiAlON content, substitution parameter (z value), and
grain size. Therefore, from the microstructural designing point of view, all these the parameters need to be
tailored, to optimize the wear resistance property.
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