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Tribological properties of TiB2 and TiB2–MoSi2 ceramic composites
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Abstract

Recently, dense monolithic TiB2 and TiB2–20 wt.% MoSi2 composites with high hardness (24–26 GPa) have been processed by hot
pressing. To assess the tribological potential, the present study was performed in analyzing the influence of load on the fretting wear of
TiB2 and TiB2–MoSi2 composites against bearing steel. Under the investigated conditions, a higher coefficient of friction (COF) of 0.5–0.6
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as recorded with all the materials with a lower COF at a higher load of 10 N. Detailed microstructural investigation of the worn
as carried out using SEM–EDS and XRD in order to understand the fretting wear mechanisms. Severe wear (order of 10−5 mm3/N m) was
easured for the investigated materials under the selected fretting conditions with lower wear rate for TiB2–20 wt.% MoSi2 composite a
ll loads (2–10 N). While abrasive wear dominates the material removal process in the case of monolithic TiB2, the tribochemical wear
bserved to be the predominant wear mechanism for the composite.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Titanium diboride (TiB2) is a non-oxide ceramic, hav-
ng excellent combination of attractive properties: low den-
ity (4.52 g/cm3), high hardness (∼22–25 GPa), high melt-

ng point (2200◦C), and high elastic modulus (∼500 GPa).1

hese characteristic properties make it a potential candidate-
aterial for various structural applications. However, the brit-

leness and high costs of machinability along with poor sin-
erability and exaggerated grain growth at high temperature
estrict the widespread use of monolithic TiB2 in engineering
pplications. To overcome this problem, various metallic and
on-metallic binders are used to obtain dense borides. In one
f our recent work, MoSi2 is used as a sintering additive to
chieve dense borides via hot pressing route.2

The combination of high hardness and elastic modulus
akes borides particularly attractive for tribological applica-
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tions. Moreover, the low density of TiB2 and its high elasti
modulus makes this material a candidate for the constru
of light-weight armor and other aero-applications. Exten
research has been carried out to understand the tribolo
behavior of hard materials like ceramics and cermets3–15with
limited tribological work on TiB2.4,7,9,13The friction coef-
ficient and wear rate of composites depends on the ty
matrix, reinforcement chemistry and volume, counterb
material and the experimental conditions, such as sl
speed, load and environment (humidity, atmosphere,
The effect of particulate additions on the tribological p
formance of composites is complicated. Incorporation
second phase need not necessarily result in improved
performance. For example, the incorporation of TiB2 into
a SiC matrix increases the fracture toughness and th
corporation of SiC into a Si3N4 matrix improves the ben
strength and fracture toughness, but in neither case th
addition results in improved wear performance.4 However
the addition of either TiC or TiN to a silicon nitride m
trix has shown to improve wear performance substant
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under tribological conditions, where tribochemical wear is
dominant.4

Several studies have been reported to investigate the wear
behavior of advanced structural ceramics.7–12 The fretting
wear behavior of boride-containing composites under dry
sliding conditions against bearing steel is reported and a tri-
bochemical wear model is formulated.9 The influence of frac-
ture toughness, an important property for brittle materials, on
the wear behavior of ceramics was also investigated.10 The
tribological behavior of TiC-based ceramics against high-
speed steel was studied using a pin-on-disk tribometer.11

Oxidative wear coupled with adhesive and abrasive wear was
the major mechanism for material removal. The fretting wear
behavior of TiB2-containing composites against ball bearing
steel in lubricating medium (water, oil) was also investigated
and reported in literature.13 In comparison to dry unlubricated
conditions, lower coefficient of friction (COF) as well as two
orders of magnitude lower wear rate was recorded for TiB2 in
water lubrication. The formation of lubricious tribochemcial
layer leads to the improvement in tribological properties in
water lubrication. Recently, the wear behavior of WC-based
materials has been investigated by our research group and
also reported elsewhere.6,8 A transition in COF and wear rate
with load was observed for WC–ZrO2 composites, processed
by pressureless sintering6 and spark plasma sintering.8 The
tribochemical wear with the formation of WOwas observed
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∼98% ρth density was obtained for TiB2–20 wt.% MoSi2
composite under similar hot pressing conditions at 1700◦C.
XRD analysis indicated the predominant presence of TiB2
and MoSi2 in composite sample. The sizes of TiB2 in mono-
lith varied between 2 and 4�m, while that in composite was
around 1–3�m. The particle sizes of MoSi2 varied around
3–5�m. The details of the processing, microstructure and
properties are reported elsewhere.2 Relative density and me-
chanical properties of the tested materials are tabulated in
Table 1. While the hardness of the investigated materials var-
ied between 23 and 27 GPa, the indentation toughness was in
the range of 4–6 MPa m1/2. Hot pressed pellets of diameter
10 mm were sectioned into 2 mm thick discs using high-speed
diamond cutter. These discs were polished with emery papers
(1/0, 2/0, 3/0, 4/0) and finally with diamond paste up toRa
1�m finish. The polished discs were ultrasonically cleaned
in acetone for 10 min. Cleaned and polished monolithic TiB2
and TiB2-composites were used as flat (moving) materials.
Eight millimeters diameter bearing grade (commercial SAE
52100 grade, hardness 63–65 HRc, data given by supplier)
steel balls were used as counterbodies (stationary).

2.2. Wear tests and characterization

The fretting experiments were performed using a
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s the dominant wear mechanism. Mukerji and Prakash

ed the wear performance of sialon-based composites
arying amount of TiC or BN (up to 20 vol.%) against b
earing grade steel under dry sliding conditions.15

Although tribological studies on several structural cer
cs have been reported in the literature, none of the st
as evaluated the wear performance of TiB2-based mater
ls with non-metallic additives. There have hardly been

iterature report on fretting tests of TiB2–MoSi2 composite
gainst steel. In the present study, the fretting wear beh
f TiB2, TiB2–MoSi2 composites fabricated via hot press
as investigated under varying load (2–10 N).

. Experimental details

.1. Materials

Monolithic TiB2 and TiB2–MoSi2 composites containin
0 wt.% MoSi2 particulate reinforcement were used in
resent study. Monolithic TiB2 with 97.5%ρth was obtaine
fter hot pressing at 1800◦C for 1 h in vacuum, where a

able 1
elative density and mechanical properties of monolithic TiB2 and TiB2–M
700◦C

aterial Relative density (% of TD)

onolithic TiB2 97.5
iB2–20 wt.% MoSi2 98.2
omputer-controlled fretting machine (DUCOM TR281-M
hich produces a linear relative oscillating motion with b
n-flat configuration. By a stepper motor, the flat sample
ade to oscillate with a relative linear displacement of

tant stroke and frequency. An inductive displacement t
ucer was used to monitor the displacement of the flat
le, and a piezoelectric transducer to measure the fri

orce. Variation in tangential force was recorded and the
esponding coefficient of friction was calculated on-line w
he help of a computer-based data acquisition system
se of the same testing set-up has been made in our
esearch on ceramics and composites.6,8

Prior to the fretting tests, both the flat and ball were u
onically cleaned in acetone. The fretting experiments
erformed on monolithic TiB2 and TiB2–MoSi2 composite
gainst steel balls with varying load (P) of 2, 5 and 10 N
t 8 Hz oscillating frequency and 100�m linear stroke fo
duration of 10,000 cycles. Also, the combination of

esting parameters resulted in the gross slip fretting con
ll experiments were conducted in an ambient atmosp
t room temperature (30± 2◦C) with relative humidity (RH
f 45± 5%. The schematic of the test configuration is sh

n Fig. 1.

mposites while monolithic TiB2 is hot pressed at 1800◦C, the composite a

Vickers (Hv) (GPa) Fracture toughness (KIc) (MPa m1/2)

25.9± 1.8 5.3± 0.9
24.7± 2.7 5.2± 0.4
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Fig. 1. Schematic of the fretting test configuration. The testing conditions:
constants: stroke length 100�m, oscillation frequency 8 Hz and cycles
10,000; variables: normal load (2–10 N).

After each test, the worn surfaces of both the flat and the
ball were observed using an optical microscope (Zeiss). The
wear volumes of both the flat and ball were calculated from
the measured wear scar diameters as per the equation given
by Klaffke.16 The use of this equation is reported to be justi-
fied for the present fretting conditions (providing errors less
than 5%) when the wear scar diameter is larger than twice
the Hertzian contact diameter, as was the case in our exper-
iments. From the estimated wear volume, the specific wear
rates [wear volume/(load× distance)] were calculated. Fur-
ther detailed characterization of the worn surfaces was done
using a scanning electron microscope (JEOL-JSM840). Prior
to SEM observation, the worn samples were sputter-coated
with a thin Au–Pd coating in order to obtain sufficient con-
ductivity on the surface and avoid charging of the surface in
the SEM. The compositional analysis of the tribolayer is car-
ried out by EDS, attached with SEM. Additionally, the phase
analysis of the worn surfaces of selected fretted samples was
carried out using XRD.

3. Results

3.1. Friction and wear properties
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Fig. 2. The frictional behavior of (a) monolithic TiB2 and (b) TiB2–MoSi2
(20 wt.%) composite, during fretting against bearing steel. Fretting con-
ditions: 2–10 N load, 10,000 cycles, 8 Hz frequency and 100�m stroke
length.

Fig. 3. Variation of specific wear rate with load for monolithic TiB2 and
TiB2–MoSi2 composites after fretting against bearing steel. Fretting condi-
tions: 10,000 cycles, 8 Hz frequency and 100�m stroke length.
The friction and wear properties of monolithic TiB2 and its
omposites were studied under fretting contacts against
ng steel. The effect of the load was investigated by kee
ther fretting variables (10,000 cycles, 100�m amplitude an
Hz frequency) constant. The COF plots of TiB2 and MoSi2

einforced TiB2 at different loads are shown inFig. 2. For
onolithic TiB2, COF increases to a high value in runni

n-period (first 1000–3000 cycles) and subsequently atta
teady state value. Similar frictional behavior is also reco
ith the composite. In both the materials, a slight fluctua

n measured COF is critically observed at 2 and 5 N; whe
uch fluctuation is minimal at 10 N load. Also, a decreas
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steady state COF is observed for both monolithic TiB2 and
TiB2 composite at 10 N load. The following detailed observa-
tions can be made from the COF data obtained with TiB2 and
its composites: (a) monolithic TiB2 exhibits steady state COF
values of 0.67 and 0.71 at 2 and 5 N, respectively. In contrast,
steady state COF is lower and around 0.5 at 10 N load. Also,
the attainment of steady state COF at 10 N load took place at
the first 3000 cycles, while such a transition takes place ear-
lier (first 1000–2000 cycles) at lower load of 2 and 5 N. (b)
TiB2–20 wt.% MoSi2 composites exhibits steady state COF

values of 0.67, 0.79 and 0.51 at 2, 5 and 10 N respectively.
At 2, 5 and 10 N, peak COF values during running-in-period
are 0.80, 0.80 and 0.55, respectively.

The wear volumes of TiB2 and its composites are com-
puted by measuring the wear scar diameter in the transverse
direction on the worn samples and following the Klaffke’s
equation.16 The specific wear rates, calculated based on the
wear volume, load and total fretted distance are plotted in
Fig. 3. For both the investigated materials, the wear rate de-
creases with load. Independent of the load (2–10 N), the wear

F
1
b

ig. 4. SEM images showing the overview and details of the worn surfaces
0 N (overall and detailed). Arrow indicates the fretting direction. Fretting con
earing steel.
on monolithic TiB2 at different loads: (a and b) 2 N, (c and d) 5 N and (e and f)
ditions: 10,000 cycles, 8 Hz frequency and 100�m stroke length. Counterbody:
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rate of the composite is found to be lower than that of the
monoliths under the selected fretting conditions. The wear of
steel was observed to be more than that of the ceramic in all
cases and is evident from the large difference in hardness. The
steel balls also suffer extensive fretting damage after testing
against monolithic TiB2 with increased severity as the load is
increased from 2 to 10 N. The transverse wear scar diameter
on steel, an indicative parameter for severity of wear dam-
age, increases from 700 to 900�m as load increases from 2 to
5 N. The steel balls also show extensive fretting damage af-
ter testing against TiB2 composite. The wear scar transverse
diameter increases systematically from 282.5 to 426�m as
load increases from 2 to 5 N.

Summarizing the tribological data, no clear correlation be-
tween COF and load is observed for the investigated materi-
als. Also, the frictional behavior of the investigated tribocou-
ple at the highest load of 10 N is stable as can be realized from
the absence of any observable fluctuations in the friction plot.
However, the frictional behavior of monolithic TiB2 as well
as of TiB2–20 wt.% MoSi2 is similar to that of steels, as the
steady state COF for self-mated steel is reported to vary com-
monly between 0.5 and 0.6.11 Based on the measured wear
data, it is clear that the addition of 20 wt.% MoSi2 decreases
the wear rate of the composites vis-à-vis TiB2 monoliths.
Additionally, a systematic decrease in wear rate with load is
observed for both the monolithic TiBand its composites.
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Fig. 5. EDX analysis on the tribolayer of monolithic TiB2 at different
loads: 2 N (a), 5 N (b) and 10 N (c). Fretting conditions: 10,000 cy-
cles, 8 Hz frequency and 100�m stroke length. Counterbody: bearing
steel.
2

.2. Topography observation of the worn surfaces and
nalysis of tribolayer

Detailed microstructural investigation using SEM w
erformed in order to understand the fretting wear me
ism for monolithic TiB2 and its composites. The over

opographical features of worn scars formed on monol
iB2 flats are shown inFig. 4. The abrasion was common
oticed under all loads. At 2 N load, a non-protective f

ured tribolayer was observed (Fig. 5a and b). Similarly a
N, severe wear took place due to the non-protective n
f discontinuous tribolayer, which is removed by delam

ion. At the highest load of 10 N, extensive wear occurred
o similar delamination of the surface. EDS analysis reve
he presence of B, O, Ti and Fe on the worn surface of m
ithic TiB2 at all loads (Fig. 5). An interesting observation
hat the relative peak intensity of Fe and O increases wit
ncreasing load. The presence of O-peak indicates the
xidation of ceramic as well as the transfer of iron oxide f
teel ball. The material transfer from steel is quite likely
o lower hardness of steel relative to TiB2 ceramic. The ma
or wear mechanisms for TiB2/steel appear to be abrasi
dhesion and tribochemical wear.

Fig. 6 shows the overall and detailed view of the fret
cars on TiB2–20 wt.% MoSi2 composite. In contrast to o
ervations made with worn TiB2, distinctly different observa
ion was made with TiB2–MoSi2 composite. Under all load
2–10 N), the worn surfaces are commonly covered w
ather protective tribochemical layer. The important feat



1298 T.S.R.Ch. Murthy et al. / Journal of the European Ceramic Society 26 (2006) 1293–1300

Fig. 6. SEM micrographs reveals the overview as well as details of the fretted worn surfaces of TiB2–MoSi2 (20 wt.%) composite at varying loads of 2 N (a
and b), 5 N (c and d) and 10 N (e and f). Arrow indicates the fretting direction. Fretting conditions: 10,000 cycles, 8 Hz frequency and 100�m stroke length.
Counterbody: bearing steel.

like accumulation of oxide debris at the periphery of scar,
smearing, fracture and the removal of oxide layer (as sheets)
are illustrated inFig. 6. It was observed that formation and
smearing of tribochemical reaction product start at 2 N itself.
The formation of sheet-like wear debris (50–70�m size) re-
sults from the fracturing of tribolayer at some locations. Often
finer debris particles (5–10�m size) are also found scattered
around the wear pits. Detailed look at the tribolayer reveals
the cracking of tribolayer even at lowest load of 2 N (Fig. 6b).
At an intermediate load of 5 N, entrapment of compacted de-
bris particles on to the abrasive grooves is observed (Fig. 6d).
At the highest load of 10 N, the cracking along the fretting
direction and fracturing of tribochemical layer can be noticed
(Fig. 6f).

XRD analysis of the worn surfaces on both monolith and
composite after fretting at 10 N load is carried out and the re-
sults are plotted inFig. 7. As could be seen inFig. 7a, TiO2,
B2O3, Fe2O3 and FeTiO3 are detected on the fretting scar,

in addition to bulk TiB2 phase. It should be noted that nei-
ther TiO2 nor B2O3 is detected on the as-hot pressed surface,
i.e. the virgin surface. Similar formation of tribo-oxides is
also observed in the case of composite (Fig. 7b). The pres-
ence of MoO3 and SiO2 is additionally detected after fretting
against steel. Iron oxides are not commonly recorded from
worn composite within the detection limit of XRD.

4. Discussion

Based on the obtained friction and the wear data as well as
SEM–EDS observations, XRD analysis of the mechanism of
wear can be discussed. The wear of materials are governed by
the material parameters (hardness, toughness), operating pa-
rameters (load, sliding velocity, humidity, temperature, etc.).
Among the mechanical properties, the hardness is an im-
portant property determining the deformation of materials
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Fig. 7. XRD spectra obtained from the worn surfaces on monolithic TiB2

(a) and TiB2–20 wt.% MoSi2 composite (b), after fretting against steel at
10 N load. Fretting conditions: 10,000 cycles, 8 Hz frequency and 100�m
stroke length.

at tribocontacts. In general, the metals undergo plastic de-
formation because of lower hardness (fully hardened steel
∼7 GPa). In contrast, ceramics suffer fracture at the tribo-
surfaces because of limited plasticity in ceramics.18 Also,
looking atTable 1, it should be clear that the difference in
hardness between the investigated materials is not considered
to have any observable influence on tribological properties.
The fracture toughness, an important parameter determining
wear resistance for brittle ceramics,18 is almost the same for
both monolith as well as composite. In the present work, all
the experiments are carried out under identical conditions
with varying load.

An important factor largely controlling the reported tribo-
logical behavior of ceramics and ceramic-based composites
is their interaction with atmosphere to form tribochemical
oxides. This is particularly more important for non-oxide ce-
ramics like TiB2. The tribochemical wear of ceramics are
closely related with surface chemistry and physics of the tri-
bological process. Tribochemical wear is a form of oxidative
wear like in metals that primarily occurs under nominally un-
lubricated conditions of sliding.19 As far as the tribological
properties are concerned, it is usually, but not always, ben-
eficial by forming a tribochemical layer. In monolithic TiB2

and TiB2–20 wt.% MoSi2, oxidation of the ceramic phases as
well as steel is the cause for the high wear rate and friction.
While tribo-oxidation wear is the major wear mechanism for
all the investigated materials, the adhesive and the abrasive
wear by brittle microfracture of tribolayer also contribute to
more wear in the case of monolithic TiB2 and TiB2–20 wt.%
MoSi2 composites.

Based on SEM–EDS and XRD results, the possible tri-
bochemical reactions that can occur during fretting actions
include:

2TiB2 + 5O2 → 2TiO2 + 2B2O3 (1)

2MoSi2 + 7O2 → 2MoO3 + 4SiO2 (2)

FeO + TiO2 → FeTiO3 (3)

ComparingFigs. 5 and 7, it is clear that TiO2, B2O3, Fe2O3
and FeTiO3 containing tribochemical layer is non-protective
and spalls from the contacting interface. In one of the earlier
investigations, So et al.17 reported that higher the pressure
and sliding speed, the thicker was the tribochemical layers
and the shorter was the time interval for a layer to be extruded
from the contact interface. In the present study, similar phe-
nomenon is expected to take place and cause a higher COF.
Although similar oxides form in the composites also with the
exception of Fe-oxides (not detected), but additionally, the
p u-
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resence of MoO3 and SiO2 is also detected. It is quite pla
ible that SiO2-rich tribolayer probably behaves like a rat
rotective layer, covering almost the entire tribosurface. I

retting wear process, formation of tribo-oxidation produ
nd subsequent fracture and removal of debris/triboche

ayer results in the observed high COF, as noticed in m
ithic TiB2 and TiB2–20 wt.% MoSi2 composite. Howeve
ince the tribochemical layer formed on the fretted sur
f the composite is better protective than in monolithic T2,

he wear rate is decreased with 20 wt.% MoSi2 addition.

. Conclusions

In an effort to evaluate the tribological potential, the f
ing wear experiments were carried out on monolithic T2
nd TiB2–20% MoSi2 composites against bearing steel un
arying load. The important observations are as follows

(a) Both monolithic TiB2/steel and TiB2–20 wt.% MoSi2
composite/steel tribocouple exhibit similar frictional
havior with steady state COF varying in the range
0.5–0.8 under the selected fretting conditions. Lo
COF of 0.5 for both the fretting couple is measure
the highest load of 10 N.

b) A specific wear rate is observed to decrease with
increase in load for the investigated materials. Lo
wear rate is measured with the composite as comp
to monolith at all loads.

(c) Under the investigated fretting condition, material tra
fer from steel counterbody as well as tribo-oxidation
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the constituent ceramic phases occurred at the fretted in-
terface. SEM–EDS analysis revealed higher amount of
transferred Fe on monolithic TiB2 with increasing load.
On the worn surfaces, the presence of TiO2, B2O3 as
well as FeTiO3 is recorded in monolithic TiB2, whereas
additional formation of SiO2 and MoO3 is observed due
to MoSi2 addition in composite.

(d) While the tribochemical wear is found to play a major
role in the removal of materials for both the tribocouple,
the abrasive wear, in addition to tibochemical wear is
found to contribute to more wear for monolithic TiB2.

Acknowledgement

The financial support by the Board of Research in Nuclear
Science (BRNS) of Department of Atomic Energy (DAE),
Government of India is gratefully acknowledged.

References

1. Telle, R. and Petzow, G., Strengthening and toughening of boride and
carbide hard material composites.Mater. Sci. Eng. A, 1988,105–106,
97–104.

2. Murthy, T. S. R. Ch., Srivastava, A., Basu, B., Balasubramaniam,
R., Suri, A. K., Subramanian, C.et al., Processing and properties

r

X.,
pairs

erties
hot

5. Prakash, B., Mukerji, J. and Kalia, S., Tribological properties of
Al2O3–TiN composites.Am. Ceram. Soc. Bull., 1998, 68–72.

6. Basu, B., Sarkar, D. and Venkateswaran, T., Pressureless sintering
and tribological properties of WC–ZrO2 composites.J. Eur. Ceram.
Soc., 2005,25, 1603–1610.

7. Basu, B., Vitchev, R. G., Vleugels, J., Celis, J. P. and Van Der Biest,
O., Influence of humidity on the fretting wear of self-mated tetragonal
zirconia ceramics.Acta Mater., 2000,48, 2461–2471.

8. Venkateswaran, T., Sarkar, D. and Basu, B., Understanding the wear
properties of SPS-processed WC–ZrO2 nanocomposites.J. Am. Ce-
ram. Soc., in press.

9. Vleugels, J., Basu, B., Kumar, K. C. H., Vitchev, R. G. and Van
Der Biest, O., Unlubricated fretting wear of TiB2 containing com-
posites against bearing steel.Metall. Mater. Trans. A, 2002,33(12),
3847–3859.

10. Basu, B., Vleugels, J. and Van Der Biest, O., Microstructure–
toughness–wear relationship of tetragonal zirconia ceramics.J. Eur.
Ceram. Soc., 2004,24(7), 2031–2040.

11. Bhushan, B.,Principles and Applications of Tribology. John Wiley
& Sons, 1999.

12. Rainforth, W. M., The sliding wear of ceramics.Ceram. Int., 1996,
22, 365–372.

13. Basu, B., Vleugels, J. and Van der Biest, O., Influence of lubrication
on the fretting wear performance of TiB2 based materials.Wear, 2001,
250, 631–641.

14. Bhagat, R. B., Tribological performance evaluation of WC-based cer-
mets and development of a fracture mechanics wear model.Wear,
1996,201, 233–243.

15. Mukerji, J. and Prakash, B., Wear of nitrogen ceramics and compos-
ites in contact with bearing steel under oscillating sliding condition.
Ceram. Int., 1998,24, 19–24.

1

1 nism

1

1

of novel TiB2-based composites.J. Am. Ceram. Soc., submitted fo
publication.

3. Xingzhong, Z., Jiajun, L., Baoliang, Z., Jinlin, O. and Qunji,
Tribological properties of TiC-based ceramic/high speed steel
at high temperature.Ceram. Int., 1998,24, 13–18.

4. Jones, A. H., Dobedoe, R. S. and Lewis, M. H., Mechanical prop
and tribology of Si3N4–TiB2 ceramic composites produced by
pressing and hot isostatic pressing.J. Eur. Ceram. Soc., 2001, 21,
969–980.
6. Klaffke, D., Fretting wear of ceramics.Tribology Int., 1989, 22(2),
89–101.

7. So, H., Yu, D. S. and Chuang, C. Y., Formation and wear mecha
of tribo-oxides and the regime of oxidational wear of steel.Wear,
2002,253, 1004–1015.

8. Kong, H. and Ashby, M. F., Wear mechanisms in brittle solids.Acta
Metall. Mater., 1992,40(11), 2907–2920.

9. Quinn, T. F. J., Oxidational wear. InASM Handbook, Vol 19 (9th
ed.). pp. 289–290.


	Tribological properties of TiB2 and TiB2-MoSi2 ceramic composites
	Introduction
	Experimental details
	Materials
	Wear tests and characterization

	Results
	Friction and wear properties
	Topography observation of the worn surfaces and analysis of tribolayer

	Discussion
	Conclusions
	Acknowledgement
	References


