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Abstract

Recently, dense monolithic TiBand TiB,—20wt.% MoSj 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
TiB, and TiB,—MoSk, composites against bearing steel. Under the investigated conditions, a higher coefficient of friction (COF) of 0.5-0.6
was recorded with all the materials with a lower COF at a higher load of 10 N. Detailed microstructural investigation of the worn surfaces
was carried out using SEM—EDS and XRD in order to understand the fretting wear mechanisms. Severe wear (ortemo¥on) was
measured for the investigated materials under the selected fretting conditions with lower wear rate-fa0wiB% MoSj composite at
all loads (2—-10 N). While abrasive wear dominates the material removal process in the case of monolithiceTiBbochemical wear is
observed to be the predominant wear mechanism for the composite.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction tions. Moreover, the low density of TiBand its high elastic
modulus makes this material a candidate for the construction
Titanium diboride (TiB) is a non-oxide ceramic, hav-  of light-weight armor and other aero-applications. Extensive
ing excellent combination of attractive properties: low den- research has been carried out to understand the tribological
sity (4.52 g/crd), high hardness~22—-25 GPa), high melt-  behavior of hard materials like ceramics and ceratédsvith
ing point (2200°C), and high elastic modulus-600 GPa}: limited tribological work on TiB.*7-213The friction coef-
These characteristic properties make it a potential candidateficient and wear rate of composites depends on the type of
material for various structural applications. However, the brit- matrix, reinforcement chemistry and volume, counterbody
tleness and high costs of machinability along with poor sin- material and the experimental conditions, such as sliding
terability and exaggerated grain growth at high temperature speed, load and environment (humidity, atmosphere, etc.).
restrict the widespread use of monolithic %ilB engineering The effect of particulate additions on the tribological per-
applications. To overcome this problem, various metallic and formance of composites is complicated. Incorporation of a
non-metallic binders are used to obtain dense borides. In onesecond phase need not necessarily result in improved wear
of our recent work, MoSiis used as a sintering additive to  performance. For example, the incorporation of JTiBto
achieve dense borides via hot pressing réute. a SiC matrix increases the fracture toughness and the in-
The combination of high hardness and elastic modulus corporation of SiC into a N4 matrix improves the bend
makes borides particularly attractive for tribological applica- strength and fracture toughness, but in neither case the SiC
addition results in improved wear performarfcelowever,
* Corresponding author. Tel.: +91 512 2597771; fax: +91 512 2597505, the addition of either TiC or TiN to a silicon nitride ma-
E-mail address: bikram@iitk.ac.in (B. Basu). trix has shown to improve wear performance substantially
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under tribological conditions, where tribochemical wear is ~98% oy, density was obtained for TiB-20 wt.% MoSjp
dominant? composite under similar hot pressing conditions at 1’0
Several studies have been reported to investigate the wealXRD analysis indicated the predominant presence ofL TiB
behavior of advanced structural ceramic¥ The fretting and MoSp in composite sample. The sizes of pilB mono-
wear behavior of boride-containing composites under dry lith varied between 2 anddm, while that in composite was
sliding conditions against bearing steel is reported and a tri- around 1-3vm. The particle sizes of Mogiaried around
bochemical wear model is formulaté@he influence of frac- 3-5um. The details of the processing, microstructure and
ture toughness, an important property for brittle materials, on properties are reported elsewhéiRelative density and me-
the wear behavior of ceramics was also investigafethe chanical properties of the tested materials are tabulated in
tribological behavior of TiC-based ceramics against high- Table 1 While the hardness of the investigated materials var-
speed steel was studied using a pin-on-disk tribontéter. ied between 23 and 27 GPa, the indentation toughness was in
Oxidative wear coupled with adhesive and abrasive wear wasthe range of 4—-6 MPatf. Hot pressed pellets of diameter
the major mechanism for material removal. The fretting wear 10 mm were sectioned into 2 mm thick discs using high-speed
behavior of TiB-containing composites against ball bearing diamond cutter. These discs were polished with emery papers
steel in lubricating medium (water, oil) was also investigated (1/0, 2/0, 3/0, 4/0) and finally with diamond paste upRtp
and reported in literatur€® In comparison to dry unlubricated 1 um finish. The polished discs were ultrasonically cleaned
conditions, lower coefficient of friction (COF) as well astwo in acetone for 10 min. Cleaned and polished monolithicTiB
orders of magnitude lower wear rate was recorded fop B and TiB-composites were used as flat (moving) materials.
water lubrication. The formation of lubricious tribochemcial Eight millimeters diameter bearing grade (commercial SAE
layer leads to the improvement in tribological properties in 52100 grade, hardness 63-65 HRc, data given by supplier)
water lubrication. Recently, the wear behavior of WC-based steel balls were used as counterbodies (stationary).
materials has been investigated by our research group and
also reported elsewhePé.A transition in COF and wearrate 2.2, Wear tests and characterization
with load was observed for WC-Zp@omposites, processed
by pressureless sinterif@nd spark plasma sinteriffgThe The fretting experiments were performed using a
tribochemical wear with the formation of Wvas observed Computer-controned fretting machine (DUCOM TR281-M),
as the dominant wear mechanism. Mukerji and Prakash stud-which produces a linear relative oscillating motion with ball-
ied the wear performance of sialon-based composites withon-flat configuration. By a stepper motor, the flat sample was
varying amount of TiC or BN (up to 20 vol.%) against ball made to oscillate with a relative linear displacement of con-
bearing grade steel under dry sliding conditidns. stant stroke and frequency. An inductive displacement trans-
Although tribological studies on several structural ceram- ducer was used to monitor the displacement of the flat sam-
ics have been reported in the literature, none of the studiesple, and a piezoelectric transducer to measure the friction
has evaluated the wear performance ofzftised materi-  force. Variation in tangential force was recorded and the cor-
als with non-metallic additives. There have hardly been any responding coefficient of friction was calculated on-line with
literature report on fretting tests of TiBMoSi composites  the help of a computer-based data acquisition system. The
againSt steel. In the present Study, the fretting wear behaVioruse of the same testing Set-up has been made in our recent
of TiBz, TIBz—MOSIz CompOSites fabricated via hot preSSing research on ceramics and Composﬂés_
was investigated under varying load (2-10 N). Prior to the fretting tests, both the flat and ball were ultra-
sonically cleaned in acetone. The fretting experiments were
performed on monolithic TiBand TiB.—MoSk composites

2. Experimental details against steel balls with varying loa@)(of 2, 5 and 10N
at 8 Hz oscillating frequency and 1Q@n linear stroke for
2.1. Materials a duration of 10,000 cycles. Also, the combination of the

testing parameters resulted in the gross slip fretting contacts.
Monolithic TiB2 and TiB.—MoSk composites containing  All experiments were conducted in an ambient atmosphere
20wt.% MoSp particulate reinforcement were used in the atroom temperature (3B 2°C) with relative humidity (RH)
present study. Monolithic TiBwith 97.5%p, was obtained of 45+ 5%. The schematic of the test configuration is shown
after hot pressing at 180C for 1h in vacuum, where as inFig. 1

Table 1
Relative density and mechanical properties of monolithic, iBd TiB,.—MoSk composites while monolithic TiBis hot pressed at 180C, the composite at
1700°C

Material Relative density (% of TD) Vickergi() (GPa) Fracture toughneski{) (MPa nmt2)

Monolithic TiB2 97.5 25.9+ 1.8 5.3+ 0.9
TiBo—20 wt.% MoSp 98.2 247+ 2.7 52+ 04
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Fig. 1. Schematic of the fretting test configuration. The testing conditions: (a) No of Cycles
constants: stroke length 1@0n, oscillation frequency 8 Hz and cycles 0
10,000; variables: normal load (2—10 N).
After each test, the worn surfaces of both the flat and the 0.8
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 067
by Klaffke 16 The use of this equation is reported to be justi- . —
fied for the present fretting conditions (providing errors less S 04
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 021
rates [wear volume/(load distance)] were calculated. Fur-
ther detailed characterization of the worn surfaces was done g i : , : i : , : i
using a scanning electron microscope (JEOL-JSM840). Prior 0 2000 4000 6000 8000 10000
to SEM observation, the worn samples were sputter-coated  (b) No of Cycles

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 comnositional analvsis of the tribolaver is car- (20wt.%) composite, during fretting against bearing steel. Fretting con-
) ) P . Y " y ditions: 2-10N load, 10,000 cycles, 8 Hz frequency and ji®0stroke
ried out by EDS, attached with SEM. Additionally, the phase |ength.

analysis of the worn surfaces of selected fretted samples was

carried out using XRD.

Fig. 2. The frictional behavior of (a) monolithic TiBand (b) TiB;B—MoSk

3. Results

1 A TiB,
201 l v TiB,20 wt.% MoSi,

3.1. Friction and wear properties

The friction and wear properties of monolithic TiBnd its
composites were studied under fretting contacts against bear-

Specific wear rate (x10°mm*N.m)
o

ing steel. The effect of the load was investigated by keeping 8] A 1
other fretting variables (10,000 cycles, 308 amplitude and 6] :
8 Hz frequency) constant. The COF plots of Ti&d MoSp al v
reinforced TiB at different loads are shown irig. 2 For 5] v
monolithic TiBp, COF increases to a high value in running- T T -

in-period (first 1000—-3000 cycles) and subsequently attains a
steady state value. Similar frictional behavior is also recorded
W'th the composﬂg In _b_Oth the materials, a slight fluctuation Fig. 3. Variation of specific wear rate with load for monolithic 3iBnd

in measured COF is critically observed at 2 and 5 N; whereas TiB ,-MoSi, composites after fretting against bearing steel. Fretting condi-
such fluctuation is minimal at 10 N load. Also, a decrease in tions: 10,000 cycles, 8 Hz frequency and 108 stroke length.

Load (N)
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steady state COF is observed for both monolithicTésd values of 0.67, 0.79 and 0.51 at 2, 5 and 10 N respectively.
TiB, composite at 10 N load. The following detailed observa- At 2, 5 and 10 N, peak COF values during running-in-period
tions can be made from the COF data obtained with EiBd are 0.80, 0.80 and 0.55, respectively.

its composites: (a) monolithic TiBexhibits steady state COF The wear volumes of TiBand its composites are com-
values of 0.67 and 0.71 at 2 and 5 N, respectively. In contrast, puted by measuring the wear scar diameter in the transverse
steady state COF is lower and around 0.5 at 10 N load. Also, direction on the worn samples and following the Klaffke’s
the attainment of steady state COF at 10 N load took place atequationt® The specific wear rates, calculated based on the
the first 3000 cycles, while such a transition takes place ear-wear volume, load and total fretted distance are plotted in
lier (first 1000—2000 cycles) at lower load of 2 and 5N. (b) Fig. 3 For both the investigated materials, the wear rate de-
TiB>—20 wt.% MoSp composites exhibits steady state COF creases with load. Independent of the load (2—10 N), the wear

Fig. 4. SEM images showing the overview and details of the worn surfaces on monolithiafféifferent loads: (a and b) 2N, (c and d) 5N and (e and f)
10N (overall and detailed). Arrow indicates the fretting direction. Fretting conditions: 10,000 cycles, 8 Hz frequency @nust@ike length. Counterbody:
bearing steel.
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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 TiB 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 9@én as load increases from 2 to

5N. The steel balls also show extensive fretting damage af-

ter testing against TiBcomposite. The wear scar transverse B
diameter increases systematically from 282.5 to d26as O
load increases from 2 to 5N.

Summarizing the tribological data, no clear correlation be- 7 A
tween COF and load is observed for the investigated materi- "““""“"(:) L
als. Also, the frictional behavior of the investigated tribocou-
ple at the highestload 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 TiBas well

as of TiB,—20 wt.% MoS;p 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 08.Based on the measured wear
data, it is clear that the addition of 20 wt.% MeSliecreases
the wear rate of the composites vsris TiB, monoliths.
Additionally, a systematic decrease in wear rate with load is
observed for both the monolithic TiBand its composites.

3.2. Topography observation of the worn surfaces and
analysis of tribolayer 1

Detailed microstructural investigation using SEM was
performed in order to understand the fretting wear mecha-
nism for monolithic TiB and its composites. The overall
topographical features of worn scars formed on monolithic
TiB» flats are shown ifrig. 4. The abrasion was commonly
noticed under all loads. At 2N load, a non-protective frac-
tured tribolayer was observe#if. 5a and b). Similarly at
5N, severe wear took place due to the non-protective nature
of discontinuous tribolayer, which is removed by delamina-
tion. Atthe highestload of 10 N, extensive wear occurred due
to similar delamination of the surface. EDS analysis revealed
the presence of B, O, Ti and Fe on the worn surface of mono-
lithic TiB » at all loads Fig. 5). An interesting observation is
that the relative peak intensity of Fe and O increases with the
increasing load. The presence of O-peak indicates the tribo- il ool e 0 T S
oxidation of ceramic as well as the transfer of iron oxide from 0.2 0.5 4.5 6.5
steel ball. The material transfer from steel is quite likely due () —
to lower hardness of steel relative to piBeramic. The ma- Energy (Kev)
jor wear mechanisms for Ti8steel appear to be abrasion,
adhesion and tribochemical wear. Fig. 5. EDX analysis on the tribolayer of monolithic TiBat different

Fig. 6 shows the overall and detailed view of the fretted '°29s: 2N (8. 5N (b) and 10N (c). Fretting conditions: 10,000 cy-
. . . cles, 8Hz frequency and 1@0n stroke length. Counterbody: bearing

scars on TiB—20wt.% MoSp composite. In contrast to ob- g

servations made with worn TiBdistinctly different observa-

tion was made with TiB-MoSk composite. Under all loads

(2-10N), the worn surfaces are commonly covered with a

rather protective tribochemical layer. The important features
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(b)

(d)

Fig. 6. SEM micrographs reveals the overview as well as details of the fretted worn surfaces-e¥1di, (20 wt.%) composite at varying loads of 2N (a
and b), 5N (c and d) and 10N (e and f). Arrow indicates the fretting direction. Fretting conditions: 10,000 cycles, 8 Hz frequency.amdtidke length.
Counterbody: bearing steel.

like accumulation of oxide debris at the periphery of scar, in addition to bulk TiB phase. It should be noted that nei-

smearing, fracture and the removal of oxide layer (as sheets)ther TiO, nor B,Og3 is detected on the as-hot pressed surface,

are illustrated irFig. 6. It was observed that formation and i.e. the virgin surface. Similar formation of tribo-oxides is

smearing of tribochemical reaction product start at 2 N itself. also observed in the case of composkey( 7b). The pres-

The formation of sheet-like wear debris (504 size) re- ence of MoQ and SiQ is additionally detected after fretting

sults from the fracturing of tribolayer at some locations. Often against steel. Iron oxides are not commonly recorded from

finer debris particles (5-10m size) are also found scattered worn composite within the detection limit of XRD.

around the wear pits. Detailed look at the tribolayer reveals

the cracking of tribolayer even at lowest load of 2. 6b).

At an intermediate load of 5 N, entrapment of compacted de- 4. Discussion

bris particles on to the abrasive grooves is obserkag &d).

At the highest load of 10N, the cracking along the fretting Based on the obtained friction and the wear data as well as

direction and fracturing of tribochemical layer can be noticed SEM—EDS observations, XRD analysis of the mechanism of

(Fig. 6). wear can be discussed. The wear of materials are governed by
XRD analysis of the worn surfaces on both monolith and the material parameters (hardness, toughness), operating pa-

composite after fretting at 10 N load is carried out and the re- rameters (load, sliding velocity, humidity, temperature, etc.).

sults are plotted iffrig. 7. As could be seen iRig. 7a, TiOy, Among the mechanical properties, the hardness is an im-

B20s3, F&O3 and FeTiQ are detected on the fretting scar, portant property determining the deformation of materials
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Monolithic TiB oTB, and TiB—20 wt.% MoSp, oxidation of the ceramic phases as

. e well as steel is the cause for the high wear rate and friction.
g-ge;rié, While tribo-oxidation wear is the major wear mechanism for

“E2Ms

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 TiBnd TiB,—20 wt.%
MoSi, composites.

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

T T T T T T T T T T 2TIBZ + 502 - 2T|02 + 28203 (1)
25 30 35 40 45 50 55 60 65 70 75 80
(@) 20 (degrees) 2MoSb + 70, — 2MoO3 4 4Si0, (2)
FeO + TiO, — FeTiOs 3)

Intensity (arb. unit)

TiB,-20%MoSi, ®-TiB,

:ﬁﬁ:& Comparingigs. 5and7itis clearthat TiQ, B,O3, FeO3
ZQ".‘C’,O and FeTiQ containing tribochemical layer is non-protective
and spalls from the contacting interface. In one of the earlier
investigations, So et af. reported that higher the pressure
b\ 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
20 25 30 35 40 45 50 55 60 65 70 75 presence of Mo@and SiQ is also detected. It is quite plau-
(b) 20 (degrees) sible that SiQ-rich tribolayer probably behaves like a rather
protective layer, covering almost the entire tribosurface. Inthe
Fig. 7. XRD spectra obtained from the worn surfaces on monolithie TiB ~ fretting wear process, formation of tribo-oxidation products
(@) and TiB-20 wt.% MoS; composite (b), after fretting against steel at  and subsequent fracture and removal of debris/tribochemical
iﬁg‘ké"gé 't:hremng conditions: 10,000 cycles, 8 Hz frequency andub®0  |5yer results in the observed high COF, as noticed in mono-

' lithic TiB> and TiB,—20 wt.% MoSp composite. However,
since the tribochemical layer formed on the fretted surface
of the composite is better protective than in monolithic[iB
the wear rate is decreased with 20 wt.% Mo&ddition.

Intensity (arb. unit)

oA

o

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 ceramf¢#lso,
looking atTable 1 it should be clear that the difference in
hardness between the investigated materials is not considere
to have any observable influence on tribological properties.
The fracture toughness, an important parameter determiningtin
wear resistance for brittle ceramit&is almost the same for
both monolith as well as composite. In the present work, all
the experiments are carried out under identical conditions

g. Conclusions

In an effort to evaluate the tribological potential, the fret-
g wear experiments were carried out on monolithic2liB
and TiB,—20% MoSj composites against bearing steel under
varying load. The important observations are as follows:

with varying load. (a) Both monolithic TiB/steel and TiB—20wt.% MoSp

An important factor largely controlling the reported tribo- composite/steel tribocouple exhibit similar frictional be-
logical behavior of ceramics and ceramic-based composites  havior with steady state COF varying in the range of
is their interaction with atmosphere to form tribochemical 0.5-0.8 under the selected fretting conditions. Lower
oxides. This is particularly more important for non-oxide ce- COF of 0.5 for both the fretting couple is measured at
ramics like TiB. The tribochemical wear of ceramics are the highest load of 10 N.
closely related with surface chemistry and physics of the tri- (b) A specific wear rate is observed to decrease with the
bological process. Tribochemical wear is a form of oxidative increase in load for the investigated materials. Lower
wear like in metals that primarily occurs under nominally un- wear rate is measured with the composite as compared
lubricated conditions of sliding? As far as the tribological to monolith at all loads.

properties are concerned, it is usually, but not always, ben-(c) Under the investigated fretting condition, material trans-
eficial by forming a tribochemical layer. In monolithic TiB fer from steel counterbody as well as tribo-oxidation of
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