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A study of the tribological properties
of cobalt-titania composite
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Department of Metallurgical Engineering, Indian Institute of Technology,
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The frictional and wear behaviour and hardness of cobalt and cobalt-titania (anatase)
particulate composites, developed by sediment electro-codeposition method, were studied.
Frictional and wear studies, performed on a disc-on-disc type machine, show that the
microhardness of the composite increases as the titania content in the composite increases. A
decrease in both the coefficient of friction and specific wear rate was observed for the
composites with increasing titania content in the cobalt matrix. The effect of sliding velocity
and load on the coefficient of friction and specific wear rate of cobalt and cobalt titania
composites was also investigated. The optical mic¢rophotographs and X-ray diffractogram
reveals that the tribo-deformation is oxidation dominated for cobalt. A probable mechanism is

discussed.

1. Introduction

Wear of metals at high temperatures due to high loads
and/or speeds, is of special interest in a variety of
applications such as cutting tools, metal-forming dies,
press fits, automotive brakes, etc. Friction and wear in
such cases can be reduced by using a metal or alloy
that forms an oxide film having a low brittle to ductile
transition temperature (about 400 °C), such as cobalt
and its alloys [1]. Above this temperature these oxides
become lubricious. These tribological properties can
be further improved by ceramic inclusions [2]. Cobalt
(an hexagonal close packed metal) based-particulate
strengthened composites have an a priori advantage
over composites based on cubic metals [3, 4] as an
anti-wear, anti-friction and anti-seizure material, be-
cause their restricted slip does not allow the rubbing
surface to conform perfectly even after running in [5].
Over and above this, it is a good high-temperature
material with high melting point (1495°C) and low
stacking-fault energy. Cobalt composites containing
fine dispersions of Cr,0;, Al,O,, ThO,, SiO,, Cr,C,,
etc., have been prepared by a variety of methods, such
as mechanical blending of metal and oxide
powders [6-8], co-precipitation [9-13], flash drying,
selective reduction [14-16], internal oxidation [17]
and electrolytic co-deposition methods [18-207. As a
method of producing composite materials, electro-
co-deposition is particularly attractive in that it allows
for the production of composites in the form of a
coating, which is specially suited for tribological ap-
plications, where surface reactions are of paramount
importance.

In the present investigation, studies have been car-
ried out to understand the wear and frictional behavi-
our of cobalt and cobalt—titania composites of various
compositions. The form of titania used was anatase (a
tetragonal system). These composites were prepared
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by the sediment-electro-co-deposition (SECD) [21]
method from a sulphate bath [22].

2. Experimental procedure

A plating solution was prepared with 400 g/l CoSO,-
7H,0, 30 g/1 H;BO,, 0.15 g/l dodecyl sodium sulph-
ate (stress reducer and anti-pitting agent) and 1-30 g/I
TiO, particles (about 1 pm size). The plating bath was
maintained at pH ~ 2 and at a temperature of 30 °C.
A cathodic current density of about 400Am™2 was
used. The solution was agitated intermittently by a
magnetic stirrer to keep the titania particles in suspen-
sion, while the duration of agitation and quiescent
periods (both 30s each) were controlled by a solid
state timer.

In SECD, the second-phase particles kept in sus-
pension during the stirring period are allowed to settle
on to a horizontally placed cathode during elec-
trodeposition. The cathodes used as substrates for
coating were of mild steel. Co-deposition was carried
out for a time sufficient to obtain a minimum coating
thickness of 100 pm. ‘

Vickers hardness was measured on samples in the
as-coated condition using a Leitz Wetzlar micro-hard-
ness tester under a 200 g load and the average of five
replicate samples were recorded.

The coatings were tested for wear resistance and
coefficient of friction under dry sliding conditions by
the disc-on-disc method. A schematic diagram of the
testing rig is shown in Fig. 1. The counter disc was
a unidirectionally rotating hardened steel disc (697
VHN), finished to a roughness of R,,,, = 0.9 um. The
relative sliding speed at the interface was changed by
varying the rotational speed of the counter disc. Load-
ing of the sample was achieved by compressing a
spring using load-adjusting screws. The frictional

0022-2461 © 1993 Chapman & Hall



*

L 4

»

Figure | Schematic diagram of the wear testing rig. 1, Stationary shaft; 2, slot for inserting leaf spring; 3, locknuts; 4, spring; 5, inner hollow
cylinder; 6, cap; 7, collar; 8, outer cylinder; 9, sample holder; 10, specimen; 11, counter disc; 12, cap; 13, support column for driving unit; 14,
shaft (connected to speed variable/1/4 HP AC/DC motor); 15, support column; 16, base plate.

torque, which the thrust-bearing disc imposes, acts
against the test piece and is measured by a strain
gauge—carrier frequency amplifier arrangement. The
specific wear rate was calculated by the weight loss
measurement after an experiment lasting 20 min.

Before starting the new experiment, the counterface
was cleaned, polished with 1/0, 2/0, 3/0 and 4/0 grades
of emery papers, cleaned and degreased with acetone
so that starting conditions for every run were ident-
ical. The weighed coated specimen was mounted
against the loaded and rotating counterdisc of the
same diameter, and tested; the specimen was removed,
cleaned with trichloroethylene, dried and weighed.
The experiment was repeated under identical condi-
tions and average values of weight loss and amplifier
readings were taken for evaluation. The wear tracks
were examined under an optical microscope.

Cobalt and cobalt composite coatings were ana-
lysed before and after wear testing by means of a
semi-automatic microprocessor controlled X-ray dif-
fractometer, Philips PW 1710. The X-ray analyses
were made on the upper side of the coatings. The mean
value of the CuK, radiation was 0.154 18 nm. Qual-
itative phase determination was made by constructing
X-ray diffraction diagrams within the angular
range 20 = 5°-120°.

3. Experimental formulae

3.1. Coefficient of friction

If F (N)1is a certain force acting at a point “B” (Fig. 2)
on the surface of the specimen holder, and f is the
frictional force on the specimen, then about the axis of
rotation,

moment of /= moment of F (N

If a load L acts on a supporting surface of radius r
with a uniform pressure, p, over the supporting area,
A, the infinitesimally small frictional force, df, over the
area dA4 is

df = p dAu 2)

Figure 2 Geometry of torque-lever arrangement.

(because, p = f/L) and the frictional moment, dM; at
the surface is given by

dM; =df (x + dx) = pdA4 px
= 2ITpux3dx (3)
(because df dx is negligible).

1759



The total frictional moment, M, is given by
M, =dM,=(2/3) Lpr “4)
and the moment of the force
F=FR ()
therefore, from Equations 1, 4 and 5 we have
u=3RF/(DL) (©)

where D = 2r, and p is the coefficient of friction.

3.2. Specific wear rate
The specific wear rate was calculated by the ex-
pression

wy, = w/(lL) (7

where w is the wear mass, L is the normal load and [ is
the sliding distance. In this study the sliding distance
was calculated at the mean radius of the specimen.

4. Results

The variation of Vickers hardness of the cobalt—
titania composites with increasing weight per cent
incorporation of the dispersoid (titania) is shown in
Fig. 3. The microhardness of the composites increases
with increasing weight per cent incorporation of the
dispersoid in the metal matrix.

The effect of increasing incorporation of titania on
the coefficient of friction of cobalt, at a constant
sliding velocity of 0.78 ms™* and a load of 8.16 N, is
shown in Fig. 4. The coefficient of friction decreases
with increasing weight per cent incorporation of ti-
tania in the cobalt matrix. The variation of the coeffi-
cient of friction of cobalt with load is very small. In
composites, however, for each composition initially,
there is a significant increase in the coefficient of
friction with load, which becomes marginal at higher
loads.

The variation of the specific wear rate of cobalt
with increasing weight per cent TiO, incorporation,
at constant load (8.16 N) and sliding velocity
(0.78 ms™ 1) is shown in Fig. 6. The specific wear rate
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Figure 3 Dependence of the cobalt composite hardness on the
weight per cent of TiO, in the cobalt matrix.
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Figure 4 Variation of coefficient of friction of cobalt-TiO, com-

posite with weight per cent of TiO, in the matrix. Load = 8.16 N,

sliding velocity = 0.78 ms™ 1.
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Figure 5 Effect of load on the coefficient of friction of cobalt (—)
and cobalt—titania composites: TiO, (wt %): () 2.82, (M) 5.035,(4A)
7.750, (@) 8.094. Sliding velocity = 0.78 ms ™ 1.
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Figure 6 Variation of specific wear rate of cobalt-TiO, composite

with weight per cent of TiO, in the matrix. Load = 8.16 N, sliding

velocity = 0.78 ms ™ 1.

decreases with increasing titania incorporation. The
effect of load on the specific wear rate of the cobalt
metal and its composites at a constant sliding velocity
of 0.78 ms~1! is shown in Fig. 7. There is a gradual
decrease in the specific wear rate, as the load increases,
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Figure 7 Effect of load on the specific wear rate of cobalt and
cobalt-titania composites. For key, see Fig. 5. Sliding velocity
=078 ms™ 1. ’

in all cases. A large material transfer as blackish
brown oxides was observed in the friction and wear
experiments for the cobalt metal, as can be seen from
the optical micrographs (Fig. 8). X-ray diffraction
studies reveal that cobalt metal, in the as-plated condi-
tion from a sulphate bath at room temperature, con-
tained a mixture of hexagonal close packed and face
centred cubic lattice structures (Fig. 9). Cubic (111)

Figure 8 Optical microphotographs (X1000) of cobalt (a) before and
(b) after the wear test.
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Figure 9 X-ray diffractogram of cobalt (a) before and (b) after the
wear test.

plane shows peak at 20 = 52.4°, whereas hexagonal
close packed (100}, (101) and (1 10) planes show at 26
=49.87° 55.5° and 91.2°, respectively. However,
after the tests, the coating predominantly contained a
face centred cubic structure, as the increased intensity
of the cubic peak shows. The transition from hcp to
fcc may be assisted by a martensitic transformation,
the starting temperature for which is 388 °C. The hcp
structure is stable at room temperature, while the fcc
structure is stable above 390 °C. The X-ray diffraction
study (Fig. 10) also confirmed that the oxide debris
formed during the tests was predominantly Co,0,
and Fe;O,. On the other hand, the material transfer
as metal oxides was found to be insignificantly small in
similar tests with cobalt composites (Fig. 11).
Fig. 12 shows the variation of co-efficient of friction
of cobalt and its composite containing 8.09 wt % ti-
tania, with sliding velocity at a constant load of
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Figure 10 X-ray diffractogram of wear debris of cobalt on the coating.
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Figure 11 Optical microphotographs (X1000) of cobalt—titania
composite (a) before and (b) after the wear test.
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Sliding velocity (m s™1)

Figure 12 Effect of sliding velocity on the coefficient of friction of
(@) cobalt and (M) cobalt-8.09 wt % titania composite. Load
= 816N,

8.16 N. The coefficient of friction decreases continu-
ously in both cases.

The effect of sliding velocity on the specific wear
rate of cobalt metal and its 8.09 wt % titania com-
posite at a constant load of 8.16 N are shown in Figs
13 and 14, respectively. At low values of the sliding
velocities, the specific wear rates were found to in-
crease with increasing sliding velocities. However, at
higher sliding velocities (after about 0.48 ms™+'), both
cobalt metal and its composite, show a decrease in the
specific wear rate.

5. Discussion
The hardness of the composites depend upon the
nature and number of the dispersoid in the ‘metal
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Figure 14 Effect of sliding velocity on the specific wear rate of
cobalt-8.09 wt % TiO, composites. Load = 8.16 N.

matrix. The softer dispersoids such as graphite, mol-
ybdenum disulphide or hexagonal boron nitride,
increase the microhardness only slightly, whereas ox-
ides, carbides and nitrides, which are hard ceramics,
increase the microhardness of the cobalt—titania
composites with increasing weight per cent titania
occlusion in the cobalt metal matrix (Fig. 3), also
confirming the above trend. Because the dispersoids
used in this composite are relatively large in size
(about 1 um), they cannot interfere with dislocations
and the strengthening effect is manifested by the
hydrostatic restrainment of the matrix in the proxim-
ity of the dispersoid.

The wear and frictional performance of a material
depends on such intrinsic properties of the mating
surfaces as their hardness [23], mutual solubility and
surface energy [24], and crystal structure [25]. For a
composite, the hardness further depends on such fac-
tors as shape, size, volume content and distribution of
the dispersoids in the metal matrix [26]. In general, a
material possesses good wear resistance when it has a
low mutual solubility and a low surface energy to
hardness ratio [24]. Cobalt has a hardness, &, of ap-
proximately 4177.35 MNm~? and surface energy, Y,
of 1.530 Jm ~2, which gives the Y/h value of ~ 3.67

x 107 m and most of the ceramics like titania have a
Y/h value less than 0.5 x 10~ 1° m. This fact explains
the cause of the substantial decrease in the friction
coefficient and specific wear rate of the composite vis-
a-vis the cobalt metal with increasing weight per cent
incorporation of titania in the cobalt metal
matrix (Figs 4 and 6).

The wear mechanisms occurring in metals are
broadly classified in two categories [27]: plasticity-
dominated wear and oxidation-dominated wear.
When the mating surfaces slide at speeds below about
0.1 ms ', and under high load, the wear mechanism is
plasticity dominated, i.e. by adhesion and delam-
ination, and above a speed of 1 ms ™!, the wear is
oxidation dominated. In the intermediate condition,
ie. at low load and a sliding velocity below 1 ms™?,
the wear mechanism is mainly mild delamination type,
which is the condition in the present study. Here, the
direct metal to metal contact is conceived to be absent
owing to an ultrathin (tenths of a nanometre), but
tough, layer of oxide [28]. This thin layer can undergo
elastic deformation without rupture under light loads,
thus resulting in a low specific wear rate. Because this
oxide layer is lubricious at the same time, the coethi-
cient of friction also remains low. The black oxide
debris of Co;0, and Fe,O, observed (Fig. 8) in mild
wear is produced from this layer and perhaps from
small metallic fragments which are removed and
oxidized [29-34]. The damaged surface quickly re-
oxidizes, avoiding further metal to metal contact be-
tween the sliding surfaces. Beyond a critical load, the
oxide layer is penetrated because of high surface tens-
ile forces. This causes an increase in the coefficient of
friction (Fig. 5). The surface tensile forces (frictional
forces) cause a drastic increase in the plastic shear
strain accumulation in the oxide layer, initiating
cracks transverse to the sliding direction, and resulting
in increased wear rate (Fig. 7) [1]. The drop in the
specific wear rate of cobalt may be associated with the
surface hardening of the cobalt coating. The surface
cooling rate from the temperature produced by sliding
at high speed and load conditions, is high enough to
cause hardening [35]. Hence, there is a lower specific
wear rate at higher loads for cobalt metal. Similar
transition from high to low specific wear rate with
increasing load under dry sliding conditions for a
variety of metals has been reported by Arnell
et al. [36].

When the electrodeposited composite is brought
into contact with a sliding counterface, initially hard
particles are exposed and completely support the wear
load (Fig. 11). Consequently, the friction and wear
pattern will be determined mainly by the tribological
properties of the hard dispersoid and will be of low
magnitude. As the load increases, because of elastic
and then plastic yielding of the composite as a whole
under the compressive stress, the real area of contact
increases, thus increasing the coefficient of friction and
wear (Figs 5 and 7) [26]. Composites being much
harder, and also because of surface hardening as
above, however, the load has very little effect on its
specific wear rate. So, with increase in load, the specific
wear rate of composites continuously decreases.
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The decrease in the coefficient of friction of cobalt
with increasing sliding velocity (Fig. 12) may be due to
the thickening of the oxide layer on its surface. This
thickening is caused by heating of the surface at high
sliding velocity under load [37-40]. For composites,
the continuous decrease in the coefficient of friction
may be because of the increased ductility of titania
embedded in the metal at higher temperatures.

The initial increase and subsequent decrease in
specific wear rate of cobalt coating (Fig. 13) may be
due to the combined effect of surface hardening and
thickening of the oxide layer as the sliding velocity
increases. In the beginning, hardening of the surface
and thickening of the oxide layer is less, and so, there
is a higher specific wear rate. Subsequently, these
factors predominate, and that causes a reduction in
the specific wear rate. In the composite (Fig. 14), the
specific wear rate is high initially, because surface
hardening of the cobalt matrix has yet to set in, while
titania becomes softer because of the temperature
produced at the interface. Later, however, because of
the hardening of the matrix, the overall specific wear
rate of the composite decreases.

6. Conclusion

Cobalt-titania composites have much better frictional
and wear resistance than the cobalt metal alone, which
in turn is better than any cubic metal coatings. There-
fore, for tribological applications, cobalt—titania com-
posites can be used with advantage.
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