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Abstract

Cobalt-chromium alloys find usage in environments where reliable wear and friction properties are required.
However, the sliding wear generated presents significant health risks in nuclear and medical applications.
Thus, there is great motivation to develop cobalt-free alternatives. These alloys are known to undergo several
physical changes at the interface during dry sliding, sensitive to the loading conditions and environment.
Due to these physical changes, the wear behaviour of the alloy is modified, which linear Archard-like models
do not capture. To better understand the wear performance a cobalt-chromium alloy in-situ, and to aid their
replacement, a mechanistic model of wear would be ideal. To understand what physics requires modelling,
in order to capture the wear behaviour in response to the loading conditions, a systematic experimental
study was performed for a cobalt-chromium hard-facing alloy. Tests were done under various combinations
of sliding speed (0.02 m/s to 0.5 m/s) and normal load (40 N to 1000 N). In conjunction with common wear
mechanisms, such as oxidative wear, platelet wear was also observed. It is suggested that the platelet wear
observed is the consequence of a plastic ratcheting mechanism, known as ‘ratcheting wear’, owing to the
large strains experienced at the wear interface. In addition to this, the stiffness of the wear interface was
observed to drop significantly which has previously been unreported for this system. Both of these physical
responses have implications for the development of a mechanistic wear model.
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1. Introduction

Cobalt-chromium alloys are used within indus-
tries with stringent safety requirements due to their
excellent friction performance in reciprocated dry
sliding applications, where other materials would
fail by seizure or severe wear. In particular, they
find usage in the nuclear industry as hard-facings
on reactor components or in the bio-medical indus-
try for hip implants due to their high temperature,
corrosion, and wear resistance [1].

It is generally understood that cobalt-chrome al-
loys gain their beneficial frictional properties from
the formation of an easy-shear layer [2], which is
said to form more preferentially at higher loads.
Additionally, these alloys undergo a martensitic
phase transformation near to the surface which in-
crease the overall hardness of the wear interface
which give the alloy increased wear resistance [3].
The secondary hard-phase consisting of metallic

chromium-rich carbides have been suggested to im-
prove the abrasion resistance of such alloys [4]. Im-
portantly, their high temperature resistance results
from the presence of tungsten in the cobalt-based
matrix which, in addition to increasing the melting
point of the alloy, also strengthens the cobalt matrix
to improve wear resistance [1]. However, the wear
particles generated and ejected from the wear inter-
face during sliding present significant health risks in
the form of radioactive gamma fields [5] or poison-
ing [6]. Therefore, there is a great motivation to
understand the wear behaviour in-situ and replace
these alloys with cobalt-free alternatives.

Use of a mechanistic model of wear which cap-
tures the physical response of the system due to
the loading conditions and environment, would be
useful for developing an understanding of how this
material behaves in-situ, and to aid the creation
of cobalt-free alternatives. However, typical wear
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models used to characterise system behaviour [7, 8]
do not capture the relevant physics with regards to
changes in environment or loading conditions and
there has been little push for the development of a
model that can account for these conditions in the
case of Co-Cr sliding systems. Furthermore, there
is still a limited understanding on how the loading
conditions affect the physical response of the alloy
and thus how they influence the wear mechanisms.
While the general wear response of such alloys have
been investigated experimentally, with a focus on
laser-clad and cast alloys – identifying wear mech-
anisms such as carbide pull-out and fracture [9],
delamination [10], and fatigue of a wear-reducing
oxide layer [11] – there has not been much focus on
the understanding of how these wear mechanisms
occur as a result of the loading conditions for hot-
isostatically pressed (HIPed) cobalt-chromium.

Therefore, the aim of this paper is to gain an un-
derstanding of how wear mechanisms are influenced
by loading conditions, and to identify the relevant
physics at the wear interface to aid the development
of a mechanistic model. A systematic study of load
vs sliding distance vs speed has been conducted for
a HIPed cobalt-chromium alloy under self-mated
dry sliding conditions at room temperature. Rela-
tionships between the loading conditions and wear
mechanisms operative at the wear interface were in-
vestigated. Wear surfaces, cross-sections of worn
pins, and debris were examined under scanning-
electron microscopy (SEM). These were charac-
terised by electron-diffraction spectroscopy (EDX),
xray diffraction spectroscopy (XRD), profilometry
and nano-indentation. Frictional data was also col-
lected. The experimental procedure is shown in sec-
tion 2. Results are shown in section 3 and discussed
in section 4. Conclusions are given in section 5.

2. Experimental procedures

2.1. Materials and microstructure

The material selected for this study was a
cobalt-chromium based hard-facing alloy with a
composition of Co-30Cr-5W-2Fe-1.1C-1.1Si. The
powder particle size was in the range of 63-150 µm.
The material was processed using a HIPing cycle of
100 MPa at 1200degC for 4 hours. This resulted
in a speckled microstructure as seen in Figure 1.
The light grey phase corresponds to the cobalt-
chromium matrix. Dark spherical chromium-rich
M7C3 carbides sit within the matrix, as shown by

the dark phase, and have an average size of 1 to
3 µm in diameter. The area fraction of the car-
bides correspond to roughly 19.5 %. Tiny pores
of less than 1 µm in diameter throughout the ma-
terial are also evident, typically clustering around
carbide-matrix boundaries. The typical hardness of
this alloy is reported to be in the range 380-490 Hv
[12], or 3.8-4.9 GPa.

Figure 1: SEM micrograph showing the microstructure of
the cobalt-chromium alloy.

Figure 2: XRD pattern for the cobalt-chromium hard-facing
alloy.

XRD analysis of the unworn specimens were also
undertaken, in addition to EDX. The XRD pattern
can be seen in Figure 2.

2.2. Material properties

Microscopic material properties were charac-
terised using the nano-indentation method. A
Berkovich diamond indenter was used in all cases
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controlled up to a depth of 500 nm. A 20 by 20 in-
dentation map was taken for every sample pre- and
post-test with a 15 µm spacing between indents.

In addition to the material properties obtained
through indentation, standard uni-axial tension
test was performed to gain an understanding of the
bulk elastic and plastic response of the alloy as well
as the total strain-to-failure. The initial material
properties are shown in table 1. The hardening re-
sponse of the alloy was best captured using a Voce
hardening model.

2.3. Wear tests

The experimental procedure used a Plint TE77
reciprocating sliding test rig under dry room condi-
tions of ∼25degC and relative humidity ∼40%. A
schematic for the test rig is shown in Figure 3. Fric-
tional data was recorded via a transducer connected
to the TE77 rig.

Figure 3: Schematic of the experimental rig.

The wear tests performed were separated into
two categories: a set for observing the influence of
sliding speed and load on the wear mechanisms, and
a set for the influence of very high loads at slower
speeds. Tests to see the influence of sliding distance
on the evolution of wear were also performed. The
full test matrix can be seen in table 2.

The sliding geometry chosen was an area-on-flat
with a cylindrical pin of 10 mm and 8 mm diameter
for the variable velocity and load cases respectively
to allow for higher nominal pressures in the lat-
ter experiments. These were slid against plates of
dimension 20x60x3 mm3. The chosen mating for
each experiment was like-on-like. Each test surface
was diamond lapped to a finish of 0.2 µm ± 0.05
Ra. The reason for selecting these parameters for
the wear tests were to reflect an application within
industry.

Post-wear characterisation consisted of weight
change measurements for the pin and profilometer
data for the plate and pin. Post-wear surface tex-
ture data were also calculated from the profilometer

data. Wear scars were characterised using EDX,
SEM, and XRD analysis. Pins were also cross-
sectioned and hardness measurements were taken
with respect to depth from the wear surface us-
ing nano-indentation and a Vickers hardness tester.
Debris at the edge of the wear track was also col-
lected for analysis.

3. Results

3.1. Wear tests

The frictional data collected for all experiments
showed a decrease in the dynamic coefficient of fric-
tion with load. The observed range was 0.5 to 0.25.

3.1.1. Variable speed tests

Figures 4 through 6 show the post-wear SEM
micrographs from 0.05 m/s to 0.50 m/s for the pin
wear surface, cross-section of the pin surface, and
wear debris. EDX of these micrographs are also
shown.

The surface SEM micrographs are shown in Fig-
ure 4. Primarily adhesive wear is seen throughout
all experiments. Likewise material appears to have
been pressed and displaced across the surface as
evident in Figure 4(b) and (c). Interestingly, what
appears to be a platelet is peeling from the surface
as seen in Figure 4(b) for the 0.1 m/s test. Im-
portantly, this platelet is of the same order as the
wear particle diameters seen for the corresponding
experiment in Figure 6. A large plate-like piece of
material appears to have adhered and been pushed
along in the high 0.50 m/s test in Figure 4(c). EDX
of the surface confirms that these wear surfaces con-
sist primarily of Co, Cr, and W as expected. There
is also a high degree of oxygen which is expected
due to the passivating nature of chromium [13]. A
combination of several wear mechanisms is typical
for this alloy. As demonstrated by the EDX results,
a combination of oxidative mechanisms along with
adhesive and fatigue mechanisms can be seen.

The cross-sections of the worn pin shown in
Figure 5 show clear evidence of subsurface cracks
forming parallel to the wear surface. The damaged
surface appears to lift off and away from the pin
forming a thin-lip before breaking off to become
entrained in the contact interface as a wear parti-
cle. Interestingly, for the 0.1 m/s test in Figure 5(b)
shows what appears to be a wear particle consist-
ing of highly-strained oxidated material similar to
what can be seen in mechanically-mixed-layers [2].
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Table 1: Material properties for the cobalt-chromium alloy.

Young’s Modulus
(Tension test)

Young’s Modulus
(Nano-indentation)

Strain-to-failure Vickers Hardness Nano-hardness

(GPa) (GPa) (%) (Hv) (GPa)
215 220 2.5 450 5.0

Table 2: Range of experimental parameters used for different combinations for the wear tests.

Load
(N)

Pressure
(MPa)

Velocity
(m/s)

Distance
(m/s)

40 0.5 0.05 500
160 2.0 0.10
240 3.0 0.50
320 4.0
400 5.0

600 12.0 0.02 100
700 14.0
800 16.0
900 18.0
1000 20.0

Figure 4: SEM micrograph of the wear surface on the pin for the variable speed tests with a corresponding EDX measurement
below. a) 0.05 m/s b) 0.10 m/s c) 0.5 m/s
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Figure 5(a) shows what appears to be detachment
of material however there appears to be oxidated
Co-Cr in between the separating material and the
pin. All the cracks appear to occur no further than
10 µm below the surface. Every wear surface had
evidence of small scratches, of the same order as the
carbide radius, which suggests that carbide pull-out
is occuring. Such a mechanism was observed by Yu
et al. [9].

The typical debris observed throughout all of
the 400N variable speed tests appears to be plate-
like. The size of the debris consists of smaller bro-
ken up portions of debris no larger than 10 µm in
diameter with the largest debris being above 50 µm.
The wear debris show evidence of cracking and frac-
ture throughout their surface which suggest they
are brittle. Smaller chip-like wear particles are also
seen. EDX shows that the debris is high in oxy-
gen and chromium. The thickness of debris seen in
the 0.05 m/s to 0.5 m/s tests all appear to be less
than 10 µm in thickness. The 0.5 m/s wear debris
appears to a type of severe metallic wear given the
high degree of directionality on the debris surface
[14].

3.1.2. Variable load tests

Figures 7 through 9 show the post-wear SEM
micrographs for the 0.02 m/s tests for the pin wear
surface, cross-section of the pin surface, and wear
debris. EDX of these micrographs are also shown.

Debris is shown to be highly strained and dis-
placed across the wear surface in Figure 10. There
is clear evidence of ridges induced by displacement
of material in Figure 7(a). The underlying struc-
ture of carbides cannot be seen at high magnifi-
cations, further suggesting that material has been
highly strained and smeared across the surface as to
cover or destroy the carbide structure completely.

As in the variable speed tests, Figure 8 shows
subsurface damage and cracking occurring in the
pin. Once again, highly-strained mechanically
mixed material appears to be entrained in the frac-
ture surface. Interestingly, all the fracture sur-
faces in the pin appear to occur approximately 3
µm below the wear interface with cracks nucleating
and propagating around the carbide boundaries. In
some cases, the fracturing material appears to be
a combination of mechanically-mixed material and
the bulk material of the pin.

Figure 9 shows debris from the high load tests.
Similar to the lower load tests, the wear debris ap-
pears to be plate-like. The material is again brittle

and thin as shown by the cracks in the debris.

In all tests, evidence of material being strained
and displaced across the wear surface is seen. Fig-
ure 10 shows how the material is displaced to the
edge of the pin. This type of deformation is charac-
teristic of all the tests seen at and above 400 N. The
higher speed tests show a more pronounced defor-
mation at the pin edge. This material is typically
thin and appears to be in the process of fracturing
off, as seen in the high speed 0.5 test. A similar
type of deformation, considered as ’shear tongues’,
was reported for laser-clad stellites by Persson [2].

Figure 10: SEM micrograph of material being displaced to-
wards the pin edge for the 600 N test.

To avoid making a linear assumption in the wear
loss, the wear results have been reported in terms
of volume loss. Figure 11 shows the volume losses
from all tests. With the exception of Figure 11(c)
corresponding to the 0.1 m/s pin wear, none of the
results show a linear trend and therefore are non-
Archard in their wear behaviour. At high loads,
above 400 N, the volume loss seems relatively in-
sensitive to load. Perhaps somewhat paradoxically,
the higher load shows a lower volume loss with ma-
terial removal being more sensitive to sliding speed.
Reasons for this are explored in the next section.

The volume loss for the pin in the high speed
tests, shown in Figure 11(d) show a parabolic trend
rather than a linear trend. The corresponding wear
of the plate instead shows a logarithmic trend with
the wear volume plateauing to a value of approxi-
mately 0.5×10−9 m3.

Evolution of the surface texture parameters is
shown in Figure 12.
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Figure 5: SEM micrograph of the pin cross-section for the variable speed tests with a corresponding EDX measurement below.
a) 0.05 m/s b) 0.10 m/s c) 0.5 m/s

Figure 6: SEM micrograph of the wear debris from the variable speed tests with a corresponding EDX measurement below. a)
0.05 m/s b) 0.10 m/s c) 0.5 m/s
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Figure 7: SEM micrograph of the wear surface on the pin for the variable load tests with a corresponding EDX measurement
below. a) 600 N b) 800 N c) 1000 N

Figure 8: SEM micrograph of the pin cross-section for the variable load tests with a corresponding EDX measurement below.
a) 600 N b) 800 N c) 1000 N
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Figure 9: SEM micrograph of the wear debris from the variable load tests with a corresponding EDX measurement below. a)
600 N b) 800 N c) 1000 N

3.2. Nano-hardness measurements

Importantly, evolution of the material proper-
ties at the wear surface and into the bulk of worn
pin are shown in Figure 13. It is shown that for all
the high load tests, the hardness of the pin increases
which is expected. Intriguingly, the Young’s mod-
ulus of the pin shows a marked decrease towards
the wear surface. This has the effect of increasing
the over-all elastic strain-to-failure ratio H/E [15].
Reasons behind the reduction in stiffness while giv-
ing a resulting increase in hardness are discussed in
the next section.

It is interesting to note that the depth of forma-
tion appears to reach as deep at 100 µm on average
for all the wear tests. This scale of changes to the
material properties appears to be reflected in the
geometrical deformation of the pin itself, as shown
in Figure 14 for the 600 N pin at 0.02 m/s. This
type of lipping on the edge of the pin was charac-
teristic for all of the wear tests thus far. No such
lipping was observed on the unworn pin.

Figure 14: Optical microscope image showing the scale of
deformation towards the pin edge for the 600 N test.

4. Discussion

4.1. Wear tests

This first section discusses the common trends
and phenomena seen throughout each wear tests.

The wear tests for 400 N and above all show
very similar wear mechanisms, with varying degrees
of severity. Majority of the debris has a plate-like
morphology to it, with smaller chip-like or adhe-
sive debris. In addition to this, most of the wear
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Figure 11: Wear volume vs load plots for a) 0.02 m/s b) 0.05 m/s c) 0.10 m/s d) 0.50 m/s
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Figure 12: Surface texture parameters vs load plots for a) 0.02 m/s b) 0.05 m/s c) 0.10 m/s d) 0.50 m/s

Figure 13: A plot of the nano-indentation results for hardness vs depth and elastic modulus vs depth. a) 600 N b) 800 N c)
1000 N
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surfaces appear to consist of strained material be-
ing displaced across the surface, or in some cases
demonstrate the peeling-off or adhesion of plate-like
wear particles. Formation of these particles appear
to be the consequence of subsurface crack forma-
tion, typically less than 10 µm below the surface -
as well as the fracturing of displaced material from
the pin edge - leading to the formation of platelets.
This type of detachment was most noticeable in the
hide speed tests. It is often tacitly assumed that the
wear process is Archard-like, in which wear debris
is considered hemispherical, but the present results
contradict this assumption. Rather, given the type
of physical phenomena observed (platelets, subsur-
face fractures, displacement of material, and gross
deformation at the pin edge), the wear process is
more likely to be wear generated as a result of plas-
tic ratcheting [16].

Plastic ratcheting is said to occur when, un-
der cyclic loading, the load is high enough such
that there is a unidirectional accumulation of plas-
tic shear strain with each passing contact of the
asperities and would explain the scale of the defor-
mation seen at the pin edge on Figure 14. This is
a consequence of the high stresses experienced un-
der the point of contact, as any residual stresses or
work-hardening introduced during running in are
not enough to prevent further plastic deformation
[17]. These plastic strains cause ductile cracks to
propagate parallel to the subsurface, which grow
with every cycle and eventually turn up towards
the surface to form a wear particle, and can be seen
clearly in Figures 8 and 5. This detached material
is then free to be displaced across the wear surface
as shown in Figures 7 and 4. These cracks must be
plastic in nature as, if the fracture were an elastic
process, the stress field generated under frictional
sliding would suppress the necessary elastic fracture
modes to generate the cracks seen on the cross-
sections [18]. In addition to subsurface fracture,
thin material displaced to the edge of the contact
zone may fracture off to form a platelet wear parti-
cle as seen in Figure 10. This type of wear has also
been seen for laser-clad stellites under high loads
[2, 10].

With regards to the depth at which cracks nucle-
ate being approximately 10 µm: a Hertzian analysis
of a sphere penetrating a flat surface is performed to
see if this coincides with the maximum shear stress
experienced under an asperity contact. Using the
well-established equation for maximum shear stress
as a function of contact radius [19]:

zmax = 0.48a (1)

where zmax refers to the depth below the surface
where the maximum shear stress, τmax, is experi-
enced and a is the contact radius. Substituting in
z ≈ 3µm and rearranging the equation, it can be
seen that the corresponding contact radius would
be 20 µm. This number is significantly larger than
the average post-wear asperity radius shown in Fig-
ure 12. As such, it is highly unlikely for a contact
radius of this magnitude to be reached elastically
with this corresponding asperity radius.

It is interesting to note that in the monotonic
test the strain-to-failure was 2% in table 1 which is
common for this family of CoCr alloys [12], yet the
pin is experiencing gross deformation at the edge
of the pin much greater than this failure strain.
Gross deformation at the wear surface and into the
bulk was also seen by Persson [2] under 1500 N,
Frenk and Kurz [10] under 50 N, and Cabrol [20]
under 5000 N of 200%, 50%, and 1600% respec-
tively for laser-clad stellites. Such deformation is
reminiscent of pearlitic rail steels which are known
to undergo ratchetting and fatigue wear [21]. The
reason behind this seemingly ductile response of a
brittle metal can be explained by the presence of
high hydrostatic pressures. It has been shown that
brittle metals behave as ductile metals when sub-
jected to hydrostatic pressure [22, 23], and it is typ-
ical under rough surface contact for high stresses
generated under the point of contact to cause high
hydrostatic pressures in the subsurface [18]. There-
fore, one cannot assume the material will necessar-
ily behave in a brittle manner during wear in the
presence of these pressures. A consequence of this
is that, if one chooses to simulate wear using a dam-
age criterion based on the strain-to-failure, results
from a monotonic test will over-predict the wear
volume.

The volume loss results shown in Figure 11 show
that, at low speeds of 0.02 to 0.10 m/s, the volume
loss is typically below 4×10−9 m3, while at 0.50 m/s
the volume of wear an order of magnitude higher.
Furthermore, the variable load tests demonstrate
some of the lower volume loss. This discrepancy
may first be explained through frictional heating of
the material at higher speeds lending to increased
ductility and perhaps further wear. This would ex-
plain the volume of adhesive wear in Figure 4(c).
However, it should be noted that at higher speeds
more material was ejected further away from the
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wear track while for slower speeds more material
remained at the edge of the wear track. A conse-
quence of this is that there is a greater chance for
material to be reintroduced into the contact area
resulting in an overall lower volume loss.

4.2. Nano-hardness measurements

The nano-hardness measurements shown in Fig-
ure 13 show a reduction in stiffness along with an
increase in hardness. Such a phenomena has not
been reported before. The trends in the hard-
ness and stiffness data may relate to the grain
size evolution of the microstructure after wear. As
per the Hall-Petch effect, the hardness of materi-
als tends to increase with grain refinement as a
consequence of reduced dislocation pile-up at grain
boundaries. An inverse relationship between grain
size and stiffness has also been demonstrated exper-
imentally and in numerical simulations [24, 25, 26].
This is said to be due to the increased presence
of pores and cracks through the nano-grain struc-
ture. Grain-refinement and the presence of nano-
grains are typical after tribological tests for CoCr
alloys [27], and typically leads to a type of fatigue
wear known as ”nano-grain wear“ [28], consisting
of pulled-out grains which form small globular par-
ticles on the wear surface – these typically cluster
around grooves and oxide boundaries. This type of
wear can be observed in Figure 15 and has been
seen throughout all wear tests in varying degrees.

Figure 15: SEM image demonstrating the type of small ad-
hesive wear seen throughout all the wear tests.

The increase in hardness with a reduction in
stiffness at the wear surface causes the H/E value
to increase. A consequence of this is that the sur-
face material is more wear resistant as a result of
being able to undergo greater elastic strain before
material failure [15]. The fracture toughness of a
material is proportional to this parameter and is
said to lead to an over-all lower volume loss. Im-
portantly, the changes in the material properties
during sliding must be accounted for in a model
of wear; variations in material properties naturally
affects the stress field under the point of contact
which will affect the ratchetting response of the al-
loy.

5. Conclusions

A plastic ratcheting wear mechanism is opera-
tive in the CoCr-CoCr system, in conjunction with
other wear mechanisms, according to the theory of
ratcheting wear [16]. The evidence that supports
this is:

• Plastic deformation mechanism causing the
initiation and propagation of ductile cracks
in the subsurface; typically at carbide bound-
aries or pores.

• Material is displaced towards the pin edge
whereupon detachment of the material due to
elastic fracture forms a wear-particle.

• Debris is thin and plate-like with debris size
being as large as 100 µm diameter in some
cases.

• Debris thickness was no deeper than 10 µm;
of the same order as the cracking shown in
the cross-sections.

• Edge of the pin is severely deformed after each
test as the result of cumulative plastic strain.

• Non-Archard trends in wear volume data.

• Evidence of micro-structural deformation
typical in rail steels (known to undergo ratch-
eting wear) has been seen in the literature
[2, 10]

For all experiments, the observed coefficients of
friction were in the range of 0.50-0.25 which is sim-
ilar to those observed in the literature. Likewise,
the volume loss experienced under the given load-
ing conditions was in the same range as those from
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literature, typically corresponding to specific wear-
rates of the order 0.5×10−5–10.0×10−5 mm3/Nm
and 0.5×10−5–1.0×10−5 mm3/Nm for the pin and
plate respectively [9, 29, 30, 2, 31]. For every test,
wear debris is ejected and accumulates at the edge
of the wear track for subsequent sliding cycles un-
der low speed – for higher speeds the debris was
ejected further from the wear track and would not
be reintroduced.

Further to this, the evolution of material prop-
erties towards the wear surface saw a reduction in
Young’s modulus with an increase in hardness. This
was likely to be due to grain refinement in the sub-
surface, and is supported by computational exper-
iments and implied by the evidence of nano-scale
wear particles across the wear surface [28]. Grain
refinement would also explain the increase in hard-
ness despite a reduction in the modulus.
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