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A B S T R A C T

This study examines the dependence of fretting wear of a high strength steel using four non-conforming specimen 
configurations: cylinder-on-flat and crossed-cylinders, with both 6 mm and 160 mm radii cylinders. In each 
configuration, the wear of the two bodies is well described by their geometrical volume of intersection. A pre-
dictive model indicated significant differences in the evolution of the size and depth of the wear scar and contact 
pressure in the four cases considered; despite this, the size-dependent specific wear rates evaluated were similar 
to each other (between 24.5 and 43.5 mm4 MJ− 1). Furthermore, oxide debris formation was shown to depend on 
contact size rather than pressure; smaller contact sizes favoured protective debris-bed formation limiting sub- 
surface plasticity in the specimens.

1. Introduction

Fretting wear is a common issue in applications with small relative 
displacement between machine-component interfaces which can result 
in a loss of critical tolerances and efficiency. Fretting wear differs from 
wear in sliding in that the contact remains largely closed during the 
process, and therefore, in steady state, the process of wear involves both 
the formation of debris and then its subsequent transport across the 
contact interface so that it can be removed from the contact, thus 
allowing wear to proceed. In some cases, the wear debris may be formed 
by an interaction or reaction of the material at the wearing surfaces with 
species from the environment, and in these cases, the relevant species 
from the environment must also be transported across the contact 
interface to facilitate this. This is generally the case in the fretting wear 
of non-noble metals (such as steels and titanium alloys), where the 
debris is typically in the form of an oxide which, therefore, requires 
oxygen transport to the wearing surfaces through the contact. As such, 
within the overall process of fretting wear, there are number of sub- 
processes which rely on transport of species across the contact inter-
face [1]. Accordingly, it has long been argued that the rate of fretting 
wear will depend upon the physical dimensions of the wearing contact 
[2], with recent work addressing this issue and developing models of 
this dependence [1,3]; further background relating to the role that the 
contact size has in fretting wear can be found in these two publications. 
A key corollary to the existence of a size effect in fretting is that if the 

contact size changes as wear takes place (either in laboratory testing or 
for in-service situations), then the rate of wear will change during the 
process even if all other parameters remain the same. This concept is 
clearly inconsistent with any predictive wear formulation which sug-
gests that the wear volume is proportional to some measure of the 
exposure to wear. As such, we argue that the following two formulations 
which are widely used in the analysis of fretting wear are (in general) 
inconsistent with the concept of a size effect in fretting wear: 

V = kenergyE (1) 

and 

V = kArchard P 4δ N (2) 

where V is the wear volume, E is the frictional energy dissipated over the 
course of a test, P is the applied load, δ is the slip amplitude, N is the 
number of cycles in the test and k is the relevant specific wear rate 
(sometimes termed the wear coefficient).

We assert that such formulations for V should never be employed for 
non-conforming contacts; moreover, if they are used to describe the 
behaviour in conforming contacts, it must be recognised that the specific 
wear rates so derived (either kenergy or kArchard) are relevant only to the 
specific contact configuration employed. It is obvious that this has im-
plications for laboratory fretting testing, both in interpretation of 
existing data in the literature, and in terms of design of future experi-
mental programmes. Laboratory fretting tests are commonly employed 
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in work seeking to (i) understand the effect of various test parameters on 
the wear process, (ii) compare the wear behaviour of different materials, 
and (iii) predict the rate of wear in a service environment. Commonly 
employed contact configurations are flat-on-flat (FoF), cylinder-on-flat 
(CoF), sphere-on-flat (SoF) and crossed-cylinders (C×C). The conform-
ing FoF configuration has the key advantage over the other configura-
tions in that the contact size does not change as the test proceeds, but as 
Baydoun et al. [4] recently noted “few are the researches that examined 
fretting wear using flat-on-flat geometry due to its high sensitivity to alignment 
issues”.

A brief survey of the literature which reports laboratory wear testing 
indicates that the most commonly employed contact configurations are 
in the group of non-conforming configurations. In such tests, as the test 
proceeds, the contact size increases and the contact pressure decreases 
and thus is it difficult to deconvolute these two effects [5]; moreover, it 
is recognised that such changes in size and contact pressure may be 
responsible not only for differences in rates of wear but also for differ-
ences in modes of wear, and specifically whether the contact forms a 
U-shaped wear scar or a W-shaped wear scar [5]. Such deconvolution of 
the roles of contact size and contact pressure can only be properly 
achieved in tests with conforming contacts; in this regard, two recent 
papers by Baydoun et al. conducted with conforming contact configu-
rations have clearly demonstrated the following: (i) a contact size effect 
exists in tests conducted with a constant contact pressure of 100 MPa 
[3]; (ii) wear rates are independent of contact pressure up to 125 MPa 
but dependent upon pressure at higher values [4].

Equations have recently been derived [6] which describe the 
development of wear volume in fretting tests between bodies with 
commonly employed contact configurations (both conforming and 
non-conforming), with these equations being based only upon the hy-
pothesis that when transport of species (either debris or oxygen) across 
the contact is the rate-determining process (RDP) [1,7], the instanta-

neous wear rate 
(

dV
dE

)

is inversely proportional to a critical dimension of 

the contact [8], as follows: 

dV
dE

=
ksd

x
(3) 

where ksd is the size-dependent specific wear rate and x is the relevant 
critical dimension of the wear scar. Moreover, recent reanalysis of 
published data has demonstrated the broad applicability of this 
approach for the various contact configurations [6].

For the CoF contact geometry, the equation which describes the 
development of wear volume is as follows [6]: 

0.8585 V4/3
(

R
L

)1/3

= ksdE (4) 

where R is the radius of the cylinder in the contact and L is the line 
contact length between the flat and the cylinder, Fig. 2a.

For the SoF or C×C contact geometries, the equation which describes 
the development of wear volume is as follows [6]: 

0.8498 V5/4R1/4 = ksdE (5) 

where R is the radius of either the sphere or the two cylindrical speci-
mens which make up the contact, Fig. 2b.

The derivation of these equations is based upon the hypothesis that 
the combined wear volume of the two bodies can be described by the 
geometrical volume of intersection of one body with the other, this being 
a prismatic minor segment of a circle for the CoF contact configuration 
(Fig. 1a) and a spherical cap for the SoF and C×C contact configurations 
(Fig. 1b) [9]. The validity of this hypothesis was demonstrated for the 
CoF contact configuration by comparisons of measured and predicted 
wear volumes as a function of worn contact width [8]; however, the 
validity of the hypothesis has not yet been demonstrated for the SoF / 
C×C contact configuration. This demonstration is the main focus of the 
presented work.

In previous work, the concept of a size-dependent specific wear rate 
has been effectively used to rationalise observed differences in devel-
opment of wear volume with energy dissipated for contacts of a specific 
configuration (either CoF or SoF) as a function of the radii of the non- 
plane body within the contacts [9]. However, it has not yet been used 
to compare data and size-dependent specific wear rates generated from 
tests conducted with different contact configurations; this is a critical 
step in proving the general applicability of the method.

In a fretting contact between two metallic bodies, the metals are 
initially in contact but as fretting commences, debris is generated. Under 
some conditions, a debris bed (the third body) forms which separates the 
metallic bodies (the first bodies) from each other, and the nature of this 
debris bed will influence the process of development of wear and 
damage. Thick, coherent debris beds will effectively separate the first 
bodies from each other, whereas with thinner, less coherent or non- 
existent beds, interaction between the first bodies will be significant. 
It has been shown that with thick, coherent debris beds, sub-surface 
plastic damage in the first bodies is minimal, whereas when the debris 
beds are less coherent or non-existent, then significant sub-surface 
plasticity in the first bodies is observed [10]. Moreover, it has been 
shown that the changes in test conditions can result in a change in the 
type of sub-surface damage and that this itself provides evidence with 
regard to the mechanism of formation of the debris bed or not [10]. In 
work examining the role of contact size in fretting conducted in the CoF 
contact configuration, it was seen that the tendency for gross material 
transfer between the first bodies increased as the cylinder radius 
increased (i.e. with increasing contact size but reduced contact pressure) 
[8]. No cross-sectional microscopy of the subsurface damage was pre-
sented in that work, and thus the nature of the damage could only be 
inferred.

Whilst the broad applicability of this approach has been demon-
strated, it has not yet been used to compare size-dependent specific wear 
rates generated from tests conducted with different contact configura-
tions and it is argued that this is a critical step in further cementing the 
general applicability of the method. In this work, for the first time, the 
same material will be fretted under the same conditions in both the CoF 
and C×C contact configurations with two very different radii of the 
cylinders used being employed (both 6 mm and 160 mm). The effec-
tiveness of the size-dependent specific wear rate in describing data from 
such tests will be examined. Alongside, the nature of the sub-surface 
damage in the worn contacts will be examined as a means of under-
standing the dependence of the debris layer characteristics on the 
characteristics of the contact.

Nomenclature

BSE Backscattered electron
CoF Cylinder-on-flat
C×C Crossed-cylinder (cylinder-on-cylinder)
EDX Energy-dispersive X-ray
FoF Flat-on-flat
R6 Cylinder specimen with a radius 6 mm
R160 Cylinder specimen with a radius 160 mm
RDP Rate-determining process
SEM Scanning electron microscopy
SoF Sphere-on-flat
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2. Methodology

2.1. Materials and contact configurations

Specimens used in this study are produced from a high-strength alloy 
steel, BS S132, with a chemical composition and mechanical properties 
in Table 1 and Table 2, respectively. The flat and cylindrical specimens 
were ground on a linear and cylindrical grinder, respectively, for a 
surface finish of 0.1–0.3 µm (Ra) for the flat specimens and 0.4–0.7 µm 
(Ra) for the cylindrical specimens. The specimens were heat treated as 
described by Tobi et al. [11]. Fretting tests were conducted with four 
different specimen pair contact configurations; the CoF configurations 
were set up as shown in Fig. 2a, where the bottom specimen has a flat 
contact surface, and the top specimen has a cylindrical contact surface of 
radius R. For the C×C contact configuration, Fig. 2b, two cylindrical 
specimens of the same radius, R, are set up with the specimen axes 
perpendicular to each other. For each configuration, cylindrical speci-
mens with R = 6 mm and R = 160 mm were utilised.

2.2. Test procedures

2.2.1. Test apparatus
A schematic diagram of the fretting test rig is shown in Fig. 3. Prior to 

testing, the specimens were degreased using detergent, cleaned with 
industrial methylated spirit (IMS), and air dried. A specimen was 
mounted on the lower specimen mounting block (LSMB) of the fretting 
test rig, and the other specimen on the upper specimen mounting block 
(USMB). All tests were conducted in air under ambient laboratory con-
ditions, utilising a set of test conditions that allowed direct comparison 
with a body of previous work that has been conducted at the University 
of Nottingham using the same test rig. Specifically, a constant normal 
load P was applied on top of the USMB using a lever arm and a dead 
weight. The LSMB was held stationary whilst an oscillating motion with 
a far-field displacement amplitude Δ∗ was applied to the USMB using an 
electromagnetic vibrator at a fixed frequency f . The duration of all tests 
conducted in this work was 1 million cycles since previous work had 
indicated that this was sufficient for the development of steady state 
wear conditions [8].

A control and data acquisition system programmed in LabVIEW, was 

used to record test data. A CS08 Micro-Epsilon capacitance displacement 
sensor was used to monitor the relative displacement (Δ) between the 
USMB and LSMB. A Kistler 9132BA Slimline piezoelectric load cell was 
used to monitor the tractional force (Q). The displacement sensor 
exhibited an accuracy of ± 0.2 % of the 700 µm full-scale output (FSO), 
while the load cell exhibited an accuracy of ± 2 % of the 5 kN FSO. The 
displacement (Δ) and tractional force (Q) can then be plotted in the form 
of fretting loops of the type shown schematically in Fig. 4 [10]. 
Post-processing of these data allows the dissipated energy in each fret-
ting cycle (Ei) to be calculated [14], which is the area enclosed in a 
fretting loop. The total dissipated energy in a test (E) is the sum of the 
dissipated energy for each loop across all fretting cycles. Also, the slip 
amplitude (δ∗) (distinct from the applied displacement amplitude, Δ∗) 
can be calculated for each loop, this being the displacement at zero 

Fig. 1. Proposed combined wear scar geometries for: (a) a cylinder-on-flat configuration; and (b) a sphere-on-flat/crossed-cylinder configuration [9].

Table 1 
Chemical composition of BS S132 steel (wt%) [11].

C Si Mn P Cr Mo Ni V Fe

0.35–0.43 0.1–0.35 0.4–0.7 < 0.007 3.0–3.5 0.8–1.1 < 0.3 0.15–0.25 Balance

Table 2 
Mechanical properties of BS S132 [12].

σy/MPa σUTS/MPa HV30 E/GPa ν

1247 1697 485 ± 10 206.8 0.28

Fig. 2. Specimen pair setup in the (a) cylinder-on-flat (CoF) configuration, and 
(b) crossed-cylinder (C×C) configuration. In both configurations, R is the cyl-
inder radius, P is the applied load, Δ is the applied displacement and L is the 
contact line length in the CoF configuration.
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tractional load (Q).

2.2.2. Characterisation of wear and its evolution
After testing, the worn specimens were firstly ultrasonically cleaned 

in an IMS bath to remove loose debris. Optical profilometry using an 
Alicona G5 was performed to enable the evaluation of worn volumes and 
wear depths of the individual samples, with the total wear volume (V) 
simply being the sum of the wear volumes of the two individual samples. 
Repeated tests have indicated a standard error of the mean below 6 % 
(in the range of similar tests carried out using the same methods and test 
rig [8]).

Once the total worn volume (V) and energy dissipated (E) had been 
calculated for each test, the size-dependent specific wear rate (ksd) could 
be evaluated via Eq. (4) or Eq. (5) (as appropriate to the contact 
configuration).

In non-conforming contacts, the contact size changes as wear pro-
ceeds (both in terms of width and depth) and along with this, the contact 
pressure changes too. For both the CoF and the C×C contact configu-
rations, the initial contact sizes and pressures were calculated using the 
appropriate standard elastic (Hertzian) contact equations. Having 
demonstrated that the total wear volumes take the form of the appro-
priate geometrical volume of intersection of one body with the other 
(see Fig. 1), then the development of the scar sizes (specifically, scar 
width (2a or 2b) and scar depth (h)) and the mean contact pressure 
across the scar (pm) as the wear test proceeds can be described by the 
following equations [6].

For CoF contacts, the following equations apply: 

b =

(
2 E ksd R

L

)1/4

(6) 

h =
b2

2 R
(7) 

and 

pm =
P

2 b L
(8) 

For C×C contacts, the following equations apply: 

a =

(
5 ksd R E

π

)1/5

(9) 

h =
a2

2 R
(10) 

and 

pm =
P

π a2 (11) 

When the elastic contact size was greater than the predicted contact 
size as a result of wear (calculated using either Eq. (6) or Eq. (9) as 
appropriate), then the elastic equations were used. Once the contact size 
associated with wear was greater than that the initial elastic contact size, 
then Eqs. (6)–(11) were employed as appropriate.

The morphology of worn surfaces was characterised using a JSM- 
IT200 scanning electron microscope (SEM) utilising backscattered 
electron (BSE) and energy-dispersive X-ray (EDX) imaging techniques. 
SEM was performed both on as-worn surfaces and upon cross-sections 
through those surfaces. In such cases, the top specimen was sectioned 
using a high-speed cutting wheel so that the cutting plane was parallel to 
the direction of fretting motion. The section was mounted in conductive 
phenolic resin, ground with increasingly fine silicon carbide papers, 
with a final polish with 1 μm diamond paste before etching with 5 % 
nital.

2.3. Test programme

Both the cylinder-on-flat (CoF) and crossed-cylinder (C×C) contact 
configurations were examined. The CoF configuration featured top 
specimens with radii of R = 6 mm or R = 160 mm, creating two distinct 
setups: R6-on-flat and R160-on-flat; these are referred to as CoF R6 and 
CoF R160, respectively. The C×C configurations have specimen pairs of 
radii R = 6 mm or R = 160 mm to form configurations of either R6-on- 
R6 or R160-on-R160; these are referred to as C×C R6 and C×C R160, 
respectively. All the fretting tests were conducted under the conditions 
outlined in Table 3, with these values being selected to align with pre-
vious work which had been conducted at the University of Nottingham. 
The radii and two contact configurations were chosen to provide a wide 
range of initial contact pressures and rate of development of contact 
characteristics as wear proceeds. The evolution of wear in fretting 
conditions is known to be sensitive to fretting frequency and amplitude, 
and thus these were not varied within this test programme so that a clear 
understanding of the role of contact configuration itself could be 
developed.

Fig. 3. Schematic diagram of the fretting rig [13].

Fig. 4. An idealised fretting loop in the gross-slip regime.

Table 3 
Conditions of the fretting tests conducted.

Cylinder 
radii 
R/mm

Normal 
load 
P/N

Displacement 
amplitude 
Δ∗/µm

Frequency 
f/Hz

Test 
duration 
N/cycles

6, 160 450 50 20 106
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3. Results

3.1. Justification of spherical cap geometry for C×C contact configuration

As mentioned earlier, it is proposed that the total wear volume (V) 
across the two specimens will either be that of a prismatic minor 
segment of the circle (for a CoF contact configuration) or of a spherical 
cap (for a C×C contact configuration) (see Fig. 1) [9]. If these ideal 
geometries of the wear volumes are assumed, then V can be related to 
the wear scar dimensions as indicated in Eq. (12) or Eq. (13) [6].

For the CoF contact configuration: 

V =
2 b3 L
3 R

(12) 

For the C×C contact configuration: 

V =
π a4

4 R
(13) 

As such, one method of assessing the validity of the proposal is to 
examine whether experimentally measured wear volumes and contact 
widths accord with the relevant equation. Thus in Fig. 5, the product of 
the measured wear volumes and the relevant cylinder radius are plotted 
against the measured wear scar widths (either 2a or 2b) for tests con-
ducted with both the CoF and C×C contact configurations, with lines 
which represent the proposed geometrical relationships indicated by Eq. 
(12) and Eq. (13) for the CoF and C×C contact configurations, respec-
tively. It should be noted that the data in Fig. 5 contain additional 
experimental results from tests outside of the tests reported in this paper. 
The additional tests were conducted with the same specimen configu-
rations and materials, but with different fretting conditions. It can be 
seen that the measured data accord well with the idealised geometrical 
relationship for both contact configurations considered, which justifies 
the use of Eq. (12) or Eq. (13) in the derivation of Eq. (4) or Eq. (5), 
respectively.

3.2. The role of contact configuration in evolution of wear

The experimental results from the tests in the four contact configu-
rations are presented in Table 4 along with values of the size-dependent 
specific wear rate (ksd) as calculated using Eq. (4) or Eq. (5), as 
appropriate.

During fretting tests, it is the displacement amplitude (Δ∗), not the 

actual slip amplitude (δ∗), that is controlled. The slip amplitudes, aver-
aged over all test cycles for each case (see Table 4), show consistent 
values relative to the applied displacement amplitude (Δ∗ = 50 µm). The 
lowest and highest δ∗ values are 81 % and 88 % of Δ∗, for the CoF R6 and 
CoF R160, respectively, with this difference indicating that different 
contact configurations exhibit different tractional contact stiffness [15]. 
Similarly, the total dissipated energy (E) across all four contact config-
urations are very similar (Table 4), all being within ± 3 kJ of the 
average E (57.3 kJ), with a maximum uncertainty of ± 1.3 kJ.

Despite the similarity in the dissipated energy in the four tests, V vary 
by a factor of three (Table 4), with the two R6 configurations exhibiting 
larger wear volumes than their R160 counterparts. However, the values 
of the size-dependent specific wear rate (ksd) vary by only a factor of 1.8.

SEM-BSE micrographs in plan and cross-sectional views are pre-
sented in Fig. 6a and b, respectively. In the micrographs, oxides appear 
as dark grey in contrast compared to the lighter metallic material, due to 
their lower average atomic number. In all cases, the worn scars were 
covered with oxide layers to varying degrees (Fig. 6a). The CoF R6, CoF 
R160, and C×C R6 configurations all show relatively coherent oxide- 
debris coverage across the wear scar; in contrast, there are large areas 
on the surface of the samples from the C×C R160 tests where debris bed 
removal has taken place leaving the metallic surface exposed. The cross- 
sectional etched micrographs in Fig. 6b show the thickness of the debris 
bed formed and the degree of subsurface damage due to plastic defor-
mation in each case. The specimens from the CoF R6 and C×C R6 tests 
exhibit a coherent oxide-debris bed and very little subsurface damage. 
The specimen from the CoF R160 test exhibits a layered debris-bed; the 
lower layer contains particles of higher contrast material in BSE imag-
ing, indicating that there are metallic particles in the debris bed. In 
addition, some subsurface plasticity can be observed, with this having a 
depth ranging from approximately 2 µm to 10 µm. The specimen from 
the C×C R160 test shows no evidence of a debris bed being present; in 
addition, severe subsurface damage of the order of 10 µm in depth can 
be observed across the whole the section presented. However, a wider 
view of the same (C×C R160) surface shows significant variation (Fig. 7) 
with significant regions that do not exhibit subsurface plastic deforma-
tion. In addition, whilst no coherent debris bed has formed, relatively 
small patches of partially developed debris beds have formed (Fig. 7). 
Further analysis of these regions via EDX maps as presented in Fig. 8
show the oxygen and iron content in the regions with partially devel-
oped debris beds and also in the regions exhibiting subsurface plasticity. 
The characteristic fragmentation pattern observed in the partially 
developed debris beds (Fig. 8a) has previously been observed in other 
work, such as that by Kirk et al. [10] and by Baydoun [16], in SEM BSE 
analyses of their alloy steel specimens. It is clear that this cracked debris 
layer is distinct from the metallic material below it (Fig. 8a) and is 
oxygen-rich (i.e. it is an oxide-based debris); in contrast, the heavily 
plastically deformed subsurface region has a very low oxygen content 
(Fig. 8b), indicating that this is simply a product of metal-metal contact 
(shear and potentially metal transfer between the first bodies) in the 
fretting process.

Fig. 5. Plot of the wear scar width against the product of net wear volume and 
cylinder radius for fretting tests conducted with R6 and R160 specimens in both 
CoF and C×C contact configurations. Measured data are shown against the 
idealised geometrical relationships.

Table 4 
Tabulated experimental results for the CoF and C×C contact configurations 
examined.

Parameter Unit CoF C£C

R6 R160 R6 R160

Slip amplitude (δ∗) µm 40 44 42 43
Dissipated energy (E) kJ 55.0 56.6 57.8 59.9
Worn volume (V) mm3 2.08 0.72 1.66 0.80
Size-dependent specific wear rate 

(ksd)
mm4 

MJ− 1
35.0 24.5 43.5 38.5
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4. Discussion

4.1. Validity of the model assumptions for the size-dependent specific 
wear rate for the two contact configurations

In this work, the size-dependent specific wear rate (ksd) has been 
calculated for the four cases considered with these values as presented in 
Table 4. The similarity of the values of ksd from these tests provide 
further support for the validity of the model upon which the concept of 
ksd is based. However, there are differences in the values which should 
be noted and discussed.

For specimens of a given radius (R), ksd is larger for the C×C contact 
configuration than it is for the CoF contact configuration. It is proposed 
that this difference is due to the fact that in the derivation of the original 
model, transport of species (either oxygen or debris) was assumed to 
take place only in the direction of fretting, and “side-leakage” (transport 
in and out of the contact patch in other directions) was specifically 
neglected [1]. It is suggested here that the significance of side-leakage 
increases as the ratio of the dimension of the contact patch perpendic-
ular to the fretting motion to the dimension of the contact patch parallel 
to the fretting motion falls. In the C×C contact configuration, this ratio is 
always unity, whereas for the CoF contact configuration, this ratio is 

Fig. 6. Micrographs of specimens following testing with different contact configurations as indicated: (a) plan view SEM-BSE of the middle of the worn surfaces, and 
(b) SEM-BSE images of etched cross-sections the worn surfaces.
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very large initially (L = 10 mm in the work presented here) and falls as 
the tests proceed. It is suggested that the larger values of ksd for the C×C 
contact configuration are associated with the greater significance of 
side-leakage in this case. It is also noted that in each contact configu-
ration, ksd is larger for the smaller values of contact radius, R. The fact 
that this is observed for the tests with the C×C contact configuration 

indicates that this is not associated with differences in side-leakage, 
since the ratio of the dimension of the contact patch perpendicular to 
the fretting motion to the dimension of the contact patch parallel to the 
fretting motion does not change with R in this contact configuration. 
Whilst side-leakage was neglected in the original model for both oxygen 
flow into the contact and debris flow out of the contact, it is suggested 

Fig. 7. Cross-sectional SEM-BSE micrographs showing two regions exhibiting a patch with an oxide-metallic bed (region 1) and subsurface plastic deformation and 
damage (region 2) in the C×C R160 case.

Fig. 8. C×C R160 cross-sectional SEM-BSE micrographs and EDX maps for regions associated with the regions in Fig. 7: (a) region with a distinct oxygen-rich debris 
layer; (b) region showing severe subsurface plasticity.
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here that the significance of side-leakage is likely to be different for these 
two transport processes; specifically, it is argued that enhancement of 
the rate of transport in the direction of the fretting motion will be more 
significant for debris egress than it is for oxygen ingress, as illustrated 
schematically in Fig. 9. Accordingly, it is expected that side-leakage will 
have a more significant impact on the value of ksd for situations where 
oxygen ingress is the RDP as opposed to those where debris egress is the 
RDP. Where side leakage is significant, a higher value of ksd is expected 
and it is therefore argued that the larger contact radii (in both contact 
configurations) lead towards oxygen transport into the contact being the 
RDP.

The data presented here therefore provide support for the model, but 
also indicate that further refinements to the model to account for side- 
leakage are required, with these addressing the suggestion that the 
significance of side-leakage is likely to be different for the two key 
transport processes (namely oxygen and debris transport).

4.2. Evolution of contact conditions during wear

Whilst the applied conditions of the fretting tests in the four contact 
configurations were the same, the conditions in the contact were very 
different, both initially and in their evolution. The Hertzian contact 
widths and mean contact pressures in each case are presented in Table 5
where it can be seen that the over the four tests the Hertzian contact 
width varies by a factor of more than 14 whilst Hertzian contact pressure 
varies by a factor of more than 26.

The model for the development of wear allows the development of 
the wear scar dimensions (and therefore contact pressure) throughout 
the wear test to be predicted via Eqs. (6)–(11). Using the appropriate 
equations and the values of E and ksd as presented in Table 4, the pre-
dicted evolution of contact width (b in the case of the CoF contact 
configuration and a in the case of the C × C contact configuration), 
contact depth (h) and average contact pressure (pm) are presented in 
Fig. 10a–c, respectively.

4.2.1. Development of contact width during wear
It can be seen from Fig. 10a that as a result of wear, the contact width 

increases, with this exceeding the size of the Hertzian contact width very 
early in the tests under the conditions employed in this work; once E has 
exceeded 0.03 kJ (in this case ~ 0.5 ‰ of the total test duration), all the 
contact sizes (and therefore contact pressures) are controlled not by the 
initial elastic conditions, but instead by the amount of wear that has 
taken place. Although the elastic contact widths varied by a factor of 14 
over these four tests, it can be seen that by the end of the tests, the 
contact widths vary by a factor of less than 3.

The development of contact size with energy dissipated is different 
for the two contact configurations; in the case of CoF contact configu-
ration, b∝ E1/4 (Eq. (6)), whereas for the C×C contact configuration, 

a∝ E1/5 (Eq. (9)), the differences in exponent resulting in the difference 
in the gradients observed on the log-log presentation of the data in 
Fig. 10a. The rate of growth of contact size with energy dissipated is 
more rapid for the CoF contact configuration than for the C×C contact 
configuration; for example, although the Hertzian contact width was 
relatively similar in the CoF R160 and the C×C R6 cases here (see 
Table 5 and Fig. 10a), by the end of the test, the contact width in the CoF 
case was ~ 38 % higher than in the C×C case. However, it is clear that 
once the contact widths are controlled by wear, then for a particular 
contact configuration, the ratio of the contact width is simply propor-
tional to the ratio of the contact radii raised to the power of either 1/4 or 
1/5 (as appropriate to the contact configuration) at any energy 
dissipated.

4.2.2. Development of contact depth during wear
Before any discussion relating to the evolution of wear scar depth 

during tests, it should be noted that the wear scar depth (h) is the sum of 
the individual scar depths on the two specimens, irrespective of how the 
wear is apportioned between the two specimens. In the case where the 
materials making up the two specimens in the couple are the same (as in 
this work), it is not unreasonable to assume that the wear depth on each 
specimen is simply h/2.

As can be seen from Eq. (7) and Eq. (10), the wear scar depth (h) is 
proportional to the square of the appropriate contact width for both the 
CoF and C×C contact configurations. In the case of CoF contact 
configuration, it can be seen that this will result in h∝ E1/2 (following 
from Eq. (6)), whereas for the C×C contact configuration, this will result 
in h∝ E2/5 (following from Eq. (9)), the differences in exponent resulting 
in the difference in the gradients observed on the log-log presentation of 
the data in Fig. 10b. As such, as was the case for the contact width, the 
rate of growth of wear depth with energy dissipated is more rapid for the 
CoF contact configuration than for the C×C contact configuration as can 
be seen from the examples presented in Fig. 10b. As previously, it is clear 
that for a particular contact configuration the ratio of the worn contact 
depths is simply proportional to the ratio of the contact radii raised to 
the power of either 1/2 or 2/5 (as appropriate to the contact configu-
ration) at any energy dissipated.

In the initial stages of wear, the development of wear will be influ-

Fig. 9. An illustration of proposed influence of fretting direction on transport rates of species (oxygen and debris) in and out of a fretting contact for a C×C contact 
configuration.

Table 5 
Initial Hertzian contact size and contact pressures in the four contact configu-
rations considered.

Parameter Unit CoF C × C

R6 R160 R6 R160

Hertzian contact size (a or b as 
appropriate)

µm 55 286 262 784

Hertzian mean contact pressure (pm) MPa 406 79 2082 233
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enced by (amongst other things) the initial (as-prepared) surface 
roughness of the samples. In terms of the development of wear in fret-
ting, it is expected that the surface roughness will exert a significant 
influence if the depth of the wear scar on an individual sample (h/2) is 
less than the initial surface roughness (and may exert and influence even 
when the wear is deeper). In this work, all samples were produced with 
an Ra of < 0.7 µm, and this value will be employed for further discus-
sion. For the four cases examined, the energy dissipated when h has 
reached 1.4 µm (i.e. the wear depth of each specimen has reached the 
value of its surface roughness of 0.7 µm) is shown in Table 6. For all 

contact configurations, the energy required to reach that critical wear 
depth is very small (< 0.5 %) compared to the total energy dissipated in 
the tests (between 55 kJ and 60 kJ). In addition, the wear depth at the 
end of the tests is also tabulated (Table 6); it is seen that for the contact 
length utilised in these CoF contact configurations, the wear depth is 
generally lower in the CoF contact configurations than in the C×C 
contact configurations, and is smaller for the larger radius of the con-
tacting elements (R) within each configuration.

The equations for the total wear depth are as follows [6]. For the CoF 
contact configuration: 

h =

(
E ksd

2 L R

)1/2

(14) 

and for the C×C contact configuration: 

h =

(
5 ksd E
̅̅̅̅̅̅
32

√
π R3/2

)2/5

(15) 

As can be seen, the wear depths depend upon a number of parame-
ters, including the contact geometrical parameters, (R and L), the energy 
dissipated in the test (E) and the size-dependent specific wear rate itself 
(ksd). Tests need to be designed to ensure that the depth of wear on each 
specimen is significantly greater than the surface roughness of that 
specimen to ensure that surface roughness effects do not significantly 
influence the wear behaviour observed.

4.2.3. Development of contact pressure during wear
It can be seen from Fig. 10c that as a result of wear, as the contact 

width increases, the contact pressure decreases, with this falling below 
the Hertzian contact pressure very early in the tests under the conditions 
employed here; once E has exceeded 0.03 kJ (in this case ~ 0.5 ‰ of the 
total test duration), all the contact pressures are controlled not by the 
elastic conditions, but instead by the amount of wear that has taken 
place. Although the initial Hertzian contact pressures varied by a factor 
of 26 over these four tests, it can be seen that by the end of the tests, the 
contact pressures vary by a factor of less than 5. Even after only 10 % of 
the total energy of these tests has been dissipated (~ 6 kJ), the ratio of 
the highest to lowest contact pressure has reduced to only 6.5.

In the case of CoF contact configuration, it can be seen that 
pm ∝ E− 1/4 (by eliminating b between Eq. (8) and Eq. (6)) whereas for 
the C×C contact configuration, pm ∝ E− 2/5 (by eliminating a between Eq. 
(11) and Eq. (9)), the differences in exponent resulting in the difference 
in the gradients observed on the log-log presentation of the data in 
Fig. 10c. As such, the rate of decrease of the contact pressure with en-
ergy dissipated is more rapid for the C×C contact configuration than for 
the CoF contact configuration. As previously, it is clear that once the 
contact widths are controlled by wear, then for a particular contact 
configuration, the ratio of the contact width is simply proportional to the 
ratio of the contact radii raised to the power of either − 1/4 or − 2/5 (as 
appropriate to the contact configuration) at any energy dissipated.

A key recommendation here is that tests with conforming contact 
configurations should be run for extended periods since this results in a 
reduction in the rate of change of contact pressure with energy 
dissipated.

Fig. 10. Predicted development of contact conditions throughout the tests 
conducted with the four contact configurations as indicated: (a) contact size (a 
or b); (b) maximum wear depth (h); (c) average contact pressure in the wear 
scar (pm).

Table 6 
Predictions of energy dissipated when the wear depth first exceeds the surface 
roughness (with a value of Ra of 0.7 µm) along with the predicted depth of wear 
at the end of the test for the four contact configurations considered.

Parameter Unit CoF C × C

R6 R160 R6 R160

Energy dissipated when h = 1.4 µm J 7 256 0 0
Depth of wear, (h) at end of test µm 132 21 302 40
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4.2.4. Summary of evolution of contact conditions during testing
The preceding discussion has focussed on the way that the different 

parameters vary during fretting tests as a function of energy dissipated. 
It has been seen that for all the parameters considered (wear volume (V), 
wear scar width (b or a), wear scar depth (h) and mean contact pressure 
in the scar (pm)), the magnitude of the rate of change of the parameter 
with energy dissipated decreases as E increases, but with different de-
pendencies upon E. These are more clearly observed in the derivatives 
themselves, and these are therefore presented in the following equa-
tions.

For the CoF contact configuration: 

db
dE

=

(
ksd R

128 E3 L

)1/4

(16) 

dh
dE

=

(
ksd

8 L E R

)1/2

(17) 

dpm

dE
= −

P
8
(
2 L3 E5 ksd R

)1/4 (18) 

For the C×C contact configuration: 

da
dE

=

(
ksdR

625 π E4

)1/5

(19) 

dh
dE

=

(
ksd

̅̅̅̅̅̅̅̅̅
125

√
π E3/2 R3/2

)2/5

(20) 

dpm

dE
= −

2 P
(
57/2 π3/2 ksd R E7/2

)2/5 (21) 

From these it can be seen that for both the CoF and C×C contact 
configurations, the rate of change of all three parameters (i.e. d

dE) falls as 
E increases (i.e. as the test progresses). However, it can be seen that for 
both the CoF and C×C contact configurations, the rate of change of wear 
scar depth (h) and mean contact pressure in the scar (pm) as the test 
proceeds (i.e. d

dE) decreases as R is increased, but that the rate of change 
of wear scar width (b or a) as the test proceeds (i.e. d

dE) increases as R is 
increased.

To illustrate these changes more clearly, the changes in the four 
parameters over a test of an arbitrary duration (represented by the en-

ergy dissipated E) for both contact configurations are illustrated in 
Fig. 11. In each case, the parameters at the end of the test are indicated 
(wear volume (V), wear scar width (b or a), wear scar depth (h) and 
mean contact pressure in the scar (pm)), along with the values of those 
same parameters (as a ratio) after just 10 % of the test duration. After 
10 % of the test duration, the smallest degree of change is associated 
with the wear scar width (b or a) with this already being at 0.562 or 
0.631 of its final value (for the CoF and C×C contact configurations, 
respectively). Using the C×C contact configuration as an example, the 
contact size will only change from 0.631 a to a over the final 90 % of a 
test.

The rates of increase in wear scar depth (h) are more significant than 
those for wear scar width (b or a) for both contact configurations. In 
addition, it can be seen that the rate of decrease in mean contact pres-
sure in the scar (pm) is much larger for the C×C contact configuration 
than it is for the CoF contact configuration, as expected.

4.3. Debris beds and subsurface damage in the different contact 
configurations

Microstructural work shows that the nature of debris bed formation 
and sub-surface damage is also dependent upon the details of the contact 
configuration across the four cases examined. Table 7 provides a sum-
mary of the observations for the four cases examined.

In both of the R6 contact configurations (CoF R6 and C×C R6), there 
is no evidence of plastic deformation in the microstructure of the first 
bodies below the oxide debris bed. This implies that in these cases, the 
material removal from the first bodies in fretting takes place by abrasion 
of the first body by debris within the debris bed.

In addition to this observation, it is clear that the R160 specimens (in 
both the CoF and C×C configurations) result in more sub-surface dam-
age in the microstructure (plastic deformation) than is observed with the 
R6 specimens which implies that there has been significant metal-metal 
contact during the fretting process and that therefore that an oxide 
debris bed has not effectively separated the surfaces. It might be ex-
pected that such differences could be associated with contact pressure 
(where high contact pressures might be expected to result in severe 
subsurface plastic deformation) or with contact size (where differences 
may be due to changes in the rates of oxygen transport to form oxide and 
debris transport out of the contact to allow wear to proceed). Fig. 10c 
shows that throughout the tests, the mean pressure in the contact is 
significantly higher in the C×C R6 contact configuration than it is in any 

Fig. 11. Schematic diagrams of development of V with E for the CoF and C×C contact configurations, respectively, showing the ratios of the four parameters 
associated with the wearing contact at 10 % into the test (0.1Efinal) to those at the end of the test (Efinal).
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of the other cases; in light of this, we argue that the subsurface damage 
in the fretting tests conducted here does not depend upon the mean 
pressure in the contact. However, Fig. 10a shows that throughout the 
tests, the contact width is significantly higher in the C×C R160 contact 
configuration than it is in any of the other cases (and that the second 
largest by the end of the tests is in the CoF R160 contact configuration). 
We argue that the correlation between contact width (and not the other 
features of the contact, such as mean pressure) at the end of the test and 
subsurface plasticity is a causal relation, with this being associated with 
relative changes in the rates of the two transport mechanisms.

In the case of the C×C R160 contact configuration, further charac-
terisation demonstrated that oxide debris was forming in certain isolated 
areas across the surface (Fig. 7) with this oxide being brittle and 
exhibiting shear fracture. It is notable too that even in the region where 
this oxide was forming, there was evidence of sub-surface plasticity in 
the first bodies (Fig. 8a).

5. Conclusions

In this work, the concept of the derivation of a size-dependent spe-
cific wear rate from fretting tests with non-conforming contact config-
urations has been explored. Fretting tests were conducted with CoF and 
C×C contact configurations with both R6 and R160 cylindrical speci-
mens; it was shown that despite the very different initial contact con-
ditions (contact size and contact pressure), wear reduced the differences 
between these very quickly.

The model which underpins the concept of a size-dependent specific 
wear rate depends upon a hypothesis that the combined wear volume of 
the two bodies in the contact can be described by the geometrical vol-
ume of intersection of one body with the other. This has previously been 
shown to be the case for CoF contact configurations, and in this work, it 
has been demonstrated that this is also a valid hypothesis for C×C 
contact configurations, thus adding to the robustness of the case for the 
use of equations relating to the evolution of the wear volume, contact 
size, contact depth and mean contact pressure in the contact for tests 
conducted with C×C contact configurations.

The size-dependent specific wear rates evaluated from the four test 
configurations were similar (between 24.5 and 43.5 mm4 MJ− 1). The 
similarity of these values in spite of the very different evolutions of 
contact conditions in the four configurations examined provides further 
support for the model which underpins their evaluation, and suggests 
that by use of the size-dependent specific wear rate, tests from the 
literature which have been conducted with different contact configu-
rations can be compared with confidence.

Quantitative predictions of the evolution of the wear scar size, wear 
scar depth and contact pressure in the wear scar have been produced for 
the four contact configurations examined. It has been shown that the 
wear scar size (and therefore the mean pressure across the contact) and 
wear scar depth develop very rapidly in the early stages of a test, but that 
in the last 90 % of a test will vary relatively slowly compared with the 
rate at which the wear volume develops.

Examination of worn specimens revealed differences in the modes of 
damage in the specimens from the four test configurations. In particular, 
sub-surface plasticity was seen in the metallic R160 specimens (much 
more severe in the C×C contact configuration than in the CoF contact 

configuration), but was not seen in either of the test configurations with 
the R6 specimens; in these cases, a debris bed on the surface prevented 
metal-metal contact between the two first bodies and thus no gross sub- 
surface deformation was observed. It was shown therefore that the 
presence or absence of sub-surface plasticity and damage in the first 
bodies was associated with the size of the wearing contact and not with 
the contact pressure; under a given set of conditions, smaller contact 
sizes were seen to favour formation of debris beds which limit metal- 
metal contact and vice versa.
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