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Abstract
A model for the contact area of a single asperity sliding in a groove after repeated cycles is presented. Based only on the 
asperity geometry and on data from friction experiments, the model predicts the area of the asymmetric elliptical contact 
of the asperity sliding in its own groove. It thus allows to determine the shear stress of the steel–polymer couple in the 
relevant geometry without need for further microscopy of indenter or groove. The model was validated by experiments 
with an indenter manufactured from slide bearing steel and polyether-ether ketone (PEEK) as substrate. In experiments of 
1000 repeated cycles, the contact area was found to vary with varying load and sliding velocity, while the shear stress was 
20.5 MPa at a normal pressure of 50–70 MPa, independent of velocity when friction heating is still negligible. Model and 
experimental confirmation advance single-asperity friction experiments into an efficient method to extract shear stress and 
contact area for an understanding of sliding friction in metal-polymer contacts.
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1 Introduction

In friction and wear processes, the contact between surfaces 
is composed of numerous asperities because of the rough-
ness of engineering materials [1]. Macroscopic friction and 
wear of tribological systems are governed by the collective 
action of these asperity contacts [2]. For polymer materials, 
asperity scratching is one of the most important wear mecha-
nisms that machine components have to withstand during 
their servicing life [3].

The research strategy of single asperity scratching is to 
mimic the asperity contacts between rough counterbodies 
and polymer material surfaces. In most experiments imple-
mented so far, parameters influencing scratch resistance of 

polymers have been studied. Scratch velocity was reported 
to influence the scratch damage mode of thermoplastic ole-
fins (TPO), which was categorized as ductile material for 
scratch velocities around 1 mm/s, while it showed brittle 
characteristics at 100 mm/s [4]. For a conical indenter with 
spherical extremity, the normal load governs the contact 
geometry to be in the spherical or conical part [5]. Connect-
ing friction to wear, the opening angle of conical indenters 
affected the ploughing friction coefficient [6], while the tip 
radius had much influence on the wear rate of polymer mate-
rials [7]. Mechanical properties and chemical structure were 
also identified as important factors governing the scratch 
deformation of polymer materials. For example, the supe-
rior resistance to scratch deformation of polypropylenes was 
ascribed to their high modulus and high yield strength [8]. It 
was demonstrated that the chemical structure of polyamides 
had strong influence on their scratch characteristics, where 
condensation polyamides showed higher scratch hardness 
than with addition polyamides [9].

Single-stroke scratching experiments reveal distinct 
mechanisms of wear, but they cannot predict the friction 
of single asperities in situations which are typical for tribo-
logical metal-polymer applications such as slide bearings. In 
these situations, asperities slide in grooves which are formed 
by their own repeated interaction with the polymer surface 
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[10]. Furthermore, tribofilms of a third material start to form 
after many cycles at and around asperities and grooves [11]. 
Here, we report on a model and experiments for friction in 
often repeated single-asperity sliding. When studying fric-
tion mechanisms, the real area of contact is a key parameter 
[12]. For static non-adhesive contact of a sphere with a flat 
surface, Hertzian contact mechanics offer well-established 
methods to calculate the contact size and pressure. When a 
spherical or conical indenter is sliding against engineering 
polymers, the contact area is also treated conservatively as a 
circle in the ASTM international standard for scratch testing, 
the diameter of which is taken to be the same as the scratch 
width [13]. For transparent polymers, Gauthier et al. [14, 15] 
used optical microscopy to monitor the contact area in situ 
and concluded that the true contact area was the sum of a 
front half disc and a partial rear half disc. This description 
highlighted the viscoelastic effects on polymer deformation 
under tribological loading. The asymmetric shape in lead-
ing and trailing side of the indenter is also associated with 
the different stress state. Compressive stress dominates in 
the leading side in contrast to tensile stress in the trailing 
side [16].

The contact geometry changes to sphere-on-groove when 
a track is formed on the surface upon repeated scratching. 
The contact of a sphere in a groove is similar to that of a 
sphere inside a cylinder, which has an elliptical area in the 
static case [17]. The elliptical shape of the contact area was 
confirmed experimentally for the continuous sliding of steel 
balls against polymer coatings in our previous work [18]. 
Due to the velocity dependence of the contact shape, static 
contact model can only be used to estimate contact area and 
contact pressure [19]. In this paper, we present a model for 
predicting the contact area of a single sliding on a softer 
surface in steady state after many repeated cycles. We first 
describe experiments addressing this situation, derive the 
model, and finally validate the model with the experimental 
results.

2  Experimental

Poly (ether ether ketone) (PEEK, VESTAKEEP® 2000G) 
plates were used as samples. The sample surfaces were pol-
ished in a three step protocol and cleaned before scratch 
measurements. The plate surface was firstly ground with 
water sandpaper in the sequence of No. 800, 1200, 2400 
and 4000, respectively. Then, the ground surface was further 
polished with 3, 1 and 0.25 µm diamond pastes. Finally, it 
was cleaned in acetone in an ultrasonic bath. The roughness 
of the surface was measured to be 0.027 µm arithmetic aver-
age height (Sa).

Scratch tests were conducted on a CSM scratch 
tester (CSM, Switzerland). To mimic an asperity on a 

technological steel counterbody, a 100Cr6 steel plate was 
machined into a cone indenter with spherical tip (Fig. 1). 
The half apex angle and radius were determined to be 45° 
and 259 µm, respectively. The long-term friction and wear 
performance of PEEK were studied by multiple-pass uni-
directional scratching in the same track under constant 
load. Scratch tests lasted for 1000 cycles with normal load 
spanning from 2.5 to 20 N. The velocity investigated was 
100 µm/s and 1000 µm/s, respectively. For each measure-
ment cycle, the scratch force, penetration depth and residual 
groove depth were recorded. The scratch friction coefficient 
was calculated as the ratio of scratch force over normal force.

The residual width of scratch grooves was measured 
using a Keyence VHX-2000D optical microscope (Key-
ence, Japan). In order to reveal tribological mechanisms, the 
scratched PEEK surfaces were characterized in a scanning 
electron microscope (Quanta 400 FEG ESEM, FEI) after 
sputter-coating with a gold layer.

3  Results and Discussion

3.1  Friction and Wear of PEEK as Well as Contact 
Shape in Long‑Term Scratching

Figure 2 presents the results of the scratching friction experi-
ments on PEEK. The scratch friction coefficient, penetration 
depth and the relaxation of the scratch groove are presented 
for the steady state, which is typically reached after 500 
cycles. The friction coefficient increased with increasing 
normal load, which was also reported for single-asperity 
scratching of thermoplastic olefins [20] and for macroscopic 
ball-on-disc experiments on PEEK [21]. The coefficient of 
friction is 0.31–0.34 at the maximum load of 20 N, a value 
close to that measured in a cylinder-on-plate configuration 
[22] and in ball-on-plate tribo-tests [23]. The friction coef-
ficient was found to be about 10% lower when the velocity 

Fig. 1  SEM micrograph of cross section of the steel indenter (back 
scattered electron mode, the bright color indicates the indenter)
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was increased by a factor of ten from 100 to 1000 µm/s 
(Fig. 2a). The penetration depth was constant in steady state, 
i.e., ploughing had a negligible contribution to friction in 
steady state. A lower penetration depth was observed at ten 
times higher velocity only for loads above 10 N (Fig. 2b). 
The relaxation depth was independent of velocity within 
error in the load range investigated (Fig. 2c).

The contact shape was studied by imaging the indenter 
surface before and after long-term scratching measure-
ments. Figure 3a shows the original surface morphology of 
the indenter before measurements using the SEM back-scat-
tered electrons detector. Due to the spherical geometry of 
the indenter top part, the highest intensity of back-scattered 
electrons is received from the apex area, rendering the apex 
to the brightest area in the image. By means of a brightness 
threshold, a circular area was highlighted and the origin of 
this circle was identified as apex of the indenter (Fig. 3b). 
Several characteristic grooves were taken as reference to 
retrieve the apex position of the indenter after scratch tests. 

Figure 3d presents one representative surface morphology 
of the indenter after 1000 cycles of scratching, in which 
the black contrast reports transferred PEEK materials. The 
coverage of indenter surface by transferred material varied 
along the direction of movement. On the leading side, the 
indenter was covered with material stuck to the indenter sur-
face. Closer inspection reveals a transition from a compact 
transfer film close to the apex to an area of accumulated 
clusters farther from the apex. Our main goal in this study 
is to estimate the real contact area in the scratching process. 
We identify the transition between compact and agglom-
erated transfer film with the boundary of the real contact 
area, indicated by the dashed line in Fig. 3d. On the trailing 
side, the boundary of the real contact area can be defined 
from the boundary of an area which is covered in smaller 
islands of transfer film. Based on symmetry arguments for 
a sphero-conical asperity sliding in a groove produced by 
previous scratching cycles, we have chosen an ellipse as 
contact shape. This choice is justified by the curvature of 

Fig. 2  Scratching of PEEK by the steel indenter as a function of normal load at different velocities. a Steady-state friction coefficient, b penetra-
tion depth h1 after 1000 cycles, c relaxation h2 of the scratch, i.e., difference between penetration depth and residual groove depth
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the transition lines and by the successful adaption to many 
different images of transfer films at the indenters. Note that 
the center of the ellipse is shifted relative to the apex posi-
tion (origin of the red circle). The contact area on the leading 
side of the apex was much larger than that of the trailing 
side. We conclude that the contact shape in the steady state 
of multiple scratching of a sphero-conical asperity against 
a polymer surfaces can be described as an ellipse, whose 
position is shifted with respect to the apex of the asperity 
toward the leading side.

The surface morphology of PEEK after long-term 
scratching is shown in Fig. 4. In general, grooves had 
well-defined edges along the scratch direction. The resid-
ual width of the grooves is summarized in Fig. 5 as a 
function of normal load for the two tested velocities. For 
normal loads higher than 5 N the residual groove width 
was smaller for the higher velocity, consistent with the 
penetration depth measurement (Fig. 2b). At a low load 
of 5 N, the worn surfaces exhibited minor scratches run-
ning parallel to the groove, indicating the adaption of 
the grooves’ contour to micro-asperities at the indenter 

(Fig. 4a, b). The onset of fracture at the worn surfaces was 
observed for normal loads of 10 N and higher (Fig. 4d). 
The characteristic features of fracture were also observed 
on the surface of a PEEK sample subjected to tensile test-
ing (Fig. 4e). This form of surface fracture has previously 
been ascribed to micro-ductile tearing under tensile stress 
[24]. The appearance of the fracture features on worn sur-
faces indicates that the long-term scratch process of PEEK 
involves mechanisms with tensile failure characteristic.

It has been widely recognized that the velocity depend-
ence of tribological performance of polymers is associ-
ated with temperature increase [25]. In the present study 
with its low sliding velocities, the increase in interfacial 
temperature can be ignored because it was too small to 
change the materials properties. It is rather the contact 
stress which plays the key role in the friction and wear 
response of PEEK in the current study. Therefore, it is of 
utmost importance to determine the contact area during 
scratching. In the following, the calculation of the pro-
jected contact area in both normal and lateral direction 
will be discussed.

Fig. 3  Image analysis method 
for studying the contact shape: 
a top-view image of the steel 
indenter used in the present 
study (back-scattered electron 
mode). b Brightness threshold-
ing of the image in (a). The 
indenter apex is identified as the 
center of the circle. c Surface 
morphology features allow to 
locate the apex position on the 
indenter. These features are fine 
scratches formed during the 
production of the indenter sur-
face, which are indicated with 
lines following the orientation 
of these scratches. d Deter-
mination of the contact shape 
(dashed line) with reference 
to the indenter apex defined in 
Fig. 3c. The green line indicates 
the distance from the apex to 
the edge of the contact area on 
the leading side, the blue line 
the distance on the trailing side
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3.2  Calculation of Normal Projected Area (An) 
and Laterally Projected Area (Al)

We will now establish a method of calculating the ellipti-
cal contact area for the sphero-conical indenter sliding in 
preexisting groove. The parameters of the calculation are 
the geometrical parameters of indenter and outputs from 
the tribological tests. Thus, the method will allow to esti-
mate the contact area without additional imaging of the 
indenter. The symbols and their meanings are listed below:

α = 45° half apex angle of the conical indenter
R = 259 µm radius of the spherical indenter

β angle comprising tangential and normal force, i.e., 
tan � =

Ft

Fn

= � , in our study β was between 14° and 18°
h1 penetration depth of the indenter during the scratch-

ing experiment with respect to the surrounding sample 
surface (Fig. 2b)

h2 relaxation depth, i.e., difference between penetration 
depth  h1 and depth of the relaxed groove after sliding.  h2 
is determined after each high-load stroke by means of a 
low-load stroke (Fig. 2c)

w residual width of the grooves left on the surface as 
determined by optical microscopy (Fig. 5)

Fig. 4  a–d Morphology of 
PEEK surfaces after 1000 
cycles of scratching under dif-
ferent load conditions: a 5 N, 
100 µm/s, b 5 N, 1000 µm/s, 
c 10 N, 100 µm/s, d 10 N, 
1000 µm/s, e Morphology of a 
PEEK surface after tensile test-
ing (50 mm/min)
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a half major axis of contact ellipse
b half minor axis of contact ellipse.
Figure 6 schematically illustrates the contact area for an 

ideal conical and spherical indenter scratching in a preex-
isting groove. During the measurement, the shape of the 

groove follows the projected shape of the indenter, but 
with material pushed ahead in front the leading side of 
the indenter. The half major axis a of the contact ellipse 
is determined as half the measured residual width of the 
groove and calculated assuming the same relative relaxa-
tion as that in depth direction:

The minor axis of the contact ellipse is composed of 
two parts, i.e., a rear part (br) on the trailing side and a 
front part (bf) on the leading side. The rear part is calcu-
lated from the geometry of the indenter:

The consistency between calculated rear parts by using 
Eqs. (2) or (3) and measured ones from the SEM images of 
the indenter after long-term tests can be confirmed for the 
representative contact shown in Fig. 3d, which was tested 
under 15 N at 1000 µm/s. The calculated rear contact 

(1)a =
W

2
×

(
1 +

h2

h1

)

(2)For conical indenter ∶ br = h2 × tan �

(3)For spherical indenter ∶ br =

√
R2 −

(
R − h2

)2
Fig. 5  Residual width of scratch groove as a function of normal load 
at different velocities

Fig. 6  Schematic illustration of 
the contact area model of coni-
cal (upper row) and spherical 
(middle row) indenter mov-
ing from left to right: a and c 
orthogonal view, b and d side 
view and e top view of the con-
tact area. Areas are labeled as Al 
and An corresponding to lateral 
and normal projected area in 
side view and top view
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radius is 128 µm, which is close to the measured value 
of 124 µm.

There is no straightforward prediction for the front minor 
axis  bf of the contact ellipse. In the following, we suggest an 
approximation derived from the angle β, which is defined by 
points A and B. Point A is the position of contact between 
indenter and material on the rear side, point B the position of 
contact between indenter and material on the front side. The 
angle β thus indicates the tilt of an effective shear plane with 
respect to the sample surface. Let us consider two extreme 
cases. For fully plastic deformation without relaxation, point 
A will move to the apex point P and br = 0. In this case, the 
angle β is the attack angle β = 90 − α for perfect plough-
ing, which according to Bowden and Tabor is related to the 
ploughing friction coefficient by µp = 2⁄π × tan(90 − α) [26]. 
In the case of full elastic relaxation, points A and B are on 
the same height, i.e., br = bf, β = 0, and also µ = 0 as there is 
no dissipation. By interpolation of the two cases, we suggest 
to approximate

This prediction of the angle between surface and effective 
shear plane has recently been confirmed in in-situ experi-
ments on transparent hydrogels by McGhee et al. [27].

With knowledge of the angle β in Fig. 6, the front part of 
the minor axis can be calculated as follows:

In the case of a conical indenter with spherical cap, the 
front part can be determined by combing Eqs. (5) and (6):

In Eq. (7), l0 is the height difference between the end of a 
spherical cap and the end of the full cone

Finally, the normal projected area (An) can be calculated 
using the following equation:

(4)� = tan � =
Ft

Fn

(5)

For a conical indenter: bf =
(br × tan � + h2) × sin � × cos �

sin (90 − � − �)

(6)

For a spherical indenter: bf

= R × sin

[
� + a cos

(
R −

(
br × tan � + h2

)
× cos �

)

R

]

(7)bf =

(
br × tan � + h2 + l0

)
× sin � × cos �

sin (90 − � − �)

(8)l0 = R ×
(

1

sin �
− 1

)

(9)

The half minor axis of contact ellipse is then ∶ b =
br + bf

2

Thanks to the formation of transfer films on the indenter 
surface, the front and rear contact length can be determined 
by the image analysis introduced above. Table 1 compares 
calculated and measured contact lengths. Their similarity 
validates our contact model.

The laterally projected contact area is depicted in Fig. 6b, 
d for conical and spherical indenters. Its area can be calcu-
lated as the difference between a triangle (conical indenter) 
and a circular segment (spherical indenter) with a height of 
h4 and a small triangle with a height of h3.

For conical indenter:

For spherical indenter:

In the current study, the indenter was sphero-conical and 
can be considered as a combination of ideal conical and 
spherical indenters. The contact area in this case is shown 
in Fig. 7.

For simplicity, symbols with the same denotation as in 
Fig. 6 are not repeated. Two new symbols have to be intro-
duced due to the combination of sphere and cone for the 
indenter used.

(10)An = � × a × b

(11)h4 =
a

tan �

(12)h3 = h4 −
bf

tan �
=

a − bf

tan �

(13)A1 = a ×
(
h4 − h3

)
=

a × bf

tan �

(14)h4 = R −
√
R2 − a2

(15)h3 = h4 −
[(
br + bf

)
× tan � + h2

]

(16)
A1 = a sin

a

R
× R2 − a × R × cos

(
a sin

a

R

)
− a × h3

(17)
Height at sphere-to-cone transition: ht = R × (1 − sin �)

Table 1  Comparison of the contact lengths bf and br from calculation 
and image analysis

bf (µm) br (µm)

Calculated Measured Calculated Measured

100 µm/s, 15 N 290 285 130 123
100 µm/s, 20 N 305 310 134 137
1000 µm/s, 15 N 276 283 137 127
1000 µm/s, 20 N 298 290 148 156
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The lateral area is the sum of areas below and above the 
transition line from sphere to cone (dotted purple line in 
Fig. 7b).

Lateral area below sphere-to-cone transition:

Lateral area above sphere-to-cone transition:

The lateral contact area shown in Fig. 7b is a representa-
tive illustration in which the front contact boundary lies 
above the sphere-to-cone transition. When the front contact 
boundary lies below this transition, the lateral contact area 
should be calculated by Eq. (16) for spherical indenters.

(18)
Radius at sphere-to-cone transition ∶ Rt = R × cos �

(19)Al1 = a sin
Rt

R
× R2 − Rt × R × cos

(
a sin

Rt

R

)

(20)h3 =
a − bf

tan �

(21)Al2 =
(
a + Rt

)
×
(

a

tan 𝛼
− ht − l0

)
− a⊗ h3

3.3  Application of Our Contact Area Model 
in Studying the Friction Mechanisms of PEEK

Following the method established in the preceding part, the 
normal contact area and the ratio between major and minor 
axes of the contact ellipse were calculated for our experi-
ments (see Fig. 8). The normal contact area increased lin-
early with increasing normal load, which is in contrast to a 
sub-linear relation expected for an elastic Hertzian contact 
with a flat substrate. The normal contact area was slightly 
smaller for the ten times higher velocity, and this decrease 
in contact area became more significant at higher load. A 
similar dependence was found for the friction coefficient 
(Fig. 2a), indicating correlation between the real contact area 
and friction. The lower friction coefficient for the higher 
velocity can be related to the smaller contact area. The 
ellipticity of the contact area changed from almost circular 
contacts at low loads to an ellipticity of more than 2 at high 
loads. The difference in ellipticity for the two velocities was 
small and insignificant.

The knowledge of contact area allows us to calculate the 
real contact pressure under the indenter during the long-term 
scratching. Figure 9a presents the normal contact pressure as 

Fig. 7  Contact area of a sphero-
conical indenter scratching in a 
preexisting groove on polymer 
surface: a orthogonal view and 
b side view with respect to the 
scratch direction from left to 
right

Fig. 8  a Calculated normal contact area and b ratio between major and minor axes of the contact ellipse as a function of normal load at different 
velocities
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function of the normal load. At a velocity of 100 µm/s, the 
contact pressure was between 52 MPa at a load of 2.5 N and 
58 MPa at a load of 20 N. At a velocity of 1000 µm/s, the 
contact pressure was about 10% higher, ranging from 58 MPa 
to 67 MPa. These pressure values are of the same magnitude 
as the scratch hardness of PEEK reported by Stuart et al. 
[28]. The increase in contact pressure can be explained by a 
change in the contact geometry. For small load and shallow 
grooves, the circular normal contact area was almost identical 
to the full contact between indenter and substrate. For high 
load and deeper grooves, the elliptical normal contact also 
involved contact between the indenter and the slopes of the 
groove which contributed to the load bearing.

The lateral force is plotted versus the normal contact area 
in Fig. 9b. In contrast to all results presented so far, data 
points for the two velocities lie on one curve in this presen-
tation, indicating that the characteristic of the curve reveals 
a velocity-independent tribological property. According to 
Bowden and Tabor [29], a linear relation between lateral 
force and contact area indicates a shearing dominated fric-
tion process, and the slope of this plot can be considered as 
the interfacial shear strength, which is found to be 20.5 MPa 
for our steel indenter sliding against PEEK. This value com-
pares well to the 15 MPa reported by Briscoe et al. [30] for 
sliding of PEEK on glass at a pressure of about 28.5 MPa. 
The difference of 5.5 MPa in shear stress can be explained 
by the difference of about 30 MPa in the normal pressure 
and the pressure factor of PEEK, reported to be in the range 
of 0.2 ± 0.05 by Briscoe [30].

This analysis of Fig. 9b in terms of shear stress is based 
on the assumption that all lateral force originates from shear 
mechanisms. However, we derived our result from a geom-
etry with a tilted effective shear plane, i.e., with a deforma-
tion moving with the sliding asperity. Therefore, we also must 
consider viscous contributions to friction. The lateral contact 

area, i.e., the projection of the contact area in the direction of 
sliding, is plotted in Fig. 10 as function of the normal load for 
the two velocities. The lateral contact area increased linearly 
with increasing normal load with only little influence of the 
velocity. Following a description of viscoelastic friction in 
asperity sliding given by Popov [31], the viscoelastic friction 
coefficient can be estimated as

where ξ is a dimensionless parameter of order 1, ∇z is the 
average gradient of the surface profile, G″ is the dissipative 
part of the shear modulus, |||Ĝ

||| is the absolute magnitude of 
the shear modulus, and (v/r) is the effective frequency of 
excitation, given as the ratio of the sliding velocity v and the 
characteristic lateral extension r of one asperity.

(22)𝜇visc = 𝜉∇z
G��(v∕ r)

|||Ĝ(v∕ r)
|||

Fig. 9  a Normal contact pressure as function of normal load. b Lateral force as function of normal contact area at different velocities

Fig. 10  Lateral contact area as function of normal load at different 
velocities
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We will estimate �visc for two limiting cases, assuming 
first the steel indenter as a single asperity and assuming sec-
ond the roughness of the slider as source of viscous friction. 
Looking at the steel indenter as single asperity, the average 
surface gradient is the tilt of the shear plane as in Eq. 4 with 
∇z = tan � = �. With (v∕ r) ≈ 1 Hz , G�� = 56 MPa and 
|||Ĝ

||| = 4110 MPa. We find that �visc ≈ 0.1� , so that viscous 
contributions may have led to an overestimation of the shear 
stress of the order of 10%.

The average surface gradient given by the indenter’s 
roughness can be estimated as ∇z = 2⟨�⟩∕E∗ (Popov), where 
the average contact pressure ⟨�⟩ = 60 MPa (see Fig. 9) and 
E∗ = 4320 MPa for PEEK. Since G′′

/|||Ĝ
||| < 1 , we can 

safely neglect the roughness contribution to �visc . All values 
for the shear modulus were determined by dynamic mechan-
ical analysis.

To understand its role in friction, the lateral contact area 
should be understood simply as the projection of the tilted 
effective shear plane (Eq. 4) into the direction of sliding 
motion. Accordingly, the increase in lateral contact area with 
increasing normal load (Fig. 10) is proportional to the increase 
of normal contact area. This relation can also be observed in 

the morphology of the transfer layer (Fig. 11) on the leading 
side. For a normal load of 5 N, the leading-side of the contact 
area was covered with sparse patches of transfer film (Fig. 11a, 
c), corresponding to a very small lateral contact area (Fig. 10). 
For a normal force of 10 N, the leading side of the contact was 
densely covered with a compact transfer layer (Fig. 11b, d). We 
believe that localized plastic flow process took place along the 
indenter surface [32] and contributed to the formation of trans-
fer layers. Overall, friction mostly arises from the shear and 
plastic flow between the indenter and the slightly tilted effec-
tive shear plane. Most of the contact area appears in normal 
projection and a small part of it in lateral projection. The lateral 
contact area does not indicate an extra mechanism in frictional 
dissipation but the deflection of the effective shear plane.

4  Conclusions

A model was developed to calculate the contact area between 
a hard sphero-conical indenter and a groove in a softer sur-
face upon repeated cycles of sliding. The input parameters 

Fig. 11  Morphology of trans-
ferred PEEK on indenter surface 
after 1000 cycles of scratching 
under different load condi-
tions: a 5 N, 100 µm/s, b 10 N, 
100 µm/s, c 5 N, 1000 µm/s, d 
10 N, 1000 µm/s
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of the model are the geometry of the indenter (radius of 
apex, opening angle of cone) and quantities measured in 
the tribological experiment (friction coefficient, actual and 
residual penetration depth). The model allows to determine 
the area of contact without additional imaging of indenter 
or surface. It takes into account the elliptical shape of the 
contact between indenter and groove and its asymmetry with 
respect to the indenter apex upon sliding. The key assump-
tion of the model is that the geometric tilt of the effective 
shear plane with respect to the surface is proportional to the 
friction coefficient.

The model was validated in experiments with a single-
asperity indenter manufactured from standard slide bearing 
steel and PEEK as substrate, where a large number of cycle 
repetitions mimicked the situation in slide bearings. Optical 
and electron microscopy confirms the correct prediction of 
the contact area and its displacement with respect to the tip 
apex. The model allows to determine the steel-PEEK shear 
stress for the single-asperity experiment, and numbers are in 
agreement with previous reports. Experiments at low veloci-
ties varying by a factor of ten result in significantly different 
friction and penetration values. However, applying our con-
tact area model we find that the shear stress is independent 
of velocity, as expected at low velocities where friction does 
not lead to temperature increase.

Single-asperity friction experiments are a key strategy 
for understanding mechanisms in friction and wear of real-
istically rough surfaces. The new model correctly predicts 
the contact area for the complex but realistic situation of an 
asperity sliding repeatedly in its own groove of a softer sur-
face. It allows to determine the shear stress for the material 
couple after repeated cycles in the relevant geometry. Model 
and experimental confirmation advance single-asperity fric-
tion experiments into an efficient method to extract shear 
stress and contact area for an understanding of sliding fric-
tion in metal-polymer contacts.
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