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Abstract
The role of friction on wear evolution is manifold since it interplays with lubrication regime, nominal contact point, and 
contact pressure distribution. Nevertheless, in the literature many wear models simulate wear assuming frictionless contact 
conditions to simplify the analyses. That assumption, physically not realistic, often appears as a contradiction, permitted in 
numerical simulations where friction and wear can be considered independent phenomena.
This study aims to validate the frictionless assumption in wear models with steady nominal contact point, such as in many 
common configurations, e.g. pin on plate/pin on disc. Wear was simulated according to the Archard wear law for both non-
conformal and conformal pin-on-plate contact pairs in reciprocating motion, assuming frictionless and frictional contact 
conditions, varying the coefficient of friction f in the range 0–0.4. Finite Element wear models were developed in Ansys® 
both with implicit and explicit kinematics. Results demonstrate that the effect of friction on contact pressure distribution 
and worn profiles and on their evolution is negligible (differences lower than 0.05%). Thus, wear can be predicted using 
models in frictionless conditions which allow to extremely reduce the computational costs that represent a limit of FE wear 
simulations. Additionally, a procedure with implicit kinematics was compared to the explicit one resulting valid and com-
putationally convenient, especially in case of non-conformal contact.

Keywords  FE wear modelling · Kinetic friction · Reciprocating sliding contact · Pin on plate · Conformal coupling · Non-
conformal coupling

1  Introduction

Numerical wear simulations are a powerful tool to predict 
the evolution of contact parameters during the service life of 
engineering components, from mechanical ones, like gears 
[1–3] or wheel-rail pair [4] to biomedical devices, like joint 
implants [5, 6]. Different approaches can be adopted to 
develop wear models: rarely pure analytical methods [5, 7, 
8], whilst more commonly Finite Element (FE) analyses [2, 
6, 9–12]. Each method has pros and cons: analytical models 
allow fast simulations typically for the running-in phase of 
the wear process [7, 8], whilst FE models can be used for 
long-term wear predictions to the detriment of high compu-
tational costs [13, 14]. Independently from the used method, 
wear models are typically based on the implementation of a 

wear law that relates the wear volume to contact conditions, 
i.e. contact force/pressure and sliding velocity between the 
coupling surfaces. Most of the wear models in the literature 
are based on the Archard wear law that holds for abrasive 
and adhesive wear of hard surfaces. In global form, for sur-
faces in relative translation, it states

where V is wear volume, k is wear coefficient, FN the load 
normal to the contact and s, the sliding distance. The wear 
law is often used in its local form, valid at any point P of the 
contact surface, at a given instant t

where ḣ is the wear rate, p the contact pressure and v the 
magnitude of the sliding velocity.

In wear models based on the Archard law, the contact is 
modelled as dry, neglecting the presence of wear debris: the 

(1)V = k FN s

(2)
.

h (P, t) = k p (P, t) v (P, t)
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effect of the lubricant, and thus the lubrication regime, are 
included in the value of k experimentally estimated.

Consequently, the critical aspect of the wear laws is the 
accurate estimation of the wear coefficient [7, 15] which 
depends on many factors amongst which friction, lubri-
cation regime, material properties of the mating surfaces, 
kinematic, and loading conditions. Additionally, k can even 
change in time and locally, such as in case of cross-shear 
[6, 16].The wear law and wear model validation is a further 
critical issue [7, 17].

The focus of this study is on the effect of friction on wear 
simulations, with the aim of clarifying an apparent contra-
diction: whilst wear is surely caused by a frictional contact, 
models are often based on the frictionless contact hypoth-
esis [18, 19]. Despite being not physically reasonable, this 
assumption is frequently used in wear simulations, where 
friction and wear can be considered independent, to simplify 
the analyses. To clarify the latter point it should be consid-
ered that friction can affect contact and wear in multiple 
ways. Firstly, friction interplays with the lubrication regime 
and thus affects the wear coefficient, being so included in 
Eqs. (1–2) through k itself. Secondly, it can cause a dis-
placement of the nominal contact point and consequently 
the magnitude of normal component of the contact force 
and of the contact pressure. That applies for instance to ball 
in socket joints, such as hip joint implants, as treated in [8], 
but not for more common and simpler conditions, like pin-
on-plate and pin-on-disc wear tests. Finally, friction can also 
affect the contact pressure distribution and thus the wear rate 
of Eq. (2) through p.

Consequently, for cases where the friction does not cause 
a change neither of the nominal contact point nor of the 
contact pressure distribution, e.g. pin-on-plate tests, the con-
tact can be simulated as frictionless, as friction is implicitly 
included in the wear model through k. That allows, on the 
one hand, to extremely reduce the high computational costs 
of FE wear models and, on the other hand, to widen the 
field of application of the analytical wear models to fric-
tional cases. Indeed, the latter is based on contact pressure 
solutions valid for frictionless contact, e.g. according to the 
Hertzian theory, for non-conformal hard-on-hard coupling, 
and the Bartel’s theory [20], for conformal soft on-hard 
couplings.

Although a few literature studies declare that the effect 
of friction on the contact pressure distribution is negligible, 
e.g. [9, 10, 21, 22], to the best of authors’ knowledge none 
has deepened the matter.

The objective of this study is to investigate the effect of 
friction on contact pressure and wear evolution in both non-
conformal and conformal contacts. FE models of the sliding 
contact of pin-on-plate tests were developed in Ansys® and 
a sensitivity analysis of pressure and wear depth profiles to 

the friction coefficient was carried out for values of f in the 
range 0–0.4.

2 � Materials and Methods

2.1 � Case Study: Pin‑on‑Plate Wear Tests

A pin-on-plate wear test was selected as case study, with pin 
and plate in reciprocating sliding motion. Two cases were 
simulated, as shown in Fig. 1a, differing only for the pin 
geometry:

1)	 Non-conformal contact between a half-cylindrical pin 
and a rectangular plate (on the left) (non-conformal 
model, NCM).

2)	 Conformal contact between a flat-ended pin and a rec-
tangular plate (on the right) (conformal model, CM).

FE models of these case studies were developed in 
ANSYS Workbench®, exploiting APDL commands for wear 
implementation (see Sect. 2.6).

2.2 � Geometry and Materials

According to the literature [9, 10, 18], the problem can be 
modelled as a plane strain case, and the geometry simplified 
with its 2D section (Fig. 1b).

The non-conformal contact pair is characterized by a 
half-cylindrical pin of radius R = 10 mm and a rectangular 
plate of dimensions 6RxR. The conformal pair differs from 
the NCM for the geometry of the pin that has a flat end of 
dimensions 2RxR and with a fillet radius r = 2.5 mm.

For both models, pin was considered made of steel with 
a 200 GPa Young modulus and a Poisson ratio of 0.3. The 
plate was assumed rigid for two reasons: a case of mon-
olateral wear affecting only pin was considered; the rigid 
assumptions allow to drastically reduce the computational 
time. However, the results remain valid for the case of flex-
ible-on-flexible contact.

2.3 � Mesh

In both models, the pin was meshed with linear quadrilateral 
element, PLANE 182. The mesh size was not uniform in the 
pin, varying from 1 mm far from the contact region down 
to 20 µm close to it (Fig. 1c). A sub-region (1 mm × 4 mm) 
was created close to the contact with rectangular elements of 
size 20 µm × 25 µm to avoid mesh distortion (squat elements) 
caused by worn material removal. The contact surfaces were 
meshed with CONTA172 and TARGE169 elements (see 
contact details in Sect. 2.4). The mesh size was selected 
through a sensitivity analysis on the contact pressure at the 
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centre of the contact area. In case of NCM, the described 
mesh produces an error of 2.5% on the maximum contact 
pressure with respect to the Hertzian solution.

2.4 � Surface Interactions

Both for NCM and CM, several types of contact were 
simulated from frictionless to frictional, with a friction 

coefficient value in the range 0.05–0.4. The contact was 
simulated as asymmetric (behaviour setting), with the 
pin chosen as contact region and the plate as target one. 
Other specific contact settings were Augmented Lagrange 
as formulation and Nodal-normal to target as detection 
method.
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Fig. 1   Case studies: pin-on-plate wear tests for non-conformal (left column) and conformal contact (right column). a General scheme. b Model 
geometry and loading and kinematics conditions. c Mesh of the pins with detail of the refined sub-regions close to the contact
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2.5 � Kinematic and Loading Conditions

The reciprocating sliding motion of a pin-on-plate set-
up under constant load was simulated according to the 
boundary conditions shown in Fig. 1b. Both in NCM and 
CM, the top edge of pin was built-in whilst motion and 
load were applied to the bottom edge of the plate through 
remote force and remote displacement, respectively. A 
wear cycle was given by the sequence of an outbound and 
a return stroke, with the stroke length s = 2R, under a con-
stant load of 100 N. In the outbound stroke, the pin trans-
lated from x = −R to x = R, whilst in the return stroke it 
translated back to initial position. The stroke was covered 
in 1 s, thus resulting in a relative velocity between pin and 
plate v = 10 mm/s. The number of simulated strokes was 
set to N = 20 for the standard simulations and N = 1000 for 
the “accelerated” ones (see Sect. 2.6) corresponding to a 
travel distance of 400 mm and 20 m, respectively.

2.6 � Wear Law and Wear Implementation

The pin wear was predicted according to the Archard wear 
law (Eq. (1–2)). The value of k was kept constant through 
simulations with different friction values, since the objec-
tive of the present study was to investigate the effect of 
friction on the contact pressure distribution and wear.

Wear was simulated through the introduction of an ADPL 
command in the contact environment. Ansys® includes a 
specific tool for automatic wear simulation through the com-
mand TB WEAR with option ARCD, which implements the 
generalized form of the Archard wear law, according to

where H is the material hardness, k is the wear coefficient, 
and m and n exponents of pressure and sliding velocity, 
respectively. The parameters of Eq. (3) are set through the 
TBDATA​ command, whilst the selection of time instants 
during which activate or deactivate wear is done using the 
TBFIELD command. When H = m = n = 1, Eq.  (3) gives 
Eq. (2).

Both in NCM and CM, we assumed k = 10–8 mm2/N, 
H = m = 1, whilst the exponent n of the velocity was used 
to select between two different simulation procedures:

1)	 n = 0, Implicit Kinematics (IK): since the sliding veloc-
ity is constant in time and space (i.e. does not vary 
over the contact area), in case of frictionless contact, 

(3)
.

h =
k

H
pmvn,

it is included directly in the k, assuming a new kIK = kv 
whilst the plate translation is not simulated (zero x dis-
placement).

2)	 n = 1, Explicit Kinematics (EK): kinematics conditions 
are reproduced explicitly, through the plate translation. 
This procedure is necessary to simulate frictional cases, 
when the frictional actions developed at the contact sur-
faces are opposite to the sliding relative motion.

When the KE approach was used, the stroke was sampled 
in five points. The sampling frequency is fundamental for 
complex 3D and time-varying boundary conditions, but not 
in the present case since both the contact pressure distribu-
tion and the sliding velocity are constant throughout each 
wear cycle and the counterpart is rigid.

For the same reason, for the selected pin-on-plate case 
study, it can be convenient to introduce an acceleration fac-
tor Na [18] so that an “accelerated” wear can be computed 
according to Eq. (3), including the Na in the wear coefficient 
and thus kIKa = Nakv and kEKa = Nak , respectively, in IK and 
EK procedures. The accelerated wear was simulated only 
for the CM, for Na = 50, to achieve wear depths of the same 
magnitude order of the NCM ones.

2.7 � Simulations Plan

Table 1 summarizes the simulations performed for NCM and 
CM, both with an implicit and explicit kinematics descrip-
tion, by varying the friction coefficient in the range 0–0.4. 
Simulations ran on a pc equipped with a processor Intel(R) 
Xeon(R) Silver 4214R CPU@2.40 GHz and 64 GB Ram.

3 � Results and Discussion

The main results consist in the comparison of the evolution 
of contact pressure and worn geometry profiles during wear 
damaging, for the frictionless and the frictional cases (top 

Table 1   Simulations plan

NCM non-conformal contact model, CM conformal contact model, 
IK implicit kinematics, EK implicit kinematics acceleration factor Na, 
friction coefficient f

Model IK/EK Na f

NCM IK 1 0
EK 1 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4

CM IK 1 0
EK 1 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4
IK 10 0
EK 10 0, 0.4
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of Figs. 2 and 4). The time histories of pressure and wear 
depth at the centre of the worn regions were also consid-
ered (bottom of Figs. 2 and 4)). Additionally, two different 
approaches for the frictionless cases, based on the implicit 
and explicit kinematics simulations, were compared.

3.1 � Non‑conformal Contact Model

3.1.1 � Wear Evolution

Figure 2 summarizes the main results obtained from the 
NCM. According to the literature [9, 10, 18], the evolution 

Fig. 2   NCM results for friction-
less and frictional contacts: 
evolution of the contact pressure 
profile a and of the worn profile 
b; variation of the maximum 
contact pressure c, maximum 
wear depth, and wear volume 
d with the travelled distance. 
Image a’ helps in understanding 
the legend: colours are used to 
distinguish data obtained for 
different travelled distances, 
continuous line for IK results, 
and symbols for EK results 
(Color figure online)

IK + f = 0
o   EK + f = 0
+   EK+ f = 0.4

(a)
(b)

(c) (d)

d=100
d=300
d=400

d=0

d=40
d=60

d

d

(a’)
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of the contact pressure (Fig. 2a) and worn profiles (Fig. 2 b) 
demonstrated that wear causes a more and more conformal 
contact, independently from the friction coefficient. The pin 
profile tends to flatten along with the contact pressure one: 
the pin curvature radius increases, whilst the contact pres-
sure decreases being distributed over a wider contact area.

As shown in Fig. 2c, the maximum contact pressure, 
located at the centre of the contact area (at the pin axis), 
decreases rapidly with the travelled distance during the 
running-in and then more slowly, when approaching to the 
steady state, passing from the initial value of 815 MPa to 
final one of 277 MPa. That is in agreement with the non-
linear trend of the maximum wear depth (same location, 
at the pin axis) whose rate decreases passing from the run-
ning-in to the steady-state phase (Fig. 2c). A maximum wear 
depth of 1.6 µm was predicted for the total sliding distance 
of 400 mm. It is worth remarking how a very thin layer of 
worn material causes a significant change in the contact con-
formity and contact pressure. Thus, the steady-state phase 
is characterized by an almost flat contact pressure and geo-
metric profiles.

The simulated wear volume coincides with the one pre-
dicted by the Archard Wear law, i.e. a value of 4 10–4 mm3 
at the end of the simulated test.

3.1.2 � Effect of Friction on Wear Evolution

Results pointed out that the effect of friction on wear pre-
dictions is absolutely negligible, with percentage differ-
ences on pressure/wear depth values lower than 0.05% 
between the frictionless and the frictional contact condi-
tions. As an example, Fig. 2 compares results obtained for 
the two extreme cases: f = 0 (obtained with both IK and EK 

approaches) and f = 0.4: the correspondent curves are almost 
overlapped. Results from all the other models assuming a 
different value of f (see Table 1) are not reported being 
almost identical. Although the presence of friction does 
not modify the pressure distributions, it extremely affects 
computational costs. Histogram of Fig. 3 compares the com-
putational times of the simulations by varying f value and 
demonstrates that it increases with f values up to threefold 
for f = 0.4 compared to f = 0. Consequently, the simulation 
of a frictional contact in wear predictions, on the one hand, 
is unnecessary to improve results accuracy and, on the other 
hand, it significantly increases the computational efficiency.

3.1.3 � IK vs EK Procedures

As far as the frictionless case is concerned, IK and EK 
procedures were implemented. Results compared in Fig. 2 
appear to be almost identical for the two cases. On the other 
hand, the computational cost of the EK simulation with f = 0 
was 30% higher that the IK one (Fig. 3) demonstrating that 
the IK is not only accurate as much as the EK, but also com-
putationally more convenient.

3.2 � Conformal Contact Model

3.2.1 � Wear Evolution

Results obtained for the CM are summarized in Fig. 4. The 
pressure profile in unworn conditions is flat over almost all 
the contact area, with the exception near the fillets, charac-
terized by peaks caused by the local change of curvature 
radius (Fig. 4a). For all the simulated cases, the pressure 
profile is not significantly affected by the wear: the main 

Fig. 3   Computational costs of 
NCM simulations in function of 
the f value
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change consists in the decrease of the lateral peaks caused by 
a higher conformity of the edge of the contact region, close 
to the fillet, that is well captured by Fig. 4b which describes 
the evolution of the pin geometry which remains character-
ized by a flat profile. Accordingly, as wear progresses, the 
pressure at the centre of the contact area, at pin axis, remains 
almost constant, with only a slight increase from 5.7 MPa 
to 5.9 MPa due to a significant decrease of the lateral peaks 

(consider that, being the load constant, the pressure profiles 
must have the same integral over the contact area) (Fig. 4c). 
That is clearer in case of higher travelled distances (see Sec. 
3.2.3). Differently from the NCM, the wear depth at the pin 
centre increases linearly with the travelled distance (Fig. 4d). 
Indeed, the node at the pin centre, as also the close nodes, 
undergoes to an almost constant contact pressure, in addition 
to a constant sliding velocity. Since the contact is conformal, 

Fig. 4   CM results for friction-
less and frictional contact: 
evolution of the contact pressure 
profile a and of the worn profile 
b; variation of the contact 
pressure c and maximum wear 
depth at the centre of the worn 
area, and wear volume d with 
the travelled distance. Image 
a’ helps in understanding the 
legend: colours are used to 
distinguish data obtained for 
different travelled distances, 
continuous line for IK results, 
and symbols for EK results 
(Color figure online)

IK + f = 0
o   EK + f = 0
+   EK+ f = 0.4
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both the contact pressure and the wear depth at the pin axis 
resulted much lower than for the NCM, with a maximum 
wear depth of about 0.023 µm vs 1.6 µm of NCM) at pin 
axis.

According to the Archard wear law, the final wear vol-
ume is 4 10–4 mm3, the same obtained for NCM. In fact, 
from Eq. (1), the wear volume does not depend on the local 
contact conditions but only on the resultant force normal to 
the contact plane (100 N), when sliding is almost translatory 
and the sliding distance (total value of 400 mm) is the same 
for all the contact points.

The maximum contact pressure and wear depth are 
located at the edge fillet (point marked in red with an arrow 

in Fig. 5): their variations with the travelled distance are 
shown in Fig. 5. The contact pressure decreases rapidly 
during the running-in, whilst the wear depth increases non-
linearly, both with trends similar to those ones at the pin 
axis for the NCM.

3.2.2 � Effect of Friction on Wear Evolution

According to the NCM results, the effect of friction on con-
tact/wear parameters is almost negligible: curves obtained 
for the frictionless and frictional cases are almost over-
lapped, as shown in Fig. 4 for the extreme cases f = 0 and 
f = 0.4. With respect to NCM, different considerations need 
to be made on the computational costs (Fig. 6). The intro-
duction of the sliding friction causes an almost doubling of 
the simulation time, but this is not affected by the friction 
values. This might be due to the fact that the computational 
costs of conformal contacts mainly rely on the high num-
ber of elements in contact more than on the coefficient of 
friction value. Moreover, the analysis convergence of cases 
with f > 0.2 required to activate Newton–Raphson unsym-
metric option in non-linear control analysis which allows to 
reduce simulations times (Fig. 6). This option must be used 
with caution since, according to Ansys documentation, it 
can cause loss of accuracy. However, for the considered case 
study, it does not affect the accuracy of the results which are 
almost equal to the frictionless ones.

3.2.3 � IK vs EK Procedures

Results obtained for IK and EK are almost identical, con-
firming results from NCM (Fig. 4). However, in this case, 
there is not a significant advantage from a computational 

Fig. 5   Variation of the contact pressure and the wear depth at the fil-
let edge (point marked in red), with the travelled distance (Color fig-
ure online)

Fig. 6   Computational costs of 
CM simulations in function of 
the f value. Legend: NR = New-
ton–Raphson unsymmetric 
option
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point of view: simulations required similar times, only a bit 
slower in case of IK (Fig. 6). This can be attributed to the 
high number of elements in contact.

3.2.4 � Accelerated Simulations

In order to demonstrate that results discussed above 
(Na = 1) remain valid even for higher wear, a total sliding 
distance of 20 m was also simulated, using an acceler-
ated factor Na = 50. Assuming that, wear depth at pin axis 
results of about 1.3 µm, i.e. very similar to the maximum 
wear depth for NCM. All considerations made above for 
the case with Na = 1 remain valid for the accelerated case. 
In particular, frictionless and frictional (f = 0.4) contact 
simulations produced almost equal results. A graphical 
description of these results is not reported for brevity.

4 � Conclusion

Results obtained for the non-conformal and conformal 
models of pin-on-plate tests were in good agreement and 
pointed out that the effect of the friction coefficient on 
contact/wear parameters is absolutely negligible, with per-
centage differences on pressure/wear depth values lower 
than 0.05% between the frictionless and the frictional con-
tact type. Additionally, both non-conformal and conformal 
models confirmed the validity and usefulness of implicit 
kinematics simulation for the frictionless contact type, 
especially in case of non-conformal contact.

Considering the negligible effect of friction on wear 
predictions, this study suggests combining IK and fric-
tionless contact types for wear simulations of both non-
conformal and conformal pairs in frictional contact with 
constant sliding velocity.
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