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1  Introduction

Sliding wear is a general term used to describe the contact 
of two surfaces that slides without the presence of particles 
between the surfaces. The material loss between the surfaces 
is known as wear. Wear is a complex process controlled by 
the stress and mechanical damage, thermal effects, chemical 
reactions, and interactions of the surfaces [1]. The geometry 
of the samples is one of the main aspects in a sliding wear 
test; ball-on-flat configuration has been used in several wear 
studies [2–4].

Finite element models have been successfully imple-
mented to simulate contact and wear material losses [5–8]. 
Hegadekatte et al. [9] used a post-processor together with 
the FEM software ABAQUS to model a 2D pin-on-disk con-
figuration using Archard’s law to compute the wear progress. 
The results evidence that Archard’s wear model is valid on 
both sides on the global and local scale in the particular case 
when the materials are stiff. Kanavalli B [10] proposed the 
implementation of ABAQUS subroutine UMESHMOTION 
to simulate a twin-disk tribometer, concluding that the sub-
routine can be coded to simulate rolling/sliding wear in a 
twin-disk tribometer. On the other hand, Hegadekatte et al. 
[11] compared the post-processor and the UMESHMOTION 
models and found that both have acceptable accuracies to 
model sliding wear.

Using a special-purpose FORTRAN program and 
ABAQUS, McColl et al. [12] simulated the fretting wear 
in a cylinder-on-flat fretting configuration. The predicted 
wear scars were compared with profilometer measurements 
of fretting test scars. The results exposed that the measured 
and predicted worn surface profiles correlated well for the 
low normal load case, but under high normal loads, the pre-
dicted maximum wear depth was under-estimated, and the 
width of the scar was over-estimated. Kunal and Ramkumar 
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[13] used a 2D FEM to model dry sliding abrasive wear 
using ALE remeshing with UMESHMOTION subroutine on 
the finite element software ABAQUS, founding significant 
errors at high loads between the hertz formulation and the 
modeled contact pressure. The model was validated using 
the wear depth for experimental data for normal force 10 N.

Considering the models used to calculate the wear process 
on an AISI 316L stainless steel under ball-on-flat dry sliding 
conditions, Archard’s law is implemented using arbitrary 
Lagrangian–Eulerian (ALE) remeshing with UMESHMO-
TION subroutine on the finite element software ABAQUS. 
Similar works can be found in different geometries like a 
cylinder on flat and pin on disk, but the authors do not know 
a 3D implementation on ball-on-flat geometry. The model 
is validated using the experimental result from García-León 
et al. [2]. Nowadays, the majority of finite element software 
does not allow the direct modeling of wear since the soft-
ware does not give information about material loss and the 
subsequent geometry variation. To avoid this problem, the 
implemented model uses a static formulation with an ALE 
remeshing technique using UMESHMOTION subroutines 
to define the wear in the contact surfaces. The ALE remesh-
ing is updated at the end of every step of the analysis and 
the wear is included at this stage; the remeshing technique 
avoids the over deformation of the elements without creating 
new elements in the domain.

2 � Materials and Methods

2.1 � Archard’s Wear Formulation

Many factors are important in wear including the material 
properties, the geometry of the wearing bodies, operational 
and environmental variables, however the material loss is 
usually estimated using simplified formulations. These for-
mulations have the advantage to find good wear estimation 
values without the need to solve high complexity equations 
or the need of high computational power models, at the cost 
that the formulation cannot be indiscriminately used in all 
the test configurations and materials.

Archard’s law relates Q the volume worn per unit slid-
ing distance(mm3⁄mm), with the macroscopic quantities, 
W the normal load ( N ), H the hardness of the softer mate-
rial (N⁄mm2), and the dimensionless constant K commonly 
known as wear coefficient [1], as shown in Eq. (1). In this 
equation, the wear loss is only related to the softer material 
hardness and is often consistent with experimental observa-
tions in metals.

(1)Q =
K ×W

H

Equation (1) is intended to be used on the global scale, 
dividing by the contact area and discretizing with respect to 
the sliding distance Archard’s law can be written as shown 
in Eq. (2).

where P is the contact pressure (N⁄mm2), h is the total wear 
(mm), kD is the dimensional wear coefficient (mm3⁄Nm), 
and s is the sliding distance (mm). This equation can be 
integrated using the Euler integration scheme to obtain an 
expression that can be used in the local scale, as seen in 
Eq. (3).

where hi+1 is the total wear up to the i + 1 increment, h is the 
total wear up to the I increment, Pi is the contact pressure 
during the i increment and ds is the slipping of the current 
node.

2.2 � UMESHMOTION Implementation ABAQUS

ALE adaptive meshing is a tool that can be used to maintain 
a high-quality mesh even with high deformation and material 
loss; by allowing the mesh to move independently from the 
material [14], adaptive meshing is effective for simulations 
of metal forming processes such as forging, extrusion and 
rolling but it has been successfully implemented together 
with UMESHMOTION subroutine to model wear [10, 11]. 
UMESHMOTION is a user-defined subroutine where the 
motion of nodes in an ALE adaptive meshing can be defined 
[15]. The overall methodology for the UMESHMOTION 
implementation can be found in Fig. 1.

2.3 � FEM Model

The selected geometry is a ball-on-flat configuration, as 
shown in Fig. 2a. This geometry is selected to replicate the 
experimental setup described by García-León et al. [2]. The 
radius of the ball is 3.0 mm and is located at 1.5 mm from 
the back face of the sample, and the sample dimensions are 
reduced, with the aim to decrease the computational require-
ments of the model. The sample and the ball are divided as 
shown in Fig. 2a and b to allow a refined element size in the 
contact zone. C3D8 eight nodes brick elements were used 
in the entire sample and in the contact zone of the ball. The 
size of the contact elements will be “Telem,”. C3D4 ele-
ments were used in the outer part of the ball, the dimension 
of the contact zones of the sample and the ball are proximal 
to 0.75 × 1.2 × 0.12 mm. The contact zones are connected to 
the outer parts using a Tie constrain.

(2)
dh

ds
= kD × P

(3)hi+1 = hi +
(

kD×Pi × ds
)
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The AISI 316L sample is modeled as an elastic isotropic 
material with young modulus 210 GPa, Poisson ratio 0.27, 
and density 7.9 × 10–8 kg/mm3. The alumina ball is mod-
eled as an elastic isotropic material with young modulus 
350 GPa, Poisson ratio 0.3, and density 3.96 × 10–8 kg/mm3 
[16]. To model the sample is contradictory to the fact that 
the damage to the wearing surface and thus the material loss 
during abrasive wear are results when the plastic strain at 
the subsurface accumulates and reaches a critical value for 
fracture [17], especially in early stages when the scar has not 
yet formed and the contact area will be lesser. But the con-
tact area will increase making the plastic deformation less 
likely as the wear scar increases its size; also as described 
in the ASTM G133 the wear volume is computed from the 
length of the stroke and the average cross-sectional area of 
the wear track. This volume will also compute the possible 

deformation from plastic behavior of the sample, so that it 
will be implicit in the wear coefficient. Modeling the sample 
as an elastoplastic material will show a better fitting to the 
real model, but the inclusion of the plastic behavior in the 
model will increase the computational power needed and 
cause divergence in the solution algorithm.

The model is intended to simulate a total of 5000 cycles, 
the same number of cycles that [2] exist in their experi-
mental setup. The computational power needed to solve 
all the 5000 cycles is a restriction to the analysis. So the 
model was divided into several steps, each of them simu-
lating “DN” cycles. As a consequence, a total of 5000/
DN steps will be needed to simulate the sliding phase of 
the model. The DN parameter has the same characteristic 
as that of the constant pressure extrapolation coefficient 
used by Kunal and Ramkumar [13]. Before the sliding 
steps, an initial step where the normal load is applied is 
implemented. After the sliding steps two steps are added, 
the first one where all the loads are retired and the second 
one where the ball is moved away from the sample. To 
implement this discretization of the steps in the model, 
Eq. (3) can be modified as shown in Eq. (4).

The contact between the sample and the alumina ball 
is defined as a penalty-based Surface to Surface formula-
tion with a tolerance for adjustment of 1 × 10–6 mm. The 
friction coefficient has been fixed at 0.65. The master sur-
face is defined as the alumina ball. The contact pressure 
and sliding values on the sample are interpolated from the 
closest four nodes of the alumina ball using shape func-
tions and a multivariable Newton–Raphson to solve the 
resulting equation system.

Displacement in all directions and rotation on Y-axis 
was restricted for the bottom face of the sample. The top 
face of the alumina ball was tied to a reference point where 
the boundary conditions and loads were applied. The refer-
ence point was restricted to move only on the y-direction 
on the loading and unloading steps, and the movement 
was defined on it for the sliding steps. A schematic for the 
restriction can be found in Fig. 3a and b. In Fig. 3c and d, 
it can be appreciated that the contact zone in the model 
has a much-refined element size (Telem = 0.03 mm). This 
behavior has been implemented by several authors [3, 9, 
17–20]and is needed for the convergence of the model.

Initially, a DN value of 500 cycles and a normal load of 
5 N were fixed, and four contact elements were considered. 
In Fig. 4a, the contact pressure at the end of the loading 
step versus the number of elements can be seen. As the 
number of elements increases, the contact pressure has low 
variability. In Fig. 4b, the maximum wear depth versus the 
number of elements can be found; it can be concluded that 

(4)hi+1 = hi +
(

DN × kD × Pi × ds
)

Fig. 1   UMESHMOTION Implementation flowchart. Source Authors
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Fig. 2   a Example geometry of the model, b flat geometry, and c alumina ball division for meshing stroke = 0.5 mm

Fig. 3   Boundary conditions for solid geometry: a flat and b alumina ball. Mesh with Telem = 0.05 mm and stroke = 0.5 mm for c flat and d alu-
mina ball
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the wear depth has reached independence from the ele-
ment size when Telem is approximately 0.04 mm (19,863 
elements). With contact element size of 0.04 mm and a 
stroke value of 0.5 mm, four DN was considered. Figure 4c 
shows the maximum wear versus the number of steps of 
the analysis that can be found. It can be concluded that 
the model will be independent from this variable for a DN 
value of five hundred cycles (20 steps).

The maximum incrementation time on each of the FEM 
steps is proportional to the sliding distance increment for 
each wear step and, as have been reported, is of great signifi-
cance for the computational expense and the stability of the 
model [9, 12, 20–22]. An adequate maximum incrementa-
tion time must be used as high values can lead to artificial 
roughening resulting in inconsistent results, and low values 
will significantly increase the computational model times.

Equation (5) was used to relate the maximum incremen-
tation time with the element size and the stroke using the 
constant R. In Fig. 4d, the maximum wear depth versus the 
constant R can be found; values of R lesser than 0.5 will have 
a valueless change on the maximum wear depth as can be 

(5)IncMax =
R × Telem

2 × Stroke

concluded from the graphic but will reduce the maximum 
incrementation time and in consequence increase the com-
putational time.

In Fig. 5, the wear scar after the alumina ball retreats as 
the function of the constant R can be appreciated. At high 
incrementation time (higher R values), the displacement 
of the nodes in the direction tangential to the contact (U2) 
displays a significant roughness in the scar, irregularities 
not expected in the wear model. Between Fig. 5d and e, 
improvement on the wear scar can be seen, but the compu-
tational time required is significantly increased.

3 � Results and Discussion

3.1 � Model Validation

Table  1 shows the results and experimental conditions 
obtained by Garcia-Leon et al. [3], which were used to vali-
date the proposed model and its ABAQUS implementation. 
As a result of the previous section, the following param-
eters have been selected for the validation Telem = 0.04 mm, 
DN = 500 cycles, stroke = 10 mm, and R = 0.5.
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Fig. 4   a Contact pressure versus number of elements, b maximum wear depth versus number of elements, c maximum wear depth versus num-
ber of steps and d maximum wear depth versus R constant. Considering Telem = 0.04 mm, stroke = 0.5 mm, DN = 500 cycles
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V. Saikko [23] and Ravikiran and Jahanmir [24]con-
cluded that the wear rate directly depends on the appar-
ent contact pressure. The contact parameter reported by 

Garcia-Leon [3] is summarized in Table 2. The maximum 
contact pressures found in the model are slightly lower 
than reported, as can be found in Table 3. The contact 
pressure after the initial normal load is mildly inferior to 
the reported one using hertz formulation in the literature, 
similar behavior has been reported by Sanchez et al. [25] 
and N. Ye and K. Komvopoulos [26].

Figure 6a shows the Von Misses stress in a section along 
the stroke in the middle of the first wearing step, the peak 
stress, as expected, is in the contact zone, having higher 
values in the early steps and being reduced due to the forma-
tion of the wear scar. Peak values of Von Misses stress of 

Fig. 5   Wear scar for R constant variation: a 1.5, b 1.0, c 0.75, d 0.5 and e 0.25

Table 1   Model validation conditions, speed = 5 mm/s. Source [3]

Load (N) CoF Specific wear rate 
(mm3/Nm) × 10–6

5 0.84 447.4
10 0.70 369.7
20 0.76 397.3

Table 2   Contact mechanics parameter. Source: García-León et al. [3]

Applied 
load (N)

Total sliding distance (m) Max. contact 
pressure (GPa)

Max. shear 
stress (GPa)

5 100 1.37 425.1
10 1.72 535.6
20 2.17 674.8

Table 3   Contact pressure reported and modeled

Load (N) Maximum contact pres-
sure reported (GPa)

Model contact pressure 
after normal loading 
(GPa)

5 1.37 1.299
10 1.72 1.585
20 2.17 1.983
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2.3 MPa with an average value of 950 MPa were found. The 
apparition of the residual stress and the wear scar product 
of the nodes movement of the mesh that simulates the wear 
can also be seen. In Fig. 6b, the stress on the direction of the 
stroke can be seen in the first wearing step; the friction force 
between the alumina ball and the surface creates compres-
sive stress by the pushing force in front of the alumina ball 
and tensile stress behind it. Similar behavior was reported 
for Holmberg [5]. Due to the complexity of the contact and 
the continuous change of the shape of the scar, the values of 
the stress change along with the simulation a maximum ten-
sile value of 644 MPa and compressive values of 1089 MPa 
were found, with average values around 300 MPa for tensile 
and 600 MPa for compressive stress. The maximum values 

were found at later steps on the model when the alumina ball 
direction changes.

The stress distribution in Fig. 6 can be considered non-
accurate as the field steps are concentrated in a few nodes 
(more visible in the early steps of the model), but it is impor-
tant to remember that it is desired to model the wear without 
a major computational requirement. The size of Telem and 
R constant can be further reduced, leading to a much more 
accurate stress field without major changes in the wear depth 
and width but with a considerable increase in the computa-
tional cost needed and leading to model instability due to the 
high deformation near the contact zone. Similarly, artificial 
roughness in the wear scar in the mesh can also be seen in 
Fig. 6; the artificial roughness was controlled with the imple-
mentation of the R constant and as described in Sect. 2.3, 

Fig. 6   a Von Misses stress and b normal stress in the direction of the stroke in a section along the stroke considering Telem = 0.04  mm, 
DN = 500 cycles, and R = 0.5 after first sliding wear
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reduced to values where its influence will be minimum in 
the wear scar. Further reductions of the R constant mean a 
lower step time that increases the number of steps needed in 
the model and a bigger sized file for the resulting database.

In Fig. 7, a comparison between the wear scars reported 
and the one obtained in the model can be found. As can be 
seen in the figure, the measured and predicted worn sur-
face profiles correlate well for the wear depth, but the scar’s 
width is mildly under-estimated behavior similar to that 
found by McColl et al. [12]. As can be found in Table 4, the 
error between the experimental and modeled wear depth is 
under the 18.77% error, slightly higher than the one found 
by Kunal and Ramkumar [13] but with a coarser mesh and 
without the possible controversy of using a non-axisymmet-
ric 2D-Model to model a ball-on-flat contact. The difference 
between the wear scars can be attributed to non-considered 
variables in the model as the debris effect, alignment of the 

experiment, topography of the contact zone [27], tempera-
ture [28], and speed [29] (Fig. 8).

4 � Conclusions

In this paper, the sliding wear behavior of a 3D ball-on-
flat geometry was modeled linking a FORTRAN subroutine 
with ABAQUS. ALE adaptive meshing was used to main-
tain mesh stability and distortion control, UMESMOTION 
subroutine was implemented together with the Archard for-
mulation to displace the nodes and simulate the wear of the 
model.

Contact element size, discretization of the number of 
cycles, and the maximum increasing time (represented by 
the R constant) were analyzed to ensure the independence 
of the model pressure contact and the wear depth from 
the mesh and minimize the computational time required. 
Mesh independence was found for a contact size element 
Telem = 0.04 mm discretization of the number of cycles 
DN = 500 and a relation between the element size and the 
stroke R = 0.5.

A comparison between the maximum contact pressure 
reported by the literature using Hertz formulation and the 
contact pressure at the end of the initial normal loading was 
made, a good agreement between the two values was found 
with a maximum error of 8.61% for the 20 N normal load.

The model was validated using experimental data from 
the literature with an alumina ball radius of 3 mm and nor-
mal load 5, 10, and 20 N with speed 5 m/s and stroke 10 mm. 
A comparison between the experimental data and the model 

-0.09

-0.07

-0.05

-0.03

-0.01

0.01

0.03

0.0 0.5 1.0 1.5 2.0 2.5 3.0

D
ep

th
 (m

m
)

Horizontal Position (mm)

Load 5N Modeled

Load 10N Modeled

Load 20N Modeled

Load 5N Literature

Load 10N Literature

Load 20N Literature

Fig. 7   Modeled and literature wear scars comparison

Table 4   Experimental and modeled wear depth comparison

Normal 
Load (N)

Experimental wear 
depth (µm)

Modeled wear 
depth (µm)

Percentage 
error (%)

5 359 297 17.20
10 509 471 7.46
20 799 649 18.77
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was made, the modeled wear depth was slightly under-esti-
mated with a maximum error of 18.77% for the load of 20 N.
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