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Abstract
In order to predict wear and eventually the life-span of complex mechanical
systems, several hundred thousand operating cycles have to be simulated.
Therefore, a finite element (FE) post-processor is the optimum choice,
considering the computational expense. A wear simulation approach based
on Archard’s wear law is implemented in an FE post-processor that works
in association with a commercial FE package, ABAQUS, for solving the
general deformable–deformable contact problem. Local wear is computed and
then integrated over the sliding distance using the Euler integration scheme.
The wear simulation tool works in a loop and performs a series of static
FE-simulations with updated surface geometries to get a realistic contact
pressure distribution on the contacting surfaces. It will be demonstrated that
this efficient approach can simulate wear on both two-dimensional and three-
dimensional surface topologies. The wear on both the interacting surfaces is
computed using the contact pressure distribution from a two-dimensional or
three-dimensional simulation, depending on the case. After every wear step
the geometry is re-meshed to correct the deformed mesh due to wear, thus
ensuring a fairly uniform mesh for further processing. The importance and
suitability of such a wear simulation tool will be enunciated in this paper.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Wear of engineering components is a critical factor influencing their service life-span and often
having a far-reaching economic consequence at national economic scales (see [1, 2]). In the
German industrial norm—DIN 50320 wear is defined as ‘the progressive loss of material
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from the surface of a solid body due to mechanical action, i.e. the contact and relative motion
against a solid, liquid or gaseous counter body’ [1]. It is well known that the phenomena of
wear are among the most complex and difficult to model of all mechanical events, primarily
due to the complex structure of engineering surfaces, severe deformation in the contact region,
frictional heat generation, presence of contaminants and wear debris, lubrication, atomic range
interactions, chemical reactions on the contact surfaces, etc. Due to the challenges that wear
offers and its extreme importance to engineering, it has been a subject of intense scientific and
empirical investigations, with mechanistic insights that can explain qualitatively a wide variety
of wear phenomena reasonably well [3]. The literature is rich with wear equations (e.g. see
[4, 5]) where nearly 300 wear/friction models are identified involving an enormous spectrum
of materials and operating parameters. In spite of the large number of wear models found
in the literature, no model can predict wear with reasonable accuracy a priori based only on
material properties and contact information [6].

Sliding wear, which is the subject of this work, is mechanistically more complex than
certain other forms of wear because it not only involves the cutting and ploughing included
in abrasive wear but also the adhesion of asperities, wear debris, sub-surface crack initiation
and growth, the transfer of material to and from the mating surfaces, subtle changes in surface
roughness during running in, tribo-chemical film formation and many other processes [7].
Due to the above said complexities, it would be a formidable task if not impossible to derive
a wear equation from first principles that describes sliding wear satisfactorily and that is truly
predictive in nature. Archard was the first to propose a phenomenological wear model to
describe sliding wear. It assumes that the critical parameters in sliding wear are the stress field
in the contact and the relative sliding distance between the contacting surfaces [8]. Due to the
extreme complexity involved in modelling wear, the constant of proportionality in Archard’s
wear model, commonly termed as the Archard’s wear coefficient, has been interpreted in
various ways in the literature: (i) as the fraction of the asperities yielding wear particles, (ii) as
the ratio of the volume worn to the volume deformed, (iii) as a factor inversely proportional to
a critical number of load cycles, (iv) as a factor reflecting the inefficiencies associated with the
various processes involved in generating wear particles and (v) the number of repeated asperity
encounters for producing rupture, etc [9]. Depending on the preferences of the various authors,
a particular definition for the wear coefficient is chosen. Mild wear can be described fairly
accurately and conveniently on a global scale with Archard’s wear model in spite of the fact that
it is phenomenological in nature and gives little insight into the dominant wear mechanisms.

The advent of modern high performance computers and the rapid development of methods
for solving non-linear problems with finite element (FE) analysis have paved the way for
devising novel techniques to simulate wear. Simulation of wear involves solution of a general
contact problem, which is highly non-linear due to the contact boundary conditions between
the interacting surfaces. Research on simulating wear, from the available literature, can be
divided broadly into two approaches:

(1) The first method is to implement directly a wear model into the material law of an FE
analysis. However this should be implemented at the element level, since the information
about the surface normal is only available at this level. Often simple wear models
like Archard’s wear model are implemented. In [10], a modification of Archard’s
wear model is implemented in which the hardness of the softer material is allowed to
be a function of temperature; other features like surface evolution due to wear, finite
deformation thermo-plasticity and frictional contact were included. In [11], a user-
defined contact and wear FE is implemented that activates the appropriate predominant
wear mechanism, depending on the sliding velocity and the normal load from the wear
mechanism maps of steel on steel as developed in [12]. A numerical model for simulating
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the frictional wear behaviour is presented within a fully non-linear kinematical setting,
including large slip and finite deformations in [13].

(2) A faster and efficient approach is to process (post-processing) the FE results obtained
from the solution of a general contact problem with a suitable wear model to compute the
progress of wear for a given time interval/sliding distance. In [14–16] a computational
approach for predicting sliding wear is proposed based on the theory that due to
repeated asperity contact, there is accumulation of plastic strain with every loading event
(ratcheting). When the accumulated strain exceeds a critical value, the material is said
to have failed or worn out. The theory was developed in [17]. The wear simulation in
[18–22] is based on Archard’s wear model.

It can be inferred from the preceding that both the approaches that have been attempted
so far have their own advantages and disadvantages. It can be seen that in the first approach
simple wear models have been implemented into the material law or user-defined elements are
implemented, which make use of wear maps that are rather specific to the testing conditions.
Such approaches, however, are of little significance in predicting the life-span of an engineering
component where several thousand operating cycles need to be simulated, which can be
computationally very expensive. The main shortcomings of the post-processors developed
so far are: (i) determination of wear is on only one of the interacting surfaces since the FE
contact results are available only on one of the surfaces, (ii) there is a lack of a re-meshing
technique and so the maximum wear is limited by the surface element height and (iii) they cater
to two-dimensional geometries, axi-symmetric in most cases, which are unrealistic where a
general contact situation is encountered.

The objectives of this work are to develop a FE post-processor that can simulate wear on
all the interacting surfaces, that implements a re-meshing technique and that can be used to
simulate both two-dimensional and three-dimensional geometries. Such a tool would allow
prediction of the life-span of an engineering component, where several thousand operating
cycles have to be simulated, and later can also allow parametric studies of the wear phenomena.

2. Wear-Processor methodology

In this section, the methodology of a wear simulation tool, which we call the ‘Wear-Processor’
is presented. One of the foremost things that should be borne in mind about the Wear-Processor
is that it does not aim to simulate the entire sliding process with FE analysis but instead solves
a general deformable–deformable contact problem a number of times at different stages of the
sliding process, with the surface updated at each stage to be as realistic as possible. The FE
analysis is carried out with the commercial FE package ABAQUS [23]. In figure 1 the Wear-
Processor is represented by the entire shaded region. The process begins with the solution of a
general deformable–deformable FE contact simulation which involves explicit modelling of the
contact geometry, selecting a material model, supplying the coefficient of friction and applying
the necessary boundary condition. While creating the FE model of the contact problem, the
elements that make up the interacting surfaces are grouped and the results are requested only
for these surface elements. The working of the Wear-Processor begins with reading of the
binary coded results from the contact simulation with an interface program (FE-Post).

The surface nodes from the surface element groups are detected by the Wear-Processor.
Inward surface normal vectors at each of the surface node are computed based on whether
the contact problem is two-dimensional or three-dimensional. The contact pressure at each of
the surface nodes is computed from the normal vector and the stress tensor averaged at each
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Figure 1. Flow chart for the working of the Wear-Processor.

surface node as

tj = σijni,

p = tj nj ,
(1)

where tj is the traction vector, σij is the stress tensor, ni is the inward surface normal vector at
the corresponding surface node, the subscripts i and j correspond to the tensor components in
two-dimensional or three-dimensional space depending on the contact situation and p is the
contact pressure at each surface node.

The Wear-Processor implements Archard’s wear model to calculate the linear wear at each
of the surface nodes. The wear model is implemented at the local scale, which considers the
current contact pressure and the node location as

VW

s
= kDFN,

h

s
= kDp,

(2)

where VW is the wear volume, s is the sliding distance, kD is the dimensional wear coefficient,
h is the linear wear, FN is the applied normal load and p is the contact pressure at each
surface node.

In the Wear-Processor, the above wear law is discretized with respect to the sliding
distance as

dh

ds
= kDp. (3)

The Euler integration scheme is used to integrate the wear law over the sliding distance as

hj = hj−1 + �hj , (4)

where hj is the total wear up to the j th wear step, hj−1 is the total wear up to the (j − 1)th
wear step and �hj is the wear amount for the j th (current) wear step.
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The surface nodes are then shifted in the direction of the inward surface normal, depending
on the amount of wear at that node. But in this way we will be limited by the surface element
height, which means that the surface elements have to be meshed in such a way that they
have enough height to accommodate the entire sliding distance that is planned to be simulated;
otherwise at some later stage there will be FE degeneracies. But such a strategy for meshing
will affect the accuracy of the FE results. It is not affordable to have a coarse mesh in the contact
region unless the accuracy of the results can be compromised. In order to achieve the highest
possible accuracy in the FE results and at the same time accommodate the wear on the surface
for the entire planned sliding distance, we have to re-mesh the model at the end of each wear
step. This is indicated as ‘Remeshing’ in figure 1. The re-meshing of the model allows for
the correction of the deformed (due to wear) mesh at the surface, by shifting the nodes at the
interior of the model proportional to the amount of wear at the surface nodes.

Once the linear wear at a surface node in a particular wear step has reached a certain
percentage (denoted by δ in figure 1) of the corresponding surface element height in the current
wear step, then the wear processing is stopped in order to re-mesh the model. An efficient and
simple method of re-meshing the model is employed in the Wear-Processor as described in [24].
A linear static FE-simulation of the very same model as that used in the contact simulation
is performed, where the computed wear is applied as a displacement boundary condition on
the corresponding surface nodes. The model for this linear static simulation differs from the
contact simulation model only with respect to the applied boundary conditions. Here, the
contact boundary conditions are no more required; instead the model is fixed in space at
its geometrical boundary except at the surface nodes. At the surface nodes, the previously
computed linear wear is applied as a displacement boundary condition. The nodal coordinates
added to its displacement at the end of this linear simulation will now form the reference
configuration for the next wear step.

The size of the wear step (the amount of sliding performed in each wear step) directly
affects the accuracy of the wear processing. The larger the size of the wear step, the larger
will be the error and vice versa, owing to the considerable change in the contact area and thus
the stress field. But at the same time, the finer the size of the wear step, the higher will be the
number of contact simulations required, which forms the bottleneck as far as the computation
time is concerned. It should be noted that one wear step corresponds to execution of all the
processes in traversing the main loop of the Wear-Processor shown in figure 1.

In order to visualize the progress of wear, the displacement due to wear at each of the
nodes is added to the corresponding elastic displacement at the end of each wear step to get
the respective total displacement. These results are written to an ABAQUS compatible file
(Wear-Post), which can then be read by a FE post-processor.

3. Use of the Wear-Processor for simulating axi-symmetric dry sliding contact

The simplest of the wear simulation problems are the ones that can be represented by an axi-
symmetric model. The reason for their simplicity is the fact that the surfaces of the interacting
bodies which are initially in contact will remain in contact throughout the wearing process
and the calculation of the surface normal vector at each surface node is simpler owing to their
two-dimensional geometry and so is the computation of wear. Here we take the example of
a hemispherical brass ring rotating on a flat steel ring (‘ring-on-ring’) in dry sliding contact
for computing the progress of wear using the Wear-Processor. The geometrical details and
the material properties used in the simulation are shown in figure 2, where E is the Young’s
modulus and ν is the Poisson’s ratio. The top hemispherical ring is loaded with a pressure of
3000 N mm−2, and the bottom surface nodes of the lower ring are fixed in space. Ring-on-ring
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E = 110 × 103 N/mm2 E = 200 × 103 N/mm2

Figure 2. Hemispherical brass ring rotating over a flat steel ring in dry sliding contact.

is a typical axi-symmetric sliding contact problem where initially there is a non-conformal
contact (Hertzian contact), which begins to conform with sliding due to wear. An elastic
material law and a deformable–deformable contact were used in the FE-simulations.

3.1. Computation of the normal vector

For computation of the contact pressure using (1) at each surface node in the model, the surface
normal vector at the corresponding nodes has to be calculated. For a two-dimensional geometry
the surface normal vector at a particular surface node can be calculated using (5):

rk
i nk

i = 0 ∀k, (5)

where rk
i is the vector formed by an edge of a two-dimensional element at the surface, nk

i is the
inward or outward surface normal vector, the subscript i corresponds to the tensor components
in two-dimensional space and the superscript k denotes the corresponding vectors associated
with the considered surface node which are shown in greater detail in figure 3.

The determination of the inward surface normal is done by enforcing the following
condition,

nk
i si � 0 ∀k, (6)

where si is the vector formed by the surface node concerned and the node at the interior of
this surface node. The unit average normal vector from the above computed normal vectors is
determined according to (7).

ni = 1

‖nk
i + nl

i‖
[nk

i + nl
i] ∀k, l, (7)

where the superscripts k and l denote the corresponding vectors associated with the considered
surface node which are shown in detail in figure 3.
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Figure 3. Calculation of inward surface normal vector for a two-dimensional FE model.

(a) (b)

Figure 4. FE mesh of a hemispherical ring on a flat ring before (a) and after (b) 6 × 105 rotations;
elastic deformations are not shown.

Once the normal vector for each surface node is calculated, the corresponding wear amount
is computed according to equations (1) and (2).

3.2. Results and discussion

The results from the wear simulation with our Wear-Processor for the ring-on-ring problem are
presented in this section. Figures 4(a) and (b) shows the initial and worn-out mesh for the ring-
on-ring problem. The elastic deformations are not included in the worn-out mesh. It can be
seen from figure 4(b) that the wear on the upper hemispherical brass ring is more than the wear
on the lower flat steel ring due to the difference in the wear coefficients for the two materials.
Additionally, due to the re-meshing after each wear step, the mesh is fairly uniform in the
contact region after accommodating wear compared with the un-worn condition in figure 4(a).
A typical result from the wear simulation is presented in figures 5–7. In figures 5(a)–( f ), the
stresses normal to the contact are plotted on the upper and the lower rings in the contact region
at different stages of sliding. It can be observed from figures 5(a)–( f ) that, with the progress
of sliding, the contact area increases because the two tribo-elements conform to each other
and as a result the contact pressure decreases progressively. It should be noted that the plots
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Figure 5. σyy plotted on a zoomed section of the contact between the upper hemispherical brass
ring and the lower flat steel ring at different stages of sliding: (a) initially when contact takes
place; (b) after 9.9E+04 rotations; (c) after 2.2E+05 rotations; (d) after 3.5E+05 rotations; (e) after
4.7E+05 rotations; ( f ) after 6.0E+05 rotations. The range of the spectrum for all the plots is
the same.

have the same range for the spectrum. The absolute value of the stresses can be obtained from
figure 6(a).

The same results are plotted in the form of a graph in figure 6(a) for the initial and final
configurations (after 6 × 105 rotations of the upper ring against the lower ring). For reference
the contact pressure values obtained from the ‘Hertz formula’ described elaborately in [25]
have also been plotted in the same graph.

The curves are plotted on the surface nodes of the lower ring in the contact region.
Figure 6(b) shows the change in displacement (elastic displacement + displacement due to
wear) in the y-direction at the surface nodes in the contact region before and after wear.
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Figure 6. Graph of σyy versus x-coordinate (a) and graph of uyy versus x-coordinate (b) at surface
nodes in the contact region on the lower flat ring.

No of Rotations × 103 [ - ]

Figure 7. Progress of wear on the upper (brass) and lower (steel) ring surfaces in the contact region.

The progress of wear over the sliding distance (number of rotations) on the upper and
lower ring surfaces is shown in figure 7. It can be seen that the slope of the curves is steadily
decreasing, owing to the fact that, as the contact widens, the linear wear per unit sliding
distance decreases continuously. This is termed as ‘running-in’ in the literature. In [19, 26],
it can be found that the wear coefficient for brass is around four times higher than that for
steel. Therefore the dimensional wear coefficient for the brass ring has been chosen as
kD = 8 × 10−13 mm3 N−1 mm−1 and that for the steel ring is kD = 2 × 10−13 mm3 N−1 mm−1.
It can be seen from figure 7 that the wear on both the surfaces progresses according to Archard’s
wear law, where the parameters involved are their respective wear coefficients, the local contact
pressure and the sliding distance. The upper brass ring wears out faster than the lower steel
ring because the wear coefficient chosen for brass is around four times higher than that for the
steel ring. At this stage it should be noted that the wear simulation tool is able to handle the
wear of two components made of different materials.

One of the highlights of the Wear-Processor from the computational expense viewpoint is
the implementation of the re-meshing step. In figure 8 it can be seen that the number of contact
simulations required with and without re-meshing is nearly half for a value of δ (explained in
section 2) less than 50%.

In order to make a comparison, the maximum sliding distance that can be set (smax in
figure 1) should not result in a wear that is more than the surface element height. In such
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Figure 8. Comparison of the number of contact simulations required for different values of δ with
re-meshing and without re-meshing for performing 6 × 105 rotations.

a scenario, the obvious advantage of re-meshing can be seen, when δ values are small, and
at least a few contact simulations are needed to attain the pre-set maximum sliding distance.
When re-meshing is used, the allowable sliding distance for each wear step is higher and thus
requires a smaller number of contact simulations to simulate a pre-set sliding distance, denoted
by smax in figure 1, while when re-meshing is not used, the surface elements are continuously
worn out and so the allowable sliding distance for each wear step is comparatively lower and is
continuously decreasing, thus requiring more contact simulations for the same pre-determined
maximum sliding distance. For larger values of δ, the entire smax can be simulated in two wear
steps, and thus we will not be able to see the advantages of the re-meshing in these cases.
The real advantage of re-meshing is the seemingly limitless smax that can be set. Therefore
the re-meshing step speeds up the wear simulation significantly as the solution of the contact
problem takes the maximum computation time in the entire process. The other advantage of
re-meshing is the maintenance of a fairly uniform mesh throughout the wearing process, thus
assuring the accuracy of the FE analysis.

4. Use of the Wear-Processor for simulating three-dimensional quasi-static dry sliding
contact

In this section the use of the Wear-Processor for simulating wear on a loaded steel spherical
pin sliding over a steel disc (‘pin-on-disc’) will be discussed.

The geometrical details and the material properties of the pin and the disc used in the
simulation are shown in figure 9. The top surface of the pin is loaded with a force of 20 N as an
equivalent pressure. The choice of the load in the three-dimensional case is around three orders
of magnitude less than in the previously discussed two-dimensional case. In this part of our
work, we demonstrate our approach for three-dimensional cases by simulating wear on the
pin-on-disc as it is a standard tribological experiment. Pin-on-disc is an interesting three-
dimensional sliding contact problem because the initial contact is Hertzian and it begins to
conform (non-Hertzian contact) with sliding as a result of wear. An elastic material law and a
deformable–deformable contact were used in the FE-simulations.
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E = 200 × 103 N/mm2

Figure 9. Modelling of a spherical steel pin revolving over a steel disc in dry sliding contact.

4.1. Computation of the normal vector

The computation of the inward surface normal vector at each of the surface nodes is a bit more
complicated than the previously discussed axi-symmetric case.

Figure 10 shows a typical three-dimensional FE surface topology. The surface normal
vector at each of the surface nodes is calculated by performing the following vector cross
product,

n
p

k = εijkr
q

i rr
j ∀p, q, r, (8)

where r
q

i and rr
j are the vectors formed by connecting the surface node concerned and its

neighbouring nodes, n
p

k is the corresponding inward or outward surface normal and εijk is the
permutation symbol, the subscripts i, j and k correspond to the tensor components in three-
dimensional space and the superscripts p, q and r denote the corresponding vectors associated
with the surface node considered, which are elaborately shown in figure 10. The determination
of the inward surface normal vector is done by enforcing the condition explained earlier in (6).
In this case si is the vector formed by connecting the concerned surface node and the node at
the interior of this surface node. The unit average normal vector from the above computed
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Figure 10. Calculation of the inward surface normal for a three-dimensional geometric FE model.

normal vectors is determined according to (9).

ni = 1

‖nl
i + nm

i + nn
i + no

i ‖
[nl

i + nm
i + nn

i + no
i ] ∀l, m, n, o, (9)

where the superscripts l, m, n and o denote the corresponding vectors associated with the
surface node considered, which are shown in figure 10.

4.2. Computation of wear on the disc surface

The next important aspect of simulating wear in such three-dimensional ‘quasi-static’ problems
as the pin-on-disc is the calculation of wear on the disc surface. It can be seen from figure 9 that
the FE model of the disc does not consider the entire disc. Instead, only a small representative
portion of the disc is considered in order to reduce the computation time. Since each surface
node on the disc surface within the wear track comes in contact with the pin surface only
once in one complete revolution of the pin over the disc, we need to consider the computation
of wear on the pin and disc surface separately. The computation of the wear on the pin surface
is simple as the pin surface is always in contact and so is computed according to (2)–(4).

The computation of wear on the disc surface in the wear track should consider the fact that
each of the surface nodes in the contact zone sees the pin approaching it, comes directly above
it and then slides away. It is during this period when the wear takes place on each of these
nodes, depending on the contact pressure that the considered node experiences. Our approach
is not to perform a FE contact simulation for the entire sliding process of the pin over the
disc, which is computationally very expensive if not impossible in view of the large number of
operating cycles. Instead the contact simulations are reduced to the pin pressing the disc and
then sliding over it by one element length in the contact region to include the frictional effects.

In order to calculate the wear on the disc surface nodes, we integrate the contact pressure
over the circumferential length at various radii, r , of the wear track as

h = kD

∫
p ds, (10)

where kD is the dimensional wear coefficient, h is the linear wear on the disc surface, p is the
contact pressure at each grid point on particular radii and s is the circumferential length.
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Figure 11. A grid of imaginary points superimposed on the plot for the distribution of stress in the
y-direction on the part of the top surface of the disc that engages with the pin.

The above integration can only be performed if the FE surface nodes are located at definite
radii, which means that we apply restrictions on the way the model is meshed. Our experience
is that a mesh restricted in such a way does not yield good results. Since we consider only a
very small representative portion of the actual disc in the FE model as shown in figure 9, the
wear calculated at each radius should be representative of the wear on any point in the wear
track of the real disc. This drawback of a restricted mesh is overcome by interpolating the
contact pressure onto a grid of points that are located at definite pre-determined radii (of the
wear track) from the centre of the whole disc. Figure 11 shows the grid of points superimposed
on a plot for the stresses in the y-direction (normal to the contact). However, as our quantity
of interest is the contact pressure, it would be sufficient if we consider the face of the three-
dimensional surface element that forms the contact surface, which is basically the same as a
two-dimensional, four-node element.

To interpolate the contact pressure from the surface nodes onto each of the points of
the imaginary grid, the concerned point has to be first identified with the three-dimensional
surface element face that it is located on. Figure 12 enunciates the method of detection of the
three-dimensional surface element face that contains a particular point of the imaginary grid.
To determine if a grid point q is located inside a particular surface element face or not, three
vectors for each of the surface nodes that make up the surface element face are constructed.
The edges of the surface element are stored as vectors (edge vector) and the corresponding
normal vectors are constructed by enforcing the following vector scalar product:

rk
i nk

i = 0 ∀k, (11)

where rk
i is the edge of a surface element face, nk

i is the normal vector to the corresponding edge
vectors, the subscripts i correspond to the tensor components in two-dimensional space and the
superscript k denotes the corresponding vectors associated with the considered surface node,
which are shown in figure 12. Additional vectors connecting the surface nodes belonging to
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Figure 12. Detection of the surface element on which the grid point is located.

an element and the point of the imaginary grid are constructed. If the grid point is to be located
within the considered surface element, then the following condition should be satisfied,

nk
i q

k
i � 0 ∀k, (12)

where qk
i is the vector connecting the nodes and the grid point q, the subscripts i correspond

to the tensor components in two-dimensional space and the superscripts k denote the
corresponding vectors associated with the surface node considered, which are shown in
figure 12.

Once the grid point is determined to be contained in a particular three-dimensional surface
element face, the previously computed contact pressures (see (1)) at the surface nodes have to
be interpolated onto the grid point. Since the location of the grid point in the element local
coordinate system is not known but its location in the global coordinate system is known, a
polynomial function of the type in equation (13) has to be solved for the coefficients α1, α2,
α3, α4 at each of the four nodes using the Gaussian elimination method.

pi = α1 + α2xi + α3zi + α4xizi, (13)

where xi and zi are the global coordinates of the surface nodes that make up the surface
element face and the subscripts i correspond to the surface nodes of the corresponding three-
dimensional element face and pi is the respective contact pressure. Once the coefficients
in (13) are calculated, the contact pressure can be interpolated onto the grid point using (14).
Such a computation is performed for every point on the imaginary grid.

p(x, z) = α1 + α2x + α3z + α4xz. (14)

The integration of the contact pressure along various radii indicated by the curved arrow in
figure 11 is computed according to equation (10).
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Now, the wear on each of the surface nodes of the disc in the wear track can be interpolated
from the above computed wear values at various radii. As far as the computation of the wear on
the pin surface is concerned, the computed unit normal vector is used to calculate the contact
pressure on the concerned node as in equation (1) and finally the contact pressure is used to
compute wear according to equation (2).

4.3. Results and discussion

The results from the wear simulation for the pin-on-disc are presented in this section. The value
for the dimensional wear coefficient (kD = 2 × 10−13 mm3 N−1 mm−1) is the same for both
the steel pin and the steel disc. The progressive decrease in the contact pressure as the sliding
progresses can be qualitatively compared with the ring-on-ring case shown in figures 5(a)–( f ).
However, in the pin-on-disc problem there is a difference in the stress distribution along the
sliding direction due to the non-axi-symmetric boundary conditions. This stress distribution is
a result of the friction and cannot be ignored for the computation of wear. Figures 13(a)–( f )
shows the evolution of the developed stresses along the sliding direction at different stages of
sliding as the wear progresses. In figures 13(a)–( f ), the stresses in the direction of sliding are
plotted on the cross section (along the sliding direction) of the pin and the disc in the contact
region. It should be noted that the plots have the same range for the spectrum. The absolute
value of the stresses can be obtained from figure 14(b).

Figure 14(a) shows a graph of the stress in the normal direction to the contact plotted
against the location perpendicular to the sliding direction. It shows the stress distribution for
the initial and final configurations (after 1.93E+05 revolutions of the loaded spherical pin over
the disc). For reference the contact pressure values obtained from the Hertz formula, described
elaborately in [25], has also been plotted in figure 14(a)

Figure 14(b) essentially shows the same results as figure 13 in the form of a graph for
the initial and final configurations (after 1.93E+05 revolutions of the loaded spherical pin over
the disc). It should be noted that the graphs are plotted at the surface nodes on the disc in the
contact region. The values obtained from the analytical solution (see [25] for further details)
are also plotted on the same graph. It can be seen from these graphs that a good agreement
exists between the simulated (FE) values of the stress and those of the analytical solution,
proving the suitability of the boundary conditions. The analytical computation of the stresses
is shown only for the initial configuration (before wear) of the spherical pin and the flat disc
with elastic material properties. The displacement in the normal direction to the contact before
and after wear is plotted in figure 15(a).

A comparison between figures 15(a) and 6(b) shows that the total displacement (elastic +
wear) after wear is lower than the corresponding total displacement before wear in the central
region of the contact for the pin-on-disc case. The reason for this qualitative difference comes
from the fact that the graph is plotted on the disc surface nodes in the contact region, and so for
the pin-on-disc problem, the displacement due to wear is just 3% of the total displacement while
for the ring-on-ring case the contribution from wear is around 42% of the total displacement.
This difference is due to the fact that the two tribo-elements are in contact throughout the
sliding duration in the two-dimensional case, while in the three-dimensional case each point
on the disc in the wear track comes in contact with the pin only once per revolution. The
roughening of the evolved surface due to wear is because of numerical restrictions related to
the discretization. A finer FE mesh and a smaller wear step size can help in reducing the
problem. But such a strategy increases the computation time enormously. It can be seen
from figure 15(b) that as the sliding progresses, the contact area increases, thus decreasing
the stresses in the contact region. The progress of wear over the sliding distance (number of
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(a)

(c)

(e) (f)

(d)

(b)

Figure 13. σzz plotted on a zoomed cross section (along the sliding direction) of the contact between
the spherical steel pin and the steel disc at different stages of sliding: (a) initially when contact takes
place; (b) after 3.7E+04 revolutions; (c) after 7.9E+04 revolutions; (d) after 1.1E+05 revolutions;
(e) after 1.4E+05 revolutions; ( f ) after 1.93E+05 revolutions. The range of the spectrum for all
the plots is the same.

revolutions) on the pin and the disc surfaces is shown in figure 16. It can be seen from figure 16
that the slope of the curve for the pin is steadily decreasing, owing to the fact that the severity
of wear is decreasing as the contact conforms and so the linear wear continuously decreases.
The difference in the amount of wear on the pin and the disc surface is simply due to the fact
that each point on the pin is in contact for a much longer time than the points on the disc surface
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Figure 14. Graph of σyy versus x-coordinate (a) and graph of σzz versus z-coordinate (b) at the
surface nodes in the contact region of the disc.
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Figure 15. Graph of uyy versus x-coordinate (a) at the surface nodes in the contact region of the
disc and (b) graph of contact area versus number of revolutions of the pin over the disc.
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Figure 16. Graph of progress of wear versus number of revolutions of the pin over the disc.
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in the wear track. These results can be qualitatively compared with the experimental works
found in [19, 27–29]. In [27], it was found that the wear on the disc was less than one-tenth
that of the pin, and in the other quoted works, the wear on the disc was negligible.

5. Conclusion

The accuracy of FE based simulation of dry sliding wear is very sensitive to the size of the
wear step and also the FE discretization of the contacting bodies. Decreasing the length of the
wear step increases the number of contact simulations and thus increases the computational
time exorbitantly. The solution of the general contact problem in FEM is non-linear and, hence
forms the bottleneck. A good discretization and suitable boundary conditions on a case-by-
case basis have to be found so that the computation time is minimized and at the same time
the results are sufficiently accurate.

The software tool developed in this work was implemented for both two-dimensional
and three-dimensional geometries. As the Wear-Processor computes the surface normal
vectors based on the current element topology, calculation of the contact pressures, and thus
computation of wear, is possible for both interacting surfaces. The Wear-Processor employs an
efficient re-meshing technique, so that the surface element height does not limit the simulation
of a pre-determined sliding distance. It also allows a very good FE discretization, depending
on the user’s choice. The artificial roughening of the evolved surfaces is due to the numerical
restrictions resulting from a coarse mesh and so can be minimized by refining the mesh and/or
reducing the length of the wear step.

It should be noted that the objective of this paper is to demonstrate the performance
of our wear simulation tool. Therefore the values chosen for the wear coefficient (kD =
2 × 10−13 mm3 N−1 mm−1 for steel and kD = 8 × 10−13 mm3 N−1 mm−1 for brass), the
coefficient of friction (µ = 0.5) and the applied load are such that they give a significant effect.
The software tool can handle the interaction of tribo-elements made of different materials,
which have different wear coefficients. The wear simulation tool provides a platform for
appyling different wear models and can also be used for parametric studies of wear phenomena
with the goal of understanding the complex dependences that are outlined in the introduction.
One strategy could be to start with the simplest wear model and then compare the final topology
of the evolved surfaces. This way, we will be able to see what additional parameters are
necessary to fit the results from the simulation with those from the experiments. Thus we
will be able to characterize the dependence of the contact pressure, velocity, etc on the wear
coefficient. However the long-term aim should be to implement this methodology to predict
the life-span of an engineering component.
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