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Machine components operating in sandy environments will wear because of the abrasive interaction with
sand particles. In this work, a method is derived to predict the amount of wear caused by such abrasive
action, in order to improve the maintenance concept of the components. A ﬁnite element model is used
to simulate various tips scratching a smooth surface. The model is veriﬁed by comparing the obtained
results with a set of experiments performed earlier (M. Woldman, et al., 2013, Wear, 301(1–2), pp 76–81).
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Introduction
Abrasive wear of machine components is a problem for equipment operating in sandy environments. The damage inﬂicted
on, for example, plain and roller bearings affects the performance of the machine, reducing maintenance intervals and
ultimately leading to failure. In order to optimize the maintenance strategy and prevent failure from arising, it has to be
possible to understand and predict the abrasive process. In this
work, a model is proposed to predict third-body abrasive wear
rates and to help understand the abrasive wear process.
Abrasion is a rather complex process that is inﬂuenced by a
variety of parameters, ranging from the properties of the
contacting materials to the environmental and operating conditions, such as applied loads and relative humidity. In thirdbody abrasion, the properties of the particles that cause wear
have a great inﬂuence, according to, for example, Woldman, et
al. (1), Stachowiak and Stachowiak (2) and Williams (3). The
most important particle properties that inﬂuence abrasive wear
are the size, shape, and hardness. Although substantial research
effort has been put into establishing the relationships between
these parameters and abrasion (De Pellegrin and Stachowiak

(4), (5); De Pellegrin, et al. (6); Gahlin and Jacobson (7); Hutchings (8); Misra and Finnie (9); Sin, et al. (10); Xie and Bhushan
(11); Jourani and Bouvier (12); Zhou, et al. (13)), the mechanisms are still not fully understood and more in-depth knowledge is required to be able to deﬁne and quantify the
relationships in a more general way. One way of doing this is
with the help of a numerical model for the interaction between
abrading particles and abraded surfaces.
Various papers discuss the application of ﬁnite element
modeling techniques to study material removal processes (see,
e.g., Fang, et al. (14); Jain, et al. (15); Maekawa (16); Tian and
Saka (17); Schermann, et al. (18); Mamalis, et al. (19)). These
models are typically applied to subtractive manufacturing
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processes such as cutting (Maekawa (16); Schermann, et al.
(18)) or abrasive ﬂow machining (Jain, et al. (15)). In these
manufacturing processes, the mechanisms underlying material
removal are similar to those encountered during abrasive wear.
During the scratching interaction between an abrasive particle
and a steel surface, material can by removed by a number of
mechanisms (see, e.g., Challen and Oxley (20); Hokkirigawa
and Kato (21); Masen, et al. (22), (23)). Three main wear
regimes can be distinguished that can occur depending on the
loading conditions and the geometry of the abrasive particles.
Under low loads and with rather blunt particles, the main
abrasive regime is ploughing or rubbing and a scratch is formed
due to plastic deformation of the material. Most numerical
models that describe scratching interaction (see, e.g., Fang,
et al. (14); Tian and Saka (17)) are limited to describing this
regime, utilizing an elastic–plastic stress–strain relation to allow
for plastic deformation without actual material removal taking
place. Under more severe conditions and with sharper abrasive
particles, actual material removal occurs and the contact
operates in either the wedge formation or the cutting regime.
To include these two regimes in a numerical model, some kind
of deﬁnition or criterion for material removal is required. This
can be done by implementing published work on machining
and cutting processes (Maekawa (16); Schermann, et al. (18)).
In earlier work by the authors, the inﬂuence of particle size
and shape on the abrasive wear were studied experimentally
(Woldman, et al. (1), (24)). More speciﬁcally, in Woldman,
et al. (1), the inﬂuence of particle size on abrasion was studied
by performing single asperity scratch tests. Spherical SiO2 tips
with varying radii were used to scratch smooth steel surfaces.
In real applications, however, particles will not be spherical but
have a more random shape, which has to be taken into account
to be able to predict the wear arising to a reasonable extent. In
Woldman, et al. (25), particle shape deﬁnitions were derived
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that quantify the shape of random particles as a deviation of a
spherical particle. These ﬁndings need to be veriﬁed in order to
be able to assess the inﬂuence of particle shape on abrasive
wear, which can be done by numerically modeling the experimental setup used in Woldman, et al. (1) and extending this to
situations with various tip sizes. In this way, the particle shape
effect can be veriﬁed and a more general model for the wear
caused by the abrasive action of particles can be derived.
This article discusses a ﬁnite element model for the ploughing and scratching action of an SiO2 tip with a predeﬁned
radius over a smooth steel surface. By using a selection of tips
with their geometry varying from spherical to pyramidal and
verifying them with the results from Woldman, et al. (1), the
shape parameters from Woldman, et al. (25) can be veriﬁed
and a general model for a ploughing and scratching asperity
can be obtained. The setup of the model will be discussed in
the following section. Then the model is veriﬁed and applied to
different tip shapes.

Model deﬁnition
The abrasive wear ﬁnite element model is developed using
Abaqus/Explicit. The explicit option is used to include the
plastic deformations and material removal involved in abrasive
wear processes. The model consists of a discrete rigid tip and a
ﬂat deformable surface. In the simulations the tip is constrained
in all directions, and the surface is positioned under the tip and
moves so that a groove is formed on the surface.
Tip geometry and properties
The initial model for the abrasive medium is the tip used in the
single asperity scratch tests described in Woldman, et al. (1), as
shown in Fig. 1. To minimize the number of elements and
thereby the computational time, the base of the tip is not
modeled entirely. This can be done without introducing errors
because only the tip of the indenter is involved in the scratching
process, and the base is used for clamping and does not
inﬂuence the scratching behavior.
The tip material is quartz and Table 1 gives the relevant properties of this material. During abrasive wear the surfaces deform

Figure 1. Representation of the tip used in the numerical simulations; spherical
R D 50 mm.

Table 1. Mechanical properties of the materials tested.
Material
Hardness (GPa)
Young’s modulus (GPa)
Density (kg/m3)
Poisson’s ratio

Steel (DIN St-52)

Quartz (SiO2)

2
210
7,800
0.30

9.8
73
2,200
0.17

plastically and can be considered nondeformable because the tip is
much harder than the steel surface and practically does not wear
during the scratching movement. These assumptions reduce the
required computation time to solve the numerical model. The
reference point for the rigid body, where in Abaqus the possible
boundary conditions, loads and displacements, and material properties are applied, is deﬁned as the apex of the tip. Although a rigid
body will not deform and therefore the mechanical properties do
not have any effect on the calculated results, Abaqus/Explicit
requires a mass to be speciﬁed. The mass of the tips that were
employed in the single asperity scratch tests discussed in
Woldman, et al. (1) was 18 mg and therefore this value is used in
the numerical model. The tip is fully constrained to prevent it
from moving during the simulation. The meshing of the tip is
kept as coarse as possible to decrease the computational time. The
total number of elements on the tip is 1,200, and the approximate
element size around the apex is 5 mm.
Specimen geometry and material behavior
The surface to be scratched is modeled similar to the steel
specimens used in the single asperity scratch tests. The specimen
material is St. 52, for which the relevant properties are listed in
Table 1. The specimen used in Abaqus is shown in Fig. 2a. It is not
a representation of the complete specimen as used in the experiments in Woldman, et al. (1); only the region that is inﬂuenced by
the scratching movement of the tip is included. By applying
symmetry boundary conditions to the sides, the rest of the
specimen is still taken into account but elements do not need to be
appointed. This is done to decrease the total number of elements
and thus the computational time. Typical wear grooves in
Woldman, et al. (1), resulting from the scratching of a tip with a
radius of 50 mm, is up to a few micrometers deep, with a width on
the order of several tens of micrometers, and therefore the dimensions of the modeled scratched specimen are 300 £ 200 £ 15 mm,
and the dimensions of the individual elements are 1 mm, which is
small enough to ensure that minor changes in the geometry can be
simulated.
The material model for the specimen allows for material
removal, or wear, to occur in the form of plasticity as well as
removal of elements. The plastic material behavior is modeled
by extending the linearly elastic part of the stress–strain curve
with a plastic part beyond the yield point. In Abaqus this is
done by deﬁning tables with values for the stress depending on
the plastic strain for various values of the strain rate (see
Fig. 3), which has been adapted from Majzoobi, et al. (26) for
an St. 52 steel alloy similar to the one that was applied in the
single asperity scratch tests.
To account for damage under compressive stress conditions,
the Johnson-Cook failure model is used (Johnson and Cook
(27)). With this model, the fracture strain is calculated based
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Figure 2. Representation of the specimen used in the numerical simulations (a) with a cross section to show the element size in (b).

on the pressure, strain rate, and temperature. Damage is quantiﬁed by the damage parameter D:
DD

P De
ef

½1

with De the increment of equivalent plastic strain during an
integration cycle and ef the equivalent plastic fracture strain
(Woldman, et al. (24)). Fracture will occur when the equivalent
plastic strain equals the fracture strain; that is, the damage
parameter D is equal to 1. The fracture strain at room temperature is deﬁned as


e f D ½D1 C D2  eD3 s ½1 C D4  ln_e 

½2

in which D1–D4 are constant material parameters as obtained
empirically for steel by Johnson and Cook (27), as listed in
Table 2. The pressure–stress ratio s  and the dimensionless
strain rate e_ and s   1:5 are deﬁned as
sm
s
_
e
e_ D ; with e_ 0 D 1 s¡1
e_ 0

s D

½3

with s m the average normal stress, s the equivalent von Mises
stress, and e_ the actual strain rate.

The Johnson-Cook model (Johnson and Cook (27)) induces
element removal when the strain in an element exceeds the
fracture strain as deﬁned in Eq. [2]. This leads to volume loss
of the surface and thus to wear of the scratched material.
Though the Johnson-Cook model (Johnson and Cook (27))
applies to damage under compressive stress conditions, damage
may also be caused by shear stresses acting in the deforming material. Certainly when large deformations arise, local shear bands
may form; zones of large shear strains cause damage to the material and ultimately lead to failure. In Abaqus, a shear criterion can
be included in the material model to predict the onset of damage
due to this formation of shear bands. Referring to Abaqus (28), the
equivalent plastic strain at the damage initiation can be calculated
as a function of the shear stress ratio and the strain rate. If the
incremental increase in the equivalent plastic strain yields the total
plastic strain to exceed this limit, failure will take place and the
element for which this criterion is met will be removed.
Simulations
As stated in the previous section, the required geometrical features of the model are quite detailed because the radius of the
tip and the scratch depth are in the order of micrometers. In
order to appropriately describe these features, the element size
needs to be of the same order or even smaller.
In simulations performed with Abaqus/Explicit, the critical
time increment Dtcr above which the simulation becomes
unstable is related to the element size according to
Dtcr D

l
c

½4

with l the smallest element length (m) and c the wave speed
along an element (m/s):
rﬃﬃﬃ
E
cD
½5
r
with E the Young’s modulus (Pa) and r the material density
(kg/m3). Describing micrometer-sized changes in the surface
Table 2. Parameter values for the Johnson-Cook model for steel, according to
Woldman, et al. (24).

Figure 3. Plastic material behavior of the steel specimen at different strain
rates (s¡1).

Parameter

Value

D1
D2
D3
D4

0.05
3.44
¡2.12
0.002
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Figure 4. Ratio of internal to kinetic energy in a process depending on the
simulation time.

geometry requires a model with very small elements, and
according to Eq. [5] these small element sizes induce a small
critical time step. In combination with the typically low sliding
speeds of the indenter contact (less than 1 mm/s), this means
that the calculation times for the simulations become very long,
on the order of weeks, even when running the simulations on
multiple processors. To speed up the calculation time, some
computational tricks may be performed.
Firstly, the calculation time can be decreased by increasing
the sliding speed, which is an option when the materials are
not strain rate dependent or when the strain rate dependency
can be changed in order to account for material behavior at
lower speeds. As shown in Fig. 3, in the current situation the
material is strain rate dependent and thus the material’s strain
rate dependencies are artiﬁcially changed to account for
increased sliding speeds. In practice this means that the x-axis
of the curves in Fig. 3 is increased to match the range of the
sliding speed. Thus, the artiﬁcial increase of the sliding speed
from 1 to 9,000 mm/s to speed up the calculation requires the
strain rates to vary accordingly. A comparison between the
results of a slow simulation with the original material stain rate
dependencies and a fast simulation with altered material properties indeed did not show any signiﬁcant differences and hence
the computational speeding up is applied in the present work.
Second, mass scaling can be performed to increase the critical time step. As discussed by Olovsson, et al. (29), a higher

wave speed results in a larger critical time above which the calculation becomes unstable. This can be achieved by artiﬁcially
increasing the material density, as long as the kinetic energy in
the material remains small compared to the internal energy.
Figure 4 shows the ratio of the internal energy and the kinetic
energy as a function of the simulation time when the density of
the scratched sample is increased 10-fold (from 7,800 to
78,000 kg/m3). The ﬁgure shows that the internal-to–kinetic
energy ratio remains large, meaning that the artiﬁcially
increased density does not inﬂuence the simulation results.
Artiﬁcially changing the strain rate sensitivity and the material
density allows an increase in the time step and results in a
decrease in the required computation time from around one
day to around 3 h.
The single asperity scratch tests described in Woldman, et al.
(1) are simulated using the described model, using a stationary
abrading tip and a moving abraded specimen. An important
difference is that the Abaqus/Explicit simulations are performed using displacement-controlled conditions, whereas the
experiments were done with a controlled normal load. The reason for this is that load-controlled simulations can cause the
stiffness matrix to become singular (De Borst, et al. (30)), which
is not possible in displacement-controlled simulations; hence,
displacement control is used in the simulations described in
this article.

Single asperity wear mechanisms
The result of a single asperity scratch test is a groove formed on
the specimen by the sliding movement of the tip across the surface, an example of which is shown in Fig. 5.
Based on experiments and inspired by the slip line models of
Challen and Oxley (20), Hokkirigawa and Kato (21) showed
that there are three primary abrasive mechanisms that may
occur in the contact between a scratching tip and a scratched
surface, with the predominant mechanism depending on the
conditions, such as the applied load or the indentation depth,
quantiﬁed by the degree of penetration, and the friction or the
shear strength of the contacting interface between the two
materials.
At low loads and thus at low values for the degree of penetration, the tip will plough the surface, forming a groove with a
cross section as shown in Fig. 6. In this situation, no actual
material loss takes place; rather, the material is pushed downwards and into the shoulders.

Figure 5. Example of a groove resulting from a single asperity scratch test (a) during the experiment and (b) result of a confocal microscope height proﬁle measurement
(blue is low, red is high). (c) Schematic illustration of the cross section of a wear scar.
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Figure 6. Example of an experimental groove; R D 100 mm, d D 0.002 mm.

The most severe mechanism of abrasive wear is cutting. In
this case almost all material from the groove is removed from
the surface in the form of a chip, and no or hardly any shoulders develop along the sides of the groove. In abrasion, this process is typically only observed under extreme conditions, such
as high loads and very sharp particles.
Wedge formation is a non-steady-state mechanism that
involves a groove being formed and the displaced material
from the groove being collected in a “bow” in front of the moving tip. During scratching the bow will grow and ultimately
break off (i.e., wear will occur), after which the process of bow
initiation and growth restarts.
A scratch and the wear related to the scratching motion can
be quantiﬁed using the degree of wear parameter, which is a
measure for the fraction of the material from the groove that is
actually removed from the surface. Referring to the idealized
schematic cross section of a wear scar shown in Fig. 5c, the
degree of wear b is deﬁned as
bD

Ag ¡ As
Ag

½6

with Ag the groove area and As the shoulder area. A value of
b close to 0 means ploughing, whereas a value close of b is
indicative of cutting and severe wear.
Hokkirigawa, et al. (31) studied the properties of such
grooves and showed that the wear is a function of the degree of
penetration Dp of the scratching tip into the scratched material,
which is deﬁned as
Dp D

2d
:
w

Abaqus. In these single asperity scratch experiments, ploughing
was observed for most values of the indentation depth, whereas
cutting was only observed at extreme loads and typically
resulted in brittle failure of the quartz tips. The aim of the present work is to employ the developed numerical model to reproduce Hokkirigawa, et al.’s (31) experimental curve in Fig. 7. A
correct reproduction will demonstrate that the model is capable
of simulating the three mechanisms for different values of the
degree of penetration and friction.

Veriﬁcation of the model
The numerical model is simulated using the explicit method,
which means that the simulations are numerically unconditionally stable. Therefore, the simulation will always complete and
produce a result, even when the outcomes are physically not
feasible. It is therefore important to verify the results and make
sure they are reasonable. In this section the wear as calculated
using the numerical model will be studied and a curve similar
to the curve shown in Fig. 7 will be obtained. The different
wear regimes will be discussed independently.
Ploughing
In Fig. 8, some results are shown for the ploughing situation by
plotting the cross section of a simulated groove and its corresponding experimental groove.

½7

Figure 7 shows an adaption of one of the curves presented
by Hokkirigawa, et al. (31), showing that the degree of wear
increases with increasing degree of penetration following an
S-shaped curve. The dotted lines indicate the ploughing,
wedging, and cutting wear mechanisms.
The degree of wear parameter is the measure for wear and
the degree of penetration quantiﬁes the relative depth of the
groove and thus the severity of the contact.
In Woldman, et al. (1), single asperity scratch tests were performed on steel surfaces using quartz tips with predeﬁned radii
to study the effects of the indenter size on abrasion. The performed experiments are relatively easy and well controllable;
the geometries are prescribed and all system parameters such
as applied load and the resulting indentation depth are either
known or can be calculated, which enables simulating them in

Figure 7. Degree of wear versus degree of penetration. Adapted from
Hokkirigawa, et al. (31).
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Figure 8. Ploughing results, R D 50 mm, d D 0.001 mm: (a) cross section and comparison with experiment and (b) overview of the simulated groove.

The results in Fig. 8 indicate that the ploughing behavior of
a tip sliding over a surface can be modeled. Ploughing is a predominantly plastic process, without wear or loss of elements in
the model. The simulated groove is similar to the experimental
groove; both the depth of the groove and the shape of the
groove closely resemble each other.
Wedging
For both the wedge formation and cutting mechanisms, actual
wear occurs and elements are removed from the mesh. An
example of a simulated wedging groove is shown in Fig. 9. The
image shows non-steady-state repetitive behavior, showing initiation and growth of the bow. Although the model is capable
of modeling the wedge formation mechanism to a reasonable
extent, more work is required to improve the modeled material
behavior and simulate the correct morphology of the scratch,
because the wedge formation is a dynamic, non-steady-state
regime where transient effects play an important role.

surface interface is an important parameter in the onset of the
cutting regime, and Challen and Oxley (20) showed that a
reduction in the shear strength of the interface will result in an
earlier onset of cutting. The reduced amount of sticking
between the abraded material and the tip prevents the build-up
of the bow and facilitates the formation of a freely moving chip.
By reducing the coefﬁcient of friction in the model from 0.1 to
0.01, a transition from wedge formation to the cutting regime is
obtained in the simulation. This is shown in Fig. 10, where,
after a start-up phase, a groove without shoulders, as is typical
for cutting, can be observed. It can therefore be concluded that
the cutting mechanism can also be simulated and the technique
for element removal can be implemented to model the wear
regimes.
Application of the model to conical tips

Cutting typically takes place for values of the degree of wear
parameter larger than 0.7, resulting in a clear groove with
hardly any shoulders. The shear strength of the indenter–

Hokkirigawa, et al. (31) quantiﬁed abrasive wear by plotting the
degree of wear as a function of the depth of indentation into
the scratched material. A similar plot can now be produced
based on the calculation outcomes of the developed model for
the indenter with a radius of 50 mm, as presented earlier. This
graph is shown in Fig. 11. Indeed, an approximate S-shaped
curve can be observed, and regions for ploughing wedging and
cutting can be distinguished.

Figure 9. Overview of a wedging groove; R D 50 mm, h D 0.002 mm.

Figure 10. Example of a groove created by cutting.

Cutting
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between indentation depth and material removal as calculated
using the model re-creates the characteristic S-shape curve as
presented by Hokkirigawa, et al. (31).
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depth.
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