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Abstract: In 1953 Archard formulated his general law of wear stating that the amount of worn material is
proportional to the normal force and the sliding distance, and is inversely proportional to the hardness of the
material. Five years later in 1958, Rabinowicz suggested a criterion determining the minimum size of wear
particles. Both concepts became very popular due to their simplicity and robustness, but did not give thorough
explanation of the mechanisms involved. It wasn’t until almost 60 years later in 2016 that Aghababaei, Warner
and Molinari (AWM) used quasi-molecular simulations to confirm the Rabinowicz criterion. One of the central
quantities remained the “asperity size”. Because real surfaces have roughness on many length scales, this size is
often ill-defined. The present paper is devoted to two main points: First, we generalize the Rabinowicz-AWM
criterion by introducing an “asperity-free” wear criterion, applicable even to fractal roughness. Second, we
combine our generalized Rabinowicz criterion with the numerical contact mechanics of rough surfaces and
formulate on this basis a deterministic wear model. We identify two types of wear: one leading to the formation
of a modified topography which does not wear further and one showing continuously proceeding wear. In the
latter case we observe regimes of least wear, mild wear and severe wear which have a clear microscopic
interpretation. The worn volume in the region of mild wear occurs typically to be a power law of the normal
force with an exponent not necessarily equal to one. The method provides the worn surface topography after
an initial settling phase as well as the size distribution of wear particles. We analyse different laws of interface
interaction and the corresponding wear laws. A comprehensive parameter study remains a task for future
research.

Keywords: adhesion; plasticity; wear; Archard’s law of wear; Rabinowicz criterion; wear particle emission;
surface topography; boundary element method (BEM)

1 Introduction

Wear is one of the most important tribological
phenomena in practice, affecting the function and the
life time of many mechanical systems. It is a key factor
in technical safety and determines maintenance costs
of many mechanical parts [1] in motion. Wear affects
parts not only in machines and mechanical con-
structions, but also in medicine: many implants,
especially artificial joints, which have to be replaced

after approximately 10 years of service [2] due to
wear. The critical issue with wear can be the change
of shape and function of a system or the fate and
behavior of the material removed in form of wear
particles. Indeed, the emission of wear particles into
the environment increasingly threatens human health
and ecology [3]. When controlled, wear is integral
to many methods of manufacturing and material
processing such as grinding, polishing or sandblasting
[4]. Many areas of technology and medicine are
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strongly interested in controlling wear by increasing
or decreasing it depending on the particular
application.

Despite its importance, wear remains one of the least
scientifically understood tribological phenomena. This
is in part due to the complexity of the processes
influencing wear. These include contact, plasticity,
crack nucleation and propagation, chemical reactions,
material mixing and material transfer between contact
partners and lubricants as well as the formation of
surface layers. Wear is directly connected to the very
broad problem of the tribological “third body”. For
most aspects of friction, wear is not only a consequence
but also a major influencing factor [5].

For wear calculations, the most common prediction
is simply that the wear volume is proportional to the
normal force and sliding distance. As an empirical
assumption, this law was suggested by Reye as early
as 1860 [6] but it took almost a century for wear laws
to be based on models of particular conditions and to
be experimentally validated. In the 1950s, Kruschov
conducted extensive experimental studies on abrasive
wear of metals [7, 8]. Approximately at the same time,
Archard carried out his classical studies of contact
mechanics of rough metal surfaces in unlubricated
conditions [9, 10] and formulated his famous wear
law based on prior works of Holm and Burwell. Today
this type of wear would be referred to as adhesive wear.
Interestingly, both laws of Kruschov and Archard
have the same mathematical form and state that the
worn volume V is proportional to the normal force
F, and the sliding distance s and inversely proportional
to the hardness o, of the softer material:

E
V=g )

9

The constant k is the so called wear coefficient,
whether adhesive or abrasive.

In the case of abrasive wear, the wear coefficient
has a relatively clear physical interpretation based
on the idea of micro-cutting of the softer material
by the asperities of the harder counterpart [11]. The
coefficient of abrasive wear is thus relatively well
defined and ranges from approximately 10~ to 102
It is least when “three-body” wear occurs, e.g., two
metallic parts with loose abrasive particles in between

them, and is most severe for “two-body” abrasive wear,
like a metal piece in contact with sandpaper [11].

In the case of adhesive wear, no clear physical
interpretation of the wear coefficient exists. Archard
did only suggest a first idea of the probability that two
impacting asperities will form a wear particle. In the
following 50 years, there was only little progress
in formulating physical, model-based criteria for the
adhesive wear coefficient. Empirically measured values
of the adhesive wear coefficient are known to differ
by 5 decimal orders of magnitude and also to depend
on the type of materials [11]. This fact makes Eq. (1) a
very poor predictor for the wear behavior of a general
or unknown tribologial system. While the dependencies
on the normal force and the sliding distance may be
approximately valid for any given system in a limited
range of loads, the inverse proportionality of wear
volume to hardness loses direct sense. There is a
widespread opinion that the higher the hardness,
the lower the wear, because the hardness is in the
denominator of Archard’s equation. However, Kragelsky
[12] formulated the exact opposite principle for
minimizing wear—the principle of a positive hardness
gradient. According to it, the hardness at surface
layers must be less than inside the bulk body in order
to avoid catastrophic wear. In Ref. [13], more com-
plicated dependencies of wear rate on hardness are
discussed, including inverse dependencies. A very
good review of different modes of wear as well as
transitions between mild and catastrophic wear is
given in Ref. [14] with the conclusion that “no single
predictive equation or group of limited equations could
be found for general and practical use”. Regrettably,
this conclusion, made in 1995, remained mostly valid
until today.

In the last few years some ideas emerged which
allow a new understanding of the physics of wear. As
happens so often in the history of science, recent
developments just shed new light on old principles.
Aghababaei, Warner and Molinari (AWM) [15] used
an artificial model potential to enable simulation in
relevant length scale in the frame of quasi-molecular
dynamics simulations. Dimaki et al. [16] implemented
a mesh-dependent fracture criterion to achieve the
same in the discrete element method.

The findings of AWM confirmed an old idea that

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



262

Friction 6(3): 260-273 (2018)

was put forward by Rabinowicz in 1958 [17]. In the
criterion of Rabinowicz and the AWM simulations,
the interplay of plasticity and adhesion leads to the
emergence of a characteristic length controlling wear:
If a micro contact is smaller than the characteristic
length, then it will be plastically deformed; if it is
larger than the characteristic length, a wear particle
will emerge. The existence of these two scenarios has
also been observed in recent molecular dynamics
simulations [18]. Combined with advanced numerical
simulation methods of contact between rough surfaces
[19], this new understanding advances the old idea of
Rabinowicz to a new paradigm [19, 20] in the science
of wear. Frérot, Aghababaei and Molinari [21]
re-interpreted Archard’s probability of a given wear
particle to actually emerge as the probability to
encounter an asperity contact capable of forming a wear
particle, according to the deterministic Rabinowicz-
AWM criterion [20]. For the first time this concept
allowed a microscopic, model-based understanding
of the adhesive wear coefficient.

While this concept has enormous attractiveness, it
also has an essential shortcoming: just as the original
Rabinowicz criterion, it is based on the analysis of a
single “asperity”. However, it is widely recognized
that the notion of asperity is poorly defined for real
surfaces having roughness on many length scales.
Molecular dynamic simulations of only two neighboring
surface peaks show that they can behave as one
single asperity if the distance between them is small
enough [21, 22]. The authors of Refs. [23, 24] attempted,
based on the idea of Rabinowicz, to formulate an
asperity-free criterion of forming wear debris. The
present paper can be considered a practical numerical
implementation of the ideas formulated in Refs.
[20, 23, 24]. Based on the asperity-free generalized
Rabinowicz criterion, we develop a model describing
the formation of wear particles and the evolution of
the surface topography.

The paper is organized as follows. In Section 2,
we shortly recapitulate the original arguments of
Rabinowicz as well as the concept of the asperity free
wear criterion formulated in Refs. [23, 24]. In Section 3,
we use the asperity-free concept for designing a model
of wear processes. Section 4 gives the results of
simulations using the formulated wear model. In

Section 5, we discuss the transitions between the
stages least wear, mild wear and severe wear which
have already been discussed by Rabinowicz and are
also found in our simulations. Finally, in Section 6,
we present the main conclusions.

2 Generalized Rabinowicz criterion for
formation of wear debris

We start with the reproduction of the original
Rabinowicz criterion [11, 17, 25]. Consider two micro
heterogeneities colliding and forming a welded bridge,
as suggested in the well-known generic picture of
dry friction suggested by Bowden and Tabor [26] (see
Fig. 1).

The maximum stress that can be achieved in the
welded contact is of the order of the material hardness
0, - The stored elastic energy U, can thus be estimated
as the product of characteristic energy density
0. /(2G) and the characteristic stressed volume D’:

2
O-O 3

uel o=
2G

@)
where G is the shear modulus and D the characteristic
size (diameter) of the joint. If a wear particle was
formed, this energy would relax. The process of
detaching a wear particle can only occur if the stored
elastic energy exceeds the energy needed to create
new free surfaces

U, ~Aw-D? 3)

Here Aw is the work of adhesion per unit area. It
follows that only particles larger than some critical
size D_,, can be detached:

2G-Aw
crit = 2 (4)
oy

Fig. 1 Welded joint of size D created due to impact and
consecutive shear of two asperities.
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Note that this equation predicts only the existence of
a lower bound of the size of wear particles. Possible
mechanisms suppressing the appearance of too large
particles will be discussed later in this paper (see
Sections 3.3 and 5.).

According to Rabinowicz, the key quantity governing
the formation of wear particles is D, the “asperity
size”, which is poorly defined for real surfaces
having fractal character [27]. Looking at a contact
configuration of bodies with fractal rough surfaces
as shown in Fig. 2, we see loosely connected clusters
of contact areas instead of separated asperities. A
thoughtful look at the logic behind the Rabinowicz
criterion reveals that the notion of a single asperity is
in fact not necessary for the application of this logic.
Below we describe the basic idea (as first suggested
in Refs. [23, 24]) of how an energy based wear criterion
can be formulated without it.

In Fig. 2, the contact of an elastic half-space and a
rough surface is shown. The topography was generated
as described in Ref. [28] with roughness having the
Hurst exponent 0.7. Using the BEM implementations
as described in Ref.[19] or Ref. [29], the stress
distribution at the interface can be calculated according
to a particular assumption for the interaction in the
contact surface, e.g., a constant coefficient of friction,
some given tangential flow stress or adhesive
interaction. In Fig. 2(b), the distribution of normal
stress is shown but similar distributions can be easily
produced for all stress components.

The central idea of the generalized Rabinowicz
criterion is the following: Consider a circular region
with arbitrary diameter D centered at an arbitrary point
of the contact interface. In Fig. 2(b), several examples

Fig.2 Numerical simulation of the normal contact between a
rough surface and an elastic half-space: (a) contact area at a given
indentation depth; (b) pressure distribution in the contact.

of such regions with different positions and different
diameters are shown with white circles. If a wear
particle of diameter D is formed at that particular
position, then the surface stresses in the chosen region
will vanish. This leads to the release of the elastic
energy U, which can be estimated with the same
BEM program (description of procedure see next
section). Following the logic of Rabinowicz, the wear
particle can only be formed if

u, > gDzAw )

Thus, probing each surface point with circles of
varying diameter, we can always assess whether the
formation of a wear particle at the given position and
with the given size is possible. Note that this criterion
is completely independent on the notion of “asperity”.
It can be applied to an arbitrary contact configuration,
stress distribution and even to positions which are
not part of the actual contact zone. Equation (5)
identifies parts of material that can detach due to the
elastic energy stored in the corresponding zone. Just
like the original Rabinowicz criterion, Eq. (5) does not
state whether the process of detachment will really
take place. However, molecular simulations of AWM
[15] strongly suggest that it is reasonable to equate
the possibility and the actual occurrence of wear
debris formation: In the following, we will assume
that particles which can be produced energetically
will indeed realize this possibility. In this way, we
obtain a constructive rule to the formation of wear
particles and thereby to the process of surface
evolution.

3 Minimalistic model of adhesive wear

In this section we describe a simplified, minimalistic
model of adhesive wear. Let us start with the contact
of a rigid plane surface and an elastic body having
a periodic, fractal rough surface characterized by
the Hurst Exponent H, lower and upper cut-off

wavelengths 4, and the rms roughness 6.

A
ong 7 ““short
The bodjies are first brought into normal contact with
average pressure p and then forced into a continuous
tangential movement relative to each other. In the

present study, we restrict ourselves to purely elastic
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normal contact solution—up to the moment of
formation of a wear particle. However, the rule for
tangential stresses in the interface can be different,
for instance it can be based on Coulomb friction or on
the assumption of a limiting flow stresses. As was
illustrated in Ref. [30], the interface “flow law” can
mimic to some extent the material behavior, e.g.,
plasticity.

The wear model is based on the analysis of the
stress distribution in the contact. Only the tangential
stress components will be taken into account in this
analysis, because pure normal contact does not allow
opening cracks—independently of the stress intensity.
It is the tangential stress on the surface which is
capable of creating conditions for crack nucleation.
In the simulations of AWM [15], tangential stress
applied to the surface leads to the appearance of tensile
stress in a plane inclined approximately 45° to the
surface at the trailing end of the contact region; this is
what enables crack opening. Of course, the appearance
of tensile stress is only one necessary condition for the
formation of a wear particle. It is also indispensable
that the crack should be able to propagate. This is
only the case if enough elastic energy is stored in the
material for producing fresh surfaces as described
by the Rabinowicz criterion. In the framework of
the boundary element method, we do not have the
possibility to investigate the process of crack propagation.
Following the idea of Rabinowicz-AWM [15], we just
assume that if the two above conditions (appearance
of tensile stresses and energetic possibility of crack
propagation) are fulfilled, then the wear particle will
form.

Of course the problem of wear cannot be reduced
solely to the formation of wear particles. True wear
occurs only when particles have been transported out
of the friction zone [31, 32]. During this process they
can be integrated again into the surfaces or take part
in the process of mass mixing and the formation
of surface layers [33]. All these processes are not
considered in the present study due to two reasons.
First, it is our intention to concentrate in detail on the
initial and fundamental sub-process of wear, knowing
it is only one part of the series leading to the
phenomenon “wear”. Second, there is currently no
simple numerical tool available to convincingly simulate
the complete chain of wear sub-events. In this study

we thus assume that any formed wear particle will
instantly disappear. We are fully aware that in many
cases this assumption will be too strong to achieve a
correct quantitative prediction of wear but we hope
to give a correct qualitative understanding of the
main governing parameters of the wear process.
Based on the above explanations, we suggest the
following wear model consisting of two main steps.

3.1 Step 1: Determining the location of wear particle
initiation and corresponding size

In this first step, the tangential stress distribution is
scanned using the criterion (5). Let us discuss this
important step in more detail. By dividing (5) by the
area A= n/4 D? of a circle with diameter D, we can
rewrite this criterion in the form

u
E=—%>Aw (6)
A

stating that the condition for appearing a wear particle
at some position is that the elastic energy density,
E=U, /A should exceed the work of adhesion per
unit area. We thus start by constructing maps showing
the energy density at any position in the contact area.
Note that the energy density map should be calculated
separately for any diameter D. For the underlying
tangential stress, some particular flow law in the
interface must be assumed. The following simulations
in this section are carried out under the assumption
that tangential stress in the contact plane is determined
by the Coulomb friction law with a coefficient of
friction ¢ and continuous sliding in all contact points.
This translates into the tangential stress distribution
7 following the distribution of pressure p:

o(%) = up (%) )

where X is a position in the contact plane.

In the framework of the BEM simulation, each
calculation step gives the complete distributions for
stresses 7 and displacements u. The energy which is
released by relaxing the stresses inside a circle with
diameter D can be readily calculated as

ACI rcle,D
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© refers to the stress free state.

where superscript .
The integration is carried out over the area of the
chosen circle. Scanning point by point the complete
computational area, calculating the integral (8) and
dividing it by the area A,, we can produce energy
density maps for each position of the circle center as
shown in Fig. 3.

The energy density map depends of course on the
contact configuration (and thus on the normal load)
and on the diameter D of the “probing circle”. Let us
first consider the dependency on the diameter. If we
take some point in the region of real contact, then
increasing D may first lead to increasing the energy
density, since the elastic energy stored in a region
with homogenous stress is roughly proportional
to D°. With further increase of the diameter D, the
circumference of the circle may leave the region of
contact. The stored energy will not increase further,
but the denominator A in Eq. (6) still increases, so
that the energy density E starts to decrease. We can
conclude that when the contact configuration is com-
posed of distinct islands which are not or poorly
connected, then the energy density is not a monotonic
function of diameter D. This is valid both for each
particular point and for the maximum value of
the energy density, which is of main interest as it
determines the first point of detachment of a wear
particle.

To accelerate the construction of the energy density
map, we used also an approximate measure. We first
determine the average stress in the probe circle &,
which to find is a very simple analytical procedure.
The energy density E, stored due to constant tangential
stress in a circle with diameter D is given by

4D _,
= (o2 9
P 3nG" " ©)

where G = 4G/ (2 —v) is the effective shear modulus.

The results of the evaluation are shown in Fig. 4
in which the normalized energy density E_/Aw is
represented as function of D. The shaded area shows
the complete interval of energy densities which
have been observed in the contact area. Of the main
importance is of course the upper boundary of the
shaded area showing the maximum energy density
for a given D, because it identifies the position where

the condition for forming wear particles is first satisfied.
We also show the values of the exact evaluation using
Eq. (8) with the black line. When the maximum of the
normalized energy density is smaller than 1, formation
of wear particle is energetically impossible at any
position.

3.2 Step 2: Formation of wear particles

With increasing normal force, the maximum energy
density will also increase and the dependency of the
normalized energy density on D will touch at some
moment the horizontal critical line E/Aw=1. The
point and the size at which this happens determine
unambiguously the position and the size of the wear

(@)

Fig. 3 (a) Contact configuration and (b) the corresponding energy
density map for a given diameter D.
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Fig. 4 Dependency of the energy density at the given contact
configuration as a function of the diameter D of probing circles.
The grey zone is limited by the minimum and maximum values
that occur. The contact configuration which has been analyzed
is shown in the insert. It was generated using the following
parameters: G =1 , v=0 , H=1, L=1, A, =1/3,
Ao =1/32, p=1/10, Aw=1, 4=03, 6=04.
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particle which will be formed. The corresponding wear
particle inside the circle with diameter D is then
extracted, such that the surface topography is altered
from z, to z_, . according to

Zew (F) =z, (?)
w14 D? [2,, -2, (7)-4,];  (10)
d,=50(05D/4,,)"

Where Z_ , is the mean height inside the circle region.
We chose this particular procedure to ensure that the
new surface geometry remains continuous. Figure 5
shows an example of a surface geometry before and
after the particle removal. This act closes one cycle of
the wear calculation. With the new topography, the
stress calculation and energy density evaluation is
carried out again and the position and size of the next
wear particle is identified, which is detached and
extracted again until E < Aw in every point.

3.3 The problem of “very large” wear particles and
its handling

The described procedure of finding the critical region
where a wear particle will be detached following
Eq. (6) has a large-particle-paradox. At small normal
forces, the contact consists of distinct contact spots
as shown in Fig. 4 and the maximum energy density
has a pronounced maximum when plotted over D. At
higher forces however, the picture changes and
resembles Fig. 6.

One can see that when the fraction of area being in
contact becomes larger, the energy density in regions
with larger D grows. This is an immanent property of
any contact of periodic and thus macroscopically flat
surfaces. Whatever the particular stress distribution,
for large enough probe circles, the surface deformation

Fig. 5 Topography of a rough surface before and after detachment
and disappearance of a wear particle.
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Fig. 6 Illustration of the energy density curve at high forces.

Large diameters of probe the circle necessarily lead to large values
of E. The mean pressure was chosen as p =5, other parameters
as in Fig. 4.

and resulting elastic energy inside them resemble the
case of homogenous constant stress. The elastic energy
scales as D?® and the corresponding energy density
scales as D: it increases linearly with the diameter.
Inserting the system’s global average stress 6, into
Eq.(9) we can always find a minimum diameter,
where the energy density equals or exceeds the work
of adhesion, thus satisfying the detachment criterion.
Also one can always find a circle inside the apparent

contact area that satisfies 6,,>6,, . Therefore a

catastrophic diameter D_, dependent on the eternal
load must exist, which is guaranteed to include enough

energy to generate a wear particle.

_3nGAw

cat 4 6' 2
sys

(11)

This “problem of large particles” is not new; it
existed already in the original Rabinowicz criterion,
which predicts only the existence of a lower bound
of the size of wear particles. A possible mechanism
suppressing the appearance of arbitrary large particles
was suggested in Ref. [30] and is based on the
Rabinowicz criterion itself. If some particle has a size
much larger than prescribed by the Rabinowicz
criterion (4), then it is energetically favorable for it
to disintegrate into smaller ones. This means that
particles with the size substantially larger than the
Rabinowicz-AWM critical length can never practically
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appear. In the present study we enforced this property
by formally bounding the particle size by a fixed
maximum value.

4 Wear process and development of worn
surface topography

Depending on the initial topography, the wear
properties of contact partners and the character of
interaction in the interface, two basic scenarios of wear
are possible. In the first scenario, the wear process
alters the surface topography in such way that after
an initial phase, no more wear occurs. Instead, the
new topography makes the applied load distributed
in such a way, that our local wear criterion cannot
be satisfied anywhere on the surface. Because of the
foregoing wear process leading to new steady-state
of no wear, we will refer to this scenario as the
“settling” type of wear. The general principle of a
surface geometry changing towards a state of no-wear
is known from fretting wear. Here small oscillatory
tangential displacements wear off material where it is
most harshly stressed [34, 35].

On the other hand, one can have continuously
proceeding wear. We start with an example of the
settling type of wear.

4.1 Wear of “settling” type

We consider the contact between a wear-resistant
smooth plane and a rough counterpart where the
wear takes place. In the contact interface, we assume
Coulomb friction and complete sliding, so that the
tangential stress at the surface is proportional to the
local normal stress, see Eq. (7). The elastic energy
stored in a circle of diameter D with average normal
pressure j, can be estimated with the help of Eq. (9)

~

E ~—— 12
0¥3 0 12)

4D , . \2

(ﬂpD)
As one of the counterparts does not change its
configuration, a situation is possible that after a
number of particle detachment events, the stress will
be re-distributed in such a way that no further particles
can form. In this case, wear occurs solely during
a finite time of “settling”. Afterwards, the surface
topography remains stable. Figure 7 shows a sample

surface before and after being subjected to such wear
process. Because the opposing flat surface does not
wear out, no directional dependence is visible in the
wear marks of the worn rough surface in Fig. 7(b).

In every step, we record the sizes of the particles
for analysis. With assumed Coulomb law of friction
in the interface, the stresses are not bounded by
plastic deformation. Thus, arbitrarily small particles
can be produced. Simulations show that most of the
particles are indeed of the minimal size, given by the
grid resolution. Looking at the distribution of the
worn volume V, estimated as a spherical particles

%4 :Zanchg’ (13)
D

we find a more equal dependency, see Fig. 8. Here
n,, is the number of particles with size D.

Fig. 7 Illustration of a rough surface (a) and its worn state (b)
according to the rules described in Sec. 4.1. It was generated
using the following parameters: G' =1, v=0, H=1, L=1,
Ao =13 5 Agn =1/32, =04, p=1/2 , Aw=1/100 ,
©=03.

Worn volume V= nD%rcD3

2 4 6 8 10 12 14 16
Particle diameter D/h

Fig. 8 Histogram of the wear volume of 6986 particles as a
function of the particle size (given in terms of the computational
grid spacing A ). No particle larger than D =16A occurred.
Different colors mark different force levels up to p =1/2, see the
black boxed series for instance, other parameters as in Fig. 7.
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In the final state, both the topography of the worn
surface and the overall wear volume depend on the
normal loading. In this study we will confine ourselves
to the analysis of the total worn volume as a function
of the increasing applied load. This is given in Fig. 9.
The worn volume can be approximated by a power-
law dependency of the average pressure with the
exponent 1.4:

Ve, (5)
See the dotted line in Fig. 9.

4.2 Continuous wear in contact of two rough
surfaces

As a second example, let us consider the same problem
as in the preceding section with the only difference
that now the rough body is rigid and the smooth
counterpart wears out. As before, we assume the
tangential stresses to be proportional to the normal
pressure. In numeric experiments a rough rigid surface
was moved tangentially over an initially smooth
surface.

We investigated the worn volume for the same
rough topography for a series of increasing normal
pressures. Figure 10 shows resulting topographies of
this process for two different average pressures. For
each time step corresponding to a certain distance
covered, we recorded the worn volume of all particles
that were generated. Figure 11 shows a typical evolution
of the worn volume. It is practically linear with the

107" ' '

1072

1072

10~

Worn volume V

105 e

1078 : '
1073 1072 107" 10°
Applied mean pressure p
Fig. 9 Dependency of the settled worn volume as a function of
the applied external load. In this case, the wear volume does not
depend on the distance covered but occurs instantaneously for

any given load, parameters as in Fig. 7.

Fig. 10 Two initially smooth surfaces after being subjected to
wear as described in Sec. 4.2 with a rough counterpart similar to
Fig. 7(a). (a) At light load p =0.01, many contacts slide but do not
generate particles and the surface remains undamaged at these
spots. (b) With more severe loading at p = 0.1, a larger part of the
surface is worn. Other parameters as in Fig. 4.
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Fig. 11 Dependency of the worn volume as a function of the
sliding distance covered. Mean pressure was p =1 (circled value
in Fig. 12), other parameters as in Fig. 4.

factor depending on the exact contact configuration
in the corresponding instant. We expect the behavior

to be more homogenous with smaller 4 when a

long 7
greater number of isolated peaks determine ihe surface
topography. Averaging over the complete distance
covered (2L ) one can define a specific worn volume
per unit length. Figure 12 displays the corresponding
dependency on the applied mean pressure and a
power-law fit. We found the wear volume worn by

distance to scale as
V x ;51'77 (15)

which strongly deviates from Archard’s and Kruschev’s
law.

Note that the worn surface (Fig. 6(b)) has pronounced
grooves.

This appearance is usually considered a sign of
abrasive wear. However, in the present case we
consider pure adhesive wear: there are no processes
like micro-cutting or ploughing.
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Fig. 12 Dependency of the wear volume per distance as a
function of the applied external load. Parameters as in Fig. 4.

4.3 Wear of arigid rough surface and a rough elastic
surface with constant tangential flow stress in
the contact region

In this section, we assume that tangential stress in the
contact is constant and equal to o,. This case is the
most important so far as it mimics most correctly the
mechanism of wear of ductile materials like metals.
The assumption of a constant flow stress mimics the
behavior of elastic-ideally plastic materials [30]. Due
to the final flow stress, tangential stresses are now
bounded by o,, in much the same way as assumed
in the criterion of Rabinowicz. In this case we again
have continuous wear. The wear volume, normalized
by distance covered is shown in Fig. 13 as a function
of the applied load.

After achieving the conditions for wear for the first
time, the wear volume increases continually with load.
This is the classical region of adhesive mild wear. In
this region, the worn volume follows the power-law
dependency

Voo p (16)

Note that because the wear volume is not pro-
portional to the normal force, Archard’s law is not
directly confirmed. However, the exponent 1.36 is
close to one and in some finite force intervals the
dependency can be considered as approximately
linear. Indeed, the non-linear dependencies of worn
volume on the normal force in the case of large force
interval are well known and have been reported as
early as the 1970s [36].

5 Transitions between least wear, mild
wear and severe wear

Let us discuss the transitions between the three stages
least wear, mild wear and severe wear, as introduced
by Rabinowicz [37]. The condition of least wear has a
simple physical meaning which basically was already
described by Rabinowicz [11]. In the case of a finite
flow stress as described in Sec. 4.3, the Rabinowicz
characteristic length is directly applicable. If the
bodies are pressed against each other at light load,
the contacts will typically have under-critical size
compared to the Rabinowicz length and will not wear.
In our framework, this translates to the normalized
energy density being below 1 at any point for any D.
In this region, it is very unlikely for a contact of
sufficient size to occur and in the numerical model, it
might not happen at all. Consequently, only least wear
can occur. In Fig. 13, this region of loads is shown on
the left side.

At higher loads, the contact configuration becomes
dense, and the transition to mild wear (central field
in Fig. 13) begins. As we enter the true region of contact
of rough surfaces, the statistical properties of the contact
start to dominate. For this region, a power-law
dependency of the worn volume on the normal load
is characteristic.

Finally, at very high normal loads, larger particles
form, as elaborated in Sec. 3.3. We interpret this as the

1| Least Mild éCatastrophiq
10 wear : wear ¢ wear
L : :
S
2 1% 5
=
o
>
c 107k |
o
2
L
S 1072 3
@
a
n
1073 F E

1072 107" . 10°
Applied mean pressure p
Fig. 13 Dependency of the wear volume per distance as a
function of the applied external load for a constant flow stress
o0, =10. Other Parameters as in Fig. 4. For very low loads, no
wear occurs in the model (least wear mode). At very high loads,
very large particles emerge which the model cannot predict.
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beginning of “catastrophic wear” (right field in Fig. 13).
Because larger particles are to be expected, the question
is rather why they do not occur than why they occur.
In our simulation we assumed that once a particle
of the size comparable to the computation area is
possible, wear is catastrophic.

However, this maximum size is set somewhat
arbitrarily. The physical understanding of the correct
setting of this quantity is still an important future task
and will surely be the key to physical understanding
of catastrophic wear.

One possible approach follows directly from the
concept presented in this paper: the energy density
as function of particle diameter. For any wear particle
to be formed, it is necessary that the stress distribution
generates some tensile stresses and the elastic energy
stored must be enough for separating the surfaces.
However, there is an additional restriction for the
possibility of wear particle formation. In a multi-
contact-configuration, a particular wear particle can
only be detached if it “fits inside the gap”. No particle
can emerge with diameter greater than the current
gap between the surfaces, because it would have to
increase the global clearing. It is assumed that no
single particle can do that. Considering this, the gap
itself is comparable to the existing wear particles. In
the case of the energy density of the form shown in
Fig. 6, our energetic criterion allows the formation of
particles corresponding to the first maximum and in
principle also those corresponding to the right end of
the linear asymptote. In reality, only the particle
corresponding to the first maximum will be formed
as those corresponding to the linear asymptote are
too large and do not fit in the gap. The situation
changes at larger normal loads as exemplarily shown
in Fig. 14. Now the first maximum has shifted towards
the region of larger diameters and finally merges
with the linear asymptote which has also risen. This
qualitatively changes the situation. Now there is no
distinct small-particle-size capable to controlling the
gap and thus preventing larger particles from being
formed. Starting with smaller particles, wear can now
continuously migrate to the formation of larger and
larger particles while continuously increasing the gap
size at the same time. In the framework of our model,
this process is unbounded and indeed catastrophic.

16

- -
N &~

=
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Normalized energy density E/Aw
o

|
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Diameter O

Fig. 14 Transition between bi-modal and uni-modal energy
density may be the mechanism of transition to catastrophic wear.
The mean pressure was chosen as p =20, other parameters as in
Fig. 4.

We consider the validation of the above principle
an important step for future research. In order for it
to be checked and validated, a more extended model,
describing both the stages of particle formation and
their further transport is required.

6 Discussion and conclusion

This paper is devoted to the generalized applications
of principles suggested by Archard and Rabinowicz
more than 50 years ago. In this sense, the title of the
paper could be: “Archard and Rabinowicz revisited”.
Archard emphasized the importance of roughness
but at his time he had no possibility to carry out
detailed contact mechanics simulations. At present,
we can realize his ideas in numerical experiments for
particular surface geometries. Similarly, Rabinowicz
suggested a very general but also very vague idea about
his criterion for the detachment of wear particles. His
criterion became a veritable theory only after the recent
breakthrough research by AWM. But even in their
concept, the central notion of “asperity” remained
unclarified. In the present paper, we use the recently
suggested concept of an asperity-free wear criterion.
As a matter of fact, this criterion generalizes the idea
of Rabinowicz by noticing that the notion of asperity
is in fact dispensable in the framework of its logic!
With the completion of this missing link, all parts
of the Archard and Rabinowicz concepts can be
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implemented using numerical contact mechanics.

In the present paper we numerically implemented
the above ideas, tested the new numerical concept for
wear simulation and provided illustrations of how the
concept works in various situations. Already these
illustrations give an idea of what the main governing
parameters of wear may be, but extensive parameter
studies and a deeper understanding of the governing
parameters will be necessary in the near future, as it
was not the intention of the present paper.

Our numerical simulations based on the asperity-free
generalized Rabinowicz criterion show that the wear
regimes can depend on properties of both materials
and on the interactions in the interface. We considered
the cases of rigid flat to elastic rough and rigid rough
to elastic rough contacts and two interface interaction
laws: Coulomb friction and plastic flow. Depending
on the conditions, we observe different regimes of wear
from settling type to continuous and catastrophic
wear. The dependencies of the wear volume on the
normal force in the region of mild wear occur to be
power-law dependencies. This behavior is congruent
with experiments finding wear laws that deviate from
Archard’s law.

In the present work, we confined ourselves to the
elastic behavior of the contacting materials (up to
detaching of wear particle). This was mainly due to
technical restrictions inherent to BEM. The concept
proposed in the paper however, is independent
of any underlying numerical procedure determining
surface stresses and can equally be applied to other
media, such as elastoplastic material.
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