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Wear appears as gradual removal of a material from contacting and
rubbing surfaces of solids during their relative sliding. The mechanism
of wear involves formation of debris particles. The particles have small
sizes and different shapes. The wear debris can be ”rolled over” into cy-
lindrical, spherical and needle-like particles. Particles are detached from
rubbing surfaces and they form a more or less continuous interfacial lay-
er. They transmit forces, moments and displacements (translational and
rotational) at the contact interface. The presence of wear debris between
sliding surfaces affects frictional and wear behaviour significantly. Con-
stitutive relations characterize quasi-solid, quasi-fluid and granular-like
behaviour of wear particles. In the paper, two constitutive models of we-
ar debris are discussed: (a) material continuum, (b) granular medium.
The continuum models are formulated for a micropolar thermoelastic
material, micropolar fluid and thermo-viscous fluid.
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1. Introduction

The friction process of elements operating in contact conditions always in-
volves heat generation and wear of their surfaces. Wear and frictional heat,
apart from fatigue, fracture and corrosion are main factors which restrict a
life time of machines and mechanical devices. Numerous machine component
parts must be taken out of service not due to failure caused by exceedance of
the limit stress, but due to wear manifested in removal of a material. Theore-
tically, wear of machine component parts should not occur if their surfaces are
separated with the aid of a lubricant film, but from many reasons (e.g. frequent
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starts, stops and reversals of motion of a machine, operations in dusty air con-
ditions, etc.) breakdown of a lubricant film occurs, and wear cannot be avoid.
Many machine components operate in conditions of partial fluid-lubrication
(mixed lubrication), where an average lubricant film thickness is of the same
order of an average surface roughness. Then, an applied load is carried partial-
ly by a hydrodynamic action of the lubricant film and partially by contacts of
surface asperities. In general, ”dry” and marginally-lubricated contacts are as
common as "wet” contacts and also govern operating conditions of machines.
Understanding and controlling the friction and wear places is of considerable
practical importance in engineering. Phenomena of friction and wear are inse-
parable. Wear in sliding systems is usually a very slow process, but it is very
steady and continuous.

The first wear experiments were carried out at the beginning of 19th centu-
ry. With the aid of a special test device, Hatchett (1803) investigated abrasion
of gold, silver and copper coins. Rennie (1829) investigated wear of solid sur-
faces of metals, wood and other materials. Contemporary wear investigations
belong to fundamental tests on mechanical properties of engineering materials.
Quantitative prediction of wear is difficult. At present, there are a few very
simple calculation procedures of wear, see Archard (1953), Rabinowicz (1995).

In this study, wear appears as gradual removal of a material from con-
tacting and rubbing surfaces of solids during their relative motion (sliding).
Normal pressure and sliding action are necessary for wear as they depend,
first of all, on the rubbing process. The mechanism of wear involves formation
and circulation of debris particles in any sliding system. Particles detached
from solids circulate in the contact region and form a more or less continuous
interfacial layer. The presence of a thin layer of wear debris separating two
sliding bodies is an extremely important topic of the present analysis. When
there is a layer of particles in the interface between contacting solids instead
of a liquid, then the modelling situation requires new methods and theoretical
tools. The present study is devoted to phenomenological models of properties
and constitutive relations of wear debris.

2. An outline of wear physics

Many mechanical, physical and chemical phenomena are responsible for
wear of materials. Several types of wear have been recognized, e.g.: adhesive,
abrasive, contact fatigue, fretting, oxidation, corrosion, erosion. In machinery,
wear occurs most frequently as an abrasive or contact fatigue process. Each
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wear type has a different mechanism, cause and effect. For example, fretting is
a wear process of contacting solids occurring during oscillatory sliding of small
amplitudes. A low amplitude of displacements typical in fretting is usually less
than 30 pm, and a low velocity amplitude is expressed in pm/s. Oscillatory
tangential relative movements arise from vibrations or cyclic stressing of one of
the components. In the case of fretting, wear debris is trapped and accumulated
in the area between the oscillating surfaces.

Wear of solids is usually treated as a mechanical process. However, oxi-
dation, corrosion and other chemical processes are exceptions of this general
rule. In some contacts, chemical reactions can play an important role. Fur-
thermore, it can be supposed that mechanical energy may provide the energy
for chemical reactions directly or indirectly by means of thermal energy (i.e.
it may accelerate chemical reactions in solids).

During dry, boundary and mixed lubricated sliding, wear particles are ge-
nerated by a number of different physical mechanisms, depending on materials
and sliding conditions. The wear particles are generally detached mechanical-
ly by micro-stresses resulting from the applied load and relative sliding. Wear
particles are detached from sliding solids by the following microscopic me-
chanisms: micro-cutting of adhesive junctions between surfaces, mechanical
failure of contacting asperities (i.e. non-elastic deformations, cutting, abra-
sion, break off, fracture, fatigue of surface asperities etc.), surface spalling,
plastic deformations of surfaces in a form of grooves and scratches, nucleation
and propagation of surface and subsurface cracks and voids, oxidation, cor-
rosion, chemical reactions, see Fig. 1. Wear particles are also generated as a
consequence of ploughing. Surfaces can be plowed by the wear particles, hard
particles entrapped from the environment and by hard asperities of the coun-
terface. Certain forms of surface damage do not occur slowly and continuously
but may suddenly cause a gross disruption of rubbing surfaces, after which
large wear particles are removed. This mechanism is called scuffing or galling.

The wear process can be examined in three stages. The first stage is con-
cerned with debris generation and deals with various mechanisms of material
removal from sliding surfaces. The second one is devoted to the evolution of de-
bris inside contact (i.e. mechanical physical and chemical changes). The third
stage refers to own behaviour of debris, which can be either eliminated out of
the contact, or accumulated between sliding surfaces.

Taking into account an amount of the removed material from solids, me-
asures of wear have been formulated with respect to changes of the following
quantities: mass, volume and linear dimensions of sliding bodies (Rabinowicz,
1995).
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Fig. 1. Wear micro-mechanisms and possible ways to produce wear debris

Most wear observations are carried out indirectly (post factum). It has ma-
ny disadvantages, i.e. the rubbing process must be stopped, wearing elements
must be disassembled, and after that the effects of the wear process can be
observed. All what can be done is to measure or weight the rubbing bodies
before experiments, repeat this procedure after the experiment, and note the
differences. Weighting is the simplest way of detecting wear. It gives the total
amount of wear in the form of a single number, but the distribution of the
removed material in the sliding surface is unknown.

Formation of loose wear particles is of crucial importance in the wear pro-
cess. In pin-on-disc test machines, as in many other friction and wear test
devices, wear particles are observed inside and outside of the wear track, see
Fig. 2. In every-day life, one can easily observe wear debris during abrasion,
e.g.: pencil drawing marks on paper, a piece of chalk writing on a blackboard,
a rubber eraser rubbing out pencil marks on paper.

There is a large number of modern devices which only operate in such a
way so that the friction and wear can be closely controlled. Wear cannot be
eliminated completely, but it can be reduced to a high degree. The simplest
methods of reduction of friction and wear are as follows: lubrication, forma-
tion of sufficiently smooth surfaces, modification of near surface layers of metal
components (e.g. achieved through surface treatments and/or coatings which
increase surface hardness and wear-resistance). It can be supposed that some-
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Fig. 2. Wear traces observed in typical friction and wear test devices: (a) pin-on-flat
surface, (b) pin-on-disc

times considerable advantages can be achieved by optimization of friction itself
or by an optimal choice of structural, kinematical and material parameters of
the rubbing system. In general, consequences of wear are negative, however
one should remember the advantages of many methods for producing surfaces
on manufactured objects exploiting the abrasion phenomenon (e.g. finishing
operations).

3. Morphology and kinematics of wear debris

Morphology of wear debris deals with its structural properties and it is
characterized by: forms (shapes), dimensions (sizes), concentration (number),
distribution. Furthermore, particles generated by friction and wear can be
described by: colour, texture, etc. (see Myshkin et al., 2001). In some cases,
the transfer of a material between contacting surfaces is obvious to a unaided
eye because of associated colour changes. Interfacial films are seen as layers of
a different colour than that of parent bodies.

Wear debris has been observed and studied for a very long time. There are
many research studies in the field of tribology about size, shape, number and
nature of wear particles, see e.g. Finkin (1964), Crone (1967), Larsen-Badse
(1968), Wilson and Eyre (1969), Scott et al. (1974), Bowen and Westcott
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(1976), Samuels et al. (1980), Anderson (1982), Don and Rigney (1985), Swan-
son and Vetter (1985), Georges and Meille (1985), Murti and Philip (1987),
Hunt (1993), Dowson et al. (1992, 1996), Lin et al. (1992). Therefore, a large
body of empirical data has been collected so far.

Both optical and scanning microscope studies on wear debris revealed that
the particles did not have one particular morphology. Generated wear debris is
of different shapes (e.g. flakes, chips, thin platelets, slices, filings, powder-like
particles, etc.) and different sizes. There are various classifications of shapes
of wear particles, e.g.:

e A rough division of shapes of wear debris into two categories, flake and
non-flake, can be made. The flake-type debris refers to a particle that
has a relatively uniform thickness whereas non-flake includes such debris
types as powder, plates ribbons, cylinders, spheres, irregular chunks and
loose clusters.

e Debris can roughly be divided into two groups: long fibrous debris and
very thin platelet debris. Both types of particles appeared e.g. in lubri-
cant samples.

e There are following types of wear debris: sheet-like, roll-like, long rope-
like, aggregated and granular particles.

e Wear particles can be classified into several types according to their
origin (their generation process) for instance: fatigue chunk particles,
severe sliding particles, laminar particles.

Morphology of wear debris can be defined with the aid of the following
dimensions: length, width and thickness. The flake debris can be characterized
by their outline, e.g. straight edges/irregular edges or by curvature radii of arcs
and by apex angles of corners, etc.

Royalance et al. (1992, 1994, 2000) used different morphological attributes
of the particles. Quantitative data, obtained by using image analysis techniqu-
es, provided measurements of shape, size, edge detail, surface roughness. The
edge detail was based on a curvature pattern derived for a particle periphery
and on statistical analysis performed to establish mean values of dispersion,
skewness Ry and kurtosis Ry, (these parameters are often used in topogra-
phical analysis of rough surfaces). Two additional parameters, an aspect ratio
and a roundness factor, were also applied.

Fractals have been used to describe morphology of wear debris by Berthier
et al. (1988), Kirk et al. (1991), Zhang et al. (1997) and Wrona (2003). There
have been attempts to automate the analysis of wear particles, see Peng et
al. (1997), Xu and Luxmoore (1997), Podsiadlo et al. (1997), Peng and Kirk
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(1997, 1998). Laser scanning microscopy has been applied to obtain three-
dimensional images of wear particles and to surface roughness analysis of a
single wear particle by Peng et al. (1997). Several numerical parameters to
describe profiles of wear debris, based on automated computer image analysis
systems, were developed by Kirk et al. (1995), Stachowiak (1998), Podsiadlo
and Stachowiak (1998, 1999a,b, 2000), Stachowiak and Podsiadlo (1999), Peng
and Kirk (1999a.b).

Geometrical (morphological) characterization of wear particles were made
with the aid of neural networks (Umeda et al., 1998), fuzzy systems (Cheng
and Yang, 1998), and other techniques (Unchung and Tichy, 2000).

The particle shape yields qualitative information while the concentration
and size distribution provide quantitative data. It is necessary to know, or
to estimate, the maximum size of different kinds of particles. Obviously, the
shape and size of debris differ for different materials and sliding conditions.
For example, when two metal surfaces slide against each other under a load,
wear debris is produced in the form of both macroscopic (size from a few
to several micrometers) and microscopic (size from sub-micrometer to a few
micrometers) particles. It was found that the number of microscopic wear
particles generated during sliding can be estimated as an exponential function
of the particle size.

The number of wear particles and their size distribution were studied in
detail by Rabinowicz (1995), Xuan and Cheng (1992), Mizumoto and Kato
(1992), Hou et al. (1997). In order to visualize the wear debris layer, high
wear rate materials were used by Kohen et al. (1980) and Godet et al. (1991).
Godet recorded, on a video tape, a dynamic contact in which solids were
separated by layers of chalk, graphite, etc., of a few tenth of micrometers in
thickness.

Godet and Play (1975) and Godet (1988) conducted experiments on nume-
rous material combinations with included polymers (PMMA, PC, etc.), elasto-
mers, metals (various steels, aluminum alloys, titanium alloys, copper, etc.),
ceramics (Al,Os, SiC, etc.), chalk, glass, sapphire, carbon etc., under both
continuous and reciprocating motion, and all proved that wear debris are pro-
duced quasi-immediately, then trapped in the contact for some time and finally
eliminated after the next time interval. A small particle (e.g. 107%m) cannot
be instantly eliminated from a comparatively wide contact (e.g. 1072 m), for
purely geometrical reasons, see Fig. 3.

Hou et al. (1997) measured interfacial layers in rolling-sliding contacts
consisting of wear debris and contaminants. The size of most particles was
of 1pm in magnitude, with some larger particles measuring about 10 pm.
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Fig. 3. Schematic view of a small particle at a comparatively wide contact area and
rolls-like wear debris observed in a wear track

The thickness of the agglomerated and compacted layer was about 20 pm.
Rabinowicz (1995) investigated wear debris in a sliding pair of copper on a
low-carbon steel (unlubricated). He concluded that small particles are seen to
be much numerous than large ones.

Xuan and Cheng (1992) conducted dry sliding wear tests on a three-pin-
on disc machine using stainless steel pins and disc. Wear debris was collected
in a test chamber, measured and examined. It has been found that the total
wear debris comprises macroscopic and microscopic particles. Particles of sizes
ranging from 0.2 um to 12 pm and above were measured. The created particles
have a size distribution to be described by an exponential function. Estimated
numbers of generated particles were: 10 million of size 0.2 ym, 1 million of
size 1 pm, and 500 of size larger than 12 um. Xuan and Cheng (1992) found
that the complete wear process from running-in to steady-state involved four
distinguishable periods when considering the source and the mechanism for
creating wear debris.

Mizumoto and Kato (1992) used a pin-on-disc frictional apparatus in a
series of experiments to observe wear debris. Measured particles larger than
0.2 um were classified into 11 ranges of diameter. Kato (1990) observed changes
of wear modes and formation of powder-like and flake-like wear particles in
reciprocating sliding of a diamond pin on a silicon carbide disc.

Freshly generated wear debris escape to the interface and they are pro-
cessed further e.g. crushed into finer particles, compacted and agglomerated
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into large debris. Therefore, the evolution of particle morphology should be
investigated. Wear particles undergo the following processes: they are heavily
deformed, the particles are fragmented to a small enough size (by repeated pla-
stic deformations and fracture), the particles are oxidized, coagulated together
or agglomerated (due to adhesion forces), reattached to either of the contac-
ting surfaces (i.e. they can be transferred to the counterface by mechanical
interlocking and by adhesion). Agglomerated particles are formed progressive-
ly, by agglomeration of small particles. Some of the wear particles are removed
from wear tracks to form loose particles. Ejection of particles from both the
contact and wear track (sliding path) is predominant in most situations. Some-
times, wear particles are removed from the sliding interface by being brushed
off (case of lubricated or open mechanical devices).

It is often observed that wear debris of flake and chip forms. etc. can be
”rolled over” into cylindrical, spherical and needle-like particles, see Zanoria
et al. (1995). It takes part especially, when contacting bodies realize relative
oscillatory motions, see Fig. 3. For instance, large rolls are formed when using
a rubber eraser.

An interaction between debris and bodies can govern the fact that the
debris can roll. The roll-like wear debris are created by rubbing of two bodies.
Each roll is subjected to opposing tangential forces at its top and bottom
surfaces. The torque resulting from these forces causes the debris to roll. The
axes of roll particles are aligned perpendicularly to the direction of sliding,
indicating that they were actually rolling on the wear track (or that they
were generated by rolling in the contact), and suggesting that the particle
circulation is common in the contact, see Fig. 3. In experiments with a silicon
ball on a silicon flat reported by Zanoria et al. (1995), roll lengths varied from
0.1 to 30 pm and a roll diameter ranged from 0.1 to 1.4 ym.

Observations revealed that those rollers are more or less compact agglome-
rates of finer wear particles. Very small grains are compacted and agglomerated
(through physical and chemical effects, contact pressure, temperature and hu-
mid environments) in wear debris showing cylindrical morphology. Aggregates
are subsequently rolled into dense cylindrical particles. The rolls can grow as
snow balls by collecting more and more particles. The rolls, formed from ele-
ments of each contacting body, show a lamellar or composite structure. An
increase in load can entail either destruction or fragmentation of the roll or
its flattening without rapture.

A spherically shaped wear particle is a particulary intriguing type of wear
debris, often observed and subject to much interest, see Rabinowicz (1977), Sa-
muels et al. (1980), Davies (1986), Wang et al. (1986), Jin and Wang (1989).
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Formation of spherical wear particles during a dry grinding process of car-
bon steels by aluminum oxide (AlpO3) abrasive wheel was shown by Lu et
al. (1992). An approximate percentage of spherical particles in the grinding
swarf was about 50%. Spherical particles ranging in size from 1 to 80 um were
observed. Small (less than 1pum) spherical particles were also seen by some
investigators.

The rolls and spheres were obtained under a very wide range of running
conditions, and for very different materials (steels, ceramics, polymers, etc.).
The rolls are found on surfaces of silicon nitride, silicon carbide, alumina,
yttrium barium, copper oxide, ceramic matrix composites and single-crystal
silicon. There is a number of reports in the subject literature that wear of
non-metallic solids produces debris in the shape of cylindrical rolls. In rubber,
wear debris apparently develops as the rolls of rubber.

Numerous experimental investigations and every-day praxis indicate for-
mation of a wear debris layer at the sliding interface (i.e. an intermediate layer
between the sliding surfaces) practically immediately after the rubbing process
starts. The surfaces slide on each other separated by the wear debris layer. In
the case of the wear debris layer, friction occurs partially between the surfaces
of contacting bodies, partially between the surfaces of each body and wear
particles as well as inside the layer between the wear particles. Some com-
ponent of the friction force originates from the rolling of particles over each
other. The resistance to rolling (i.e. rolling friction) follows from rotations of
a single particle with respect to neighbouring particles.

The interfacial layer can be also formed by hard particles and contami-
nants entrapped into the sliding system from the operating environment (e.g.
airborne debris of dust and sand, combustion products such as fly ash, con-
struction dirt, contaminant particles from the lubricant, corrosion scale, weld
beads) or particles specially introduced into the sliding interface with respect
to their beneficial role during the friction process (e.g. typical layer-lattice solid
lubricants such as carbon graphite powder, molybdenum disulphide, PTFE,
etc.) or abrasive debris (diamond, silicone carbide, etc.) in material-finishing
operations.

At normal operating conditions of machines, a lubricant generates a ve-
ry thin film which separates sliding surfaces. The lubricant film thickness is
as follows: in elastohydrodynamic systems 0.1 yum—1.0 yum, in hydrodynamic
journal bearings 1.0 pm —25.0 um, in hydrostatic journal bearings 0.5 pum —
100 pm, in gears 0.05 um—0.5 um, in roller bearings 0.1 yum—1.0 um. It is
well-known that contamination of oils is a serious problem. Any lubricant
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sample may have considerable quantities of contaminant particles of various
sizes and materials, see Nikas et al. (1998).

The size of contaminant particles found in a lubricant oil closes in a ran-
ge from sub-micrometer to 1000 micrometers. The wear particles which are
transported by the lubricant can pass easily through dynamic clearances in
operating components. The largest particles will cross the contact by inducing
plastic deformations, the smallest particles may only induce elastic deforma-
tions. The contamination and wear particles of the size that can reach the dy-
namic clearance and interact with contacting surfaces damage these surfaces,
generate new particles and result in a catastrophic failure. Hard contaminant
particles in an oil can induce additional elastic properties of the oil film.

Some researchers, who studied morphology of wear particles, assumed that
the size, shape, concentration and composition of wear debris can reveal impor-
tant information about friction and wear processes that generate the particles,
see Reda et al. (1975), Barwell (1983), Santanam (1983), Hawthorne (1991),
Hwang et al. (1999), Cho and Tichy (2000), Sherrington and Hayhurst (2001).
Debris morphology can relate to wear processes. Analysis of wear debris which
is transported by the lubricant and subsequently captured during filtration is
often applied for machine condition monitoring and fault diagnosis.

4. Mechanical and physical properties of the wear particles

Physical properties of wear particles include composition, microstructure,
density, thermal expansion, thermal conductivity, melting temperature, etc.
Depending on a type of parent materials, different kinds of wear particles are
created; there are particles formed by metals, metal oxides, alloys, plastics,
ceramics, etc. In the case of plastics wearing out in contact with metals, wear
debris forms a mixture of metal and plastic particles.

The material which was removed from surfaces is not in fact the same,
either structurally or chemically, as the base material. Instead, it is a very
fine-grained material which may be derived from both parts of the contacting
system and may include components from the environment as well. It is clear
that the worn surface and debris interact with the environment to yield reac-
tion products. Chemical properties of the third body layer were investigated
by Wirth et al. (1994).

Friction and wear imply the existence of a thin, uniform and almost con-
tinuous intermediate layer between sliding solids called sometimes the third
body. A complete separation with full debris layer is not a rare occurrence. The
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third body is characterized by trapped particles changing their size, composi-
tion and morphology, and influencing in turn the particle detachment process.
These particles will be active in a rubbing system until they are removed from
the contact. The debris trapped in the interface will deform when subjected
to high compressive and shear stresses. Therefore, the wear debris layer can
undergo compression and tension. The stiffness of the third body can influence
deformation of the rubbing system.

A significant amount of aggregated debris can be present on the sliding
surface. Since aggregated debris is not a homogeneous solid, its strength under
a particular loading condition is lower than the theoretical strength of the same
material.

The interfacial layer differs both in microstructure and composition from
the base material. The layer have certain characteristic properties which de-
pend upon physical and mechanical properties of wear particles and the layer
as a whole. Some properties of wear debris layer have been investigated by
Sheasby (1983), Godet (1989), Berthier et al. (1989), Jiang et al. (1998), De-
scartes and Berthier (2002). Perhaps, hardness was the most widely discussed
mechanical property of wear debris.

Mechanical behaviour of the third body, as it transports stresses and stra-
ins, is complicated enough. If the third bodies are to be prominent in theoreti-
cal models of contact mechanics, their mechanical properties must be properly
represented. Identification and understanding of the third body behaviour is
difficult since it requires direct observations of the interface during the wear
process.

In general, the most adequate is to carry out measurements of mechanical
properties of materials in real working conditions. Since, it is often not possi-
ble, then typical strength tests should be done, i.e. strength with respect to:
tension, compression, bending, shear, torsion, creep, fatigue, hardness. Such
fundamental tests have not been undertaken yet for the wear debris layer.

5. Contribution of wear debris to load and displacement
transmission

Analysis of the contact problem of solid bodies generally requires deter-
mination of stresses and strains within individual bodies, together with in-
formation regarding distribution of displacements and stresses at the contact
region. Figure 4 illustrates optical interference patterns representing stresses
in a photoelastic model of rolling contact, Wuttkowski and Ioannides (1992).
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Three different contact conditions were investigated: (a) surfaces separated
by lubricant film, (b) solid contaminant particles contained in the interface,
(c) a single contaminant particle being rolled over. Experiments show that
contaminant particles considerably change stress distributions near the con-
tact surfaces. Therefore, examinations of wear debris are important because
the wear debris gives rise to a unique stress pattern and deformation behaviour
in sliding solids.

Fig. 4. Optical interference patterns representing stresses in a photoelastic model of
the rolling contact, (a) clean surfaces completely separated by the lubricant film,
(b) solid contaminant particles contained in the lubricant film, (c) dent in the
raceway caused by a contamination particle being rolled over, see Wuttkowski and
Toannides (1992)

Godet suggested to model wear debris accumulated between sliding surfa-
ces and separating the surfaces as a medium with a load carrying mechanism
as occurs in fluid lubrication. In Godet’s opinion load carrying phenomena
are not limited to fluid flow mechanics but that the arguments identical to
those used in fluid analysis can be put forward in cases of rubbing surfaces,
see Godet (1984), Colombé et al. (1984), Berthier et al. (1989, 1992), Denape
et al. (2001).

In a general case, the load carrying mechanism depends on fluid flow. By
the effective load carrying capacity, we mean that the total normal load is
entirely carried by transfer particles. This, for instance, implies that a pin (in
pin-on-disc test) is able to withstand normal pressure which is then developed
on the top of particles present within the apparent area of contact.

If sliding surfaces are separated by an interfacial layer, then the sliding
velocity difference between two sliding surfaces can be accounted for in a
number of ways. The simplest case — a velocity distribution along the thickness
of the interfacial layer is a linear function.

The contribution of the third body to velocity accommodation is very
important. Godet suggested that the gradient of contact tangential velocity
with respect to layer thickness can exist within the third body. The third body
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accommodates the difference in sliding velocity of parent bodies with the aid
of the two following dominant modes:

(a) by interfacial sliding between the layer and parent bodies,

(b) by shearing in the bulk of the third body.

6. Role of wear debris in modifying friction and wear

The friction phenomenon is very sensitive to changes of sliding conditions.
Experimental studies demonstrate that wear particles entrapped between sli-
ding surfaces can affect frictional and wear behaviour very significantly. The
presence of the debris implies modifications of the friction coefficient and the
wear rate, see Kuwahara and Masumoto (1980).

Circulation of wear particles is reflected by the friction coefficient, which
increases when the particles are accumulated and decreases when the particles
are removed from the sliding interface. According to Suh and Sin (1980), the
kinetic coefficient of friction for metals is in the neighbourhood of 0.1 to 0.2
(but mostly in the range of 0.12 to 0.17) regardless of materials tested, i.e. gold
on gold, steel on steel, brass on steel, etc. Wear particles entrapped between
sliding surfaces affect frictional behaviour increasing the friction coefficient to
0.5-0.7. Variations in the friction coeflicient show evolution of the amount of
debris in the contact; a stability of the friction coefficient indicates a constant
amount of debris in the contact interface. In some experiment study, a steady
value of the friction coefficient was reached when the number of newly formed
wear particles was equal to the number of particles leaving the contact interface
(1 = 0.28 initial value, u = 0.63 steady value). The steady-state wear rate may
be larger for some sliding conditions where wear particles cannot be removed
from the contact and act as abrasive particles.

There is a number of reports in the literature that spherical and cylindrical
wear particles roll over each other with resulting low friction. It has also been
reported that, as a result of the roll formation, the coefficient of friction under-
goes transition to lower values by a factor of three, and the wear decreases by
several orders of magnitude. The coefficient of friction in the presence of rolls
usually ranges from 0.1 to 0.4 (Zanoria et al., 1995). It has been suggested that
cylindrical debris can act as miniature roller bearings or ”solid lubricants”, so
that sliding friction can be reduced.
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7. Wear debris between two rough surfaces

Real engineering surfaces are rough. What happens when we put two sur-
faces together to form an interface? Under normal and tangential tractions,
two processes occur in the interface between two sliding rough surfaces, see
Hou et al. (1997). First, asperities are elastically and plastically deformed and
flattened, resulting in closure of voids between them. Secondly, interfacial wear
particles are rearranged and plastically deformed, closing many of the voids
present between wear debris. Although some cavities will always remain, it is
reasonable to assume that these cavities do not significantly change homoge-
neity of the interfacial layer. Therefore, one can assume that the interfacial
layer consists of deformed asperities, wear and other debris (e.g. contaminant
particles) which, under normal and tangential tractions, form a uniform layer.

The most frequently used statistical models of the surface roughness assu-
me a symmetric Gaussian distribution for heights of surface asperities (taken
with respect to a reference line or plane). The contact of two rough surfaces
(that follow the Gaussian distributions) and wear particles may be modelled as
contact of two smooth reference planes and an interfacial layer. Reference bo-
undaries of bodies can be located a little inside the bodies (in comparison with
real boundaries of the bodies) so that the Gaussian distribution of asperity
heights of both boundary surfaces can be included (Hou et al., 1997). Usually,
mechanical properties of two rough surfaces in contact are characterized by
compliance.

Microgeometry of sliding surfaces is not a given property but changes du-
ring the wear process. After the running-in phase, some of asperities of surfaces
are deformed and other ruptured. To take into account the effect of surface fi-
nish, the wear rate and the distribution of asperity heights should be modified.
Wear particles produce geometrical changes in wearing surfaces. After some
number of repeated slidings, the wearing surfaces may become rougher com-
pared with the initial surfaces. A correlation between wear debris formation
and surface topography was observed by Xuan and Cheng (1992).

8. Constitutive models of wear debris

Some effort has been devoted to characterize mechanical properties of third
bodies and the way they deform in rubbing contact. For these purposes, one
needs some equivalent but inscrutable properties to define quasi-solid, quasi-
fluid and granular-like behaviour of wear particles. However, there is a lack of
constitutive laws for wear debris.
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In the papers by Szefer et al. (1994), Szefer (1998), the interfacial layer
(described with the aid of a singular surface) was assumed to be attached to

contacting bodies. It might be some promise in to be able to treat wear debris
as a single continuum, see Zmitrowicz (1987, 1989, 2000, 2001, 2002, 2003).

8.1. Continuum formulations

In the published literature, various continuum mechanics-based models
for the third body have been proposed: (a) solid-like models, (b) fluid-like
models, (c¢) other models (e.g. mixtures), see Elrod (1988), Berker and Van
Arsdale (1992), Heshmat and Brewe (1992), Hou et al. (1997), Iordanoff et al.
(2002a,b).

Advantages of the continuum approaches are following: (a) the main stages
of the wear process can be considered in this approach, i.e. the formation and
circulation of wear debris, and the ejection from the contact area, (b) wear
debris can undergo fragmentation and/or agglomeration, (c) the third body
is a thin layer, and sliding occurs at the interface between the layer and the
parent bodies.

Disadvantages of the continuum models are as follows: (a) these models
cannot be used of only a few wear particles are formed (a non-continuous
interfacial medium), (b) difficulty to find quantitative values for physical con-
stants, (c) discontinuity in the velocity profile, i.e. sliding velocity accommo-
dation cannot be realized in the bulk of the third body.

8.1.1. Micropolar thermoelastic layers

A micropolar thermoelastic layer can describe solid-like behaviour of wear
debris formed as rolls. Thermolastic materials with internal degrees of freedom
in the form of micro-rotations were studied by Cosserat and Cosserat (1909),
Aero and Kuvshinskii (1960), Aero et al. (1965), Gauthier and Jahsman (1975),
Eringen (1975/76), Pietraszkiewicz and Badur (1983), Alts and Hutter (1988,
1989), Sansour and Bufler (1992), Blinowski (1994).

Let us consider two contacting solids A and B and an interfacial layer S
of wear debris taken as a two-dimensional continuum. Positions of particles in
the layer S at time ¢ are determined by vectors L and [ in the reference and
current configurations of the layer, respectively. The thermodynamical process
in the interfacial layer is determined by position vectors of layer particles with
respect to the reference and current configurations xg(L,t), X g(I,t), a tensor
of micro-rotations x(L,t) and a function of temperature ©g(L,t). The tensor
of micro-rotations x describes systematic rotations of independent layer par-
ticles, each on another, without a change of their positions. A representation
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of the rotation tensor in terms of an angle of rotation % and the unit vector
of the rotation axis k is as follows

x =costplg+ (1 —cos)k @ k + sink x 1g 51)
8.1

kx1lg=—egk

where 1g is the identity tensor for the layer, €g is the Levi-Civita tensor for
the layer S.
Gradients of deformation for the two-dimensional layer are given by

Fs = Gradsxzg Fgl = gradsXg (8.2)

As measures of deformation of the micropolar layer, we use Cosserat’s de-
formation tensors. They are functions of displacements and micro-rotations.
Cosserat’s strains read: the Lagrangian surface deformation tensor

I'=x"Fs—1g (8.3)
the Eulerian deformation tensor
vg=1g — XTFg1 (8.4)
the Lagrangian wryness tensor
1 T
K= —§es(x Grad gx) (8.5)
the Eulerian wryness tensor
ks = xKFg' (8.6)

We can define positions of the layer at time ¢ by the displacement vectors
given with respect to the reference and current configurations

Us(L,t) =xs(L,t)— L

(8.7)
us(l,t) =1 — Xs(l,1)
Within the linear theory, small deformations are postulated, i.e.
|Grad sUg| < 1 | grad sug| < 1 (8.8)

Furthermore, small micro-rotations within the linear theory are considered

cosp ~ 1 sinvy &~ 1 (8.9)
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We introduce a vector of small micro-rotations, i.e.
U =k (8.10)

with the following properties

= || k= % (8.11)

For an isotropic and linearly elastic micropolar solid, the strain-
displacement relations are given by

vg = grad sug — €s¥ kg = grad g¢¥ (8.12)

The symmetric part of the micropolar strain tensor is equal to the linear elastic

strain tensor
sym

s

1
es = ;lerad sus + (grad sus)'] (8.13)

The antisymmetric part is a relative rotation

asym

1
Y5 = §[grad sus — (grad sug) | — es® (8.14)

Within the linear theory it is assumed that deviations of temperature from

the reference value Téo) are small

0)

BOg = éo) + T |Ts| < Té (8.15)

Two measures of stresses are assumed, i.e. a stress tensor og and a co-
uple stress tensor pg. The stress constitutive relations for the layer take the
following forms

os = —(Tslg + Agtr(grad sug)ls +
+ (us + k)(grad sus — €s¥) + ps(grad sug — es®) "
(8.16)
pg = agtr(grad s¥)1g + Bs grad s& + vs( grad S!P)T
where, [ is the thermal expansion, Ag and pg are Lamé’s constants
FEgsvg Eg
As = fis = (8.17)

(1+vs)(1+2vg) 2(1+vg)

FEg is the Young modulus, vg is the Poisson number, k, ag, Bg, vs are material
constants of the micropolar continuum, see Eringen (1975/76).
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Two equations of motion define unknown displacements and micro-
rotations in the layer, see Zmitrowicz (1987, 1989). The equations of motion
of the micropolar thermoelastic layer with friction and wear effects included
are as follows

2ug
PS5

+ Bgrad sTs — (As + 2ug + k) grad g div sug +

+(ps + k) curl g curl gug + Keurl W — tas —tps —maVas —mpVps =0

(8.18)
‘g

IOSjOW — (s + Bs + 7s) grad g div g¥ + ~yg curl g curl g& — k curl gug +

. 0¥

where t g, tpg are friction forces between the layer S and the bodies A and

B. V 45, Vg are sliding velocities between the layer S and the bodies A

and B. mua, mp are masses supplied to the layer from the bodies A and B

during the wear process, j, is the microinertia tensor of wear debris, ¢ is the

couple of friction forces in the layer.

+25% — c+ (ma +mp) =0

8.1.2.  Micropolar fluid films

Micropolar fluid films can describe fluid-like behaviour of cylindrical or
spherical wear debris. Micropolar fluids were studied by Wieckowski (1955),
Stokes (1966), Eringen (1975/76), Leslie (1979), Eringen (1980), Kirwan
(1986), Lin (1997), Walicka (2000).

The absolute velocity of a layer particle is defined by

vg = Das =v%ay + zpn a=1,2 (8.19)
Dt

where, {a,,n} are the unit vectors of the layer, v®, z, are tangential and

normal components of the velocity. It is seen that the velocity of the layer

particle is a sum of the superficial velocity v“a, and the velocity z,n along

a trajectory normal to the layer. The vector of the angular velocity about an

instantaneous axis of rotation is defined by
w =k +sink + (1 — cosY)k x k (8.20)

Two deformation rate measures are introduced using the vectors of trans-
lational and rotational velocity. The following deformation rate measures are
assumed in the case of the micropolar fluid layer

A = grad gvg — €sw B = grad gw (8.21)
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Let us decompose the stress tensor as follows
_ (d)
Ts=mlg+Tg (8.22)

where 7 is the thermodynamic pressure in the fluid, qud) is the dissipative
part of the stress tensor. The following constitutive relations are used for the

stress tensor ng) and the couple stress tensor M

T = A, (trA)Ls + (1o + Fi)A + AT
(8.23)

M = aeggrad sOs + a,(trB)1g + 5,B + BT

where Ay, Qy, [y, Ky, Q, Qy, By, Y, are material constants, see Eringen
(1975/76), Eringen (1980).

Two governing equations define the unknown translational and rotational
velocities in the layer, see Zmitrowicz (1987, 1989). The equations of motion
for the micropolar fluid layer are as follows

Dvg
pS—Dt
+(pty + Ky) curl g curl gvg — Ky curl gw — tga — tsp —

+ grad g™ — (\y + 20y + Ky) grad g div gvg +

—maV as —mpVps =0
(8.24)

. Dw .
psgoD—t — (aw + By + 1) grad g div sw + 7, curl g curl gw — K, curl gvg +
+2kyw —c+ (ma+mp)jow =0

In the equations of motion, the following effects are included: friction forces,
friction couple and the supply of wear debris to the interfacial layer S.

8.1.3. Thermo-viscous fluid films

As an example, we consider a non-polar fluid. To this end, it is assumed
that the rotational velocity w and the couple stress tensor M as well as the
friction couple ¢ are equal to zero.

The surface gradient operator of the layer velocity is decomposed into
symmetric and antisymmetric parts

grad svs = Dg + Wy (8.25)
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where

1
Dg = §[grad svs + (grad Svs)T]
(8.26)

1
Wy = §[grad svs — (grad Svs)T]

In classical fluid mechanics of viscous flow, the deformation rates are com-
pletely measured by Dg. The thermodynamic pressure can be introduced si-
milar as in the case of the micropolar fluid. The dissipative part of the stress
tensor is of the form 0 @

T = 7§ (Ds) (8.27)

The constitutive equations for the stress tensor take the form typical for New-
tonian fluids, i.e.
Ts=7lg+ A(trDg)ls +2uDg (8.28)

where, A and p are viscosity constants. In the subject literature, exceptionally
non-Newtonian models of lubricant fluids are proposed, e.g. viscoelastic of
Rivlin-Ericksen, pseudoplastic of Reiner-Rivlin, etc.
The governing equations of motion of the layer given in the component
notation, a,3,e = 1,2 and n = 3, are as follows
O0vgy

PS(E + vawvﬁ — 22nba5v’3 — znzn,a) +70— A+ ,u)(v’g|5a —2Kpm2na0) —

— 6] + pv7be(bE + 2K mall) + 3p1zn pbY — (s aya —

—t(sB)a — MAV(a8)a = MBV(BS)a =0 (8.29)
ps(%n + 225 00% + vo‘baﬁvﬁ) = Zn,a50” = 2K (Mo — 7 = 2AKnzp) —
—,ubaﬁ(Qvam +v8la — 22nbag) — t(sa)n — t(sBm =0

where, K, is the mean curvature of the layer, a®? is the metric tensor, b*? is
the curvature tensor, see Zmitrowicz (1987, 1989).

8.1.4. Mixtures

Solid-liquid and solid-gas mixtures as constitutive models of wear debris
were proposed by Berker and Van Arsdale (1992). Heshmat and Brewe (1992)
investigated a solid powder lubricant film between sliding surfaces. They po-
stulated that a powder lubricant exhibits some of the basic features of hydro-
dynamic lubrication, and they proposed a semi-empirical rheological model of
the powder film.
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Hou et al. (1997) investigated rheological behaviour of the interfacial layer
which forms the third body in rolling-sliding contacts and consists of wear
debris and contaminants. It was assumed that the wear and other debris,
under traction and extreme pressure, form a uniform, solid, incompressible
layer. Hou et al. (1997) suggested an elastic-plastic rheological model for the
compressed layer.

8.2. Discrete formulations

Some authors assumed that equations of continuum mechanics cannot be
used in the case of the third body. They postulated that the third body is
discontinuous, heterogeneous and anisotropic. For example, wear of steel can
lead to a situation in which there is a layer of a granular material separating
sliding bodies. In that case, mechanics of granular media should be applicable
to define mechanical properties of the third body. That is why the discrete
approach has been applied to the study of the third body.

Advantages of the granular material model are following: (a) it is possible
to simulate a non-continuous interfacial medium, (b) it is well known that the
granular media can exhibit both solid-like and fluid-like behaviour, (c) the
velocity accommodation takes place in the bulk of the third body by shearing.

Disadvantages of the granular model: (a) a number of particles in the layer
is constant; formation of new particles and ejection of the particles from the
contact region cannot be considered, (b) a choice of inter-particle forces is
arbitrary, (c) the layer has a finite thickness, and the size and shape of the
particles have to be assumed.

8.2.1.  Granular material models

Granular material models have been used to describe quasi-granular be-
haviour of wear debris, see Ikramov (1983), Berker and Van Arsdale (1992),
Tordanoff et al. (2002a,b), Iordanoff and Khonsari (2004). Almost all classical
theories of the granular flow involve an assumption that particles are sphe-
rical in shape, similar in size and non-cohesive. An incompressible granular
medium is commonly supposed. Motion in a granular medium is attributed
to boundary conditions and to interactions between particles at points of con-
tact. Interaction forces between the particles can be defined in the frame of the
Hertzian contact theory (see e.g. Kantani, 1981). They can include friction,
adhesion and impact (with the restitution coefficient). Elrod (1988) assumed
that the interactions between the particles transport normal and tangential
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contact forces which depend on the shape and roughness of a particle. The
granular medium theory has been intensively studied by Hutter et al. (1996).
Some generalizations of the rigid body were done by Wieckowski (1973), who
took into account polar effects.

In order to extend and specialize mechanics of granular media to the third
body, it was assumed that the interfacial layer occurs as a discontinuous me-
dium consisting of isolated discrete particles. For a given type of particles,
it is reasonable to assume that all particles have the same shape. Therefo-
re, particles of the third body are modelled by assemblies of elastic spheres
(or cylinders). The particles are of micrometer size, and the assembly has a
finite thickness. Motion of the particles through the contact interface takes
place. Then, equations of motion are applied to each particle considered as an
isolated solid body.

Let us consider a thick interfacial layer in the reference system Oxzz. The
particles can displace along the axes Ox and Oz, and they can rotate along the
axis Oy normal to the plane Oxz. Equations of translational and rotational
motions are as follows

k k
mitt; =) F i) Lihi = ) _ My(ij) (8.30)
j=1 j=1 '

uf = [.’L‘f, Zﬂ—r

Fijy = [Fai Feap) '
where, z!, 2!, 1! define the position of the particle i at time ¢, Foijys Foaj) are
the inter-particle forces on the particle ¢ due to particle j, My(z-j) is the inter-
particle moment on the particle ¢ due to particle j, m; is the mass and I; is
the inertia moment of the particle 7. Notice that displacements and rotations
of the particles are finite in this formulation.

Algorithms of calculations are based on approaches used in Molecular Dy-
namics. The algorithm of discrete elements was formulated at first by Cundall
(1971) and Cundall and Strack (1979). Steps of calculation are as follows:

— Accelerations of particles are computed using equations of motion
(8.30)1,2, i.e.

At = Z (i5) JirAt = Z

j=1 M j=1

M.
—?@ (8.31)

where, At is a small time step.



26

A. ZMITROWICZ

New velocities of the particles are calculated by a numerical integration

procedure
s tb AL
altA =gt BT +;i At
(8.32)
it tHAt
A 't w + w
G = gl 4 S A
New positions of the particles are computed as follows
At)?
u;‘:JrAt _ ug + ,u;‘:JrAtAt + ,ulZ?JrAt( 2)
(8.33)
. . At)?
w;H-At _ w;‘/ + wf-l—AtAt + w;ﬁ-ﬁ-At( 2)

The contact force F';; can be decomopsed into normal F', and tangential F
components. The normal component can have an elastic term (a penetration
function) and a damping term (e.g. viscous damping). The tangential compo-
nent is friction.

Boundary conditions for the upper and lower walls must be defined, e.g.
they can move or be fixed horizontally or vertically. The accommodation of the
sliding velocity between the upper and lower walls can be realized by shearing
in the layer of granular particles.

9. Conclusions

Our main results are as follows:

Wear particles are of small sizes and different shapes.

Wear debris can be "rolled over” into cylindrical, spherical and needle-
like particles.

Wear particles transmit translational and rotational displacements at
the contact interface.

Wear particles transmit forces and moments at the interface.

The presence of wear debris implies modifications of the friction coeffi-
cient, wear rate and surface roughness.
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e Various constitutive models can characterize quasi-solid, quasi-fluid and
granular-like behaviour of wear particles. Both continuum based models
and granular material models are discussed in this study.

e The practical importance of wear particles depends on a sliding system.
It is extremely important in contacts where formation of loose particles
is permanent, since they control the friction process. For example, in
bearings, in fretting processes and in prostheses of human joints, we-
ar particles are always present inside the contact region. Wear debris
in the prostheses of human joints may be responsible serious illnesses
(Podsiadlo et al., 1997, 1998; Tipper et al., 2001).

e Analysis of wear debris is an important indicator in fault diagnosis of
machines and mechanisms.
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Czastki zuzycia: przeglad wlasnosci i modeli konstytutywnych

Streszczenie

Zuzycie jest to stopniowe usuwanie materialu ze stykajacych i tracych sie po-
wierzchni cial stalych podczas ich wzglednego poslizgu. Mechanizm zuzycia powodu-
je tworzenie czastek zuzycia. Czastki sa o malych wymiarach i réznych ksztaltach.
Czastki zuzycia moga by¢ ,zrolowane” w walce, kule lub igietki. Czastki oddzielone
od tracych sie powierzchni tworzg prawie ciaglta warstwe posrednia. Przekazuja one
sity, momenty i przemieszczenia (translacyjne i obrotowe) w obszarze styku. Obec-
noé¢ czastek zuzycia miedzy $lizgajacymi sie powierzchniami oddziatywuje w sposéb
istotny na zjawiska tarcia i zuzycia. Relacje konstytutywne charakteryzuja wlasnosci
czastek zuzycia typu quasi-cialo stale, quasi-ptyn i osrodek granulowany. W pracy
rozpatrzono dwa modele konstytutywne czastek zuzycia: (a) model osrodka ciaglego,
(b) model o$rodka granulowanego. Modele typu o$rodka ciaglego zostaly sformulo-
wane dla mikropolarnego materialu termosprezystego, ptynu mikropolarnego i ptynu
termo-lepkiego.
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