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A new concept of the effective surface profile is proposed to facilitate the prediction

of the worn surface texture at sliding friction. The effective surface profile is a 2D

height characteristic that consists of the asperities of surface superimposed on a plane

perpendicular both to the mean surface plane and to the direction of sliding. We

hope to present a clear and compelling argument favoring the use of the effective

surface profile as a versatile tool for characterization of rough surfaces at abrasive wear,

calculation of contact characteristic at sliding friction, and for prediction of evolution of

roughness parameters from virgin to the worn surfaces. The effective surface profile

can be successfully applied for investigations of sliding abrasive wear under dry or

lubricated conditions.

Keywords: sliding wear, plowing, abrasion, surface topography, surface parameters

INTRODUCTION

Prediction of wear of materials at sliding is an important but complex challenge (Zmitrowicz, 2006;
Manier et al., 2008; Lu et al., 2014). General analytical models (Kato, 2002) predicting a wear mode
under various conditions are complicated (Hsu et al., 1997). Wear is defined as damage to one or
both surfaces involved in friction. In most of cases, a wear is characterized by the presence of tracks
that have a measurable width, depth, as well as different surface roughness and texture inside of
worn area. The wear profile describes the irreversible changes of a worn surface, and it is a useful
measure of surface damage. Based onmany experimental evidences of wear examinations (Archard,
1953; Bowden and Tabor, 1964; Glaeser, 1992), the main mechanisms of wear have been identified
as asperity interlocking, plowing, and cutting of surface (Bowden and Tabor, 1964).

The objective of wear modeling depends on its application. In most of cases, the main aim of
the wear modeling is to predict the volume loss depending on mechanical properties of contacting
solids and the tribotesting schemes used. Perhaps, the first attempt to summarize the proposed
wear models was done by Meng and Ludema (1995). They have performed classification of wear
models and have distinguished three main types of wear equations: empirical, phenomenological
and those based on the selected failure mechanism. The main equation allowing to calculate the
loss of material is the Archard wear equation (Archard, 1953) or so called Archard’s law which is a
simple calculation procedure of wear volume and widely used in engineering calculations.

Another challenge is to predict the evaluation of worn surface structure and its roughness
parameters occurred at abrasive wear, grinding, milling and turning processes. Study of the
ground surface roughness is an important issue for tribological applications because it impacts
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the performance of machine elements. The virtual reality
technology was used by Gong et al. (Gong et al., 2002) to simulate
the grinding process. They found that the average roughness Ra
on the ground workpiece can be estimated by the arithmetic
average of contour absolute values in a sampling length of
workpiece. Aslan and Budak (2015) have proposed grinding
model with thermo-mechanical material deformation allowing
to simulate abrasive wheel topography and to obtain the final
workpiece surface profile. The abrasion simulation considers
three types of interactions such as rubbing, plowing, and cutting.
The main point of abrasion simulation is that not all the grits are
involved into the process, but some of them exceeding the certain
cut-off height and these acting grits are distributed randomly
within the working area. Simulating the abrasive wear by parallel
scratches, da Silva and de Mello (2009) have used the load map
that represents combination of position and normal load of
scratches being generated and this load map closely correlates to
the average profile of the reference surface used in simulation. It
allows predicting the roughness parameters with good accuracy.
Similar approach was proposed by Shahabi and Ratnam (2016)
for determining the final surface profile of workpieces in finish
turning. They have shown that final surface profile formed by
the flank wear of cutting tool and the surface roughness could
be predicted knowing the shape of the tool cutting edge.

In most of investigations of the contact of rough surfaces,
roughness parameters are considered as characterizing the
mating surfaces (Borodich and Bianchi, 0000; Borodich et al.,
2016). Mainly, the analytical models consider the specific type
of wear, as it was proposed by Goryacheva for fatigue wear
(Goryacheva, 1998) or Popov and Pohrt for adhesive wear (Popov
and Pohrt, 2018). Also, there is no simple analytical method or
technique that involves the initial surface topography to allow
predicting the evolution of worn surface structure or texture that
occurs during the abrasive or plowing wear process.

The commonly used roughness parameters in tribology are
the arithmetic average height (Ra), root mean square (Rq),
skewness (Rsk), and kurtosis (Rku). The correlation between the
surface roughness and friction behavior has been recognized for
a long time, however until now it is still an unsolved challenge.
The variation of surface parameters during the running-in wear
stage, where themutual transition between different types of wear
exists, was deeply investigated by Jeng (Jeng and Gao, 2000; Jeng
et al., 2004) especially for engine bore surfaces. He has found
that Rq became lower and Rsk got negative after sliding wear,
and these results are correct for different original surface height
distributions. The surface roughness evolution in sliding process
has been studied by Yuan et al. (2008). The results have shown
that Ra and Rq values of test samples first decreased from the
running-in to steady wear stage and then increased from the
steady wear to severe wear stage. However, variation of roughness
parameters when initial surface undergoes the transformation
during wear is still not investigated in details.

A lot of previous theoretical and experimental studies of
friction and wear have formed the main basis of surface
transformation during a sliding friction of rough surfaces. During
sliding, the deformation of surface can be entirely elastic. In
such a case the wear is absent. With an increase of external

load, the deformation mode changes to plastic one and the
surface layer of material displaced by the passage of an asperity
is being plowed into side ridges. Such representation was used in
several models of wear (Kapoor and Johnson, 1992, 1994), where
the plowing is the dominating factor (Challen et al., 1984; Xie
and Williams, 1996). The steady state sliding of rough surfaces
that considers the groove formation in presence of elastic and
plastic “shakedown limit” was also analyzed (Kapoor et al., 1994).
However, the height change of initial rough surface was taken
into account based on the roughness of a surface profile only.
Thus, the analysis of evolution of worn surface topography,
where the initial surface structure is considered, have not been
reported yet.

In this paper, a concept of effective surface profile (ESP), which
is the superimposed asperities of initial hard rough surface along
the direction of sliding, is presented with the aim of predicting
the worn surface structure, corresponding roughness parameters,
and contact characteristics under abrasive sliding conditions.

CONVENTIONAL CONTACT
CHARACTERIZATION

Surface Roughness Parameters
Set of roughness parameters for a single line (profile)
characterization can be divided to three main groups (Dong
et al., 1992, 1993, 1994a,b; Stout, 1993; Jiang et al., 2007a,b)
according to its functional properties: (1) amplitude parameters,
(2) spacing parameters, and (3) hybrid parameters. According
to the classification presented elsewhere (Gadelmawla et al.,
2002), for roughness characterization from a profile data, total
of 41 parameters, including 20 amplitude parameters, 8 spacing
parameters, and 13 hybrid parameters, can be utilized. To point
out which of these various parameters is the most relevant one to
describe the surface transformation due to friction and wear is
ambiguous and can be a pointless task.

Let us describe the main amplitude (height) parameters that
commonly used for a roughness characterization. Taking into
account the absence of difference of statistical meaning for
equations applying for calculation of the roughness, only the
capital letter “S” will be used for profile and surface parameters.

Arithmetic Average Height
The arithmetic average height parameter Ra or Sa is defined as
the average deviation of the roughness irregularities from the
mean line over the sampling length l, or from a mean surface
over the nominal surface in case of areal characterization. The
main weakness is that Ra or Sa give no information on the profile
shape or texture of surface and they are not sensitive to the fine
changes of asperity peaks and depths of valleys. These roughness
parameters describe the average value of height deviation along
the Z axis regardless how a height data was collected, along a
linear profile or surface.

Root Mean Square
This parameter is the standard deviation of the distribution
of profile or surface height points relating to the mean
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line. Rq (Sq) parameter is more sensitive to the changes of
height amplitudes.

Skewness
The skewness qualifies the symmetry of height distribution about
the mean line for a profile or mean plane for a surface. For the
Gaussian distribution, which has a symmetrical “bell-like” shape,
the Ssk is zero. For asymmetric distribution of profile/surface
heights, the Ssk may be negative or positive. Ssk is positive if a
surface hasmany peaks and small number of valleys. The negative
Ssk indicates that the quantity or deepness of valleys dominate
over peaks above the mean plane.

Kurtosis
The kurtosis qualifies the flatness of the height distribution curve.
The profile or surface with a Gaussian distribution of height
points has a kurtosis of 3. Centrally distributed surfaces has a
kurtosis value larger than 3, whereas the kurtosis of a well spread
distribution is smaller than 3.

Ssk and Sku are more sensitive to the fine changes
of topography than Ra and Rq, and they are used in
the comparable analysis of worn surface topography
(Jeng and Gao, 2000; Yuan et al., 2008).

The height roughness parameters listed above are widely used
in surface characterization of worn surfaces, however, as it will
be shown in this manuscript, cannot describe the evolution of
surface parameters during wear.

Contact of Rough Surfaces
The basis of statistical description and corresponding classical
model of contacting rough surfaces has been proposed in
1966 by Greenwood and Williamson (1966). They have shown
the Gaussian distribution of heights on many surface profiles.
Moreover, it was found that the distribution of asperity peaks
is close to Gaussian distribution too, and both the mean value
and the standard deviation of asperity peaks differ from that of
heights. It should be noted here that Zhuravlev has published in
1940 the pioneering work related to the contact mechanics, where
the statistical approach for describing the surface roughness
was proposed. He considered a linear distribution of heights of
aligned spherical asperities and yielded an almost linear relation
between external load P and real contact area Ar . The translation
of a historical Zhuravlev’s paper has been done by Borodich
(Zhuravlev, 2007) and discussed elsewhere (Borodich et al., 2016;
Borodich and Savencu, 2017).

The mentioned above GW model is widely used for
calculation of the bearing capacity of contacting surfaces
(Bhushan, 1998, 2001). However, as it will be shown in section
Contact of Rough Surfaces, GW theory describes the static
contact of rough surfaces and could not correspond to the contact
geometry occurred due to the repeatable sliding movements of
surfaces. Here, we briefly list the main equations of GW theory
and these equations will be discussed with equations derived
with the help of effective surface profile in section Contact of
Rough Surfaces.

The GW model was defined by three parameters: σ is the
standard deviation of the asperity peak distribution; R is the
radius of curvature of the asperities; n is the density of asperities

per unit area. According to the GW model, the distribution
density function of peak heights is of the form:

φ (z) =
1

√
2πσ

exp

(

−
z2

2σ 2

)

, (1)

where z is the peak height. If two surfaces are brought into
contact until their nominal planes are separated by a distance d,
then there will be a contact at any asperity whose height is greater
than distance d. Thus, if a rough surface has N asperities, the
expected number of contacting asperities is:

n = N

∞
∫

d

φ (z) dz (2)

Therefore, if the surfaces come to contact with a compression of
δ = z − d, and all asperities undergo the elastic deformation
according to the prediction of Hertzian theory, then, per unit
nominal area, the real area of contact and the applied load will be:
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∞
∫

d

(

z − d
)

φ (z) dz (3)

P =

(

4

3

)

nE∗
√
R

∞
∫

d

(

z − d
)3�2

φ (z) dz (4)

where E∗ is the composite elastic modulus of contacting
rough bodies.

GW model is widely used in contact problems for predicting
the normal contact of surface (Adams and Nosonovsky, 2000)
and it has many variations for certain problems (Greenwood
and Wu, 2001; Borodich et al., 2016). Also, GW model is often
considered when the sliding friction of rough surfaces is modeled
(Kapoor et al., 1994; Xie and Williams, 1996). However, the
GW model is applicable for pure elastic contact only. In case
of elastoplastic or pure plastic interaction typical for abrasive
or plowing wear at sliding the application of GW model has to
be revised.

NUMERICAL INVESTIGATIONS DETAILS

Running-in state exists at the beginning of a wear test in which
the contacting surfaces experience an initial wear, resulting in the
adaptation of surfaces accompanying by volume loss, after which
the slope of wear curve declines reaching the steady state.

In our numerical investigation we consider an ideal case of
sliding friction of rough hard surface against softer one. In fact,
this corresponds to the sliding friction of hard coatings such as
DLC against softer materials as metals or ceramics (Hayward
et al., 1992) where the friction coefficient tends to be high, since
asperities of the coating surface work as abrasives.

In numeric experiments nominally rough surface initially was
shifted down according the selected vertical displacement ∆z
and was continuously moved over the soft surface subjected to
wear. Several wear mechanisms could be involved in the groove
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formation on the surface of softer material. The transformation
of wear surface represents how the surface of soft material
would be expected to change during the repeated sliding
mainly accompanied by the plowing and cutting. However,
wear mechanisms were thoroughly maintained in our computer
simulation, because the main aim of our idealization is to
investigate the final surface topography at given conditions of
sliding, rather than the specific wear mechanism and mechanical
behavior of material resulting in the topography changes.

In section Results and Discussion the conventional method to
characterize a surface will be compared with the new approach
allowing the prediction of surface parameters of worn surfaces
and evolution of surface parameters will be discussed in detail.

RESULTS AND DISCUSSION

Any friction process begins with normal static contact. In this
stage, the top of asperities of rough surface are brought into
contact under high pressure, and the initial penetration to
the softer material takes place. Since asperities are randomly
distributed on the rough surface, discrete real contact areas are
formed. When the local normal pressure exceeds a critical value,
which is determined by the hardness of the asperity, the elastic
deformation changes to plastic one, resulting in the plowing (Xie
and Williams, 1996). Due to that, all the surface layer of material
displaced by the passage of the asperity is plowed into side ridges.
Such irreversible deformation of surface takes place till a balanced
state governed by the interrelation between hardness, elasticity,
and geometry of parallel groves is reached. This is a steady stage
of wear and it is characterizes by a stable coefficient of friction
and low wear (Hao and Meng, 2015).In this section the surface
characterization is analyzed and new concept of prediction of
worn surface evolution is presented.

Concept of Effective Surface Profile
The recent trend of tribological simulations demands the
description of surface changes in wear process (Ao et al., 2002;
Reizer et al., 2012; Cabanettes and Rosén, 2014). In most of
wear prediction models, the surface roughness parameters are
used as indicators describing sliding contact of rough surfaces
(Xie and Williams, 1996; Jeng et al., 2004; Yuan et al., 2007,
2008). The changes of roughness parameters are analyzed in the
range of height amplitude of initial surface topography. This is
reasonable for consideration of running-in stage of wear, where
the rough surface undergoes a primary transformation. However,
the completed adaptation of sliding surfaces is characterized by
the presence of new worn surface that provides an equilibrium
state between the normal contact pressure and the elastic
shakedown limit of mating surfaces. Before the steady wear
stage is reached, the new friction surface is mostly generated by
the plowing and abrasion by hard asperities, resulting in a set
of grooves. It is evident that the roughness parameters of the
“grooved” surface are different from those of the initial surface.
Thus, the prediction of the structure of worn surface on the initial
topography parameters is an ambiguous task and has not been
proposed yet.

Here, we describe a concept of the effective surface profile
(ESP) allowing prediction of worn surface profile that could be
generated during wear.

Let’s consider how the effective surface profile is shaped.
Note that the profile shape depends on the direction of sliding.
Figure 1 shows the 3D image of a surface subjected to the study
and two effective surface profiles aligned perpendicular to the
direction X and Y of the surface. These profiles have been
generated by means of the superimposing of all height ordinates
along the selected direction to the plane, which is perpendicular
to both of the selected direction and the mean surface plane.
This method transforms shape of asperities, which are dominant
on a surface as highest asperities, into a single profile. As a
result, the ESP consists of all asperities that will contribute to
the sliding wear process because they are perturbed along the
selected sliding direction. As it is seen in Figure 1, the effective
surface profiles generated from a height data of the same surface
in directions X and Y are different. This is because the location
of highest asperities is determined by the coordinates (x, y) on
a mean surface plane and only one coordinate (or x, or y) onto
the corresponding effective surface profile. In some cases, the
coordinates of different asperities can be nearly the same, leading
to the overlapping of asperity projection onto a profile plane. This
fact has also been illustrated in Figure 1.

The five highest asperities, which can be distinctly identified
on the effective surface profile, are labeled with A, B, C, D, E
letters on the 3D surface image. The arrows are starting at a
highest point of the selected asperities on the 3D surface image
and they are ending on the plane of effective surface profiles
to show their location on the graph. The ESP along direction
Y shows all five asperities. There A, B, E present as separated
asperities, meanwhile D, C have formed a single asperity with
doubled peak. The ESP along X direction exhibits two asperities
only. There is a doubled peak of D, C, and a single asperity E.
Surface asperities A, B are not presented on the effective surface
profile along X direction. This is because, first, the heights of
asperities A and B are lower than the height of C or D and
second, they lie exactly on the same direction as a projection has
been processed.

Mentioned above facts allow us to conclude that the shape of
an effective surface profile depends on the direction of sliding.
If the amount of sliding asperities of the same surface depends
on the sliding direction, the different energy dissipation will
be occurred at the sliding in different directions. This will
lead to the difference of friction coefficients regarding to the
selected direction of sliding. Friction anisotropy is a well-known
phenomena (Zmitrowicz, 2006), and it has been proved that
surface topography plays a crucial role and nature of friction
anisotropy has strong respect to topographic orientation (Yu and
Wang, 2012). The analysis of shape and structure of effective
surface profile allows estimating the friction anisotropy due to
the discrepant force contribution to abrasion and plowing.

Real Sliding Area at the Steady Friction
One contact phenomenon that is attended for engineering
interests is the real area of contact between rough surfaces. Since
the topographic features of the mating surfaces are unlikely to

Frontiers in Mechanical Engineering | www.frontiersin.org 4 June 2019 | Volume 5 | Article 31

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Kovalev et al. Effective Surface Profile

FIGURE 1 | 3D view of surface and its effective surface profiles in X and Y directions. The hieghest asperities of surface that contribute to the profile shape form are

marked by letters A, B, C, D, E. The effective surface profile along the direction Y includes all marked surface asperities. In contrast, the effective surface profile along

direction X does not include the surface asperities A and B.

be identical, only a unique distribution of spots in a contact
plane will affect tribological properties at a given instant. The
presence of discrete contact spots within an apparent contact
area of bodies can be identified and measured with in situ
techniques (Etsion, 2012).

If the sliding surfaces behave plastically, like most common
materials do above their yield strength, then real contact area
is simply the ratio of contact asperities N to the indentation
hardness H, which is by definition the load per unit area
under static equilibrium. If the shape of asperities is assumed
to be hemisphere, each local contact spot has a circular shape
(Greenwood and Williamson, 1966; Adams and Nosonovsky,
2000), as it was discussed in section Contact of Rough Surfaces.
When a hard rough surface slides over a soft one, the hard
asperities plow and cut the soft surface, resulting in scars
generation. Such mechanical interaction of surfaces corresponds
to the running-in stage of wear. The plowing and cutting end
when the soft surface completely adapted to the sliding of hard
one. At this steady stage of wear, the soft surface represents
a set of grooves. What is the actual area of sliding contact at
this stage and how it can be localized on the surface? The ESP
principles allow estimation and localization of real sliding area
as follows.

Let us assume that a hard rough surface, shown in Figure 1,

can be subjected to slide in directions X or Y. ESPs that consist of

surface asperities involved to friction for the selected directions
have also shown in Figure 1. To identify the position of ESP
height points on the rough surface, we mapped back the ESP
height points onto the surface image. The result of localization of
real sliding areas is illustrated in Figure 2. For better recognition

and comparison of contact areas, we marked rectangles in green
color for direction Y and in red color for direction X.

There are 17 identified contact areas that contribute to friction
in X direction and 14 in Y direction. The crossed and linked
rectangles indicate which asperities slide in both directions will
be involved to.

The geometrical shape of contact area of a single asperity on
a surface with a groove during the steady stage of wear might
correspond to a thin-elongated ellipse (Eldredge and Tabor,
1955). However, it should be taken into account that in most
of cases (1) the penetration δ is small and incomparable to
the curvature radius Ri of an asperity, (2) the arc length l of
curved real groove is smaller than an aligned thin-elongated
contact ellipse with aspect ratio be/ae << 1 along the
major axis aeof an elliptical contact, so that the shoulder of a
groove developed by one asperity will be plastically deformed
by those following it. Thus, the contact area between an asperity
and corresponding groove can be assumed to be a rectangular
(Eldredge and Tabor, 1955), when shakedown pressure limit ps
is reached at the steady wear stage. In this case, the load of a
single asperity carried by the rectangular contact in a groove
(Kapoor and Johnson, 1992) is

Pi = aibips. (5)

where aibi is the rectangular sliding contact area Ai of a
single asperity.

In real situations, the heights of the opposite ridges of the
groove are slightly different. However, this difference is negligibly
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FIGURE 2 | Localized sliding contact areas during steady state friction. Green rectangles indicate the sliding areas in Y direction, red ones correspond to X direction.

small with respect to the curvature of arc li. Taking into account
this assumption and the simple geometric relation for the arc
length, the length of transverse profile of single groove might be
expected to be given by

li = 2Ri arcsin

(

ai

2Ri

)

. (6)

Therefore, summing up these expressions for each asperity
involved in sliding, we obtain the total length of a transverse
profile of worn surface as

L =

i=Ns
∑

i=1

2Ri arcsin

(

ai

2Ri

)

. (7)

Hence, the total sliding contact area As can found by multiplying
Equation (7) width bi of an individual contact of asperity

As =

i=Ns
∑

i=1

2biRi arcsin

(

ai

2Ri

)

. (8)

The transverse profile of worn surface discussed here entirely
corresponds to the inverted effective surface profile considered
in section Concept of Effective Surface Profile. Thus, the effective
surface profile can be represented as a “band” consisting of
several parts, where each part is a local contact area of sliding
asperity with arc length li and width bi.

The sliding contact areas in Figure 2 are marked as rectangles.
The length of each single rectangle is equal to the projection
of corresponding single arc from ESP. The width of rectangle
is chosen to be a constant for a better visualization in the
figure, however, in the real sliding it corresponds to bi. Thereby,
each rectangle represents a local bearing area of single asperity
carried by the sliding contact according to Equation (8). The
estimation of value bi is a complicated task. In some instance,
the well-known equations for an elliptical contact could be used
(Greenwood, 1997; Popov, 2010), however, a concave curvature,
variation in asperity radius will influence the width of selected
contact rectangle.

Comparing the presented equations and equations of
GW theory in section Contact of Rough Surfaces, one
can see the difference between them. The distinction
occurs due to the fact that GW theory describes the
static contact and circular-like areas of single asperities
being in contact. The proposed approach, based on the
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effective surface profile definition, assumes the contact
at the kinetic movement and rectangular (pseudo-
elliptical) contact for a single asperity in the case of worn
opposite surface.

Thus, the analysis of effective surface profile allows identifying
the quantity and location of asperities contributed to friction in
selected direction, and estimates the bearing area of contact and
real sliding area as well.

TABLE 1 | Simulated sliding wear surfaces illustarting transition in surface texture in both perpendicular X and Y directions.

Sliding wear along X axis Sliding wear along Y axis

∆z 10 nm ∆z 10 nm

Sa 37.90 nm Sa 37.93 nm

Sq 14.24 nm Sq 14.26 nm

Ssk 0.12 Ssk 0.13

Squ 2.21 Squ 2.21

∆z 30 nm ∆z 30 nm

Sa 37.00 nm Sa 36.80 nm

Sq 13.30 nm Sq 13.01 nm

Ssk 0.08 Ssk 0.04

Squ 2.40 Squ 2.39

∆z 50 nm ∆z 50 nm

Sa 32.77 nm Sa 31.18 nm

Sq 11.62 nm Sq 10.51 nm

Ssk 0.29 Ssk 0.41

Squ 2.32 Squ 2.68

∆z 70 nm ∆z 70 nm

Sa 21.29 nm Sa 17.95 nm

Sq 11.46 nm Sq 10.62 nm

Ssk −0.27 Ssk 0.17

Squ 2.02 Squ 1.86

∆z 90 nm ∆z 90 nm

Sa 22.23 nm Sa 18.68 nm

Sq 12.19 nm Sq 11.73 nm

Ssk −0.41 Ssk 0.05

Squ 2.08 Squ 1.71

The corresponding surface parametrs are given at the left side of each surface image.
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Modeling of Worn Surface and Its
Roughness
If the transverse surface topography is perfectly correlated
in sliding direction, then a set of conformal grooves will
be developed in the softer material. During the repeating
sliding process, when the steady state is reached, each groove
corresponds to certain hard asperity on the mating surface.

However, not all hard asperities of the mating surface produce
the grooves. A groove on a soft surface will be produced by an
asperity which is higher than anyone else in that linear direction
of groove. Moreover, worn grooved surface is not generated
during one pass, surface structure undergoes the transition from
an initial texture to the texture of worn surface.

The transition of surface texture always observed at finish
turning (Shahabi and Ratnam, 2016), grinding (Gong et al., 2002;
Cao et al., 2013; Darafon et al., 2013), abrasive wear (da Silva
and de Mello, 2009; Sep et al., 2017), and proposed modeling
techniques mainly based on ad idea that grooves on the worn
surface are produced by protuberated asperities of counterface
and contour profile of grooved surfaces should correlate to the
superimposing protuberated asperities.

An application of the effective surface profile to the abrasive
wear process could be related to grinding or abrasive wear
modeling and real experiments conducted by Gong et al. (2002)
or da Silva and de Mello (2009). Both of them have been
concluded that the final structure of worn surface could be
represented via superimposing of set scratches generated during
abrasion process, and it was stated that the rough surface could be
estimated by using a computed load map and “the average profile
of the reference surface.”

In our study, the simulation of abrasive wear was conducted
for surfaces with similar surface structure. A surface presented
in Figure 1 was used as a counterpart assuming high hardness
and its asperities work as the abrasive particles. For a surface
subjected to the wear simulation, an image of surface with similar
structure exhibiting the spherical-like asperities was selected. The
roughness parameters of surface are Sa = 37.94, Sq = 14.31, Ssk
= 0.14, Sku= 2.23.

Five subsequent stages of surface texture transformation are
listed in Table 1 in both directions X and Y. The vertical
displacement ∆z starts at 10 nm and following increment was set
as 20 nm.

Simulation result shows that at the vertical displacement of
10 nm there are no evident damages and surface has a random
granular texture. When ∆z reaches the range of 30–50 nm,
the partial damages of spherical-like asperities occur with a lay
direction along to the direction of sliding. The grooved texture
becomes manifested at ∆z of 70 nm and new grooved texture is
completely formed at the displacement of 90 nm.

Comparing the images at the displacement of 90 nm one can
conclude that the groove widths and their heights vary and the
worn surfaces do not have a uniform groove profile in directions
X and Y. Thus, the selected surface, shown in Figure 1, generates
the dissimilar worn surfaces in perpendicular sliding directions
X and Y. The resulting surface profiles are inverse to the effective
surface profiles in corresponding direction as it presented in
Figure 3. The location of asperity involved in the destructive

FIGURE 3 | Evolution of (A) Sa and (B) Sq during the surface

transformation occurred due to wear.

friction process can be easily identified on the ESP graph in the
selected direction of sliding.

Evolution of Roughness Parameters
During the Simulated Abrasive Wear
To investigate, how the roughness parameters vary due to the
transition of surface texture, a series of numerical calculations
were performed by using the simulated worn surfaces described
in previous section. All the calculations of roughness parameters
were performed under the stepwise displacement control. A
displacement ∆z is set in the normal direction to the nominal
plane of rough surface. The maximum value of ∆z was set to
110 nm based on estimation result presented in previous section
and was subdivided into 110 steps. The evolution of Sa and Sq
of surface was investigated for a series of increasing displacement
∆z and it is shown in Figure 4.

Several important observations can be done from Sa and
Sq graphs (see Figure 3). Both of them begins from the
corresponding values of surface Sa = 37.94 and Sq =

14.31, respectively. Graph of Sa consist of two parts. First
part is characterized by gradual decreasing because the areas
undergoing wear contribute to the overall decreasing of surface
heights. However, at the vertical displacement ∆z about 70 nm,
Sa becomes to increase gradually and reach constant value of
22.25 and 18.76 in X and Y directions, respectively. It can
be explained as following. At this displacement, the height
magnitude of grooved structure becomes to dominate upon
the initial granular structure, and stabilizes as a constant value
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FIGURE 4 | Evolution of Ssk and Sku during the evolution of surface

presented in Table 2.

when a worn grooved surface has finally formed. The drop on
both graphs can be represented as a delimiter for an amplitude
transition between virgin and worn surfaces.

In contrast to Sa, a graph of Sq has no sharp drop (see
Figure 3B). Sq graph depicts as an inverted smoothed bell-like
function with a minimum of ∆z about 60 nm. Comparing to the
transition behavior of Sa, Sq has reached the minimum value
of ∆z earlier than Sa. It means that Sq is more sensitive to the
surface structure changes due to wear. Simulation result also
shows that Sq tends to decrease at the initial stage of wear,
where the upper parts of asperities underwent a minor material
loss. The formation of grooved surface began to dominate,
as the main surface texture, approximately at the minimum
of Sq (see Table 1). Obtained results are in agreement with
results of Jeng and co-authors (Jeng and Gao, 2000; Jeng et al.,
2004), but represent more complicated transition behavior of Sa
and Sq when the virgin surface is transformed to the grooved
worn surface.

Figure 4 shows the evolution of Ssk and Sku during the
transition of surface structures. The shape of curves has more
complex behavior than shape of Sa and Sq. The results show that
both skewness and kurtosis curves have peaks at∆z about 50 and
40 nm, respectively. Comparing the extreme points on the graphs
of Sa, Sq, Ssk, Sku, one can conclude that a kurtosis (Sku) is more
sensitive to the surface transformation due to wear.

Comparison between the roughness parameters of surface
and its ESP profiles allows concluding that there are no evident

TABLE 2 | The roughness parameters of the effective surface profiles along axis X

and Y, and corresponding worn surfaces.

Sa Sq Ssk Sku

ESP along X 10.15 12.26 0.40 2.05

ESP along Y 10.55 11.89 0.07 1.69

Worn surface along X 10.15 12.21 −0.40 2.08

Worn surface along Y 10.55 11.84 −0.07 1.72

matches. The values of Sa and Sq of the ESP are lower than those
of Sa and Sq of the surface listed in Table 1. It is reasonable
because the height range of ESP is up to twice lower than the
average height range of surface profiles. Skewness and kurtosis
(Ssk and Sku) cannot be qualitatively compared because the ESP
profiles have the positive value of Ssk and Sku lower than 3 due
to their origin always. The roughness parameters of ESPs and
simulated worn surfaces are listed in Table 2.

Also, it should be noted, that presented graphs demonstrate
a transition process occurring between two different surface
structures, but final surface structure and its surface parameters
could be predicted by the ESP in the selected direction.

As one would expect, the roughness parameters are similar
for an effective surface profile and corresponding worn surfaces.
The similarity presents because the ESP and corresponding
worn surface are inverted in origin and the amplitude (height)
roughness parameters are considered. The negative value of
skewness is easily explained. The effective surface profile in most
of cases will have the positive Ssk because it consists of rounded
top asperities and sharp thin pits formed due to the overlapping
of neighboring ones. The worn surface has an inverted structure:
the thin sharp peaks and big curved valleys that characterizes
by the negative skewness. A small variation in the values of Sq
and Sku are probably caused by the digitizing collapsing error
in calculation procedure implemented, which is different for an
inverted data profiles.

Thus, the main feature of the roughness parameters of ESP
and worn surfaces, listed in Table 2, is that these parameters
were evaluated based on the height data of real surface with
implementation of concept of the effective surface profile,
presented in Figure 2, and allow qualitative prediction of the
structure of worn surface and its roughness parameters.

CONCLUSIONS

A new consideration of conventional surface data has been
presented to predict the structure of worn profile that could be
formed during abrasive wear process. Such consideration allows
us to introduce the concept of an effective surface profile as
a powerful phenomenological tool for surface characterization
based on the height data of initial rough surface. The wear
process, discussed in this paper, is considered as the degradation
of the soft rough surface by the interlocking hard irregularities,
plowing, and abrasion of material by means of the hard asperities
of counterface rather than adhesion of asperities in friction and
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without consideration of cases in which wear debris are trapped
onto the contact area.

1 The results of roughness analysis of profiles, which were
derived from rough surface, have clearly shown that, in
the present case, there is no good correlation of the
height roughness parameters Sa, Sq, Sku, Ssk of the surface
topography with the corresponding parameters of surface
profiles. It was deduced that this approach is not effective
for the prediction of worn surface structure formed during
sliding friction.

2 The concept of effective surface profile has been proposed to
construct the front profile of surface consisting of asperities
involved in the contact during sliding friction.

3 In the frame of idealized model of sliding of a hard rough
surface upon a soft rough one, the contact area As and
contact pressure Ps, under the shakedown pressure ps, were
theoretically estimated.

4 A simulation procedure is proposed for topographical
representation of worn surfaces produced by the rough surface
in both perpendicular directions. The effective surface profiles
as a template of possible transformation of soft surface are

used in selected directions. The roughness parameters of worn
surfaces are estimated and compared. It has been revealed that
the prediction of worn surface structure and its roughness
parameters are possible by using effective surface profile with
respect to the selected direction of sliding.

The results above widen the understanding of friction and will
advance the ability to predict the wear pattern on a surface that
has not been attended before in the surface analysis in tribology.
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