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a b s t r a c t

Two-body abrasive wear is a process with strong stochastic characteristic. Abrasive particle geometry,
distribution and worn surface morphology can only be statistically determined and analytical models
therefore always cause large inaccuracy. In this research, the earlier model of a particle as pyramid with
a hemispherical tip has been replaced by a paraboloid model of revolution. In the pyramid model the
normal load cannot be large enough to penetrate beyond the height of the hemisphere. Generally, in
practice the hemisphere tip is quite small, and it readily penetrates into the surface. A new particle model
has, therefore, been devised to extend the normal load range. New contact equations are proposed for
the particle geometry used in the present model. The Monte Carlo method and finite element methods
(FEMs) have also been combined to calculate the wear rate of the material during simulation. It is found
that the linear wear rate increases continuously during the running-in process and reaches a constant

value after some travel distance. Computed roughness and worn surface morphologies are in agreement
with the experimental data. Finally, a comparison between simulated and experimented wear rates has

ched
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. Introduction

Two-body abrasion is a process during which hard particles or
sperities cause matched surface damages during relative sliding.
he two-body abrasion process should be considered as a stochastic
rocess because of abrasive particle shapes and their statistical dis-
ributions relative to the matched surface with a strong statistical
ehavior. Furthermore, the worn surfaces also exhibit strong statis-
ical characteristics because of sochastic positions acted on surface
y particles. The classical mathematical models usually cannot eas-

ly predict the wear rate of worn materials. Some models predict a
ear rate of materials at least one order of magnitude larger than

he experimentally observed values. In order to properly describe
he two-body abrasion process, a stochastic process should be
ntroduced. Some researchers have made successful attempts using
tochastic models. Some researchers (Zhang and Xie, 1989a,b,c)
ave proposed surface roughness stochastic model of two-body

ure microcutting wear and Nicholls and Stephenson (1995) pro-
osed a Monte Carlo model of erosion processes which is effective.

A random generator of computer has been taken to establish
statistical model of two-body abrasion (Jacobson et al., 1987).
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The model is successful in qualitatively predicting the influence of
wear parameters on wear rate, such as grit size, load and material
hardness. However, careful comparison of the simulation results
with experimental values shows that the wear rates differ from one
order of magnitude. The reason is from parameters of groove ridges
pushed aside by abrasive particle that have not been directly intro-
duced and a pure microcutting mechanism is considered. Besides
a constant cone angle with a constant tip radius of abrasive par-
ticles is also assumed instead of random parameters. Jiang et al.
(1998) have proposed an assumption of conical particles with round
tips similar to Jacobson’s particle model. In that model, the groove
ridge is considered. The experimental data of Hokirigawa and Kato
(1989) are used to estimate the removal fraction of material from
the groove. A wear rate is with the same order of magnitude com-
pared to the experimental values. However, random parameters of
particle geometry have not yet been introduced although the tip
radius and apex angle of particles are set as real variables.

In our previous work (Fang et al., 2005), a stochastic process
is proposed considering abrasive particle shapes and their distri-
bution with stochastic parameters. Furthermore, the decreases of
wear volume due to groove ridges pushed aside by abrasive par-

ticle are also taken into account in the model. The simulated and
experimented data matched very well. However, it has been noticed
that the defined normal load cannot be large enough to penetrate
beyond the height of semisphere for a pyramid model. For a prac-
tical case, it is necessary to expand normal load range.

http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:fangl@xjtu.edu.cn
dx.doi.org/10.1016/j.jmatprotec.2009.04.017
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Nomenclature

a x-coordinate distance from axes for parabolic grit
A pile-up height of groove
Ag area of groove
Aa area of right ridge
Ab area of left ridge
Ae elastic contact area
Aep elastoplastic contact area
Ap plastic contact area
A1, A2, A3 different constants individually, related to material

properties
B1B2B3 constants unrelated to material properties
D grit diameter of conical shape grit
fab factor of the wear
h height of a parabolic asperity
hc average height of surface
Hf frustum height for conical grit with a semispherical

tip
Hg height of grit for conical shape with a semispherical

tip
k coefficient for Azarkhin and Böklen’s curves of ridge
k1, k2, k3, k4, k5 constants related to material properties
lstep length of per grooving step
nx, ny subdivided points numbers in x and y directions
Pme the maximum elastic contact pressure
Pae mean elastic contact pressure
Pe elastic contact load
Paep mean elastoplastic contact pressure
Pep elastoplastic contact load
Pp plastic contact load
r grit radius at the bottom for parabolic grit
r0 half width of the groove
rs tip radius for conical grit with a semispherical tip
R elastic contact of a flat with a sphere of radius
w z-coordinate distance from axes in parabolic grit
we elastic contact load of an asperity
wp plastic contact load of an asperity
W pile-up width
xc constant related to the apex of asperity
y coordinate of ridge’s height
z coordinate of ridge’s height
z0 average height of all the mesh unit before the first

grooving step
zi, j z-coordinate for the mesh unit [i, j] at the Nth sliding
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Hg = Hf + rs(1 − sin �)
(1)

where Hf is the height of grits frustum, D is the grit diameter, Hg is
the grit height, rs is the tip radius and � is the apex angle. In the above
step
� apex angle of the conical shape grit

In the present research, a revolution parabolic particle geometry
s applied to improve the earlier model of pyramid with semisphere
ip, so much the shortcoming of penetrating particle tip can be
hrown away. In the present work relative contact equations are
lso proposed to match the new particle geometry. Monte Carlo
hooting method and finite elements method (FEM) are combined
ogether to calculate the wear rate of material during simulation.

. Parabolic particle model

A statistical approach derived from the observation to common

ngineering surfaces produced by standard machining process (e.g.
round surfaces) are characterized by a random topography from
he work of Greenwood and Williamson (1966). The surface asper-
ties are often simulated with many hemispheres assuming for
he asperity heights opportune distribution functions (e.g. Gaus-
g Technology 209 (2009) 6124–6133 6125

sian one). In that way it becomes easy to obtain simple equations
that allow fast contact analyses. However, the exactitude is strongly
dependent on the assumption on asperity shape and heights distri-
bution.

Although Greenwood and Williamson (GW) model has been
widely used to describe the asperity contacts, the necessary input
data, such as, summit asperity height deviation, mean radius and
asperity density cannot be easily got by usual commercial pro-
filometers. A numerical procedure to calculate the input data of
GW model is, therefore, proposed (Tomanik et al., 2003) and an
extension of Nayak’s theory to elliptic model of rough surface con-
tacts is also given (Greenwood, 2006). A few works report the effect
that sliding contact on the stress for a spherical contact (Nicholls
and Stephenson, 1995). Many have also focused on the adhesion
between a sphere and a flat rather than the sliding interaction
between two spheres (Jacobson et al., 1987).

However, the diameter of hemisphere is quite small in the real
world. It is easily penetrated beyond the height of hemisphere. In
the pyramid model a normal load cannot be too large to pene-
trate beyond the height of hemisphere. Therefore, it is necessary
to construct a new particle model to expand normal load range. In
this research, revolution parabolic particle geometry is applied to
improve the earlier model of pyramid with hemisphere tip.

In the report by Aramaki et al. (1993), a model of roughness
description is proposed to represent the measured rough profile
with quadratic functions. That model, based on the parabolic inden-
ter in elasticity, calculates the average pressure and the real contact
area in a contact between two longitudinally rough surfaces. Every
asperity is represented as a parabola with width L defined as the
distance between two points at which the real asperity crosses a
reference plane (Fig. 1).

The analytical simulation of the surface morphology makes it
easy to determine key roughness parameters, such as, peaks cur-
vature, summit and width, that can be used for solving contact
problems. Five different models are presented and applied to five
profiles obtained by profilometric analysis of some very different
specimens used in dry and lubricated tests that had undergone
some running-in or even wear (Ciulli et al., 2008). The simulation
of parabolic surface morphology gives the better approximation of
profiles.

In our earlier work, the computer simulation of two-body abra-
sion process, all grits are assumed to be of conical shapes with
round tips (as shown in Fig. 2). They are randomly distributed in
the abrasive surface. In the model, the position distribution of grits
is considered to be uniform in the abrasive surface. The relation of
geometrical parameters of grits can be described as{

D − 2r cos � = 2H tan �
Fig. 1. Schematic of an asperity approximation (Aramaki et al., 1993).
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Fig. 2. Grit in conical shape with hemispherical tip.

quation, there are only three independent variables. Therefore, D
nd Hg are assumed to follow a Gaussian normal distribution. The
ip radius rs is assumed to have a uniform distribution. The distri-
ution of the apex angle � and the frustum height Hf are dependent
pon other variables and their distributions as shown in Eq. (1).
o produce a random grit surface, a Monte Carlo shooting method
s used. The vacancies can be sought automatically during plant-
ng grits. Using that method, a quite uniform grit surface can be
atisfactorily produced.

As mentioned before, it is necessary to construct a new particle
odel to expand normal load range. In this research, revolution

arabolic particle geometry is applied to improve the earlier model
f pyramid with semisphere tip as shown in Fig. 3. The relation of
eometrical parameters of grits can be described as
= h

r2
· a2 (2)

here h is the grit height, r is the grit radius, w is the z-coordinate
istance from axes and a is the x-coordinate distance from axes.

Fig. 3. A grit in parabolic shape.
g Technology 209 (2009) 6124–6133

There are only two independent variables compared to Eq. (1).
Therefore, r and h are assumed to follow a Gaussian normal dis-
tribution. The tip radius r which is assumed to have a uniform
distribution has been deleted in the new particle model. Then, a
shooting method is used to produce a random uniform grit surface.

The new particle model gives an influence on the rough profiles
by parabola functions obtained using simple parameters of rough-
ness. Parabolas have been used for describing the peaks and the
valleys in literatures. A distinguish for different parabola particle is
defined by each consecutive couple of points where the measured
profile crosses the reference line and the corresponding heights
are equal to zero. The mathematical expression of profile for one
particle can be described as follows:

y = a1x2 + a2x4 + a3x6 + . . . (3)

3. Contact mechanics

New contact mechanics equations are necessary to match the
revolution parabolic particle. The pioneering contribution to this is
made by Greenwood and Williamson (1966), who developed a basic
elastic contact model (GW model). In their model, a rough surface
is represented by a population of hemispherical tip asperities of
identical radius of curvature with their height following a Gaussian
distribution. The basic asperity in GW model has been extended to
other contact geometries based on contact-mechanics theories in
conjunction with the continuity and smoothness of variables across
different modes of deformation. Three deformation stages are stud-
ied individually by former works. The load is calculated as a function
of the interference of each profile with a rigid smooth flat surface
for single parabolic asperities.

3.1. Comparison between hemisphere tip and parabolic tip

Consider the contact between one hemisphere asperity and a
smooth flat at first. Let a and R stand for the radii of the sphere
knocked in and the radii of the hemisphere, respectively. Then, w is
the contact interference. The equation is established as follows:

a2 = R2 − (R − w)2 = 2Rw − w2 (4)

The interference w is an important variable that measures the
extent of the asperity deformation. The contact pressure and con-
tact area of the asperity are fully determined by this interference.
According to the Hertz theory for the elastic contact of a flat, the
elastic deformation of asperity is sufficiently small, as R � w. Thus,
Eq. (4) is rewritten to give

a2 = 2Rw (5)

Then consider the contact between a parabolic tip asperity with a
smooth flat. The function of a parabolic profile is given as

w = h

r2
· a2 (6)

where h is the height of a parabolic asperity, r is the radii at the
bottom of a particle. As w stands for the same contact interference
in Eqs. (5) and (6), the following expression is obtained for R, r and
h:

R = r2

2h
(7)

3.2. Contact of a single parabolic asperity with a smooth surface
The asperity will experience three distinct deformation stages
as w increases: elastic, elastic–plastic and fully plastic. The distinct
deformation stages can be divided by the elastic contact load of
an asperity we and the plastic contact load of an asperity wp. The
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ollowing sections develop formulations for the mean contact pres-
ure and real area of contact of the asperity as functions of w during
he three deformation stages.

1) Elastic contact (w < we). The asperity deforms elastically when
w is sufficiently small. According to the Hertz theory for the
elastic contact of a flat with a sphere of radius R, the contact
area Ae, contact load we, the maximum contact pressure Pme,
average contact pressure Pae and mean contact pressure Pe of
the asperity can be expressed in terms of w as

Ae = � · w · r2

2h
(8)

Pe = 4
3

E∗w3/2

(
r2

2h

)1/2

(9)

Pme = 2E∗

�

(
2wh

r2

)1/2

(10)

pae = 2
3

pme = 4E∗

3�

(
2wh

r2

)1/2

(11)

It is shown by Tabor (1951) that, when the maximum Hertz
contact pressure reaches Pmc = 0.6H, or, the average contact
pressure Pae = 0.4H, the initial yielding occurs. For a more gen-
eral form the mean contact pressure Pae can be correlated at the
point of initial yielding with the hardness by

Pae = kH (12)

The critical interference, we, at the point of initial yielding can
be expressed in terms of the parameters of the contacts. Eq. (11)
is rewritten to give

w =
(

3�Pae

4E∗

)
· r2

2h
(13)

Then, substituting Eq. (12) into Eq. (13), yields

w =
(

3�kH

4E∗

)2

· r2

2h
(14)

When w < we, the contact is elastic. When w ≥ we, the con-
tact is either elastoplastic or fully plastic.

2) Elastoplastic contact (we < w < wp). Based on Johnson’s work
(Johnson, 1985), fully plastic deformation occurs when Pe, is
about equal to 400 times that at initial yielding, Pp, or

Pe

Pp
= 400 (15)

Using Eq. (9), which is valid for elastic contact, the following
expressions are obtained for Pp

Pp ≤ 4
3

E∗w3/2
p

(
r2

2h

)1/2

(16)

By substituting the above Eq. (9), Eq. (15) and Eq. (16), the fol-
lowing expression is obtained

wp ≥ 54we (17)

According to the ZMC model (Zhao et al., 2000) the contact
area Aep, mean contact pressure Paep and elastoplastic contact
load of an asperity Pep are given by
Aep = �w · r2

2h
·
[

1 − 2 ×
(

w − we

wp − we

)3

+ 3 ×
(

w − we

wp − we

)2
]

(18)
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Paep = H − H · (1 − k) · ln wp − ln w

ln wp − ln we
(19)

Pep = Paep × Aep (20)

(3) Fully plastic contact (w > wp). When w is increased to another
critical value wp at which the mean contact pressure Pep of the
asperity reaches the value of H, fully plastic deformation occurs.
During the stage of fully plastic deformation, the mean contact
pressure Pep remains constant at H, or

Pep = H (21)

The contact area, according to Abbott and Firestone (1933), is
equal to the geometrical intersection of the flat with the original
underformed profile of the asperity, or

Ap =
∫ w

0

2� · a · dw = 4
3

�

(
r2

h

)1/2

w3/2 (22)

where a is described as

a =
(

r2

h
· w

)1/2

(23)

The contact load Pp of the asperity is equal to the contact area
multiplied by the mean contact pressure, or

Pp = Ap · Pap = 4
3

� · w3/2 ·
(

r2

h

)1/2

· H (24)

Based on the Hertz theory of elastic contact for a flat with
a sphere, the present work is satisfied with the inequality
r2/2h � w. When w increases over the critical value, the fully
plastic average contact pressure, or the hardness, varies with
the deformed contact geometry.

4. Ridge morphological curves determination

Two-body abrasion is a typical wear pattern. During this process,
a plastic deformation behavior of worn material has a strong effect
on the wear procedure. The volume loss caused by a single grit can
be determined by

fab = Ag − (Aa + Ab)
Ag

(25)

It becomes clear that the quantity estimation for plastic ridges
distributed on both sides of groove is quite difficult, therefore, many
previous wear models do not include that parameter. This results
in overrating of the wear volume of worn material. Kayaba et al.
(1986), and Hokkirigawa and Kato (1988) noticed, from in situ SEM
observations of scratching surface by hemisphere grit, that wear
pattern will change to cutting mode (fab ≈ 1) from ploughing mode
(fab = 0) and ridge-forming mode (0 < fab < 1) with varying indenta-
tion depth. In accordance with the wear mode change, the volume
fraction of ridge to groove also varies greatly so as to bring about a
large change of wear amount.

Azarkhin (Azarkhin and Richmond, 1992) uses upper bound
approach to build a relationship of ridge geometrical parameters to
friction coefficient using a rigid pyramid tip scratching over rigid-
plastic material. Böklin (1973) carried out a normal indentation test
by a hard cone. Curves of ridge can be approximately described as
parabolic type:
z = − 4A

W
(x − k)2 + W (26)

where z is the coordinates of ridge’s height, A is the pile-up height,
W is the pile-up width and k is a constant. Its value is determined
by ridge’s positions that are at the right or left side of the groove.
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t is evident that test material and contact model both have pre-
ominant influences on the ridge geometrical parameter and upper
ound approach is also quite weak to simulate real scratch test.
hose results are, therefore, not adequate for the purpose of simu-

ation.
Because the exact measurement of ridge geometrical param-

ters is uneasy and tedious after scratching, the implementation
f computer simulation is desirable. With new improvements of
omputation capability and commercial software of finite elements
ethod, three-dimensional FE computations with huge number

f nodes have become faster with a conventional personal com-
uter. Therefore, three-dimensional finite element method analysis

s used in this investigation. Stress and strain of a half infinite plane
ndented by a sliding sphere tip are calculated with an elastic-linear
trengthen plastic deformation model by commercial software. The
urves proposed by Azarkhin and Böklen are modified by the FEM
alculation. The expression of fitting curve for ridge is given by the
resent authors (Fang et al., 2005):

=
[

k0 +
(

2k1

�

)
× k2

4 × (Dp × W − k3)2 + k2
2

]

× [x − (k4 × Dp × W + k5)]3

here k1, k2, k3, k4 and k5 are different constants individually,
elated to material properties.

In the Monte Carlo simulation process, the discrete coordinate
alues of ridge contour should be transformed into continuous
urve to overlap new curve to the worn surface curve. Therefore,
tting treatment is necessary in this research. According to litera-

ure (Fang et al., 2005), five constants in the fitting curve of ridge
xpressed above have insubstantial physical meanings. Moreover,
he expression of fitting curve of ridge varies a lot as the interference
f an asperity changes. However, during the two-body abrasion
rocess, it is considered as a stochastic process because of abra-
ive particle shapes and their statistical distributions relative to
he matched surface. Thus, it is difficult for computer simulation
f two-body abrasion processes to finish with asperities of statisti-
al hemisphere radii. The present work is to give a new expression
f fitting curve of ridge with constants of substantial meanings as
öklen obtained. Also, the expression is based on results of FEM cal-
ulation. In Cartesian coordinate system, the fitting curve of ridge
an be rewritten as follows

= A e(−e(−z)−z+1) (27)

nd

z = x − xc

xc = A1 + B1r0
W = A2 + B2r0
A = A3 + B3r0

(28)

here y is the coordinates of ridge’s height, r0 is the half of the
urrow, A is the pile-up height, W is the pile-up width and xc is a

onstant related to the apex of a asperity. A1, A2 and A3, are different
onstants individually, related to material properties, but B1, B2 and
3 are constant unrelated to material properties. New expressions
f the fitting curve of ridge have similar parameters with Böklen’s
urve. The discrete coordinate values of ridge contour can be trans-

able 1
echanical properties of tensile tests for AISI steels and abrasives (Jacobson et al., 1987).

aterial Density (�) (g cm−3) Poisson ratio (�) Young’s modulu

020 7.87 0.29 204
045 7.85 0.26 210
080 7.85 0.26 211
iC 3.1 0.14 410
Fig. 4. New expressions of the fitting curve.

formed continuously as the interference increases in the computer
simulation of two-body abrasion process.

After the dot of zero height nearby the groove is set as the origin
of coordinates, the effect of material hardness on ridge curve pat-
tern can be clearly investigated by the new curve. Fig. 4 shows the
regressive fitted curves of ridge for AISI1080 steels in the indented
depth of 0.04 mm. From Fig. 4, it can be seen that much smaller
tolerance is obtained by the new fitting curve of ridge related to
the FEM results, compared to earlier approach. More accurate fab
factor is brought in computer simulation at present which leads to
the better results calculated by computer simulation.

5. Experiments and results

5.1. Computer simulation process

5.1.1. Simulation parameters
The simulation parameters of the abrasive paper are chosen from

Jacobson et al. (1987). It is shown in Table 1. The parameters of the
simulated steels are listed in Table 1. In two-body abrasion tests,
SiC abrasive paper with various average diameters is used. Their
mechanical properties are also shown in Table 1.

To match the data of Table 1 showing the simulation parameters,
different average sizes of SiC abrasive papers are chosen in the wear
tests to compare simulation results with the experimental results.
Before starting the simulation, a 200 mm × 10 mm abrasive belt is
produced by Monte Carlo method based on previous work (Fang
et al., 2005). In Monte Carlo method grit size is assumed to obey
Gauss distribution and grit position uniform distribution, seper-
ately. In a designed abrasive belt surface grits are randomly and
evenly “planted” on the surface one by one using the computing
algorithm of a shooting method to avoid grits overlapping on the
defined surface. The vacancies can be sought automatically during

planting grits, and a quite uniform grit surface is satisfactorily pro-
duced as shown in Fig. 5. The sliding direction length is defined as
200 mm in this simulation. Mesh subdivision size is determined by
average abrasive particle diameter. In the grooving direction, the
mesh size is generally 1/10 of particle size. In the direction of verti-

s (E) (GPa) Hardening modulus (Ep) (MPa) Yield stress (�Y) (MPa)

711 209
1178 422
1537 997

– –
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Fig. 5. Schematic of plan

al grooving direction, the mesh size is chosen as 1/1000 of particle
ize. The simulated step size is 1 × 10−6 m. The simulated specimen
s with 4 mm × 4 mm in size. The simulated wear data can be easily
ransformed to match with the experimental data with respect to
quivalent normal pressure.

.1.2. Calculating wear rate of materials
In order to accurately calculate the wear rate of materials and

escribe the worn surface roughness, the cubic column mesh
nit is used in the present research. For each sliding step, the
ew-formed ridge curve is treated to be directly overlapped on
he previous rough surface as to simplify the simulation pro-
ess as mentioned in above section. Secondly, the grits move into
epth range of material is ascertained, and their average height is
ccounted. Based on Johnson’s contact model (Johnson, 1985) and
MC model (Zhao et al., 2000), the contact load per particle is calcu-

ated. After obtaining the supported load per particle, the approach
etween the grits and the worn surface can be easily determined
y an iteration approach. In the program the distance hc between
1 and h2, which is the average height of surface, is iterated.
hus, the indented depths for related grits are determined. Fig. 6
hows the two-dimension schematic drawing of grits plate and
pecimen.
Hereto, the z-value of every mesh unit in the projected region
f particle front side is estimated. Comparing the new z-value with
he original z led to the determination of the volume loss of the
orresponding mesh unit. The linear wear rate of all the mesh units

Fig. 6. Two-dimensional schematic drawing of grits plate and specimen.
rit surface by computer.

after the Nth step’s sliding can be calculated by

εL =
z0 − n−1

x n−1
y

∑nx

i=1

∑ny

j=1Zi,j

Nlstep
(29)

where z0 represents the average height of all the mesh unit before
the first sliding step and zi, j is the z coordinate values for the mesh
unit [i, j] at the Nth sliding step. Here, nx and ny are individually the
subdivided points numbers in x and y directions. lstep is the length
of per sliding step. All z-values on the specimen surface, therefore,
define the morphology of worn surface after the Nth sliding step.
The volume wear rate of the specimen can also be determined by
multiplying the worn area by VL.

In the present simulation, it is considered that the material
removal fraction, that is, fab, by particle grooving, is mainly related
to the mechanical properties of worn material, abrasive geometry
and the supported load of grit. There is not any material removal
criterion involved in the simulation. The material removal fraction
can be got from a single grain contact calculation of FEM. The actual
grooved surface geometry will not have directly contribution to the
material removal fraction as it is mentioned that the new-formed
ridge curve is treated directly to be overlapped on the previous
surface.

It should also be mentioned here that in the FEM of groove ridge
a linear strengthen material model with strain hardening capac-
ity is applied. As compared to the strain hardening effects at the
initial stage from early grain passages the succeeding strain hard-
ening could be overlooked. That treatment will not give effects on
the material removal because the material removal fraction, that
is, fab, by previous grooving has been considered already from the
previous FEM of groove ridge.

5.2. Verifications of wear experiments

5.2.1. Roughness and worn surface morphology
Fig. 7 shows wear rate at each individual distance from the

previous work by the present authors (Wu et al., 2000). It has

been supposed that the linear wear rate was decreased continu-
ously in running-in process and reached to a constant value after
the running-in process. Khroschov (1966) found the running-in
progress last for about 15 m long which is far larger than previous
simulation progress.
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Fig. 7. Effect of sliding distance.
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Fig. 8. Wear volume losses with travel distance.

The running-in progress in Fig. 7 finished merely within 0.12 m.
urthermore, the running-in progress occurred because of fail-
re or clogging of abrasive grains under high-applied pressure
Khroschov, 1966), but such reason is neglected in the previous sim-
lation (Wu et al., 2000). Thus, the continue decrease of linear wear
ate in Fig. 7 cannot be supposed as a real running-in progress. Fig. 8
hows that the linear wear rate is increased rapidly at the initial

tage within 50 steps which equals to 50 �m. It can be seen that
ear rate has a linear increase at the beginning of the two-body

brasive process, then reaches a constant value after the running-
n process. It is also seen from Fig. 8 that the simulative results of

ear rates show strong statistic behavior at a certain range by sev-

Fig. 9. Accumulated wear volume lo
Fig. 10. Relationship between wear volume and Vickers hardness with apparent
normal pressure 0.3, 0.61 and 1.23 MPa (Sasaki et al., 2006).

eral repeated calculations. When the simulation data in Fig. 8 are
compared with that in Fig. 7, they are quite different. A few data
at the very initial stage locate at running-in stage. Most data show
a horizontal straight line distribution. The running-in stage in our
case can be almost ignored because the breaking or clogging of abra-
sive grains under high-applied pressure has not been introduced in
our simulation.

Accumulated wear rates related to simulation steps are shown in
Fig. 9, where the several profiles of worn surface is also attached in
which units for x coordinate is 4 × 10−8 m and units for y coordinate
1 × 10−6 m. It is indicated from the profile of worn surface that the
initial stage ends before 30th steps and it can also be thought of
there is almost no running-in stage.

5.2.2. Effect of hardness and normal pressure on wear rate
Hardness is an important monitor to abrasive wear. As a com-

parison the present authors introduce the abrasive wear tests on
a pin-on-table test machine conducted by Umemoto et al. (2003)
(Sasaki et al., 2006). In their tests the apparent applied pressures of
the specimen with 0.31, 0.61 and 1.23 MPa, respectively, are applied

against the Al2O3 abrasive paper with hardness about 2100 HV.
Total wear distance is 5.0 m. Specimen materials are four steels
with different cementite contents and pure iron, respectively. Fig. 10
shows the experimental curves of wear volume loss related to
Vickers hardness using solid lines. It can be seen that the wear vol-

sses related to wear distance.
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me loss decreases with increasing Vickers hardness under every
pplied pressure.

The simulation is also correspondingly operated with the same
xperimental conditions. Fig. 10 shows the plots of wear volume
oss V with respect to applied pressure P. Simulation results in Fig. 10

atch the corresponding experimental results closely and exhibits
lightly negative deviation. For pure iron (HV = 100) and S45C steel
HV = 200), V exhibits slightly negative deviation at an applied pres-
ure of 1.23 MPa. However, the wear volume V which is simulated
y computer is at about 50% less than the experimental value when
he Vickers hardness is higher than 800 HV. This should be related
o another wear mechanism, i.e., the fracture of cementite phase
ill be predominant with increasing volume fraction of cementite

nd higher normal pressure.
In Khruschov’s tests (Khroschov, 1966) the wear resistance of

ifferent specimens of pure metal exhibits linear relationship as
he related Brinell hardness grows up which has been shown in
ig. 11. The simulation is completed with the same experimen-
al conditions correspondingly. Simulation results in Fig. 11 match
he corresponding experimental results closely and also exhibits
lightly negative deviation.

.2.3. Effect of grit size on wear rate
The grit size has also a significant effect on the wear rate of

aterials besides hardness. It has been reported that there exists
critical size. Below that critical size, the wear rate increases with
rit sizes, whereas above it the wear rate becomes unchanged with
ncreasing abrasive sizes further as Khruschov reported (Khroschov,
966). The present simulative results indicate that the wear amount
ncreases linearly with increasing grit size. Especially, when grit size
s bigger than 100 �m, the curve tends to be leveled off. The com-
arison of experimental data with the simulative results is shown

n Fig. 12. It can be seen that the simulative results are lower than
xperimental data again. It is clear again that the results of the
resent model match with the experimental results very well.

.2.4. Roughness simulation and discussion
To accomplish the Monte Carlo simulating, the average diame-

er of abrasive particles is defined as 138 �m and the parameters of
brasive paper are shown in Table 1. In that simulation, the mechan-
cal properties of AISI1080 steel is also listed in Table 1. The size of

he simulated specimen and related other parameters has also been

entioned in Section 5.1.1. Roughness curves are exhibited in Fig. 13
or some simulative steps. The simulated roughness Ra increases
pproximately linearly up to 3.13 �m for the first 20 steps and then
eeps up and down that value. Here each individual step is 4 mm

ig. 11. Comparison of simulated results with varying metal hardness related to
hruschov test data (Khroschov, 1966).
Fig. 12. Comparison of simulated results of three kinds of steel with varying grit size
related to Khruschov test data (Khroschov, 1966).

long and 20 steps equates to 0.8 m along the moving direction dur-
ing simulation. In the wear test with the same conditions, AISI1080
steel is measured with the roughness Ra 3.22 �m. It can be noted
that the final roughness of computer simulation progress exhibits
slightly negative deviation and the error to experimental results is
2.8%. The simulation results fits well.

5.2.5. Worn surface morphology simulation
The worn surface morphology of 5th, 10th, 30th, 50th, 200th

and 400th steps is illustrated in Fig. 14 which shows the diversifi-
cation of worn surface morphology from the 5th to 400th step. It
can be seen that the wear is a gradual evolution process and after
about 50th steps (50 �m) worn surface roughness turns to be a con-
stant value as shown in Fig. 13 and most specimen surface has been
touched by abrasive particles.

Worn surface morphology is obtained after abrasive wear test
using AISI1080 steel as specimen as shown in Fig. 15. And the
real three-dimension photograph of the AISI1080 for the same
experiment is also measured by optical three-dimensional scan-
ning profilometer as shows in Fig. 16. It can be seen that the main
wear mechanism is grooving of abrasive particles. The simulation
using the same parameters with two-body abrasive wear test is also
carried out. The worn surface profile after the simulation is shown
in Fig. 17. It is got by the comparison that the height of ridge and

the depth of valley match the experimental profile very good. The
difference is that the simulated worn surface of supposed specimen
is flat and the real specimen surface is with a slight curve surface.
The roughness between the experiment and simulation progress
fits well which is mentioned above.

Fig. 13. Roughness at each individual step.
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Fig. 14. Worn surface morphology of (a) 5th step, (b) 10th step, (c) 30th step, (d) 50th step, (e) 200th step and (f) 400th step simulation.

Fig. 15. Experimental worn surface profile of AISI1080 steel.

Fig. 16. Three-dimension photograph of AISI1080 steel.
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Fig. 17. Profile for simulation progress in the final step.

. Conclusions

In this research revolution parabolic particle geometry is applied
o improve the old model of pyramid with semisphere tip. In the
yramid model normal load cannot be large enough to penetrate
eyond the defined height of semisphere. Generally, the diameter
f semisphere is quite small in the real world. It is easily pene-
rated. Therefore, it is necessary to construct a new particle model
o expand normal load range. The proposed particle models can
escribe the rough profiles by parabola functions obtained using
imple parameters of roughness.

New contact equations are modified to match the revolution
arabolic particle geometry in the present research. In the present
ontact models three deformation stages are totally considered. The
oad is calculated as a function of the interference of each profile
or single parabolic asperities.

An expression of fitting curve for grooving ridge is got from the
EM computation for single particle in which the meanings of fit-
ed constants are in accordance with that by Böklen’s curves. At
he same time, a new modified expression is proposed again based
n the results of FEM calculation. By the FEM fitted curves. The
ffect of material hardness on ridge curve can be easily got by the
nterpretation operation.

The simulation is correspondingly operated under the same
xperimental conditions for three kinds of laboratory wear tests.
he relationship between wear volume loss V and the Vickers
ardness, for five specimens with different cementite contents is
btained. The wear volume loss decreases with increasing hard-
ess under every simulated applied pressure. However, the wear
ate which is simulated by computer is at about 50% less than
he experimental value when Vickers hardness is higher than
00 HV. This is due to the fracture of cementite phase during real
est with high volume fraction of cementite and applied pres-
ure.

Worn surface profile at each individual step is also simulated.
he simulated roughness Ra increases approximately linearly to
.13 �m for the first 20 steps, then keeps up and down that value. In

he experiment under the same conditions, the worn surface rough-
ess for AISI1080 steel is measured to be equals Ra 3.22 �m. It can
e seen that the final roughness of computer simulation progress
xhibits slightly negative deviation and the relative error to exper-
mental results is within 2.8%.
g Technology 209 (2009) 6124–6133 6133
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