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Abstract Interfacial conditions such as friction and rough-
ness substantially affect the process characteristics of metal
forming. This study developed a dry friction model that
accounted for the adhesion and interference effects of
surface roughness. A sliding friction coefficient was
suggested to provide fundamental information about the
interfacial conditions of the contact surface. The proposed
model was easily verified by published experiments and
predicted values agreed with experimental results. Accord-
ingly, friction coefficient μ clearly increased as relative
roughness Rm (=roughness of tool RT

a /roughness of work-
piece RM

a , measured as interference effect) increased.
Simulations confirmed that the friction coefficient μ
decreased as dimensionless stress Sm (=contact pressure
pm/tensile strength s0

u) increased at small strain hardening
exponent n-values. Under the conditions of large n and
small Rm values, the friction coefficient μ initially
decreased and then increased. It then slightly decreased as
dimensionless stress Sm increased. However, this trend
became less apparent as relative roughness Rm increased
since friction coefficient μ simply decreased.
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1 Introduction

The most significant effect on surface contact is resistance
when sliding, which is the meaning of contact friction.

Contact friction is an important issue of manufacturing,
especially in metal cutting and metal forming. However, the
friction of metal cutting is not similar to the usual sliding
case, which value is exceptionally high and varies with tool
geometry, thermal effect, and other cutting conditions. The
present work mainly investigates the effect of surface
roughness on dry contact friction in metal forming via a
conventional sliding friction law. Contact friction is due to
forces that arise from the interactions of asperities in sliding
contact. In the contact layer, interactions among asperities,
together with adhesion, always occur and will commonly
be the main cause of friction. However, the contribution of
interference of asperities may or may not be significant. Its
effect depends on the surface roughness and the relative
hardness of the contact surfaces. Two interactions of
asperities are conventionally identified adhesion and defor-
mation. These effects associated with friction are not simply
additive, but are interactive. Since all surfaces of mechan-
ical parts are to some degree rough once manufactured, the
modeling of contact between these rough surfaces becomes
extremely important and leads to an enhanced understand-
ing of contact friction between surfaces. When two rough
surfaces are pressed together under a load, only the
asperities on the surface are in contact. Thus, the asperities
of surfaces often have very high loads, often causing
surface yielding. Therefore, purely elastic contact models of
rough surfaces are not always adequate under severe
loading.

Notably, two different models are typically utilized to
analyze contacting asperities. One model is indentation
loading in which a rigid sphere penetrates a deformed plane
such as the study reported by Leu [1], and the other model
is the reverse case, in which a deformed sphere is loaded
against a rigid flat such as the study reported by Leu [2];
these models are employed to investigate the characteristics
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of contact. However, this work is to develop a method of
measuring the equivalence between flat interfaces and for
describing their geometric properties when evaluating
contact friction via a conventional friction mode.

Greenwood and Williamson [3] pioneered the study of
frictionless contact between a hemisphere and a rigid flat
(the Greenwood and Williamson (GW) model) applied the
Hertz contact solution to model an entire contact surface of
elastic asperities. To supplement the GW model, many
elastic-plastic asperity models have been devised. Many
plastic contact models are based on the Abbott and
Firestone model [4], but neglect volume conservation of
plastic deformation. Plastic contact of surfaces is a
fundamental problem in the contact mechanics of severe
loading. Any understanding of friction must be rooted in an
understanding of contact mechanics. During contact,
asperity interactions combined with adhesion always occur
and are often the primary cause of friction. Chang et al. [5]
applied the GW model to an elastic-plastic contact (CEB)
model to estimate the static friction of two rough surfaces in
contact. Elastic-plastic finite element solutions, such as the
sliding inception of a spherical contact developed by Kogut
and Etsion [6] and the elastic-plastic contacting rough
surfaces developed by Kogut and Etsion [7], are applied to
predict a better static friction coefficient than that predicted
by Chang et al. [5]. Cohen et al. [8] then studied the elastic-
plastic spherical contact of rough surfaces under combined
normal and tangential loading with full stick contact
condition.

Previously, most friction models have been based on
experimental observations. However, the success of the
well-known adhesion theory of Bowden and Tabor [9]
has motivated several researchers to develop more ad-
vanced analyses of the plastic deformation of asperities at
low normal pressures. Orowan [10] was the first to
develop a friction model at high pressures. It is more
complex than the model at low pressures because of the
extensive interaction of deformed asperities and plastic
constraints. Wanheim et al. [11], Bay and Wanheim [12],
and Wanheim and Bay [13] performed a series of studies
to develop a model that included relative sliding and
friction stress in the asperity contact. Bay [14] further
considered the asperity slope in an analytical form, using
the above friction models. Greenwood and Rowe [15] had
emphasized the effect of bulk plasticity on the flattening of
surface asperities. Sheu and Wilson [16] and Wilson and
Sheu [17] studied the effect of bulk plasticity on asperity
flattening for surfaces with longitudinal roughness. Sut-
cliffe [18] elucidated the flattening of transverse and
longitudinal asperities by performing a slip-line field
analysis.

As the measurement of friction, Azushima [19] devel-
oped a flat tool-drawing apparatus using a video system to

observe directly the contact behavior at the interface in
sheet metal forming. Gong et al. [20] proposed a probe test
method for detecting the friction conditions of the interfaces
between the tools and the workpiece in the sheet drawing
process. Xie and Wilfams [21] proposed a method for
predicting the friction coefficient and wear rate of a soft
surface that comes into contact with a rough hard surface
with random asperities. Lovell and Deng [22] introduced an
experimental procedure to characterize the sliding friction
between a hard tool and a deformable workpiece using a
pin-on-disk tribometer.

Furthermore, Cho and Ngaile [23] developed an inverse
analysis approach to determine the flow stress and friction
at the tool/workpiece interface simultaneously from a single
series of material tests using the finite element method.
Carpinteri and Paggi [24] proposed an interpretation of the
size effect on the friction coefficient to explain frictional
phenomena over all the scales. Stachowiak and Batchelor
[25] concluded that the elastic and plastic deformation of
asperities is the primary cause of friction. Solid-state
adhesion is the second cause, and causes very high friction.
Viscous drag, resulting from hydrodynamic lubrication, is
the third and causes low frictional resistance. Lanzon et al.
[26] experimentally studied the effects of lubricant, surface
finish, contact pressure, sheet metal coating, and draw
speed on friction. Weidel and Enget [27] reported the effect
of surface topography of tool and workpiece on friction by
using new functional 3D parameters of surface based on the
developed software, WinSAM, during metal forming.
Menezes et al. [28] performed an experiment using an
inclined pin-on-plate sliding apparatus to investigate the
effect of grinding mark directionality, i.e., surface texture,
on friction coefficient and transfer layer formation during
sliding contact. Menezes et al. [29] theoretically investigat-
ed the effect of friction coefficient on metal forming by FE
method, simulating three kinds of compression tests on
cylindrical Al–Mg alloy in which friction coefficient is
assumed as constant in upper die–workpiece interface but
various in lower die–workpiece interface. Menezes et al.
[30] experimentally investigated the effect of surface
texture on friction coefficient by using an inclined pin-on-
plate sliding tester under dry and lubricated conditions, and
observed that friction coefficient and transfer layer forma-
tion depend primarily on the surface texture of hard surface.
On the materials aspect, Rigney [31] used complementary
characterization techniques to reveal a wide variety of near-
surface features on ductile materials subjected to sliding.
All of these depend on a few basic processes: plastic
deformation, transfer, interactions with the environment,
and mechanical mixing. Bonny et al. [32] revealed a
significant effect of microstructure of secondary WC phase
on wire EDM behavior and frictional characteristics by
performing a dry reciprocating sliding experiment using a
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pin-on-plate testing rig. Diaz de Cerio et al. [33] reported
the tribological properties of magnetron-sputtered WC-C
and chemical vapor-deposited diamond-like carbon films
coated onto hard metal surfaces when sliding on aluminum
foil under different temperatures. This study addressed the
evolution of friction coefficient in the interface of coated
hard metal and aluminum foil under dry lubrication
condition using a ball-on-disk test.

Recently, strong industrial demand for increased inte-
gration and packaging densities of electronic devices has
resulted in the miniaturization of manufacturing processes.
When reducing a conventional forming process to micro-
scale, the so-called size effect must be considered. Micro-
structural features such as grain size and boundary and
interfacial conditions such as friction and roughness can
substantially affect process characteristics. Despite recent
technological advances, theoretical or numerical solutions
are still needed for process optimization. Therefore, valid
modeling tools are needed to fabricate products at this
scale. The major concerns when adapting forming modeling
tools to this field of application are the increased impor-
tance of geometric surface features and their effects on
material flows, which must be accurately estimated. Control
and predictability determine the functionality, costs, and
quality of produced parts. A friction model that accounts
for the size effect on the sliding coefficient is needed to
provide fundamental information about the interfacial
conditions of the contact surface.

The idea of modeling friction from the interface
geometry between workpiece and tool has attracted the
attention of many researchers, but an empirical measure of
the relationship between friction and the tool roughness
profile is still needed. Previous works such as Edwards and
Halling [34], Wanheim and Abildgaard [35], and Avitzur et
al. [36] used physical modeling, slip line field, and upper
bound techniques. Deformation in workpiece asperities has
also been studied intensively. Osakada and Matsumoto [37]
developed an approach for modeling surface friction but did
not establish the empirical relationship needed to simulate
forming processes. Lee et al. [38] designed a sheet metal
friction tester and proposed a friction model that considered
lubricant viscosity and surface roughness for use in finite
element analysis of sheet metal forming processes. The
relationship between friction coefficient and process param-
eters, lubricant viscosity and surface roughness was
quantified by least squares method on the basis of
experimental results. Becker et al. [39] described an
alternative approach for describing friction in terms of
geometric surface roughness. The relationship between
surface geometry and friction was established by ring test.
Mahrenholtz et al. [40] tested the effect of surface
roughness on friction during metal forming processes by
applying a non-local friction law. Accordingly, a measure

of the effect of surface roughness on Coulomb friction was
proposed. Jeon and Bramley [41] described friction and
friction factors in terms of the geometric surface roughness
of the tool for simulating microforming. This finite
element-based model has been validated experimentally in
metal forming problems in terms of load by using ring test
and actual surface measurements. Menezes et al. [42]
investigated the effect of roughness parameters on friction
coefficient during sliding by using an inclined pin-on-plate
sliding tester with lubrication. The experimental results
showed that, in all tested materials, the average friction
coefficient was determined by the mean slope of the surface
roughness profile.

This work developed a simple dry contact model of
interference and adhesion effects caused by roughness
(or asperities) in microview to model sliding friction as
measured by Amonton–Coulomb friction law. The model
assumed that dry friction results from adhesion in the
normal contact and the interference in the lateral contact
by the contact interaction of roughness, which applied to
actual physical properties of the surface. A roughness
model was established to explore how interference
affects contact friction. The sliding friction coefficient
predicted by the proposed model was compared with the
measured values by ring compression test under dry
conditions. To characterize contact friction accurately, the
effects of material property and surface roughness were
examined. The model therefore actually revealed the
relationships between surface roughness and contact
friction.

2 Basic analysis

For forming modeling, contact analysis must be sufficiently
realistic. Therefore, tools are modeled as rigid bodies, and
the workpiece material was modeled as a deformable body.
Based on the physical contact behavior of surfaces with
varying roughness (asperities) between tools and work-
piece, the proposed model depicted the adhesion effect
associated with normal contact (Fig. 1) and the interference
effect associated with lateral contact (Fig. 2). The model
assumed that asperities of both tool and workpiece are
simple cantilever beams with constant section. The average
surface roughness of the tool (the rigid body) was denoted
by RT

a , which was assumed to remain constant during
deformation. The average surface roughness of the work-
piece (the deformable body) was denoted by RM

a and varied
during deformation.

When the free surface of a workpiece deforms, grain size
and plastic strain induce a coarse surface layer, i.e., surface
roughness increases. The free surface roughness caused by
metal deformation was determined by the following
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empirical relationship:

RM
a ¼ R

M
a þec " mDg ð1Þ

where R
M
a was the initial material roughness, ec � 1ð Þ was a

constant, εm was deformation strain, and Dg was the grain
size of the material.

The friction law proposed by Shaw [43] was applied as

m ¼ a
t f
p

ð2Þ

where normal stress was p=3pr according to Brinell hardness
test mentioned in reference [44], pr was real contact stress,
and α(=Ar/Aa) was real contact area ratio, in which Ar was
real contact area, and Aa was apparent area, defined as

a ¼ tanh 2
pm
su

� �
ð3Þ

proposed by Leu [45], pm was apparent contact stress such
that pmAa= prAr or pm/α= pr; therefore, 0≤ pm≤σu=C(2n)n.
The true tensile strength in terms of true stress was defined
as σu=C(2n)

n for the axial compression condition that
critical axial strain εu=2n due to εu=2εθ and εθ=n under
the critical condition, εθ was circumference strain, and n was
strain hardening exponent. The mean friction stress τf on the
contact surface was defined as

t f ¼ bts þ 1� bð Þs i ð4Þ
in which τs was the shear strength of material and equals
ts ¼ s0

u=2 ¼ C n e=ð Þn=2 in which s0
u was the tensile

strength of material, β was adhesion factor as shown by
the percentage of adhesion in contact area, and β=α. The
term σi was interference stress due to roughness interaction
distributed on (1−β) contact area.

Thus, the friction coefficient μ can be rewritten as

m ¼ a2

3

1
pm
ts

� � b þ 1� bð Þ s i

ts

� �� �
¼ a2

6

1
pm
s0
u

� � b þ 1� bð Þ s i

ts

� �� �
ð5Þ

where 0 � pm s0
u

�	 
 � 2eð Þn, and the interference stress σi
due to roughness was assumedly a function of
s i ¼ f h; pm; ts;RT

a ;R
M
a

	 

, in which h was impression of

normal contact.
The dimensionless interference stress σi/τs could then be

deduced from the three following conditions.
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T
Ra

Ra
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T

: roughness of deformable material.: roughness of rigid-like material,
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Fi : interference load as a

At a certain contact,
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d
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Fig. 2 a Interference contact
model; b at the condition of 0 �
h � RT

a and c at the condition of
RT
a � h � 1� e�2nð ÞRM

a
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Fig. 1 a Before and b after adhesion contact
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Condition 1: 0 � h � RT
a shown in Fig. 2b

According to the elementary geometric
analysis in Fig. 2b, deflection in cantilever
beam d can be formulated as

d ¼ RM
a 1� h

RM
a

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

h

RM
a

� h

RM
a

� �2
s

ð6Þ

As RM
a (asperity height) is reduced to the

critical condition of RM
a e

�2n under axial
compression (normal contact), the critical d,
dc, can be written as

dc ¼ RM
a

1

1þ e2n RT
a RM

a

�	 
" # ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e�2n

RT
a

RM
a

þ RT
a

RM
a

� �2
s

ð7Þ
Comparison of d with dc reveals the follow-
ing relationship:

d

dc
¼ 1� h

RM
a

� �
1þ e2n

RT
a

RM
a

� �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 h RM
a

�	 
� h RM
a

�	 
2
2e�2n RT

a RM
a

�	 
þ RT
a RM

a

�	 
2
vuut

ð8Þ

Elementary analysis of rigid plastic
deformation of work-hardening material
for a cantilever beam with a single force
shows that the relationship d/dc can be
rewritten as

d

dc
¼ s i

s0
u

h

RT
a

dm
dx

� �2
" #1=n

dm
dx

1� h RM
a

�	 

e�2n

� �2þ1=n

ð9Þ

where dx and dm denote asperity diameter
under a certain compression and critical
condition, respectively, where asperity was
assumedly a round bar. Under the constant
volume law of plasticity, dm/dx can be
written as

dm
dx

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

e�2n þ RT
a RM

a

�	 
s
ð10Þ

According to Eq. 9, σi/τs can then be
written as

s i
ts
¼ 2e�2n 1þ2nð Þ h

RM
a

� ��1
1þ e2n RT

a
RM
a

� �h in
1� h

RM
a

� ��1�n
e�2n þ RT

a
RM
a

� �h i1þn=2

2 h
RM
a

� �
� h

RM
a

� �2
� �

2e�2n RT
a

RM
a

� �
þ RT

a
RM
a

� �2
� ��
 �n=2

RT
a

RM
a

� � ð11Þ

which was a function of dimensionless vari-
able h RM

a

�
under the certain values of n and

relative roughness RT
a RM

a

�
; and h RM

a

� ¼
1� e� pm=Cð Þ1=n for the axial compression,
i n w h i c h pm C= ¼ pm s0

u

�	 

s0
u C=

	 
 ¼
pm s0

u

�	 

n=eð Þn and 0 � pm s0

u

�	 
 � 2eð Þn.
Then, σi/τs can also be represented as a
function of pm s0

u

�	 

. The surface roughness

values (RT
a RM

a

�
) can then be expressed in

terms of the friction coefficient via Eq. 5.
Condition 2: RT

a � h � 1� e�2nð ÞRM
a shown in Fig. 2c

As in case 1, the deflection of cantilever
beam with short length due to axial com-
pression can be described as

d ¼ RM
a

1

1þ e pm=Cð Þ1=n RT
a RM

a

�	 
" #

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e� pm=Cð Þ1=n RT

a

RM
a

� �
þ RT

a

RM
a

� �2
s ð12Þ

Comparison of d and dc reveals the
following relationship:

d

dc
¼ 1þ e2n RT

a RM
a

�	 

1þ e pm=Cð Þ1=n RT

a RM
a

�	 
" #

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e� pm=Cð Þ1=n RT

a RM
a

�	 
þ RT
a RM

a

�	 
2
2e�2n RT

a RM
a

�	 
þ RT
a RM

a

�	 
2
vuut

ð13Þ

Accordingly, the relationship d/dc can be
rewritten as follows by an elementary
analysis of rigid plastic deformation in the
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work-hardening material for a cantilever
beam

d

dc
¼ s i

s0
u

dm
dx

� �2
" #1=n

e2n

eðpm=CÞ
1=n

� �2þ1=n
dm
dx

� �
ð14Þ

The dm/dx can also be written as

dm
dx

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e� pm=Cð Þ1=n þ RT

a RM
a

�	 

e�2n þ RT

a RM
a

�	 
s
ð15Þ

Thus, σi/τs in the range of RT
a � h �

1� e�2nð ÞRM
a can be written as

s i
ts
¼ 2e pm=Cð Þ1=n�2n½ � 1þ2nð Þ 1þ e2n RT

a
RM
a

� �h i
1þ eðpm=CÞ

1=n RT
a

RM
a

� �h i.n on
e�2n þ RT

a
RM
a

� �h i
e� pm=Cð Þ1=n þ RT

a
RM
a

� �h i.n o1þn=2

2e� pm=Cð Þ1=n RT
a

RM
a

� �
þ RT

a
RM
a

� �2
� �

2e�2n RT
a

RM
a

� �
þ RT

a
RM
a

� �2
� ��
 �n=2

ð16Þ

and h RM
a

� ¼ 1� e� pm=Cð Þ1=n where pm C= ¼
pm s0

u

�	 

s0
u C=

	 
 ¼ pm s0
u

�	 

n=eð Þn a n d

0 � pm s0
u

�	 
 � 2eð Þn.
Condition 3: h � 1� e�2nð ÞRM

a

Under this condition, the surface layer of
materials is fractured because pm s0

u

�	 
 �
2eð Þn, i.e., pm→σu=C(2n)

n or α→1. There-
fore, the pure shear flow condition is induced
in material subsurface, which always appears
as a sticking state.

3 Results and discussions

3.1 Verification of the proposed model

The importance of modeling friction from the interface
geometry between workpiece and tool has attracted the
participation of many researchers. Osakada and Matsumoto
[37] focused on the experimental observation of the effect
of tool roughness on dry friction; and simultaneously made
a case study to present the effect of tool roughness based on
a serrated tool surface and similarity law in ring compres-
sion. However, this work did not establish the empirical
relationship and not consider roughness of workpiece and
material properties, such as strain hardening exponent. Lee
et al. [38] proposed a friction model that considered
lubricant viscosity and surface roughness for use in metal
forming simulation. The relationship between friction
coefficient and surface roughness of specimen was quanti-
fied by least squares method on the basis of experimental
results,

m ¼ 0:24l2 � 0:346lþ 0:252 ð17Þ

where λ is surface roughness of specimen. However, this
work also did not consider material properties and tool
roughness. Becker et al. [39] and Jeon and Bramley [41]
described an alternative approach for describing friction in
terms of geometric surface roughness of tools. A relation-
ship between tool surface geometry and friction factor m
was established by ring test,

m ¼ �2:19 ln 0:0977 lnðtÞ � 0:07 lnðaÞ þ 0:8086ð Þ ð18Þ
shown in [39] in which t is period and a is amplitude for a
sinusoidal tool surface profile. This work emphasized the
effect of tool roughness on dry friction, excluding the effect
of material properties and roughness of workpiece. How-
ever, the present model, which accounts for adhesion and
interference effects caused by surface roughness, was
proposed to model sliding friction as measured by
Amonton–Coulomb friction law. In this model, dry friction
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results from adhesion in normal contact and interference in
lateral contact by contact interaction of roughness, which
applied to actual physical properties of surface. A special
feature is that a relative roughness RT

a RM
a

�
was defined to

describe the contact roughness between workpiece and
tools in contact layer. Moreover, in order to characterize
contact friction accurately, the effect of material property, i.
e., strain hardening exponent n, was also taken into account
in this model. Clearly, the present model, shown in Eq. 5
and conditions 1–3, is a function of m ¼ f pm=s0

u;
	

RT
a =R

M
a ; nÞ, which compares more general and complete

with the published models, such as Eq. 17 by Lee et al. [38]
and Eq. 18 by Becker et al. [39] and Jeon and Bramley
[41].

To investigate how roughness affects nominal friction,
the published experiment by Osakada and Matsumoto [37]
was first used to prove the proposed model. In this

verification, the surface roughness of material RM
a was

assumed to be initial roughness R
M
a .

Figure 3 shows the predicted results and experimental
results for material A1050. The fitting lines (dashed lines)
are quantified by least squares method on the basis of
predicted and experimental results, in which the fitting line
of experiment represents the result of Osakada and
Matsumoto [37]. Clearly, friction coefficient μ correlates
with relative roughness Rm ¼ RT

a RM
a

�	 

. Although the n

value is unclear in experiment, its common value
approaches 0.3 in practical use. The n=0.3 prediction
shows an overestimation. However, the n=0.36 prediction
agrees well with the experiment. Accordingly, its trend
approximates the experiment that obtained the best fit.

Figure 4 compares the prediction and experiment for
material C1020. The fitting lines (dashed lines) are
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quantified by least squares method, in which the fitting line
of experiment represents the result of Osakada and
Matsumoto [37]. Friction coefficient μ clearly increases as
relative roughness Rm ¼ RT

a RM
a

�	 

increases. The common

n-value of C1020 approaches 0.4 in practical use and also
obtains an overestimated prediction. However, the predic-
tion of n=0.45 agrees well with the experiment. Accord-
ingly, its trend approximates that in the experiment and has
the best fit in this case.

Figures 3 and 4 show that the overestimations obtained
in the simulations may have resulted from the assumption
that RM

a � R
M
a since RM

a is very difficult to measure because
of its highly variable deformation.

3.2 Effects of surface roughness and material property
on dry friction

A second simulation was performed to determine how
strain hardening exponent (material property) and rough-
ness (surface condition) affect contact friction.

Figures 5, 6, 7, 8, 9, and 10 show the effects of
dimensionless stress Sm ¼ pm s0

u

�	 

on friction coefficient μ

for varying strain hardening exponent n under a certain
relative roughness Rm ¼ RT

a RM
a

�	 

. Clearly, friction coeffi-

cient μ decreases as the dimensionless stress Sm ¼ pm s0
u

�	 

increases at small n values. Under large n and small Rm

values, friction coefficient μ first decreases. It then
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increases before it finally slightly decreases. However, this
trend is less apparent as relative roughness Rm ¼ RT

a RM
a

�	 

increases since friction coefficient μ strictly decreases first
and then slightly decreases with Sm ¼ pm s0

u

�	 

.

Figures 11, 12, 13, 14, and 15 show the effects of
dimensionless stress Sm ¼ pm s0

u

�	 

on friction coefficient μ

for varying relative roughness Rm ¼ RT
a RM

a

�	 

under a

certain strain hardening exponent n. Clearly, friction coeffi-
cient μ only decreases initially and then slightly decreases as
the dimensionless stress Sm ¼ pm s0

u

�	 

increases at small n

values. Under large n and small Rm values, the friction
coefficient μ first decreases and then increases before finally
slightly decreases. However, this trend is less apparent as
relative roughness Rm ¼ RT

a RM
a

�	 

increases such that

friction coefficient μ simply decreases with Sm ¼ pm s0
u

�	 

.

4 Conclusions

1. The proposed model, which accounts for adhesion and
interference effects resulting from surface roughness,
was verified by the agreement between the predicted
values and the experimental results.

2. Friction coefficient μ clearly increases as the relative
roughness Rm ¼ RT

a RM
a

�	 

, a measure of interference

effect, increases. This study pursues this goal.
3. Notably, friction coefficient μ simply decreases as

dimensionless stress Sm ¼ pm s0
u

�	 

increases at small

strain hardening exponent n values. Under the conditions
of large n and small Rm values, friction coefficient μ
first decreases before it increases. It then slightly
decreases as dimensionless stress Sm ¼ pm s0

u

�	 

increases.
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However, this trend diminishes as relative roughness
Rm ð¼ RT

a RM
a

� Þ increases since friction coefficient μ
simply decreases.
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