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Abstract: The incorporation of the saturation of the tangential contact stress with the increase of the normal
contact stress is required for the analysis of the friction phenomenon of solids and structures subjected to a high
normal contact stress, which cannot be described by the Coulomb friction condition, in which the tangential
contact stress increases linearly with the increase of the normal contact stress. In this article, the subloading-
friction model, which is capable of describing the smooth elastic—plastic transition, the static—kinetic transition,
and the recovery of the static friction during the cease of sliding, is extended to describe this property. Further,
some numerical examples are shown, and the validity of the present model will be verified by the simulation of
the test data on the linear sliding of metals.
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1 Introduction

All bodies in the natural world are exposed to the
friction phenomena, contacting with the other bodies.
Therefore, it is indispensable to analyze the friction
phenomena rigorously in addition to the deformation
behaviors of the contact bodies themselves.

Here, it should be noticed that the friction is the
typical irreversible, i.e., plastic phenomenon, so that
it should be formulated within the framework of the
elastoplasticity theory. Then, the various friction models
in the elastoplasticity have been formulated as the
rigid-plasticity [1, 2] and the perfect-plasticity [3-10].
However, these past formulations fall within the
conventional plasticity assuming that the interior of
the sliding-yield surface is the purely-elastic domain,
so that the accumulation of plastic sliding during
the cyclic loading of the tangential contact stress as
seen in the loosening of the bolt and nut cannot be
predicted. In addition, the simple friction model [11]
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falling within the framework of the creep model
without the sliding yield surface was formulated, but
the creep model is inapplicable to the general sliding
velocity, since the creep sliding is induced in any low
stress level as delineated by Hashiguchi [12, 13], and
thus it was applied only to the simulation of the sliding
behavior at high sliding velocity [14]. Eventually, it is
irrelevant to the usual sliding behavior including the
quasi-static sliding.

Further, various friction models regardless to the
elastoplasticity have been proposed hitherto so that
they are limited to the one-dimensional sliding behavior
represented by the rate-and-state model [15-21] and
the fundamentally-irrational models [22-27] involving
the time itself in order to describe the recovery of the
friction coefficient caused by the cease of sliding have
been proposed, which result in the loss of the
objectivity as the constitutive relation [28, 29]. The
loss of the objectivity is evident from the fact that the
evaluation of elapsed time is accompanied with the
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Nomenclature

u,u,, u Sliding displacement vector and its
normal part and tangential part

uc, u,, u; Elastic sliding displacement vector and
its normal part and tangential part

ut, ut, ut Plastic sliding displacement vector and
its normal part and tangential part

i, Tangential component of sliding

displacement vector to contact surface
t Unit tangential sliding vector
Contact stress vector and its normal
part and tangential part

fur 1 Normal and tangential components of
contact stress vector to contact surface

t, Unit tangential contact stress vector

w* Elastic sliding work

o(u®) Elastic sliding energy function

E Elastic sliding modulus tensor

a,, o, Elastic sliding coefficient in normal
and tangential directions

f(f) Sliding-yield function of sliding stress
vector

n Unit outward-normal vector to contact
surface

n, Unit direction vector of plastic sliding rate,
which is the tangential component of
outward-normal vector to sliding subloading
surface

T Sliding normal-yield ratio

U(r) Function in evolution of r

7 Sliding hardening function

My, My Material constant specifying the maximum
(static) and minimum (kinetic) values of 1,

K, & Material constant designating the decrease
of hardening function by plastic sliding
and recovery of hardening function by
time-elapse

i, A Positive plastic multiplier in terms of stress
rate and strain rate

mP, m®  Sliding plastic modulus and creep modulus

E® Elastoplastic sliding modulus tensor

Sn Function describing dependence of
normal contact stress on contact stress
ratio

Cy Material constant dominating inclination

of sliding-yield surface at null normal
contact stress

ambiguity in the judgment about when the sliding
commences and ceases, especially in the state that
the sliding velocity varies in a low-velocity region.
Besides, the Coulomb friction equation with the
nonhardening friction yield surface enclosing the
purely-elastic domain is adopted widely in the
commercial finite element method (FEM) software,
e.g., Abaqus, Marg, etc., and explained extensively in
the well-known monographs (e.g., Refs. [30, 31]). It is
merely capable of describing the constant friction
coefficient independent of the sliding displacement.
The subloading-friction model (Hashiguchi et al.
[32, 33]) is capable of describing the smooth elastic—
plastic transition, the reduction of friction coefficient
from the static to the kinetic friction, the recovery to
the static friction during the cease of sliding, etc. It has
been applied to the metal friction [32, 33], the metal-
to-soil friction [34] and the stick-slip behavior [35].
Further, it has been extended to describe the orthotropic
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anisotropy [36, 37] and the viscoplastic sliding behavior
for the lubricated (wet) friction [38].

Now, it should be recognized that the tangential
contact stress increases but saturates with the
increase of normal contact stress. This property is of
crucial importance for the predictions of the friction
behaviors in the fastening of bolts and nuts, the
wedge driving or penetration, the compression of
solid body, the strip rolling processing of metal plates,
the earthquake occurrence caused by the sliding
phenomenon between continental plates and oceanic
plates, etc., in which high normal contact stresses
are applied. However, it cannot be described by the
Coulomb friction condition [12, 13], in which the
tangential contact stress increases linearly with the
normal contact stress. Then, the formulations of the
subloading-friction model taking account of this
property have been proposed by Hashiguchi et al.
[32, 33] and Ozaki et al. [39]. However, the former
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formulations [32, 33] adopting the teardrop-type or
the parabola-shaped sliding yield surface involve the
physical irrationality that the tangential contact stress
decreases with the increase of the normal contact
stress in a high normal contact stress region, and the
latter formulation [39] is irrelevant to solid materials
as metals but limited to the rubbers.

In this article, the rigorous subloading-friction
model incorporating the sliding-yield stress function,
in which the tangential contact stress increases but
saturates with the increase of the normal contact stress,
will be formulated, and the numerical examples for
the monotonic and the reciprocal sliding under
several levels of normal contact stress with various
stationary time of sliding will be shown, adopting the
present model. Further, the validity of the present
model will be verified by the simulation of the test
data [14] on the linear sliding between metals.

2 Sliding displacement and contact stress

The sliding displacement vector #, which is defined
as the relative sliding displacement of the counter
(slave) body to the main (master) body, is orthogonally
decomposed into the normal sliding displacement
vector #, and the tangential sliding displacement
vector 4, to the contact surface as Eq. (1)[13, 40]:

Uu=u,+1u, D)
where
u =U-nn=mOn)u=-un )
u=u-u, =I-n®n)u @
u=-nu =-nu
©)

u =t -u=|ul,t,=——(Mmt, =0,

II_ I I =5
n is the unit outward-normal vector of the surface of
main body, and I denotes the second-order identity
tensor. The minus sign is added for #, to be positive
when the counter body approaches the main body.

The sliding displacement vector # can be exactly
decomposed into the elastic sliding displacement u*
and the plastic (irreversible) sliding displacement
u” in the additive form even for the finite sliding
displacement, i.e.,

U= +u’ (4)
{W=m+ﬁ )
=t +u’

where

u, =u’ -nyn=nn)u’

—e e e —e (6)
u, =u"—u,=(I-n®n)u

u? =(u® -n)yn=n@n)u’ )
u' =ut-u® =(I-n®@n)u®

The contact stress vector f acting on the main body is
additively decomposed into the normal contact
stress vector f, and the tangential contact stress
vector f, as Eq. (8):

f=Ffo+fi=—fn+ft ®)
where
{ﬁ=0rﬁn=M®nv=—ﬂn )
fi=f-f.=I1-n®n)f=ft (n-f =
fo=—n-f
fetof=lflt, =2 mf=0yfi=1 10

£l

The minus sign is added for f, to be positive when
the compressive stress acts to the main body by the
counter body.

3 Hyperelastic sliding behavior

The hyperelastic-based plastic constitutive relation
is adopted in order to formulate the rigorous
constitutive equation for sliding phenomenon, while
the elastic sliding displacement is quite small because
it is induced by the elastic deformation of the surface
asperities which are infinitesimally small compared
with the contact surface. Then, let the contact stress
vector fbe given by the hyperelastic relation with the
elastic sliding energy function ¢(u°) as

f oA an)

Then, the elastic sliding work w*® done during the
elastic sliding is uniquely determined by the elastic

www.Springer.com/journal/40544 | Friction
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sliding displacement #° before and after the elastic
sliding as Eq. (12):

= J1 pedi = [ 288 g — (o) = i) - (i)
(12)

Let the following simplest elastic sliding energy
function ¢(u°) in the quadratic form be adopted.

p(u®)=u°-Eu‘/2 (13)

where the second-order tensor E designates the
elastic contact tangent stiffness modulus fulfilling the
symmetry E=E' . The substitution of Eq.(13) into
Eq. (11) leads to
f=Eu, u*=E'f (14)
Assuming the isotropy on the contact surface, i.e.
the independence of frictional property to a sliding
direction on the contact surface and introducing the
normalized rectangular coordinate system (e,,e,,€;) =
(e,,e,,n) fixed to the contact surface, the elastic
contact tangent stiffness modulus tensor E is given
as Eq. (15):

E=q(I-n®n)+an®n=a,(¢,®¢ +¢,®¢,)+a,n®n

B :i(I—n®n)+ln®n:i(E1 ®E1+EZ®EZ)+in®n
a

t t t an

(15)

where ¢, and «, are the normal and tangential elastic
contact moduli, respectively. Equation (14) with Eq. (15)
leads to

_ . — 1 1
f:atute +anute/ ue :_.ft +_fn (16)
a, a

4 Elastoplastic sliding velocity

The plastic sliding velocity is formulated based on
the subloading surface concept and the tangential-
associated flow rule in this section.

4.1 Sliding normal-yield and sliding subloading
surfaces

Firstly, let the sliding normal-yield surface and the
sliding subloading surface, which passes through the

current contact stress and is similar to the sliding
normal-yield surface, be given by

f(f)=n (17)
f(f)=ru (18)

where u is the sliding hardening/softening function,
and r is the sliding normal-yield ratio, i.e., the ratio of
the size of the sliding—subloading surface to that of
the sliding normal-yield surface as shown in Fig. 1.
Here, Eq. (19) holds for the isotropic yield stress

function.
o) _ S tf) _FUf) % S f) o
of o o o o o
UL, UL, )
o, o,

Then, the consistency condition for the sliding
subloading surface in Eq. (18) is given by

—af;(ff) f=ri+iu (20)

The evolution rule of the sliding hardening/softening
function u is given as Eq. (21) (Fig. 2):

fr=—r(p—p) | UuP | +Eu, —p) (p Sp<p)  (21)
i.e.
du=—rc(u—p) 1 du® | +&(u, — At (s < p< p)

where g, and g, are the maximum and the minimum
values of the sliding hardening/softening function s,
respectively, while let 4, and sz, be called the static

Contact surface (a/( f)) _o 7(1?/'( [))
o U o o n

Fig. 1 Sliding normal-yield and subloading surfaces.
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—K(H— M) S(Hs=H)

Hy 1

uP 0 t

(a) Fast sliding process: |du#”|>d¢  (b) Quasi-static sliding process: [|duP|| < d¢

Fig. 2 Variation of sliding hardening function. Reproduced with
permission from Ref. [32], © Elsevier Ltd. 2004.

and the kinetic sliding hardening function, respectively.
k is the material constant specifying the decrease of
the sliding hardening function x, i.e., du per a unit
plastic displacement |[du” ||, and ¢ is the material
constant specifying the increasing (recovering) rate
of u,ie. du per a unit time increment d¢.

Note: Let the microscopic background of Eq. (21) be
given here. The following relation would hold between
the sliding hardening function and the ratio of the real
contact area to the apparent contact area.

U=t r,ie,r =pult (22)

where 7, is the material constant designating the
friction sliding resistance per unit apparent contact
area, and r; is the ratio of the real contact area a, to the
apparent contact area a,, called the real contact area
ratio. i.e.,

r =& (<1) (23)

a aA
Then, the following relation would hold from the
time-derivative of Eq. (22) with Eq. (21).

—H -
—|lu PII+§

m m

=z 7,1 =—K (24)
On the other hand, the relation r, =1-exp(-bf,)
(b is the material constant) proposed for rubbers by
Ozaki et al. [39] is irrelevant to the plastic sliding
history, so that it would not hold in metals.

The rate of the sliding normal-yield ratio r is given by

F=U(r) || 4" || (u" #0) (25)
with
>0 (r<1)
U@r) = acot[grj =0 (r=1) (26)
<0 (r>1)

where ii is the material constant (cf. Hashiguchi
[12, 13]). The contact stress is automatically attracted
to the sliding normal-yield surface in the plastic
sliding process, and it is pulled back to that surface
even when it goes over the surface in numerical
calculation because of 7 <0 for r >1 from Eq. (25)
with Eq. (26), as shown in Fig. 3.

4.2 Plastic sliding velocity and elastoplastic sliding
velocity

The plastic sliding velocity, the sliding velocity,
and the contact stress rate are formulated in the
following.

The substitution of Egs. (21) and (25) into Eq. (20)
leads to

9D ;

of = rl=(u = m) W1 +& (g — )]+ U() || 4”)] 1

27)

Now, assume the tangential-associated flow rule [12]:

WP =An, (120)(|%" ||=4,n-#" =0) (28)
where
_[ o) F(f) o
L[] e
with

(aﬂf)j _o) [ 8f(f)]n d-nonZP s
o ) o o o

where 1 and n, are the magnitude and the direction,
respectively, of the plastic sliding velocity.

; F=U@ 7"
“Q s
= U(r)>0 (r<l)
Ur)=0 (r=1)

Ur)<0 (r>1)

Fig.3 Contact stress controlling function in subloading-friction
model: Contact stress is automatically attracted to sliding normal-
yield surface in plastic sliding process. Reproduced with permission
from Ref. [32], © Elsevier Ltd. 2004.

www.Springer.com/journal/40544 | Friction
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The substitution of Eq. (28) into Eq. (27) leads to

af(f)__ P c
—6f f=AmP+m (31)

where

—u)r (20) (32)

/T is derived from

m® = —x(u—p)r+U(r)u, m'=E(u,

The positive plastic multiplier
Eq. (31) as Eq. (33):

I (f) Ff(f)
' f-m f-m
A= o , uf = o n, (33)

mP mP

Then, the rate of sliding displacement is given by
substituting Eqs. (14) and (33) into Eq. (4) as Eq. (34):
T j_

u=E'f +f—pnt (34)
m

It follows from Eq. (34) that

S p e
M.Eﬁzaﬂf).f of af(f),fn
of of mP of '
leading to
LIS DR -
M.Eﬁ =mP o —m°
of mP
Py
of A 5,
mP of
ie.,

F(f) E_( i e s 10 & J
of of
:(mp+—af(f)fnjz—m“
of '

from which the plastic multiplier in terms of the
sliding velocity, denoted by the symbol A, is given
by Eq. (35):

9 -Eii—m" M.Eﬁ_

= o - of
A= b = (35)
v, I E, p+6f(f).fnt
of of

t

Then, the inverse relation of Eq. (34) is given by
Eq. (36):

En, 0 Y VE
of

F=EGi-in)=|E-——— T |z
mr+ T By
of
+—————En, (36)
w00
of
The loading criterion is given as Eq. (37) [12]:

=0 for A>0 or Zivl) Eu-m" >0

of (37)

u* =0 for others

5 Sliding-yield surface with saturation of
tangential contact stress

Now, we adopt the following sliding-yield stress
function f(f)= f(f,, f,) inEq. (17):

fi
= trJn) = 38
fh)=ff f) e (f) (38)
leading to the sliding normal-yield surface (Fig. 4):
filgn =m, ie, f=8,u (39)

where g, =g¢.(f.) (<1) is the function of f,, satisfying

the conditions:

=0 for f =0
8 = _ (40)
—1 (.ft - /u) for fn —>®
, _4a c, for f =0
g =t J (41)
If |—0 for f —oo
leading to
0 , c,u for f =0
84=gnu= J (42)
f -0 for f —>o

where ¢, is the material constant with the inverse
dimension of stress. Equation (39) represents the
sliding normal-yield surface with the fusiform shape,
which expands from the origin to the positive direction
of the normal contact stress f, in the three-dimensional

stress space (f,;, f.., f,)- The tangential contact stress
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f, on the sliding normal-yield surface increases with
the normal contact stress f, and saturates at f, = 1,
while it approaches faster to the saturation (maximum)
value u for a larger value of c,, as shown in Fig. 4(a).

ﬁ={L(I—n®n)+Ln®n}f
a

t n

1 ’ p c
?(atgntf + anﬁgnn) ' f —-m

The sliding normal-yield and the sliding subloading * o w0
surfaces satisfying Eqgs. (40) and (41) are shown in
Fig. 4(b). f=le,I-n®n)+a, n®n]
The following differentiations hold for Eq. (38). 1 Lo
j(atgntf + anftgnn) Uu—m
0 1 0 , U—qo (o0 t. | (51
yn_1L 3nN__Jo 3) t v lg, o ©b
o & U &
F(f)_1 '
LD -t i @
noting Eq. (19). Further, it follows from Egs. (19) and f _Eerg ‘a, m t (52)
(29) that m +a, /g,
7). ]
EP=0,(I-n®n)+a,n®n
En =Et,=at 46
e e ati® gt v, g
_ : 53)
EafaL;):[at(l—n®n)+ann®n]i2(gntf+ftgr’1n) mP+a,./g,
&n
1 , Let the explicit function satisfying Eqs. (40) and (41)
= 47
g (@8, F +a, fig) @7 be given by Eq. (54):
a ol 1 r a n =1—ex (_Cn n)/ ;\ :Cnex (_Cr\ n, (54)
P B =@ tovasgim-at =2 @9 S T OPEGL) o maePCaL)
' ! Eqations (44)—(51) with Eq. (54) are expressed in the
@;fff ) Eii= iz (8.t +a, f.g'1) i (49) coordinate system (g,,e,,n) as Eqgs. (55)—(59):
8n
itut i FH_1 t.e + te 55
The substitutions of Egs. (44)—(49) into Eqs. (34)—(36) o g—z[gn( n + t,8,)+c, frexp(—c, f)n] (55)
lead to "
S
H 1
L 7] Sliding normal-yield surface
e Bl SUE f1/8.) =1
1 Sliding subloading surface
JUOE fi/8n) =T
- 1
Colt
0 £ 0 1 /o

(a) Sliding normal-yield surface f(f)(= f;/&,) = &
which is fatter for larger material constant c.

(b) Sliding normal-yield and subloading surfaces.

Fig. 4 Sliding normal-yield and subloading surfaces with saturation of tangential contact stress.

www.Springer.com/journal/40544 | Friction
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EM = lZ[atgn (tﬂEl + thE2) + ancn,ft exp(_cnfn )n]
o &
(56)
Eu=[o,(¢, Q¢ +e,®¢€)+a,n®nlu (57)
ox(f)
of gn [ a8, (t,e + t,e,)
+a,c, foexp(=c, f,)n]-u (58)

The following eight material constants are involved
in the present friction model, and they are determined
as follows.

a, and o, may be given large values for metals
because they are microscopically based on the elastic
deformation of the surface asperities. Here, note
that they are necessary in order to formulate as the
elastoplasticity by avoiding the rigid-plasticity in which
the stress increment cannot be determined uniquely
for the input of sliding displacement increment.

4, and g are determined, such that the tangential
contact stress coincides with the peak and the bottom
values, respectively, in the linear sliding process under
the infinitely large constant normal contact stress.

x and & are determined to describe the decrease

and the recovery, respectively, of the sliding hardening
function u .

il is determined to describe the increasing rate of
the contact stress for the plastic sliding rate.

c, is determined to designate the dependence of
the ratio of the tangential vs. normal contact stress on
the normal contact stress.

6 Numerical experiments

The principal mechanical responses of the present
subloading-friction model will be examined by per-
forming the numerical experiments in this section.
The material parameters are chosen with the two
levels of the static sliding hardening functions 4, as:

@, =5,000 MPa-mm™~, «, =5,000 MPa-mm;
4, =10,000and 7,500 MPa, g, =7,000 MPa;
k=15,000mm™, £=110s",
c, =0.0002 MPa™

fi=15mm™,

and the tangential sliding velocity is chosen as #, =
1 mm-min-.

Firstly, the tangential contact stress paths at five levels
of constant normal contact stress are shown in Fig. 5,

1 o T
T[at(tﬂel + theZ) + ancn (ﬂ /gn)exp(_cnfn )n]u -m

f=la(e,®¢ +e,®e)+an@n] i-a,

(t e +t,e,)
m+a, /g 141" '

1 L
j[at(tﬂel +tf2e2)+ancn(f; /gn)exp(_cnfn)n]u —-m

=[a,(e, ®¢, +e,®¢e,)+a n®nli -a,(t,e +1t,e)

12,000 1

10,000 Hs =10,000 MPa

8,000 1
5 f =7,000MPa T
?, 6,000 1
“

4,000 1

2,000 1

0
0 5,000 10,000 15,000 20,000
Jn (MPa)

(a) 4 =10,000 MPa and g, = 7,000 MPa

59
mt +a,/g, 59

12,000
10,000 1

8,000 My =7,500 MPa

fi (MPa)

6,000 My =7,000 MPa
4,000 1

2,000 1

0

0 5,000 10,000

fn (MPa)
(b) 45 =7,500 MPa and 24 =7,000 MPa

15,000 20,000

Fig. 5 Tangential contact stress paths at five levels of normal contact stress for different static sliding hardening functions. Red short
bar in each stress path indicates the maximum contact tangential stress, and black one indicates the contact tangential stress at infinite
sliding displacement.
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in which the sliding normal-yield surface for the static
and the kinetic isotropic hardening functions are
depicted by red and black curves, respectively.
The maximum contact tangential stress is larger for
the larger static sliding hardening function.

Next, the variations of tangential contact stress at the
five levels of normal contact stress in the monotonic
sliding followed by the reverse sliding for the different
static sliding hardening functions are shown in Fig. 6.

The variations of tangential contact stress with the
five levels of stationary sliding time just after the
unloading for the different static sliding hardening

10,000
8,000 f2=20,000
~ 6,000
£ /o= 5,000
€ 4000 {
= fo=2,000
2,000 [\ = 1,000
0 . —
0 0.5 ot (mm) 15 Ao
2,000 9
4,000
6,000
8,000
10,000

(a) # =10,000 MPa and z_=7,000 MPa

functions in the monotonic and the reciprocal
sliding are shown in Figs. 7 and 8, respectively. More
remarkable recoveries of the tangential contact stress
by the longer stationary sliding time are shown in
these figures.

The variations of the tangential contact stress in the
pulsating sliding with three levels of stationary sliding
time just after the unloading to the zero tangential
contact stress is shown in Fig. 9. The recovery of the
tangential contact stress with the increase of sliding
time is shown, while it decreases gradually with the
increase of number of cycles.

10,000 1
8,000 fo=20,000
< 6,000 ‘
E Jfa=5,000
< 4,000 A
= fo=2,000
2,000 r f2= 1,000
o
0 — .
op 05 1o (mm) 15 ___Ao
—2,0004
4,000 4
2=10,000
—6,000 4
8,000 4

10,000 4

(b) 4 =7,500 MPa and g =7,000 MPa

Fig. 6 Variations of tangential contact stress at five levels of normal contact stress in monotonic sliding, followed by the reverse

sliding for different static sliding hardening functions.

10,000
Time =120 s
Time =600 s
8,000 Time = 60§
< 6,000
[ Time =30s
=
< 4,000
2,000
0
0.0 0.5 1.0 1.5 2.0
uy (mm)

(a) s =10,000 MPa and 4, = 7,000 MPa

10,000
8,000
Time =600s Time=30s
~~ \ —
< 6,000 A
& ~ Time=0s
b
N~
< 4,000
2,000
0
0.0 0.5 1.0 1.5 2.0
uy (mm)

(b) #5=7,500 MPa and 4= 7,000 MPa

Fig. 7 Variations of tangential contact stress with five levels of stationary sliding time just after unloading for different static sliding

hardening functions.
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10,000 1 10,000 1
8,000 4 8,000
< —
= £
= 6,000 S 6,000
<
q N
4,000 1 = 4,000 4
2,000 1 2,000 1
0 . : . 0 . . .
op 0.5 1.0 _ (mm)l 5 2o 25 0 0.5 10 1.5 2o 25
2,000 U 22,000 u; (mm)
—4,000 1 Time=0s 4,000 Time =0s
Time =120s \
~6,000 1 -6,000
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Fig. 8 Variations of tangential contact stress during reciprocal sliding with five levels of stationary sliding time just after unloading for

different static sliding hardening functions.
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Fig. 9 Variations of tangential contact stress in pulsating contact tangential stress with three levels of stationary sliding time just after

unloading for different static sliding hardening functions.

7 Comparison with experiments

The simulation of the test data for the linear sliding
behavior for the boric acid lubricated A16111-T4 and
tool steel interface in Ref. [14] is shown in Fig. 10 to
verify the applicability of the present model to the
description of real friction phenomenon. The linear
sliding behavior at the constant normal contact stress
is the most basic behavior among various sliding
behaviors, but strangely, the available test data is
quite little as the authors could find only the test data
from Ref. [14]. Fortunately, this test data is suitable for

N EZS L
&2 Tsinghua University Press

the verification of the present model, since the rather
high normal contact stress up to 600 MPa is applied
in this data. The relations of the contact tangential
stress vs. the sliding displacement for the five levels of
the constant normal contact stresses are represented,
where the values of the material parameters are
chosen as

a_ =500 MPa-mm~, «, =500 MPa-mm~;
4, =500 MPa, u_ =63 MPa;

=98 mm™, E=11 s?, #=15mm™,

¢, =0.0002 MPa™
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while the tangential sliding velocity 4, is 1 mm-s in 40:1 Sliding displacements o
AN s Sliding displacement 0.5 mm
the test data. O 1mm in calculation
The variations of the tangential contact stress are 2 5 mm \ =
10 -
closely simulated by the present friction model, as g5 O 2 22

shown in Fig. 10.

The comparison for the relations of the tangential
contact stress vs. the normal contact stress for four
levels of the sliding displacement is shown in Fig. 11,
which is depicted from the test and the calculated
values. The fact that the ratio of the tangential contact
stress to the normal contact stress is not constant but
decreases gradually with the increase of the normal
contact stress is simulated closely. The incorporation
of the present model is required to describe the friction
behavior in the test data accurately. A test datum
specifying an explicit sliding displacement less than
1 mm is not shown in the figure of Ref. [14]. Then, only
the calculated result for the displacement 0.5 mm is
shown by the dashed curve in Fig. 11.

The quite close simulation of the test result [14] is
attained by the present model. Then, the applicability
of the present friction model for the prediction of
real friction behavior between metals would be
verified. Besides, the simulation of the test data was
also performed by Gearing et al. [14]. However,
their friction model [11] used for the simulation is

50
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Ji (MPa)

35 fn=400 MPa

N
o X AAAAAAAAAAAAARZARAAR f,-200MPa
T\‘\'—'—'—A—A—‘—O—O—O—Q—H—o—o—o—o—o—o—
/=100 MPa
I~ o
Fatil/a) fn=40 MPa

i : f2=20 MPa
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=
[

i, (mm)
Fig. 10 Comparison of the simulation results and test data of
boric acid lubricated A16111-T4/tool steel interface in Ref. [14]
for tangential contact stress vs. sliding displacement relations at
six levels of normal contact stress, where the calculated results
are shown by solid lines.

= .
[-m Sliding displacement Imm
> 20 4 in calculation ’
~ ’
< .
Sliding displacements 5, 10, 20 mm
% in calculation
10 4 E
W
0 N L . "
0 100 200 300 400 500 600
Jn (MPa)

Fig. 11 Comparison of the simulation results and test data of

boric acid lubricated A16111-T4/tool steel interface in Ref. [14]
for tangential contact stress vs. normal contact stress relations in
four levels of sliding displacement, where the calculated results
are shown by solid lines. The dashed curve shows the calculated
result for the sliding displacement = 0.5 mm.

physically impertinent belonging to the creep model,
which is approximately applicable to the sliding
behavior at high rate but inapplicable to the sliding
behavior at the moderate rate including the quasi-static
sliding behavior as delineated in Hashiguchi [12, 13],
while the sliding velocity in the test data in Ref. [14]
is rather high as #, = 1 mm-sl. On the other hand,
the subloading-friction model is concerned with the
sliding behavior in the general sliding velocity.

The tangential contact stress lowers to a constant
value after it exhibits the peak value, as shown in
Figs. 6-8, and 10. Therefore, it would be independent
of the sliding displacement for the sliding displacement
larger than 5 mm, as shown in Fig. 11. The
inconsistent tendency in the test results for the sliding
displacement = 5, 10, and 20 mm in this figure would
show the difficulty of the precise measurement of the
tangential contact stress for a large sliding displacement
in tests under a constant normal contact stress.

8 Concluding remarks

The subloading-friction model (Hashiguchi et al.
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[32, 33], etc.) is extended in this article. The extended
model is summarized to be capable of describing the
following principal properties.

1) The smooth transition from the elastic to the
plastic transition leads to the continuous variation
of the elastoplastic stiffness modulus, which is of the
importance for the numerical calculation since the
loading criterion, i.e., the judgment whether the plastic
sliding induced is not required.

2) The contact stress is automatically pulled back
to the normal sliding-yield surface when it goes
out from that surface, leading to the highly efficient
numerical calculation.

3) The friction decreases from the static to the
kinetic friction.

4) The friction resistance recovers during the
stationary state of sliding.

5) The tangential contact stress saturates with the
increase of the normal contact, so that the tangential
contact stress does not exceed the shear strength of
the contacting solids.

Property 5 was not furnished in the past subloading-
friction model. These principal mechanical characteristics
of the proposed model is represented by the
numerical experiments for the linear monotonic and
the reciprocal sliding with the cease of sliding in the
unloaded state. Further, the validity of the present
model is verified by the simulation of the test data [14]
for metals. The present model will contribute to the
development of the boundary value problems for the
deformation/sliding of solids and structures subjected
to a high normal contact stress.
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