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Previous study of contact of power-law graded materials concerned the contact of a rigid body
(punch) with an elastic inhomogeneous foundation whose inhomogeneity is characterised by the
Young modulus varying with depth as a power function. This paper models Hertzian and adhesive
contact of two elastic inhomogeneous power-law graded bodies with different exponents. The prob-
lem is governed by an integral equation with two different power kernels. A nonstandard method of
Gegenbauer orthogonal polynomials for its solution is proposed. It leads to an infinite system of lin-
ear algebraic equations of a special structure. The integral representations of the system coefficients
are evaluated, and the properties of the system are studied. It is shown that if the exponents coin-
cide, the infinite system admits a simple exact solution that corresponds to the case when the Young
moduli are different but the exponents are the same. Formulas for the length of the contact zone,
the pressure distribution and the surface normal displacements of the contacting bodies are obtained
in the form convenient for computations. Effects of the mismatch in the Young moduli exponents
are studied. A comparative analysis of the Hertzian and adhesive contact models clarifies the effects
of the surface energy density on the contact pressure, the contact zone size and the profile of the
contacting bodies outside the contact area.

Keywords: Integral equation with two power-law kernels, gegenbauer polynomials, hertzian and
adhezive plane contact, power-law graded materials
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1 Introduction

Interest in contact problems of interaction of bodies with elastic inhomogeneous foundations was
originated in the forties of the previous century when civil engineers started taking into account
the inhomogeneity properties of soil foundations. For the last thirty years, when novel function-
ally graded materials (FGMs) were designed and the necessity of the study of their properties
arose [28], this interest became even stronger.

One of the most interesting classes of FGMs comprises inhomogeneous materials whose
modulus of elasticity £ varies with depth according to the power-law, E(z) = E,z*. The first
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approximate solution of a contact problem of an axisymmetric foundation with the modulus of
elasticity E(z) = E,z* and subjected to a point force P applied to the boundary was obtained [18]
in the form

APz APz7%2 APy

T 2 RAF2 o= 2w RAT2 % =0, == 2w RAT2’

(1.1)

O

where R = /72 + z2. This solution satisfies the equilibrium equations for any values of the con-
stant 4. However, in general, the compatibility conditions for the strains are not met. It was
found [18] that in only two cases, ()A=a +3,v=2+a) 'andQ)d=a +2,v=(14+a)7!,
where v is the Poisson ratio, the compatibility conditions are fulfilled. Also, in these particular
cases it is possible to recover the normal displacement in the interior of the body by explicitly
integrating the strain e, = (0. — v0,)(E,z%)~". Upon passing to the limit z— 0 in the resulting
formula for the displacement, this gives the normal displacement on the surface of the half-space,
w(x,y,0)=aP/mE,r~*~!, where r = \/x2 + 2. Based on the solution obtained in these cases,
Klein [18] suggested to extrapolate the formula for the displacement w(x,0), valid in only these
two particular cases, to the general case when the Poisson ratio v and the exponent « are not
connected by any relation. Lekhnitskii [20] considered the plane problem of a wedge with a vari-
able modulus of elasticity. On applying the separation of variables method to the equilibrium
equations, he obtained an exact formula for the stress o, in a half-plane {|x| < 0o,y > 0} when
E =FE,y* for any constant Poisson ratio v. By separating the variables in the equation for the
Airy function Rostovtsev [27] not only revisited the Lekhnitskii formula for the stress but also
obtained the exact representation for the normal displacement in the cases of concentrated and
distributed normal load applied to the boundary.

A majority of results on plane and axisymmetric contact problems of power-law graded mate-
rials concern the indentation of a rigid two-dimensional or axisymmetric stamp into a half-plane
or a half-space. In the case of a single contact zone, the plane problem reduces to the integral
equation

. / b p&)dg
—p Ix— &
where § is the indentation of the stamp, the function f(x) describes the stamp profile, and yy is
a function of «. The solution of this equation in the class of functions admitting integrable sin-
gularities at the endpoints 45 exists and unique. It can be constructed by a variety of methods
including the method of Abelian integrals (see for example, [8, 1]), the method of dual integral
equations, the Wiener-Hopf method and the method of orthogonal polynomials. The solution of
this integral equation by the last method is presented in Section 5 of this paper. Popov [24] con-
sidered a more advanced case of this plane problem when there are two separate contact zones.
He reduced the problem to two separately solvable equations with the Weber-Schafheitlin kernel
and solved them approximately by the method of the Jacobi polynomials. The first exact solutions
[19, 21] to the axisymmetric case were obtained by the method of dual integral equations under
the assumption of the frictionless contact of a stamp and a power-law graded foundation. The
same problem was later solved [22] by the Wiener-Hopf method. The method of Abelian oper-
ators was applied [25] to derive an exact solution to the axisymmetric problem of non-slipping
adhesive contact of a punch with a power-law graded elastic half-space.
During the last twenty-five years, plane and axisymmetric contact problems of a stamp and
a half-plane and a half-space with the Young modulus E = E,z* have become the subject of

=8—f(x), —-b<x<b O<a<l, (1.2)
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interest due to modelling of micro- and nano-indentation processes arising in nanotechnology
and therefore the necessity of characterisation of mechanical properties of a variety of biological
materials with sizes approaching molecular or atomic dimension [12, 3]. In [9], the Rostovtsev
formulas [27] were revisited and normal, sliding and rolling contact models were addressed. 2d
and axisymmetric models of adhesive contact of a rigid stamp and a power-law graded semi-
infinite body characterised by the Young modulus E = E(y/cy)* were considered in [6] and [7].
It was found that the pull-off force attains its maximum at a certain critical value of & € (0, 1).
The method of orthogonal polynomials [25] was employed [12] to study a model of non-slipping
adhesive contact of a stamp and a power-law graded elastic half-space. Another axisymmetric
adhesive contact model [15] assumes that the contact circular area is split into a non-slipping
circular zone and an annulus where the tangential traction equals zero, while the normal traction
is tensile and equals a prescribed constant. The penetration depth and contact radius in the case
of axisymmetric contact of a stamp and a power-law graded half-space were calculated [14] by
exploiting a correspondence between these quantities and the ones associated with a Winkler
foundation. All papers discussed in this paragraph adopted the Johnson-Kendall-Roberts (JKR)
adhesive model ([16, 17]) to examine plane and axisymmetric contact of a rigid punch with
a half-plane and half-space, respectively, when the Young modulus of the foundation varies
with depth according to a power-law. The feature of the JKR model is that it admits integrable
singularities of the contact pressure at the endpoints and determines the contact zone radius from
the condition of minimum of the total energy. The total energy U, is defined to be a sum of
the elastic strain energy U, and the loss of surface energy U.

There have been relatively limited efforts in studying Hertzian and adhesive contact of
two elastic bodies whose Young moduli are power-law functions of depth. The axisymmetric
Hertzian model of contact of two bodies whose Young moduli are expressed through the same
power-law function, £,(z) = e;z* and E,(z) = ep(—z)*, was considered in [26]. In this work,
the surface effects are taken into account according to the Shtayerman model [29]. Power-
law kernels arise [13] in the problem of computing equilibrium measures for problems with
attractive-repulsive kernels of the form K(x —y) =a~'|x — y|* — B~ |x — y|?. For this problem,
they proposed a numerical method of recursively generated banded and approximately banded
operators acting on expansions in ultraspherical polynomial bases. To the authors’ knowledge,
neither the two-dimensional nor the axisymmetric problem of Hertzian or JKR adhesive contact
of two elastic bodies with different Young moduli, £;(z) = ¢,z*! and E,(z) = e»(—z)*2, has been
considered in the literature.

In this paper, we aim to analyse the plane contact problem of two different power-law graded
bodies. In Section 2, we formulate the problem and reduce it to the integral equation with two
kernels of the form

b
f < LA >p(§)d$ —g(x), —b<x<b. (1.3)
b \Px =& x—§[*
This equation may be interpreted as a full integral equation with a single power kernel |x — &|7*!
with the second kernel serving as a regular part [8]. However, the method of Abelian operators,
when applied, leads to a Fredholm integral equation whose kernel is a chain of singular integrals
and does not produce the solution in the form convenient for numerical purposes.

In Section 3, we describe the method of solution that expands the unknown function p(bf)
in terms of the Gegenbauer polynomials Cj, v/ 2(t) with weight (1 — £2)©1~1D/2(¢) and reduces the
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task of finding the expansion coefficients to solution of an infinite system of linear algebraic
coefficients with coefficients represented by integrals possessing the polynomials C, 1/ 2(t) and
c/ 2(t). We manage to evaluate these integrals. The coefficients have certain remarkable prop-
erties which substantially simplify the system. We also show that in the limit case o, — o, the
solution of the infinite system can be derived explicitly, and it coincides with the solution of the
contact problem of two bodies with different power-law Young moduli and the same exponent,
E,=e”* and E; = ey(—y)”.

In Section 4, we derive formulas for the length of the contact zone, the parameter 8, the pres-
sure distribution and the normal displacement on the surface outside the contact zone in the form
convenient for computations. We emphasise that all the formulas except for the displacement are
free of integrals. We also discuss the results of numerical tests.

In Section 5, we derive a closed-form solution of the problem of Hertzian contact of two bodies
whose moduli of elasticity have the same exponents o} = o = @ but different factors e; and e;.
We obtain exact formulas not only for the contact zone length and the pressure but also for the
normal displacement outside the contact area.

In Section 6, we analyse the JKR model for both cases, when o = oy and o) > ;. In both
cases, we compute the elastic strain energy and the total energy. In the former case, we obtain a
transcendental equation for the contact zone half-length b and show that it is possible to pass to
the limit as o; — 0. In the case, o > o, we derive the equation for b approximately by computing
the derivative of the strain energy numerically. We show that in both cases, the solution to the
JKR model coincides with the solution to the Hertzian model when the surface energy half-
density y; — 0.

In Appendix A, we discuss the limiting case o; — 0, j = 1, 2. We compute an integral required
for the displacements of surface points outside the contact zone in Appendix B. In Appendix C,
we derive an exact solution of the integral equation (1.3) in a semi-infinite interval. In the case
ay=-2n,n=0,1,.. . and o € (0, 1), the integral equation (1.3) admits an exact solution. This
is addressed in Appendix D.

2 Formulation

The problem of interest is the one of modelling of two-dimensional contact of two inhomo-
geneous elastic bodies, B; and B, (Figure 1(a)). The lower surface of the upper body B; and
the upper surface of the lower body B, are described by curves y =fi(x) and y = —f5(x). The
functions fj(x) and f;(x) are even, continuously differentiable and share the tangent line y =0
at the point x =0,y =0, the origin of the Cartesian coordinates (x,y), that is f1(0) =£(0)=0
and f{(0) =£;(0) = 0. The Poisson ratios v; and v, of the bodies are constant, while the Young
moduli vary according to a power law and equal E|(y) = e;y*! and E,(y) = ex(—))*2, where e
and e, are positive parameters whose dimensions in the SI system are N m 2~ and N m~27%2,
respectively, and 0 < o; < 1, =1, 2. The bodies are subjected to compression by forces applied
to the bodies parallel to the y-axis with the resultant force P balanced by the contact pressure
p(x) arising in the contact area (—b, b), and the parameter b is unknown a priori. We also assume
that the curve y =f(x) is convex upward, while the second curve y = —f,(x) is either convex
downward or flat or at least locally convex upward. To proceed with the contact modelling, we
make the following Hertzian assumptions:
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(@) y (®)

FIGURE 1. Contact of two different power-law graded elastic bodies with Young moduli £;(y) = e;»*!
(body By) and E»(y) = ex(—y)*2 (body B»). (a): Hertzian model and (b): adhesive JKR model.

e the contact area is significantly less than the bodies’ sizes,

o the friction is absent, and the only nonzero traction component is o, = —p(x), where p(x) is
the normal pressure distribution,

e the normal and tangential elastic displacements in the contact area are significantly smaller
than the contact zone length.

Following Shtayerman (1949), we write the vertical displacements of any two points 4; €
By and A4, € B, which, as a result of compression, become the same point, a point 4. These
displacements are fi(x — u;) + v — & and —f>(x + up) — v, + 8;. Here, (uy, v1) and (—uy, —vy)
are the elastic displacements of the points 4 and 4,, and the constants §; and §, are forward
displacements of distant points. Approximating f(x — u1) ~ f1(x) and f(x + u) & f5(x), we can
write at the point of contact 4

v+ uv=08—fix)—HKx), —-b<x<b, b§5=6+506. 2.1

The parameter § is to be determined a posteriori from the condition

b
[bp(x)dx =P. (2.2)

We next use the Rostovtsev relation (Rostovtsev, 1964, p. 747) between the normal displace-
ment and the contact pressure for a half-plane to write down the displacements v; and v; in the
contact area

b
mﬁzﬁi/ fﬁﬁ%3 bh<x<b, j=1,2. 2.3)
a; J_p |x—§|%

Here,

C(1 = v¥g: . A
gjzusmﬂ’ g=./(1+a) (1_ﬂ>,
(O[j‘}‘l)ej 2 ’ ’ I—Vj

29+1 o g 3 o g 3
C=———T(Z2-Z+2 ) (ZL+Z+2). 2.4
! al (o +2) <2 2+2) (2+2+2 @4
Substituting the integral representations of the displacements v; into the condition (2.1), we
derive the governing integral equation for the contact pressure distribution p(x)

b \arlx —&[*1  onlx —&[®

b
[ (ot + g PO =0 )~ —b<x<b.  @3)
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3 Solution of the integral equation

To solve the integral equation (2.5), it will be convenient to rewrite it in the interval (—1, 1)

1
Al A2
bryde =8 —f(bn, —l<t<l 3.1
/—1(|t—f|a'+|t—t|a2>p( T)dt f(by), <t<l, 3.1)
where

9.b1~%

A== (3.2)
qj

The right-hand side of equation (3.1) possesses the unknown parameter §. To eliminate it from
the equation, we represent the function p(bf) as

pbt)= ¢V (1) +562(1) (3.3)

and deduce

1
/(| A >¢g>(t)dt=gm(t), l<t<1, j=1,2, (3.4)

L \t—=ztl|  |t—1|%

where g()(¢) = —f(bt), g®(f)=1. The equilibrium condition (2.2) expresses the unknown
parameter & through the solutions ¢; and ¢, of the equations (3.4) which share the kernel and
have different right-hand sides. We have

-1

_f_ 1(1) ><1(2) )
5_(b /_1¢ (v)dt /_1(;5 (t)dt . (3.5

3.1 Infinite system of algebraic equations
Without loss of generality, we assume further that «; > «; and denote

By = o1, (3.6)
n!cos 5+

where (@), =a(oe +1). . . (a +n — 1) is the factorial symbol. Owing to the spectral relation for
the Gegenbauer polynomials [23]

/1 C*(t)dt

1 |t _ Tla(l _ .[2)(1—01)/2

= B()C* (1), —1<t<l, O<a<]l, (3.7)

and the orthogonality property of these polynomials

1
f CPHCA (1 — ) V2t = hy(@)Sp, m,n=0,1,. .., (3.8)
-1
we seek the solution in the series form
o0
PV =1 - oPCH @), —1<i<l, j=1,2. (3.9)
n=0

Here, ®! are unknown coefficients, §,,, is the Kronecker symbol, and

27T (n + a)

hn(a): I’l’(}’l—i——%)rz(%)

(3.10)
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In the integral equations of a rigid stamp indented into an inhomogeneous power-law graded
half-plane or Hertzian contact of two bodies with a; = a5, there is only one power-law kernel. In
these particular cases, the series coefficients can be derived explicitly by substituting the expan-
sion (3.9) into the integral equation and taking into account the spectral relation (3.7) and the
orthogonality property (3.8). In contrast to this, when «; # «;, we have the second term in the
kernel, and, in general, the series coefficients cannot be found exactly. On substituting (3.9) into
(3.4), we have

e e 1 _ 2\(ax—1)/2
) . G,(t)(1 —¢ d .
ALY Bula)®PC () + 4, Y dP / (0 =) Lo, —1<t<l,

n=0 n=0 -1 |t - T|a2
3.11)
where G,(t) = CS*(r)(1 — )@ ~)/2_ Since o > o, we may expand the functions G,(t) in
terms of the Genebauer polynomials ce/ 2(r)

o0
Gu()=)_ GWCel(r), —l<t<l. (3.12)

m=0

According to the orthogonality relation (3.8), the coefficients of the expansion are found to be

H® 1
GW=_—"m_ [ f C12 ()2 (r)(1 — )@ =D2ge, (3.13)
hm(aZ) -1

Notice that H" =0 if m < n. Indeed, the degree-m polynomial c/ 2(r) is a linear combina-
tion of the monomials 1, 7,. .., 7" or, equivalently, a linear combination of the Gegenbauer
polynomials Cg‘/z)(r), C‘fl/z(r), ..., CV3 (1), and by the orthogonality relation (3.8) H" =0
provided m < n. Now, if we substitute the series (3.12) back to equation (3.11), use the spec-
tral relation (3.8) for the Gegenbauer polynomials Cﬁf/ 2(7,') and change the order of summation,

we find
4 i Bulan)®PC () + 4> i VOB, ()Cr () =g"(), —1<1<]1, (3.14)
n=0 n=0
where
wo) = Z GV, (3.15)

m=0

The equation (3.14) can be recast by using the orthogonality relation (3.8) and written as an
infinite system of algebraic equations. We have

Aiu(e)ha(e)® + 42 Y WP pue)H) =gl n=0.1,.. ., (3.16)
m=0
where
1
8 =f . g(CH ()1 — 2) =D gy, (3.17)
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It is possible to simplify the system derived. On changing the order of summation in the series in
the system (3.16) and using the relations (3.13) and (3.15), we obtain

oo [o.¢]
DV BueH = Lun®Y), (3.18)
m=0 m=0
where
o0 (n) 7 y(m)
H"H,
Lim= ) M, mn=0,1,..., (3.19)
k=max(m,n) hk(aZ)
and therefore, the system has the form
oo
ABu(@)h(a)® + 45 Y " Ly @Y =gV, n=0,1,.. .. (3.20)

m=0

3.2 Evaluation of the integrals H'"

We remind that H,Em) =0 if kK <m. To compute the integrals (3.13) when k > m, we use the
formula
2P+ DI+ D —a+n—1)

mn'l'(v —a — %)F(v +a+n+ %)

1
/ (1 =01 +x)""2CH(x)CY (x)dx =
-1

L(m+2pu)T(n + 2v) <_m, m+2u, a+l, a-v+3
413

1 3 3. , (32D
reuw)rv) u+tyv+tatnts,a—v—n+3; 1

where Rea > —1, Rev > —% and 4F3 is the generalised hypergeometric function. This relation
can be derived from the general formula 16.4(20) [4] for the Jacobi polynomials. Notice that the
corresponding formulas for the Gegenbauer polynomials 16.3(16) [4] and 7.314(7) [11] have the
same error: instead of '(v +« + n + %) in the right-hand side in (3.21), they write I'(v — o +
n+3).

On adjusting the relation (3.21) to our case when k > m, we have

1
27 (1" T (%) (@)
H" = — T, (3.22)
m!I" (7) (m—+ay)
where
1
. (1) (o2 + ), (“‘; )
=Y ! (3.23)

= (k= DV (= m)! (a1 +m+ 1), (“2;’ 1)
1

This sum can be evaluated and the formula for H,Em) simplified. We make the substitution
I — m =1, use the property of the factorial symbols

(—1)k!
k), ="

(@myi =@+ m)i(@m, (k—n)!= (3:24)
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and express the sum ¥ through the function 3,

D (e + B ~k+m, ar+k+m, U pm (3.25)
_(k—m)!(a1+m+1)m(“2;1>m3 et oy +2met; 1 ) O

For the generalised hypergeometric function 3F, in the right-hand side, we can employ
Whipple’s formula [31]

1 b+1 l—a->
a, b, ¢ ﬁr(c+§)r<a+2+ )F( ; +c>
sl a+b+1 =

,2¢; 1 a+1 b+1 l—a 1-b
2 r( ' )r( ! )r( . +c>r(—2 +c)

and obtain the following representation for X:

1
(—1y" (“lj ) (2 + ),

1
k—m)! (@ +m+1),, (%)

+1 -
fr( +m+1)F<a22 +m)r<a12a2+1>

% F<m_§+l>1‘<al +;n+k+l>r<a2+m2+k+l>r(ot1—a22+m—k+1)'

(3.27)

(3.26)

Y=

This formula implies that ¥ =0 and therefore H,Em) =0ifk=m+1+2,1=0,1,.... Inthe
case when k —miseven, k=m+2[,1=0,1,. . ., we substitute (3.27) into (3.22) and find

2sinn(ozz—a1)r<a1+l)(a1+1) (ﬂ) F<a1—az+l>r<az+l>

am!l (ay) (m+ay) () +m+ 1),

1 —
r(zz+2m+a2)r(1+5)r<“22“‘+1)
o ar +1 ’
| _
(21).r(2+m+1+1)r< T+ )

On exploiting further the properties of the I'-function, it is possible to recast formula (3.28) as

VT <a12+ 1) (1), (@2/2),, (az ;m), (3 +’”),
mt2l = r(%+1) m!(%+1)m lv( +m+1)

This formula is simpler and convenient for analysis of the coefficients asymptotics as / — oo.
Taking into account the asymptotic relation

X

(3.28)

(3.29)

I'z+a) o
I'z+b) ’

b4
z— 00, |argz|< —

> (3.30)
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we derive
R o e (3.31)
where C,, are constants independent of /.
Having computed the coefficients H,im) we consider now two cases, n=0,1,...,m— 1 and
n=m,m+1,... and evaluate the coefficients H(") In the former case according to formula

(3.19) and since H(m) Oifk=m+2[+1,1=0,1,. .., weneed to evaluate H,E") fork=m+ 2l
only. On replacmg m by n and k by m + 2/ in (3.22) and (3.27), we should have H,, ) 42 =0, if
n—misoddand/=0,1,. ... Otherwise, if n — m is even,

Do —u| ﬁl"(az 1) I'(ay +n)
F(%) T (a2) r(@) n!

F(a2+;ﬂ+n+1)r(m—n—i—zaz—a1 +l>

)
m—+21 —

pra— pp—— , [=0,1,..., (3.32)
I ——+/+1)T( = +i+1
2 2
and their asymptotics for large / is the same as for H" +2, We have
HY ~ G #2772, 11— o0, (3.33)

where C,,, are constants. We also give another, more convenient for numerical purposes,
representation of the coefficients H ) mt2; When n —m is even

JAT <0l1+1> (Ol_z) <052—011>
g 2 ) @)y N2 auin2 2 Jm—wp

m+21 F(ﬂ—i—l) n! (ﬂ—i—l) m—n\,
2 2 (m+n)/2 2 :
(a2+m+n> (m—n+0{2—(¥1>
2 2
% i i

. (3.34)
m-—n o1 +m—+n
("5 1) ()
2 1 2 !
3.3 Solution of the infinite system
By introducing new notations, we rewrite the system (3.20) in the canonical form
oo
OV +y Y Ry®P=dP, n=0,1,..., j=12, (3.35)
m=0
where
A R Lym 40 g,(f) (3.36)
y = _9 " = —7 = < s *
Ay " Bu@)h(er)” " Ay Bl (o)
Owing to the fact that H"),, =0, if n —m is odd and /=0, 1,. . .., from formula (3.19) we

deduce that L,,, = 0 and therefore R,,,, =0 if n — m is odd. We have also derived that H,Em) =0
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ifk=m+2/+1and/=0,1,. ... This brings us to the following formulas for the coefficients
L,,, when m — n is even:

o0

an = Z H,S;n.gle,(nn_')_zlAm-l-Zla n= 03 15 L) m— 13
=0
oo
Lin=Y HY H Ao, n=mm+1,. .., (3.37)

=0

where
o l—a o
T () 69 .
k= N , )

H'",, is obtained by interchanging n and m in (3.32), while H",, will coincide with (3.29) if m
is replaced by n. To sum up, forall n,m=0,1,. . ., L,y =Ly, #0ifn —misevenand L,,, =0
otherwise.

We remark that owing to the asymptotic relations (3.31) and (3.33) and formula (3.38), the
coefficients in the series (3.37) behave for large / as [2®2*)73 (@; > a,), and therefore, the
series representations (3.37) for the coefficients L, rapidly converge.

On passing to the limit &, — &, we can show that the matrix of the infinite system is diagonal
and the system admits an exact solution that coincides with that associated with the contact
problem of two bodies with the same exponent o} = a,. Indeed, when «; = o; from (3.29) and
(3.34) we deduce that in either case, / > 0 or n # m, the coefficients H,E'_';)z ;and H,S?rz ; are equal to
zero, and the only nonzero coefficients are H™. They are given by

o _ VAT @),

TS +an! (339)

This gives a simple formula for the coefficients L. It is L,, = [H,(l”)]zAn(S,,m, and from (3.36),
Ryum = 8um- The system (3.35) has a diagonal matrix, and the coefficients @Y = (1 + y)~'d¥) are
the same as those obtained by solving the integral equation (3.4) when o) = o, on using the
standard method of orthogonal polynomials.

In the general case, when 0 < ap < ) < 1, the infinite system (3.35) does not admit an exact
solution. Its approximate solution is found by the reduction method. The off-diagonal elements
of the matrix of the system §,,, + y R, rapidly decay, and the numerical method demonstrates a
rapid convergence.

The right-hand sides of the system (3.35) are represented by the integrals (3.17). The integral
g% is evaluated immediately, g») = I"y3,, where

ar+1
To= % (3.40)
& +1
The other integral gV can be computed explicitly if we know the coefficients a; of the expansion
of the function f(?) in terms of the Gegenbauer polynomials

fon=Y"a ). (3.41)

k=0
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These coefficients are always computed exactly if the function f(bt) is a polynomial. Otherwise,
we can employ either its approximate polynomial representation or use the corresponding Gauss’
quadrature formula. In the polynomial case, when all the coefficients a; = 0, k > N, we apply the
orthogonality property (3.8) to find gﬁll) = —ayhy(a;),n=0,1,...,N,and g =0,n > N.

4 Solution of the contact problem

4.1 Parameter §, the contact zone (—b, b), the contact pressure p(x), and the normal
displacements v;

After the system (3.35) for the two right-hand sides, d\") and d?) have been solved, and the values
of the coefficients @) and @) have been found; we write down the series representations (3.9)
of the solutions ¢V (¢) and ¢®(¢) of the integral equations (3.4). On substituting these series into
(3.5), we can express the unknown parameter & through the coefficients <I>f)1) and CI>E)2)

_ P/b— T,

8= 4.1
o'T
On having this parameter, we can write down the contact pressure as
P =9 (3)+89? (3)- 4.2)

Notice that the parameter y = a16,(a261)~ 5% 2 and the right-hand sides of the system (3.35)
depend on the unknown parameter b. That is why the contact pressure also depends on this
parameter. Because of the smoothness of the bodies’ profiles, the contact pressure has to be
bounded at the points x = £b, y = 0. Owing to the representations (3.9), this implies that the
contact pressure vanishes at these points,

lin11[¢>(1)(t) + 80P ()] =0. (4.3)
—
Equivalently, this reads
o Q)
P/b—®,'T
= ;T

This is a transcendental equation with respect to the parameter . On having solved this equa-
tion, we can determine the parameter § and the contact pressure by formulas (4.1) and (4.2),
respectively.

The final quantities we wish to determine are the displacements v;(x) of the surface points
outside the contact zone. We assume that the curvatures of the surfaces of interest are sufficiently
small. Since formula (2.3) for the normal displacement is valid not only in the contact area but
also outside, we can write

U p(b)d
vj(tx)zAj/ plbrde 4 o1, (4.5)

1T =17

Using formula (3.3) and substituting the series representations (3.9) into (4.5), we write the
displacements as follows:

o0
X
y@) =4, Y [0 + 50PN, <Z; o), =1, (4.6)
n=0
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where

1 2\ =12 @1/2
zr,,(t;oz,)=/71 (=) DG (o)dr 4.7)

[T — 1%

Series representations of this integral are derived in Appendix B. Since the function f(x) is even,

all the coefficients CDg;H_l =0,m=0,1,...,7=1,2, and therefore

ad X
0@ =4; Y [0 + 60210, <13; o), =1, (4.8)
n=0

On differentiating these functions, we find out that the derivatives vjf(x) are bounded at the points
x = =b if and only if the condition (4.4) is satisfied. In other words, if the contact zone parameter
b is fixed by solving the transcendental equation (4.4), then not only the pressure p(x) vanishes
at the endpoints but also the profiles of the contacting bodies are smooth at the endpoints.

4.2 Numerical results

The functions fi(x) and f,(x) have to be continuously differentiable and satisfy the conditions
£(0)= ﬁ’(O) =0, j=0, 1. In the symmetric case, when both of the functions are even, in a
neighbourhood of the point x =0,

5O, 0,
> X° + 2 X +...,

JSio)= j=1,2. (4.9)
For numerical tests, we confine ourselves to two polynomial cases of the function f(x) = f(x) +
fo(x). They are

(1) f(x)=Qux* Qo >0, and
(2) f(x) = 0ox* + O1x*.

Case (1) occurs when one of the bodies has a parabolic profile, while the second one is either
flat or also has a parabolic profile. In case (2), the profiles of the bodies are described by the
polynomials f;(x) = cox* + cyx* with some real coefficients cy; and cy; chosen such that Oy =
co1 +cop>0and Oy =cq; +¢12>0.

In case (1), we express the function f(x) through the degree-0 and 2 Gegenbauer polynomials
to have

b2Q0 [ﬂ

G0+ ¢ P (4.10)

0= @G+

The orthogonality property (3.8) yields g = 0 for all 7 unless n = 0 or n = 2. In these cases,

a;+3
oV = bl RO b2 Qo/mT(457) @11
0 a+2° 2 S+ D5 +2r(F)

where Iy is given by (3.40).
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In case (2), the corresponding representation of the function f(b¢) has the form
240155 (0
ai(a +2)(o +4)(o +6)

202CH (¢ 6010\  BPCV*(¢ 30,5
n 2 ()<Q+Q1 >+ 0 ()<Q+Q1 )
ooy +2) o +6 o +2 o) +4

(M

J(bn) =

(4.12)

n M

2,  and g, all the terms g'! equal 0. The nonzero terms are given by

o_ bl N 30,b?
o o +2 0 o +4 ’

Except for g(

2 ap+3

o = _b ﬁaJ‘(‘T) (Qo n 6Q1b2>

: 2r (4 +3) a+6)°

b T (@ +2) F(“'T”)
4T (% +5)

1
g =—

0. (4.13)

For the numerical tests to be discussed, we choose the resultant force and the Poisson ratios to
be P =1, v; = v, = 0.3, the resultant moment to be zero and the function f(x) = f;(x) + f2(x) to be
even. This choice gives rise to a solution symmetric with respect to the y-axis. Figure 2 presents
the half-length b of the contact zone for different values of the exponents «; and «; in the Young
moduli of the bodies, E; = e;1*! and E; = e;(—y)*2 when e; =e; = 1 and (a) f(x) =x? and (b)
f(x)=x* It is seen that when «; is fixed and «, increases in the interval (0, ), the contact
zone length is also increasing. The same is true in the case when «; is fixed and «; grows. On
comparing the results presented in Figure 2(a) and (b), we see that when the curvatures of the
contacting bodies profiles are decreasing, the contact zone length is increasing.

Curves in Figure 3 give a clear demonstration of the dependence of the length of the contact
zone upon one of the factors e; and e, while the second one is kept fixed. The parameters for this
diagram are chosen as e; = 1, f(x) = X2, a; =0.3, and g is equal to either 0.5, 0.7, or 0.9.

Figure 4 shows how the parameter 6 depends on the second body exponent o, € (0, ;) when
the exponent «; is fixed and chosen to have the values 0.5, 0.9 or 0.95. The other parameters are
e; = ey =1, and the function f(x) =x2. Tt is seen that the parameter § increases as op — 0 and
also when @1 — 1 and an, — «;.

The results of calculations of the pressure distribution p(x) are shown in Figures 5 and 6. In
both cases, e; =e, =1, and f(x) =x2. In Figure 5, the smaller exponent «; is fixed as a; = 0.1,
while «; is equal to either 0.3, 0.7 or 0.9. The corresponding values of the half-length b of
the contact zone are computed to be 1.17365, 1.43214 and 1.92390. The contact pressure p(x)
vanishes at the endpoints &b of the contact zone and attains its maximum at the origin. As the
parameter «; is increasing, the pressure maximum is decreasing. When the bigger exponent
is fixed (in Figure 6, o; = 0.95), while the smaller exponent varies in the interval (0, «1), the
variation of the pressure distribution p(x) for a fixed x is not large (Figure 6).

The normal elastic displacements u,(x, 0) = vy (x) and u,(x, 0) = —v2(x) of the upper and lower
elastic bodies outside the contact zone are shown in Figure 7 (the displacements of the lower
body B, are demonstrated by broken curves). As before, e; = e; = 1, f(x) = x?, and the functions
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(a) (b)
24 T T T T 16 T T T

FIGURE 2. The half-length b of the contact zone (—b, b) versus the parameter o, € (0, ;) for a; =0.5,
a; =0.7 and o; = 0.9 when (a) f(x) =x* (Qo = 1, 01 =0) and (b) f(x) =x* (Qy =0, 01 = 1).

v1(x) and v,(x) are even. For computations, we choose «; to be either 0.5, 0.7 or 0.9, while
or =1 /2. Both displacements attain their maximum at the points =£b. It has been numerically
verified that

im [uy () + v2(0)] = 8 = £1(b) — 12(b) (4.14)

that is consistent with the boundary condition (2.1). The corresponding values of the half-length
of the contact zone are b = 1.28951 for oy = 0.5, b =1.46450 when «; = 0.7, and b = 1.94635
in the case a; = 0.9.

5 Hertzian contact of two power-law graded bodies when E; = e;y* and E, = e;(—p)*

Assume that the contacting bodies B; and B, have the Young moduli £} =e;»® and E| =
e(—y)*. The governing equation (2.5) with two kernels reduces to

1
y / p(br)dt

=5 —fi(b)—f(bt), —1<t<], .1)
1T =1t
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55 T T T T T T T T T

FIGURE 3. The half-length b of the contact zone (—b, b) versus the parameter e; € (0, 5) for a; =0.5,
ay=0.7anda; =0.9 when e, =1, @, = 0.3, f(x) = x%.

where A=a71(0) +6,)b'*, and 6; are defined by (2.4) with @y =a, =«. The pressure
distribution has to be an even function, and we represent the solution in the form

pbty= (1= D23 "y, 520, —1<t<l. (5.2)

n=0

On substituting this function into (5.1), using the spectral relation (3.7) and orthogonality
property (3.8) we find the coefficients ®,,

1)
8T8,
B, = M (5.3)
AIBZn(a)th(a)
where
Q) 1 2

) =— /1 32 (01 — A=D1 (brydr (54)
and f(x) = f1(x) + f2(x). To determine the parameter §, we satisfy the equilibrium condition (2.2)

and obtain
S=—|- — . 5.5
F0< & +bcos%‘") (5-5)
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14 T T T T T T T T T

a1=0.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIGURE 4. The parameter § versus the exponent o, € (0, ;) for oy = 0.5, «; = 0.9 and «; =0.95 when

fx) =22

The half-length b of the contact zone is the positive root of the following transcendental equation
(our numerical tests reveal that such a root is unique):

Z E‘;‘”)’; = (56)

that reduces to

(1 o
ST Z 8,(2n)'2n+35)

(5.7)
2I'(o) I'(a +2n)
The normal surface displacements of the bodies B, and B, are expressed through the integral
IZn(x/b; 0‘)
> X
YW =4 ) Ol (i), W>b =12 (5.8)
n=0
where

ejbl—a Bt )= /1 = TZ)(O(—I)/ZC(ZXI{Z(T)dT.

A=
/ It — ]

(5.9)

This integral is a particular case o; = o of the integral /,(f; ;) evaluated in Appendix B and
given by (B4) and (B5). As in the case «; > o, the displacements v; and their first derivative
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0.6 T T T T T T T T T

FIGURE 5. The contact pressure p(x), x € [0, b] for a; = 0.1 when oy =0.3, ¢y = 0.7, and &; = 0.9 in the
case f(x) = x2.

are bounded as x — 4b*, and the contacting surfaces are smooth at the endpoints. For numerical
purposes, the Gauss quadrature order-N formula can also be employed

7rA, pbx;) . (2i — 2i—rm
_ , X = - b. 5.10
vi(x) = E |x/b - |a N X; = CO0S o x| > (5.10)

The numerical tests show that in the case of Hertzian contact, when the pressure vanishes at the
endpoints, this approximation is in good agreement with the exact formulas (B4) and (B5).
Consider the particular case f(x) = Qpx>. Owing to the fact that g!) = 0 for all n except for
(1) and g ) and employing formulas (4.11) for these nonzero terms, we specify the formulas for
the parameter é and find explicitly the half-length of the contact zone

(5.11)

1
_ Qob? N TAP b T2+ TS0 +6,)P\ “ 7
a+2 Tobcos %’ NZTON

For this parabolic case, we also compute the pressure distribution and the normal displacement.
From (5.2) we have

2\NCVEE p 2120, cos 2 1 x2
=(1-= — 2 - 1. 5.12
P < bZ) Tob | mda(@+1) (a+2 b2) (5.12)
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0.35 T T T T T

()42=0.1

02=0.8

0.3 0,2:0.9 7

0.25 -

021

p(x)

0.15 -

FIGURE 6. The contact pressure p(x), x € [0, b] for o; = 0.95 when o = 0.9, o, = 0.8, and o, = 0.1 in the
case f(x) = x°.

On substituting the expression (5.11) for b into formula (5.12), we arrive at

PI(¢+2) (1 x2>(“+”/2
NZNCSS) > '

In the particular case, when one of the bodies is a rigid punch, this formula coincides with the
corresponding expression of the pressure distribution derived in [9]. When o — 0, the contact
zone half-length b and the pressure distribution p(x) tend to by and po(x) which represent the
contact zone half-length and the contact pressure, respectively, in the case when both bodies are
isotropic elastic bodies and whose contact is governed by equation (A3)

6° + 6°)P
limb=by, by= u,
a—0 QO

. 2P
lim p(x) = po(x),  po(¥) = —~ by —x2, (5.14)
a— nbo

p(x) (5.13)

where 67 are given by (A2). This expression coincides with the contact pressure associated with
the elastic isotropic case of the Hertzian model and obtained by solving equation (A3) ([29],
Chapter I, (23)).

We determine the normal displacements of surface points u,(x, 0) = —v,(x) of the lower body
B, outside the contact zone when B, is a half-plane that is when f;(x) = 0, while the upper body
B has the profile y = Qyx?. As before, the Young moduli of both bodies have the same exponent
and may have different factors e; and e,. Since the only nonzero coefficients are &y and &,, we
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25 T

FIGURE 7. The normal displacements v;(x) (solid curves) and v,(x) (broken curves), x € [—10, —b] for
oy =a;/2 when a; = 0.5, ; =0.7, and &y = 0.9 in the case f(x) =x2

transform formula (5.8) to the form

va(bt) = 0" [ Dol (t; &) + D2 L(8; )], (5.15)
where
P 4pot! I ~ 1
Bp=-——) Dy=— D8 Lta)= i) (5.16)
bl ma(a + 1)(a 4+ 2)(0; + 6,) o
From (B4),

1 1\(1—a)/2
To(t: ) = — 1_TehEEHT? (1oa Tha 3-a 4]
s [0 Ternr 2 22 2 )|

L(t;a) =

ma(a + 1) [a—}—l

1 1+1
2 F(‘z,w+2awr L)

2cos BF 2 7 2

(2t y(— Ly (1—a)2 3 5 3—a 141
B ()(=5 )37 F(— +a’ —|—a’ a; + ) , —3<t<-1. (5.17)
(e + D) 2 : 2 2

For t < —3, the integrals I,(f; ) = o~ 'I,(t; ) (n=0,2) are obtained from formula (B5). It
is easy to see from formulas (5.15) to (5.17) that the displacements v;(#; ) become infinite

when o — 0, and the limit transition « — 0 for the displacements outside the contact zone is
impossible.
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(a) (b)

5 T T T T 120
100
4.
80 H
o 3¢ 1 w60
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
«@ «@

1.5 -6 -4 -2 0

FIGURE 8. The case a; =a; =a when P=1, f(x) =x%, e; = e, =1, v; = v, =0.3. (a): the contact zone
half-length b versus « € (0, 1), (b): the parameter § versus «, (c): pressure p(x) for « =0.3, (d): the
displacement u,(x, 0) = —v(x) for x < —b and u,(x, 0) = (x* — §)/2 for x € (—b, 0) when o = 0.3.

Figure 8 shows the results of computations in the case when the Young moduli of the con-
tacting bodies are the same, E;(z) = ¢;z* and e; =e,. We choose P =1, f(x) =x’,ei=e=1,
and v; = v, =0.3. Figure 8(a) and (b) demonstrate the variation of the half-length » and the
parameter § with the exponent o € (0, 1). As o grows, the contact zone becomes larger. As in
the case a; # ay, as o — 0, the parameter § — oo. It also grows as o — 1. In Figure 8(c) and
(d), we present sample curves for the contact pressure for x € [0, b] and the normal displacement
u,(x, 0) = —vy(x) of the surface of the lower body (a half-plane) when f;(x) = x2, f2(x) = 0 for
x < —b and uy(x,0) = (x?> — §)/2 for x € (—b,0). In both Figure 8(c) and (d), & = 0.3 (in this
case b = 1.22072).

6 Surface energy model

In this section following the JKR model [16, 17], we aim to take into account the effect of adhe-
sive forces (Figure 1(b)) and study their impact on the contact zone size, the contact pressure
and the normal displacement. In the two-dimensional case, the loss of surface energy is given by
Us; = —2y,b, where y; is the work of adhesion (a half-density of the surface energy). The elas-
tic strain energy is expressed through the normal displacement v(x) = § — f(x), and the contact
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pressure p(x) as

b
U, = % /_bp(x)v(x)dx, (6.1)

and the total energy defined by U,y = U, — 2y, is a function of the contact zone half-length b.
In contrary to the Hertzian model, the JKR model admits singularities of the contact pressure at
the endpoints. Also, the parameter b is defined not from the condition that quenches the pressure
singularities but from the condition of minimum of the total energy that is

dU,
db

— 2y, =0. (6.2)

6.1 Caseai =0 =«

We consider parabolic profiles of the contacting bodies, f(x) = Qx?. In this case, the pressure
p(x) is given by (5.12) and has order (¢ — 1)/2 power singularities at the endpoints, while the
parameter b is free. Since the resultant force P has to be balanced by the contact pressure p(x),
we satisfy the condition (2.2) and define § by formula (5.11). To evaluate the integral (6.1), we
write the pressure and displacement in the following equivalent form:

p(bt) = (1 = )10 C5 (1) + 265 (1),
bZ

w(bt)=8C* (1) — _ Qb

a(a+2)

where @) and &, are determined in (5.16). Using the orthogonality property (3.8) of the
Gegenbauer polynomials, we obtain

y _ PO+ + Dr(59p e Nl .

2aym 2(61 + 62)(@ +2)D (559)0(L +3)

The derivative of the elastic strain energy in (6.2) can be evaluated exactly, and we arrive at the
following transcendental equation with respect to the parameter b:

N0 w1 PRO+6)T(S 4+ DI(F)
— ZyS — =
(61 + 02)(e + 2T (5544 +2) 27

Passing to the limit @ — 0 and keeping y; > 0, we reduce the transcendental equation to the
quartic equation

[ C (1) 4+ 265" (n)), (6.3)

(6.4)

0. (6.5

bt b — PAO7 +65) _

= 0, (6.6)
2067 +65) 2

and when, in addition, y; — 0, we obtain the classical formula (5.15) for the value of b in the
case of Hertzian contact of two elastic isotropic bodies.

Passing to the limit y; — 0 in equation (6.5) and keeping « € (0, 1), we arrive at the equation
with respect to b that admits an exact solution; it coincides with the value of b in the Hertzian
model given by (5.11).

If we assume that v; = v, =0.5, by passing to the limit « — 1 we derive from (6.5) the
following cubic equation with respect to b* for two Gibson solids [10]:
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8 11 3PP (1 1)
—Op 2y | —+— )P ——(—+—) =0. 6.7
27Q0 v <el + e2> 8 (el + e2> ©.7)

Notice that the transcendental equation (6.5) is different from the corresponding equations
obtained in [9] and [6]. These authors split the solution into two parts, the first one gives the
solution for a parabolic punch and the second one corresponds to the model of a flat punch. The
discrepancies between the transcendental equations in [9] and [6] and equation (6.5) are caused
by their disregard for the fact that the displacement § is a function of the contact zone half-length
(the contact radius) b. This explains why the limit transition @ — 0 is impossible in the solutions
[9] and [6]. We emphasise that the contact radius and the stresses recovered from the 2d contact
model of two power-law graded bodies or a stamp and a power-law graded body in the limit
o — 0 must give the corresponding quantities of the 2d contact model of homogeneous bodies
governed by the integral equation with a logarithmic kernel (A3). Otherwise, the solution of the
model of power-law graded bodies is incorrect.

A number of tests have been conducted to ascertain the impact of the surface energy density
2y, and the exponent « on the contact zone size 2b, the pressure distribution and the normal
displacement. The curves in Figure 9(a) exhibit an increase of the contact zone size with the
parameter ;. It is seen from Figure 9(b) that the half-length b rapidly increases when the expo-
nent o approaches 1. The P — b curves in Figure 9(c) demonstrate the rate of growth of the
half-length » when the total force P grows. From Figure 9(d), it is seen that when the Young
moduli are E; = ¢;|y|%, e; =1 and the factor e; grows, the parameter b first rapidly decreases,
and then, its rate of decrease is insignificant.

Contact pressure curves computed according to the Hertz and JKR models are portrayed in
Figure 10(a). Since the pressure p(x) is an even function, the curves demonstrate that the pressure
vanishes at the endpoints x = £ in the former model. In the JKR model, the contact stress is
compressive for —b, < x < b, and tensile at the edge zones (—b, —b..) and (b, b). The numerical
tests show that a growth of the surface energy density 2y, shrinks the central zone, where the
stress is compressive, and enlarges the zone, where the stress is tensile.

As in the Hertzian contact model, we analyse the normal displacements u,(x, 0) = —v2(x) for
the JKR model outside of the contact zone when the upper body has a parabolic profile, f;(x) =
Qox?, and the lower body is a half-plane, f>(x) = 0. The displacement v, (x) is given by the same
formula (5.15). However, since the pressure p(x) does not vanish at the endpoints, has power
singularities and is described by formula (5.12), the derivative of the displacement (5.15) tends
to infinity as x — +b. A sample curve of the displacement u,(x, 0) = —v,(x) for x < —b and
uy(x,0) = (x? — 8)/2 for x € (—b, 0) (Qy = 1) is shown in Figure 10(b). It is seen that in the case
of Hertzian contact (y, = 0), the contact surface is smooth near the contact zone endpoints, while
in the case of the JKR model, due to the adhesion forces a part of the surface of the flat body B,
is attracted to the interface, and the tangent lines to the surfaces of the contacting bodies at the
endpoints have different slopes.

6.2 Case a1 > o2

The direct method for computing the elastic strain energy described in the previous section can be
generalised to the case when the contacting bodies have different exponents and as before, o} >
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FIGURE 9. JKR model: the contact zone half-length b in the case o} =y = o, f(x) =xe=1Lvy=v=
0.3. (a): b versus the surface energy density y;, (b): b versus the exponent «, (c): b versus the normal force
P when y, =1, (d): b versus the parameter ¢; when y, = 1.

ay. On expanding the normal displacement v(x) = § — f(x) (—b < x < b) through the Gegenbauer
polynomials of even order, we have

v(b) =8 — Z anCoP (), —1<t<l, (6.8)
k=0

substituting it together with the contact pressure

p(bt)= (1 — )<al—1>/22[<1>(1)+3<1>(2) Py, —l1<t<l, (6.9)

into formula (6.1) and using the orthogonality of the polynomials we derive the series
representation of the elastic strain energy

bé b
U.= ?(cbf]l) + 802, — 5 Z(CD(Zln) + 50PN azhn(ar). 6.10)
n=0
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-7 -6 -5 -4 -3 -2 -1 0

FIGURE 10. (a): the contact pressure p(x) and the normal displacement u,(x, 0) = —v,(x) for x < —b and
u,(x,0) = (x* — §)/2 for x € (—b, 0) for the Hertzian (y, = 0) and JKR (y, = 1) models whena = 0.5, P=1,
fx) =x*ei=e,=1,1, =1, =0.3.

As before, we simplify the formula for the parabolic case, f(x) = Qox?. In this case, a, = 0 unless

n=0orn=2,

b*0p 2020y
= . a» = —_—,
o1 +2 27 (e +2)

ao 6.11)

and ultimately, we have

BT

U, T@g” + 505 (3 -

) 3 ap+3
b0y > 20° Qo /T (%5=) (¢gl)+5q>gz)), (6.12)

a+2) (@ +2) e + (D)
The minimum of the total energy is attained if the contact zone half-length b solves the
transcendental equation

du,
db

— 2y, =0. (6.13)

Explicit differentiation is impossible for the coefficients ng) and CIDg) being a part of the solution
to the infinite system (3.35), and there is no way to explicitly separate b from the unknowns of
the infinite system. Approximately, equation (6.13) can be written as

Ue(b +) — Uelb)
&

2y, ~0, (6.14)

where ¢ is a small and positive.

The variation of the half-length of the contact zone b with the half-density y; of the surface
energy for three values of the exponent « is portrayed in Figure 11(a). It has been calculated
by the method of orthogonal polynomials presented in Section 3. The difference between the
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FIGURE 11. JKR model for the case of different exponents: £, = e;)*! and E; = e;(—y)*2, whene; = e; =
1, P=1, Qy=1, vy =v, =0.3. (a): the half-length b versus the half-density y, of the surface energy for
o =0.5,0.7,0.9 and o, = &1 /2. (b): the contact pressure p(x) for x € (0, b) for y, =0, 1,5 when oy =0.9
and o, =0.5.

scheme for the Hertzian and JKR models is only in the way how the parameter b is fixed. In
the Hertzian model, it solves the transcendental equation (4.4) that guarantees that the pressure
vanishes at the endpoints, while in the JKR model, it is defined from the approximate equation
(6.14), the condition of minimum of the total energy. For computations, ¢ is accepted to be
10~*, and the differences between the results for e = 1073, 10~%, 10~ are not significant. For
example, fora; =0.5, 00 =0.25,e; =e;=1,P=1,09p=1,v; =v,=0.3,and y, = 1, we have
b=1.97621if e =1073, b =1.97666 if e = 1074, and b = 1.97670 if e = 10~>. It turns out that
as y; — 0, the pressure distribution vanishes at the endpoints, and the parameter b associated with
the JKR model tends to the one for the Hertzian model. This is consistent with the homogeneous
case o] = ap considered in Section 6.1 where we managed to prove this analytically and with
the result [2] obtained for an axisymmetric model of contact of a rigid stamp and a power-law
graded half-space.

The pressure distribution p(x) is shown in Figure 11(b) for three values of the parameter
ys when a1 = 0.9 and o, =0.5. As y; — 0, the contact pressure vanishes at the endpoints and
coincides with the pressure found from the Hertzian model. When y, > 0, similarly to the case
o] = oy, the contact zone enlarges and the contact stress becomes tensile at two edge zones
(=b, —b,) and (b,, b) and tends to co as x — +b.

7 Conclusions

We analysed two plane problems, the Hertzian and JKR models, of frictionless contact
of two inhomogeneous elastic bodies with distinct moduli of elasticity £;(y) =e;y*! and
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Ey(y)=ey(—y)*2 with 0 <oy <a; < 1. On employing the Rostovtsev representation of the
normal displacement in the contact zone through the pressure distribution, we showed that the
model is governed by an integral equation with two different power kernels. For its solution,
a novel method of Gegenbauer orthogonal polynomials was proposed. We reduced the integral
equation to an infinite system of linear algebraic equations whose coefficients, after some
transformations, become integral free. It was demonstrated that when o, — o, the infinite
system is decoupled, and its exact solution coincides with the one obtained by direct solution of
the integral equation with one power kernel. When o, # o and the contact zone is semi-infinite,
the integral equation was solved exactly by the Wiener-Hopf method. We also showed that the
integral equation in a finite interval admits an exact solution for any «; € (0, 1) when the second
parameter o, is either 0 or any negative even number.

We found a rigid body displacement § (the total displacement of distant points of the bodies)
from the equilibrium condition that balances the normal total force and the contact pressure. The
length of the contact zone is determined from a transcendental equation that guarantees that the
pressure vanishes at the endpoints in the Hertzian model and the total energy attains its mini-
mum in the JKR model. The pressure distribution is found in a series form, and the coefficients
of the expansion are determined from an infinite system of the second kind solved by the reduc-
tion method. The numerical tests implemented revealed rapid convergence of the method for all
admissible values of the model parameters. By employing the method of Mellin’s convolution
integrals and the theory of residues, we computed the normal displacements of surface points
outside the contact zone. In the Hertzian model, the profile of the contacting surfaces at the end-
points is smooth, while in the JKR model, the derivative of the normal displacement is infinite,
and a part of the contacting surfaces is attracted by adhesion forces to the interface. In contrary
to the Hertzian model, the pressure distribution does not vanish at the endpoints, it tends to —oo,
and there are two edge zones in the contact area where the contact stress is tensile.

Our numerical results showed that the parameter §, the contact zone length, the contact pres-
sure and the elastic displacement significantly depend on variation of the bigger parameter «;
and only slightly vary with the second, smaller, parameter ;. When the exponent «; is growing,
the contact zone is also growing. In the case when the two exponents «; and «; are the same,
o) = op = o, we obtained the contact zone length, the parameter 8, the contact pressure and the
normal displacements of the surface points exactly. By passing to the limit « — 0, we showed
that the result coincides with the classical solution of the problem of Hertzian contact of two
isotropic elastic bodies.

For the JKR model, we found out that when the half-density of surface energy y; — 0, the
contact zone length, pressure and normal displacement tend to the corresponding quantities asso-
ciated with the Hertzian model. In both cases, «; > o, and o] = «y, the transcendental equation
for the contact zone length admits passing to the limit o; — 0. This is possible not only for the
contact zone length but also for the contact pressure. However, the normal displacement derived
for both Hertzian and JKR models when «; > oy > 0 become infinite when oy — 0. This is due
to the presence of o ! in the formula for the displacement § of distant points of the contacting
bodies.

The method we presented admits generalisations and modifications in different directions
including the Hertzian and JKR axisymmetric contact models of two power-law graded bodies.
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Appendix A. Limiting case o; — 0,/ =1,2

To show that equation (2.5) can be transformed into the integral equation of Hertzian contact of
two homogeneous elastic bodies, we first rewrite the equation in the interval (—1, 1)

1 — —
Or xr =& =1 6 Ixi =& -1
— — b&)d.
f [ ploalnol, plohl }p( 1)
Si(bxy) + f2(bxy)
=8, —————2 —l<x <1,
b
where
1 0, 0,
So=-|6—(—2— rl. Al
b [ (Ollbal + Olzba2> :| (AD

We now assume that the constant é, is not the one given by (A1) but an arbitrary constant. Letting
a; — 0 and oy — 0, taking into account that

. =&Y -1 1
lim =In ,
aj—0 o lxr — &1l
and also that
2 . 21— vjz)
ql—>1, q—) ;, 9]—)9] Zn—E‘] asozj—>0, (A2)

we obtain the integral equation governing the homogeneous case E;(y) = E; = const

(69 +69) / In |p<bsl>ds1 , ~ ),

—l<x <1,

with respect to the dimensionless pressure distribution po(x) = (67 + 6;)p(b§). If we return to the
original variables x = bx| and £ = b€, then we arrive at the classical integral equation of the 2d
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model of Hertzian contact of two homogeneous elastic bodies [29]

(62 +62) / In —p(EMdE =5 i)~ (). —b<x<b, (A3)

where §; is the sum of two parameters having different dimensions
80 =08, — (67 +6;,)PInb.

We note that the same equation is obtained by applying this procedure to equation (2.5) directly
without mapping the equation to the segment (—1, 1). We also emphasise that in contrast to the
parameter § in equation (2.5), the constant 8, does not relate to the forward displacements of
distant points of the contacting bodies.

There are different ways for finding the solution of equation (A3). One of them [29 differen-
tiates equation (A3) with respect to x and converts it into a singular integral equation with the
Cauchy kernel. Its solution in the class of functions vanishing at the endpoints has the form

plx)=

VP2 / [ +£E) ds A

2(9°+9) JE—g E—x

Since both of the functions f{(x) and f;(x) are odd, the solvability condition

/ fl(s)+fz(s) AO+AE ,

is automatically satisfied. The contact radius b is determined by the equilibrium condition (2.1)
that reduces to

f1(5)+fz(r§)
Vb —§2

The constant §, affects neither the contact radius b nor the pressure distribution p(x). It may be
fixed by substituting the function (A4) into equation (A3) and choosing x in the interval (—b, b)
in an arbitrary way.

On passing to the limit a; — 0, j=1,2, in the representation formulas for the stresses and
contact radius recovered from the solution of the model problem of power-law graded bodies,
we may obtain the corresponding quantities of the homogeneous case governed by the integral
equation (A3) with the logarithmic kernel. However, in contrast to the axisymmetric model, it
is impossible to recover the displacements including the displacement of distant points in the
homogeneous 2d case @] = oy = 0 by passing to the limit «; — 0 and o, — 0 in the solution of
the power-law graded 2d model.

There is another difference between the homogeneous and power-law graded cases. If o; €
(0,1), j=1,2, then both of the displacements decay at infinity [27]. In the homogeneous case,
like in the Flamant problem, the displacements exhibit a logarithmic growth at infinity. This
explains why it is impossible to recover the displacements by passing to the limito; — 0,7 =1, 2,
in the solution associated with the power-law graded case.

D 215 ) e e — (0 + 65)P.
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Appendix B. Evaluation of the integral 1,,(¢; o)

We wish to evaluate the integral

11— 2(a1—1)/2C31/2 J
= [ LG

|t —|%

, O<oi<l, t<-—1. B

First, we transform the integral to the form

Un(1 = n)@=b2¢c®22p — 1)d
1(t; ) = 20 / [n(1 —n)] _ (2n — ydn
0 (n+¢)%
where T =2n — 1, t=-2¢ — 1, and ¢ > 0. Next, we represent the integral 7,(¢; o) as a Mellin

convolution integral
o8]
d
L(t; O‘j)=2a17aj/ h(m)hy (£> a,
0 n/,n

E

where
B = |1 e R ey =, 0 <t 0 L
0, n>1 "~ (1+20)%°
We aim further to apply the Mellin convolution theorem [30]
o~ 0j+ico ]
na)==— [ Hoor s (B2)
Tl 0j—i00

where H|(s) and H,(s) are the Mellin transforms of the functions /4,(n) and 4;,(n), respectively.
These transforms are obtained by exploiting the following integrals (formulas 7.311(3) and
3.194(3), [11):

Hi(s)= F(OHTH)(OH)" P+ OIITH —oq,-)F(—s—{—og—l—n) Res > o, — ar +1
! (=1ym! T(s+a—aj+n+ DM(—s+a)’ 2
() (e —
Hy(s)= e —5) 0 <Res<a, (B3)

M)

and since «; € (0, 1) and oy > a2, we have o; € (0, o). The final steps of the procedure are sub-
stituting formulas (B3) into (B2) and applying the theory of residues. In the case 0 < ¢ <1
(—3 <t < —1), this implies

o r ay+1 a) T ay+1 — 1—
In(t;(x;)z (@1)n (.72 ) (])n ( 2 j) F((x/—al—n,otj—l—n,otj—i- al;—{)
' (=129 n! | (g —oj+n+1) 2
Mo — 2H (M +a 1 —a 3+ag
(a1+1)/2—a]F _ e 0 1
+ F(a]) { 2 +n> 2 n, 2 aja ; > < g <1,

(B4)
where F is the hypergeometric function. If ¢ > 1, that is if < —3, then we have

. (_l)nﬁ(‘xl)n(“_/’)nr($) o+ 1 ) 1
I(t; ) = 2°‘J+2"n!1"(% P 1)§-aj+nF o +n, — +n,0;+2n+1; _E . (BS)
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In a neighbourhood of the point ¢ =1 (¢ = —3), for computational purposes, it is numerically
efficient to employ formula 9.131(1) [11] that is

F(O{,,B,)/;Z)Z(l _Z)iﬂF <ﬂ’y oY Z—Ll) '

We finally note that on applying the same method to the integral (B1) in the case f € (—1, 1) and
taking «; = o, we derive the spectral relation (3.7) for the Gegenbauer polynomials.

Appendix C. Integral equation in a semi-infinite interval

Here, we apply the Wiener-Hopf method to derive an exact form of the solution to the equation

= 4 + 2 pE)dE =g(x), O<x<oo, O<ay<ay<l, (ChH
0 [x—§&lot  |x—§&|*

in case its solution is required in other applications. Introduce the one-sided Fourier transforms

0

P(¢)= /0 OOP(x)eig’(dx, P(§)= / p-(x)edx, GT(¢)= /0 ” o) dx,

—0Q

where p_(x) is the left-hand side of equation (C1) for x < 0. Making use of formula 3.761(9), we
determine the Fourier transform

/‘OO ei{xdx B 7T|§|a71

s X[ cos Z2T(ar)’

On applying the convolution theorem, we convert the integral equation into the Riemann-Hilbert

problem
I g2 HPH @) =P (@) + Gt (@), —oo<a < oo,
where
Y =12
cos - I'(e))

We next factorise the function |¢|*17!,

g1 = xT(O)x (), —o0<a < oo,

where x*(¢) and x~(¢) are holomorphic functions in the half-planes Ct = {Im¢ > 0} and
C~ = {Im¢ < 0}, respectively, and

x (@) =¢V2 argr €0, 7],
X (@)=¢@"V2 arge e[—m,0].

We can represent the kernel of the Riemann-Hilbert problem as the product |¢ |1 H(¢), H(¢) =
1+ vzvfl |£]%27*1 and factorise this new function

X(@©)
X5

H()=

-0 <o <00,
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where X£(¢) = X (¢ £i0) and
1 > log H(n)d
X(§)=exp {—/ Og—(”)"} . ¢eC
2mi —00 n—y¢
On using the Abelian theorem for one-sided Fourier transforms of functions having an integrable

singularity at the point x = and employing the continuity principle and the Liouville theorem we
deduce the solution of the Riemann-Hilbert problem
X (¥ ()

P eet, P20 ree
vix (X)) X=(0)
By the Fourier inversion, the solution of the integral equation (C1) has the form
1 o] \p+(§)€7i{xd§
== —
—oo VIXT(O)XT(E)

2
Analysis of the Cauchy integrals in the representation (C2) of the function P*(¢) as ¢ — oo,
¢ € C*, and the Tauberian theorem for one-sided Fourier transforms yields the asymptotics of
the solution p(x) as x — 0, p(x) = O(x@1~1/2),

PH(¢)=

0<x<o0.

Appendix D. Integral equation in a finite interval: case ¢y = —2n,n=0,1,. . .

In the case of a finite interval equation, (1.3) admits an exact solution if «; € (0, 1), while oy =
—2n,n=0,1,. ... Written in the interval (—1, 1), it has the form

1
/ ( T +Vz(x—§)2”)l7($)d€ gx), —-l<x<l. (D1)
On expanding the function (x — £)* and denoting

1
my = f e

we deduce

yl/ p(S)Slil Z( )mxzn]_g(x) —l<x<l

We next expand the function p(x) in terms of new unknown functions p;(x) as

2n
p(xX) =12 Z (2;1) mp;(x) + paas1(x),
=0

introduce new functions

g =—x"7, j=0,1,...,2n, gy 1(x) =g,

and reduce the equation with two kernels to 2»n + 2 equations with one kernel

1
p(E)de N
yl/il Ix §|°‘1_1() ]_0’135271"‘1
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This equation admits a closed-form solution constructed in Section 5. The constants m; are
recovered by solving a finite linear algebraic system

2n
2
mk_yZZ( f1)’"jlk/‘zlkzrnH, k=0,1,...,2n+1,
=0
where

1
= | enee
-1
If the interval (—1, 1) in the integral equation (D1) is replaced by an interval (a,b), then, under

certain restrictions on the parameters a and b, it is possible to derive a closed-form solution even
when «; < 0. Such a solution was obtained in [5] foray = -2 (n=1).
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