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The main goal of this paper is to consider formulation and solution of a
lubrication problem based on the expressions for elastic surface displacements
derived asymptotically from an exact solution for a loaded double coated elastic
substrate which are valid within a certain region of the problem input parameters.
Therefore, a new relatively simple numerical model of the behavior of lubrication
parameters in a line lightly loaded contact of double coated elastic cylinders has
been developed. For simplicity materials and coatings of both cylinders are
considered identical. The main part of the elastic displacements of the contact surfaces
is represented by simple Winkler like contributions. The problem is reduced to a
numerical solution of a system of two transcendent equations. The formulas for
lubrication parameters such as distributions of contact pressure, gap, lubrication
film thickness, shear stress, coefficient of friction, and contact energy loss were
derived and used for specific calculations. Generally, compared to lubrication
parameters in the contact of rigid solids without coatings the effect of the double
coating resulted in reduced (up to 60% or more) contact pressure, increased contact
area and film thickness as well as some reduction of frictional forces and energy
losses. Some specific results for the obtained solutions are provided.

Keywords: line lightly loaded lubricated contacts, elastic double coatings,
asymptotic representations for elastic surface displacements, elastohydrodynamically
lubricated contacts.

Introduction

To increase the performance of machine parts and structural elements, protective
coatings are usually used. Coatings are able to increase the values of tribological
characteristics, reduce friction, protect against corrosion, erosion, temperature effects,
etc. There is a need for a theoretical understanding of the contact behavior of coated
structural members both in industry and science. In practice, coatings may represent various
structures: homogeneous, multi-layered or functionally graded. Dry contact of bodies with
homogeneous, functionally graded coatings with and without friction was considered
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in [1-5]. Multilayered coatings, in practice, are often created to achieve specified
characteristics, for example, to reduce wear [6] or to increase hardness [7]. In such cases,
two-layered coatings are of particular interest, since they are easier to create and can form
naturally, for example, when oxide films are formed or when lubricant components are
absorbed on the coating surface. Thus, the plane contact problem on indentation of a
bilayered (two-layered elastic coating coupled with a nondeformable substrate) was studied
in frictionless [8] and frictional [9] formulations. The wear of a two-layered coating
subjected for heating and friction is considered in [10]. Frictionless indentation and torsion
of two-layered coatings on an elastic substrate were studied in [11-13].

Another way to increase performance of machine parts is the use of lubricants in the
contacting units. So lubricants are widespread in the automotive industry and are used, in
particular, to increase the efficiency of internal combustion engines, because even small
decrease in energy losses multiplied by millions of car engines can be quite significant in
reducing fuel demand worldwide. Extending product life cycle of engines and reducing
emissions due to decreased wear of engine components is another desirable goal of engine
designers. Frictional losses in engines are associated with specific engine components
including piston ring-liner contacts, journal bearings, tappets etc. The major losses are
associated with piston rings (~40%) and skirts. Therefore, understanding tribological
characteristics of piston ring-cylinder liner contact and possible ways of reducing the
intensity of lubricated contacts may help in reducing frictional losses and increasing fuel
economy. The reciprocal motion of piston rings includes several regimes of lubrication set
by the linear velocity u and applied load P at a particular piston ring position and viscosity
lubricant . Near dead zones (where u — 0), frictional losses depend primarily on the
nature of boundary lubrication and the formation of so-called tribolayers [14]. In such a
situation, the lubrication problem can be reduced to a squeeze flow problem [15]. However,
the main viscous energy losses are due to hydrodynamic regime of lubrication in the
central portion of piston movement cycle relatively far from the dead zones. In this regime,
viscous losses are associated with the specific distribution of pressure within the contact
zone, which depends on rheological parameters of lubricants and elastic parameters of the
solids in contact. Some understanding of the influence of lubricant additives making
lubricant rheology non-Newtonian is presented in [16]. In [17] the elastohydrodynamically
lubricated (EHL) model for a coated point contact was introduced. In the paper the
numerical results showed that hard coatings increase friction while soft coatings decrease
it. A similar problem for solids with multiple coatings (including some functionally graded
ones) has been considered numerically in [18]. Kudish et al. [ 19, 20] considered numerically
and asymptotically an EHL problem for line contacts with coated surfaces. The coatings
were made of different functionally graded elastic materials. The lubricated contact of a
half-plane with a coating under conditions of a non-Newtonian fluid is considered in [21].
Heavily loaded line EHL contacts with thin adsorbed soft layers was considered in [22].

In the present paper, we explore the possible advancements which can be made by
using coated solids. To simplify the problem it is considered that the rheology of the
lubrication fluid is Newtonian. More specifically, we consider how in some cases double
layered elastic coatings may improve such parameters as lubrication film thickness and
friction losses. We investigate the case when the elastic moduli of the coatings and substrate
are very different in magnitude while the contact pressure created in a lubricated contact
is relatively small to appreciably change lubricant viscosity.
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1. Main simplified relationships used in the problem formulation

Let us consider a plane problem for a lubricated contact of an infinite cylinder with a
half-space (see fig. 1). Both the cylinder and the half-space have attached to them relatively
thin elastic double coatings. For simplicity we will assume that the lubricant is a Newtonian
incompressible fluid with constant viscosity . The coordinate system is introduced in
such a way that the x — axis is directed along the lubricant flow and perpendicular to the
cylinder axis, the y — axis is directed along the cylinder axis, and the z — axis is directed
across the lubricant layer. The cylinder is separated from the surface of the half-space by
a continuous lubricant layer. The cylinder steadily rolls and slides in the direction of the
x — axis with speed u, while the half-space moves in the same direction with speed u;.
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Fig. 1. The general view of a lubricated contact

The components of the lubricant velocity are represented by functions u(x, y,z),
v(x, y,z) and w(x, y,z). Due to this problem geometry we have
ov(x,,2) _ 0

oy

Due to that the problem parameters are independent of the coordinate y. For a typical
line concentrated contact the gap between the contact surfaces is much smaller than the

contact length. Therefore, the simplified equations of the motion of such a fluid are as
follows [23, 24]

v(x,y,z) =0,

0
SP L T g P g g =X (1)
ox 0Oz oz oz

where p is the contact pressure.
For an incompressible fluid the continuity equation has the form
ou Oow
- =
ox Oz
The no slip boundary conditions on the fluid speed # and no penetration of the fluid on w
at the solid boundaries are as follows

u [x, —@) =u, u[x,@j =u,,
2 2

0. @)
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where /(x) is the gap between contact surfaces. The boundary conditions imposed on w
are obtained based the fact that in concentrated contacts dh/dx <<1.

An accurate and precise description of surface normal and tangential displacements
for a double layered elastic solid loaded with a normal and tangential surface loads is
provided in [25]. We will assume that the substrate material occupying the lower subspace
has Young's modulus E; and Poisson's ratio v, while the materials of the upper and
intermediate coatings have Young's modulus E. and E; and Poisson's ratios v, and v;,
respectively, while their thicknesses are 4, and #4;, respectively. However, the exact
expressions for the surface displacements for such elastic solids are very complex. An
asymptotic analysis of these expressions in a spectrum of various limiting cases has been
conducted in [25] which in some specific limiting cases resulted in a much simpler
relationships compared to the original ones. In this paper we will consider just one of such
cases of a lightly loaded contact charecterized by a Winkler—Full type relationships for
surface displacements U and W called in [25] as Case 1, when

s H) L ()1, i

EY) << B9 << E}Y, 4)
E 2F
E\=Ey=—5, Efj=————, 5)
1-v (1+v)(1-2v)

where superscripts (7), (¢), and (s) correspond to the materials of the intermediate and
upper coatings as well as the substrate, respectively, £ and v are Young's modulus and
Poisson's ratio of the corresponding material.

Specifically, for surface displacements we will consider Case U1U4 for the tangential
displacement U

diU(x,O) =-BY2n)" p(x)+..., (6)
X

which is correct if the following relationships are satisfied
1) (2 O] (2
Bish. + B3’k Bi'h.+ Bl

a, >> E/ , R>>E , (7)
47 8n
and Case W2W?7 for the normal displacement W
d _ d
Ly 0y = -ry (BOR, + BER) LD 4 ®)
dx dx
is correct if the following relationships are satisfied
B\ h, + B3k,
UL cca Bl m B q, << B (BWh, +BYh), ©)

R BYh, + B,
where A, and h; are thicknesses of the upper and intermediate coatings, R is the effective

radius of a cylinder causing applied to the surfaces normal —p(x) and tangential t,.(x)
stresses, and a, is a typical (Hertzian) half-length of a dry contact of elastic solids without

coatings, a,, =24/ RP/(rE3"), P is the load per unit length applied to the cylinder. Some
of the constants involved in the previous formulas are given below [25]

0 _ 4m o _  8EF @ _ 4(1-2v))
13 ) 0 13 » ) 0 13 s
E EPEY) (1-v,)EY
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For simplicity we will assume that the materials of both contact solids are identical
and the coating thicknesses of coatings on both solids are also the same, i.e. i, = h, = A,
and h;; = hy = h;. Based on the above formulas the actual surface velocities of the solids

are
vi(x)—ui[1+i ( (=1 h(x)ﬂ i=1,2. (11)
dx

That, finally, allows us to formulate the lubrication problem as follows (see [23, 24])

M +v (), R (x) dp(x) | _ _ _a 9p(x,) _
dx{ 5 h(x)— Dn dx } 0, p(x;)=p(x,)=0, o 0,
2
= (BOh+ B p(), Jp(x)dx (12)
v (x) + v, (x) U tu, Bl(g) o) |,
2 2

where x; and x, are the contact inlet and exit point coordinates (x; is considered to be given
while x, needs to be determined from the problem solution), /, is lubrication film thickness
at the exit point x, which is also determined from the problem solution, and R’ is the
effective curvature radius of the contact solids.

By introducing the following dimensionless variables typical for lightly loaded
lubricated contacts [23, 24]

0 h R’
x,a,ct ={x,x;,x, , h'=—, =p—
Xa,c}={x,x,x}— R 3 p=r 0P’ .
2
u’:i, = hee 5 92 :;3 V; = 2Vi ) i= 13 2’
Mg 2R’ 3mp, (uy +uy) U, +u

and omitting in the further consider ations primes at the dimensionless variables we obtain
the following problem in dimensionless variables

i{(l —ip(x)jh(x) _ V'R (x) dp(x)} 0, pla)=p(c)= dp(c) _ —0,
Vo u

dx dx dx
Y(h(x)-1)= 2" =c* + = p(x), [p(x)dx=", (14)
114 ’ 2
R'E}} h/R' h/R'
- 2 ? c=0 1(c) /(b) 1(D) jr(s) |?
0P (1-v)ESV/ESR’ (1-v,)E5'/E;

where V' and o are two given dimensionless parameters. Obviously, the differential
(Reynolds) equation can be analytically integrated one time. After that the problem can be
reduced to determining constants y and ¢ from a system of two transcendent equations
which needs to be solved numerically using an iterative method analogous to Newton's
method.

The lubrication problem for solids with coatings made of different materials and of
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different thickness can be set up in a similar way. Moreover, the equations for the case
when one of the solids does not have coatings coincides with equations (14) in which the
dimensionless parameter ¢ has to be replaced by 6/2. Therefore, the effect of the coatings
is diminished.

On the other hand, the problem described by equations (14) can be solved using the
regular perturbation method for 6 ~ 1 and V' >> 1 presented in [23, 24]. Obviously, for
large 7 as V increases the problem solution approaches the solution of the corresponding
lubrication problem for rigid solids [23, 24]. This trend is clear from the numerical data
presented below. After the solution is obtain we can calculate the dimensionless friction
force F' = F/P (i.e. essentially the friction coefficient). Omitting the prime for the
dimensionless /' we obtain

F= 1 J‘H(Vz _V1)dx’ V=V =5, [l—ip(x)}, 5 —oth Tl (15)
6my0* h(x) /o u, +u,

Also, we can calculate the total energy loss E in the lubricated contact as follows

X, h(0)2
E= Idx j T, x,z)Mdz. (16)
x; —h(x)2 0z

The dimensionless value £’ introduced by the relationship E = E'u,(u, + u,)*/4 in dimen-
sionless variables (13) has the form (prime is omitted)

=] {(vz @ -n@) |, 1278 () (dp(x)jz} e
Y%

h(x) p? dx 1n

where v, — v, is determined in (15).
2. Some results for the lubrication problem

In this section, our goal is to illustrate the developed approach by a specific numerical
example. Specifically, we will take £, =112 GPa, v.=0.32, E;= 74 GPa, v,=0.34, E, =
=200 GPa, v, = 0.25, which are typical elastic parameters for titanium, duraluminum,
and steel, respectively. Also, it is assumed that the effective radius of contact solids R’ =
=0.01125 m, the applied force P = 1.5-10* N/m, and the coating thicknesses are taken as
follows .= 0.5-10"" m and 4, = 0.5-107 m. For this set of data all of the conditions (7)
and (9) for the validity of the used approximations for the surface displacements U and W
are satisfied. The lubrication regime is lightly loaded and, therefore, the lubricant viscosity
W can be considered independent of pressure and equal to the ambient viscosity 1, =
=3.524-107 N-s/m>. The following results are obtained for fixed values of parameters
p =1, s, =2 and varying values of the parameters 0 and c.

Just notice, that for the case of rigid solids without coatings the dimensionless film
thickness y,=0.157 and dimensionless coordinate of the exit point ¢,=0.170 (see [23, 24]).

The general trend of the solution of our problem compared to the solution of the
similar lubrication problem for rigid solids is as follows. As the dimensionless parameter
072 =3nu,(u, + u,)/P increases the dimensionless exit film thickness v (see fig. 2a) and
exit coordinate c (see fig. 2b) monotonically increase remaining greater than the values of
v, and c, for rigid solids without coatings, respectively, while the dimensionless energy
loss E (see fig. 3a) increases monotonically remaining lower than the energy loss E, in the
contact for rigid solids without coatings.
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Fig. 2. The graph of the relative exit point:
a) film thickness y/y, versus 0 *; b) coordinate c/c, versus 0

The relative friction force F/F, behaves typical to the well known Stribeck curve (see
fig. 3b) which for relatively high values of 0~ represents hydrodynamic lubrication regime
while for relatively moderate values of 0 it represents an elastohydrodynamic lubrication
regime. As 072 increases, the behavior of the minimum dimensionless gap Y, /(Y, — ;)
is almost identical to the graph of y/y, versus 02 (see fig. 2a). As 02 increases the pressure

distribution p(x) widens and, in general, gets lower than in the case of the corresponding
lubricated contact for rigid solids (see fig. 4).

E/E, FIF,
075 1,015 -
0,55 1,000 - F———
0,30 0,985 : . : :
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Fig. 3. The graph of the relative:
a) contact energy loss E/E, versus 0 %; b) friction force F/F, versus 0
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Fig. 4. The graphs of the pressure distributions p(x) versus x for different values of 0, &

Obviously, the variations of the exit film thickness 7, exit coordinate ¢, energy loss E,
and pressure p(x) with 6 compared to their counterparts for just rigid solids can be very
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significant (up 60% or more) while the variation in the friction force F'is within about 2%
of the one for the case of lubricated rigid solids (see fig. 2—4).

Closure

A new relatively simple numerical model of the behavior of lubrication parameters in a
line contact of double coated elastic cylinder with a half-space has been developed. The
main part of the elastic displacements of the contact surfaces is represented by a simple
Winkler-Fuss type like contributions. The problem is reduced to a numerical solution of a
system of two transcendent equations. The lubrication parameters such as contact pressure,
gap, minimum lubrication film thickness, friction force, and energy loss were determined.
Generally, the effect of the double coating resulted in significantly reduced (up to 60% or
more) contact pressure, increased contact area, and film thickness as well as a reduction of
the contact energy loss. The behavior of the friction force resembles the behavior of the
Stribeck curve. Some specific results for the obtained solutions are provided.
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OJIMH ITPOCTOM CJTYYAM JIUHEMHOI'O KOHTAKTA TEJI
C JBYXCJOMHBIMHU NOKPBITUSIMU C YYETOM CMA3KH

Kymum WL.H.', Boakos C.C.%, Aiizuxosny C.M.%, Ke JI.’

'ILRIMA Consulting, Inc., Muanepc6ype, Muuuzan, CIIA
2 JloncKkotl 20CyOapcmeentbiii mexHuyeckuti yHueepcumen,
Pocmoe-na-/{ony, Poccuiickaa @edepayus
3 Tanvysunvckuii ynueepcumem, Tanvysuns, Kumaii

PaccmoTpeHbl NOCTaHOBKA U PELLIEHUE 3a/1a4H O KOHTAKTE TeJl CO CMa3KOi Ha OCHOBE BhIpaske-
HUH U1 NepeMeILeHNH yIIpyroi HOBEpXHOCTH, MTOMYUYCHHBIX aCUMITOTHYECKN U3 TOYHBIX MIPEA-
CTaBJICHUH JJISl IEPEMELICHUH YIIPYTOi MOITYINIOCKOCTH C IBYXCIOHHBIM MOKPHITHEM. ACHMITO-
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TUYECKUE HPEJCTaBICHUS NMEPEMELICHUN MOIydyeHbl Ul ONpeleIeHHOH 001acTu BXOAHBIX
napameTpoB 3aa4u. C HCIOIb30BaHUEM 3THX NPEACTABICHHUH pa3paboTaHa HOBas OTHOCHTEIBHO
[IPOCTas YUCIECHHAs: MOZIENb OLIEHKU BIIUSHUS IapaMeTPOB CMA3KU Ha IMHEHHBIH JIETKO HAarpy»KeH-
HBIH KOHTAKT YNPYruX IMIHHAPOB C ABYXCIOHHBIM MOKPHITHEM. I MPOCTOTH MaTepHaibl U
MOKPBITUS KOHTAKTUPYIOLIUX LINHIPOB CUUTAIOTCS UICHTUYHbIME. OCHOBHOM BKJIAJ YIPYTUX
HepeMeIIeHNH MOBEPXHOCTH MOKPBITHI KOHTAKTUPYIONIUX TeT MPEeACTaBIeH MPOCTEIMU BBIpA-
JKEHUSMH, CXOXKHMMH C COOTHOIIEHUSMH Bunkiepa. 3azada CBOAUTCS K YUCIEHHOMY PELICHUIO
I depeHIaTb-HOr0 ypaBHEHNST OTHOCUTENIPHO HEM3BECTHOTO JABICHHS C TPAaHUIHBIMH YCIIO-
BUSMU, XapaKTE€PU3YIOLIMMU OTCYTCTBUE KOHTAKTHOIO JaBJIEHMS Ha Kpasx 00JIacTH KOHTAKTa.
YpaBHeHHE CONEPIKHUT JBE HEU3BECTHBIC KOHCTAHTHI: TOJIIHMHY CIOS CMAa3KH B TOYKE BBIXOJA M3
30HbI KOHTAKTa ¥ KOOPAMHATY TOUKHU BBIXOZIA CMA3KU U3 30HbI KOHTAKTa. DTU KOHCTAHTHI OIpe-
JETAI0TCS UTEPAIMOHHO U3 TOMONHUTEIFHOTO HHTETPAIbHOTO YCIOBUS M TPAHIYIHOTO yCIIOBHS Ha
IIPOU3BOJHYIO OT JABJICHUS B TOUKE BBIXOA CMa3KU U3 30HbI KOHTAKTA. I10IyueHbl U IPUMEHEHBI
IS 9UCIIEHHBIX PAacdeToB (GOPMYIIBI Il OCHOBHBIX TAPaMeTPOB, XapaKTePH3YOIIHX KOHTAKT Tl
CO CMa3KOH, TAKMX KaK TOJIIIMHA INIEHKU CMa3KU, CUIbl TPEHUs, IOTEpU 3HEpruu u ap. ITokasaHo,
YTO JJI PACCMOTPEHHOTO CIydasi, 0 CPABHEHHIO CO CIIydaeM KOHTaKTa Hee(OPMHUPYeMBIX TeT,
HaJIN4Ue JABYXCIOMHOIO IMOKPBITUS NPUBENO K CHIDKEHUIO (Oonee yeM Ha 60%) KOHTaKTHOIO
JIABIICHNUA, YBEMMIEHNIO TUIOIAA KOHTAKTa M TOJIIMHBI IUNICHKH CMa3KH, a Takke HEKOTOPOMY
CHIKEHMIO CHJIbI TPEHHS U NOTEpU SHepruu. IIpy 4ucieHHOM aHalu3e ObLIM PaCCMOTPEHBI KOH-
KPETHBIE MaTepHaIbl HOKPHITUH.

Knouesvie cnosa: nerko Harpy>KeHHbI KOHTaKT CO CMa3KOM, ABYXCIIOHHOE YNPYroe MOKphI-
THE, ACMMIITOTUYECKHUE MPEJICTABICHHS JJIsl CMEIIEHHUH TTOBEPXHOCTH, YIIPYTOTHAPOANHAMUYCCKHIA
KOHTAKT CO CMa3KOM.
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