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The Scale Effect of Roughness on Hydrodynamic
Contact Friction
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Muliistage abrasive finishing processes (grinding, polivhing,
homing, eic.) are commonly wed (o produce the geometrical
properties of a surface to meet its technical functionalities in the
operaling chareclieristics of contacting paris in friction, relai-
ing o their durability and reliability (running-in performance,
wear resistunce, lowd-carrying capacity, cle.). Coarse abrasive
griis followed progressively finer ones are used, which leads to
a multiscale stratifted surface texture.

In thiz article, a numerical model of elasiohydrodmaric
(EHD) contact coupled 1o a multiscale surface texture model
was developed that allows tracking the scale effect of surface
Sfeatures and their interactions on friction performance and
lubricant flow under hydrodynamic lubrication conditions.
Because the simulation model has as an inpui the surface
topography and o overcome the variability in surfoce finish
Sformation, textured surfaces ai different stages of the finishing
process were sirnlated (virtuwal texturing method). Surfoce
topography can be decomposed into iwo principal compo-
nemnis: superficial roughness and valleys, Superficiol roughness
was maodeled using a fracial model and a sealing facior was
introduced o model valley patterns. The resulis show the
relationship between friction and surface seales,

KEY WORDS

Roughness Scale; Surface Texture; Elastohydrodynamic Lu-
brication; Friction
INTRODUCTION

To improve the tribological performance of mechanical com-
ponents, such as load capacily, wear resistance, and [rction coel-

licienl, surface textunng s considered as a viable oplion i sur-
Tace enginecring. It consists of forming a reasonable texture on
the surface, Ihiferent mechansms are usually used to explain ths
improvement:

s Microhydrodynamic bearing by pencration of additional
hydrodynamic pressure o mcrease load-carrying capacily
(Hamilton, et al. (1))

* Microreservoirs for the lobricant in cases of starved Tubnca-
Lo {Hamilton, etal. (1))

A debris reservoir that allows trapping fragments 1o prevent
surface wear

Various forms and techniques of wexturing have been devel-
oped 1o generate a surface texture and improve inbological per-
Tormmance. The mest common and carliest appheation of surface
lexturing, consist of surface finishing processes such as grind-
ing, honing, polshing, turming, shaving, and dimpling, More re-
cently, vanous technigques such as on beam lexiuning, elching
techniques, and laser texturing have been employed. They are
able o penerate a determinstic and more controllable texiure
(Etsion (2)).

The principal statistical parameters of roughness, such as vari-
ances in hepht, shope, and curvature, are scale dependent (Fuller
and Tabor (7); Mezghani, et al. (4)). Instrumenis with differeat
resolutions and scan lengths vield different values of these statis-
tical parameters for the same surface, Therelore, it is mporiant
Lo characterize rough surfaces by intrinsic parameters that are n-
dependent of the sampling length or area (Fuller and Tabor $3)).

The seale effeet has heen well studsed for elastic, elstoplas-
tic, and plastic contacts between rough surfaces (Fahowani, et al.
{5): Majunder and Bhushan @ ); Ju and Farris (7)) but nod for hu-
bricated contacts under hydrodynamic and elstohydrodynamic
(EHD) conditions.

For example, fractal geometry has been widely used in recent
yeurs amd was applicd to characlerize surface topography and



NOMENCLATURE

An = Valley depth

a = Hertzian coniact radins

1. Seale factor

/] = Translation factor

By = Younp's moduies and Poissen's coefiicient of component
i, respectively

Fy = External applied load

i = Dimensionless fihm thickness

7l Heilder exponent

Hy = Dimensionless rigid-body dsplacement

h = Film lhickness

by = Rigid-tdy dsplacement

r = Dimensionless pressure

P = Prossure

M = Hertsan pressure

Pr Constant, p, - 1.96.10¥(Pa)

Ke, By = Radius of corvabure in te x and y direction, respeclively

h = Slide-to-roll ratio = 2(8 — g )iw + dz)

iy Velocity of surface ¢

My = Moean entrainment velocity

= Value of £-component of the deplacement veclor
¥ = Dimensionkess space coordinates
¥. 2 = Space coordinakes
= Surlace topopraghy
Pressure viscosity index (Roelands),
zr = peellnim) + WAT]
= Pressure-viscosity coellicient
Hiastic deflection of the contacting bodies
= Dimensionbess elastic deflection of the contacting
Dot ies
Viscosity (Pas)
= D¥imensionkess viscosity { = pim)
= Eflective viscosilics
= Ambienl lemperature wero-pressune vecosity (Pas)
= Friction cochcient
= Lubricanl density
= IMmensionkess labricant density
Ambicnt temperature and pressure density
= IMimensionkess mean shaar siness
= Byring siress (Pa)
Shear stress acting on the surface (Pa)
= Second derivative of Gaussian function
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conlact mechanics (Ju and Farris (7); Liw, et al. (8}, Gagnegpin
and Roques-Carmes (9); Majunder and Tien (10)).

In the hydrodynamic repime, studies have focused primarily
on the effect of anisotropy {Ajayi, el al. {11); Merghani, et al.
{12)), shapes and repartitions (Yo, et al. (13); Manbu, et al. (14)),
and deterministic asperiies (Siripuram and Stephens (7503 of
the textured surfaces. A majority of these studies have Tocused
on surfaces achieved by laser surface lexturing. The effects of
rouphness have boen studicd in an BEHIY regime. In particular,
e elfects of valleys and peaks were stdiod during the 19008 and
M8, For transverse rowphness in fine contacts, Greenwood and
Morabes-Espejel (16) studied pressure and local film flucheation.
In peneral, surface roughness components deform dilferently
(Luget and Mosales-Fapegel (1711 and soie sutlors have inves-
tipated the amplitude reduction of transverse and longitudinal
roughness {Wang, et al. (18); Venner and Lubrecht (79)). Rough
surface lopography and orientation were also investigated in
mied Wibsrication (Lho and Hu (200). Priction was nol discussed
in any of these studies. The reduction in friction with partial
laser surface lexturing (Ryk and Hision (20); Fision, et al
(221, tramsitions in the lubrication regime (Kovalchenko, ot al.
(2353, and the effectson thin BEHD hbrication ftms {Krupka
and Harl {24)) have beon studied experimentally. In memerical
analyses, il is common Lo wse the concepl of virtnal texturing
lechnology (Wang and Zha (25)), which consists of producing
surfaces mumerically and solving the Reynolds equation. THi-
ferent patierns and shapes can be studied wsing this technigue,
For example, the influence of geometrical shape effects (Yo,
al al (13)), microlexiures in conformal conlacts (Manbu, ef al.
(1451, and waviness amplitodes and different roughness orien-
tations on pressure distribution (Ai and Chenp (26)) has heen
imvestigated.

However, none of these siudies considered the scale el-
fect, A plobal charscterization of the area was used, which

s considered  usuitable for a surface oblamed  through
varos stapes of fniddng and hos has o multscale st
tre (Chen, et al. (27); Sannaredy, et al. (28); Sabri, el al.
29)).

In this artiche, the scale elfects of roughness on riction i an
elasiolyd rodynanmc nbrication (EHL) repime were studied, To
this aim, & nemerical model was developed and a viral texiwring
method was adopied. An advanced surface characlerzation was
parformed based on the decomposilion of the surface opography
it it twe prncipal elements: superficial rouphness (related o
friction and wear) and valleys (refated to hebricant circulation and
reservoirs). These mumerical surfaces were used on the numerical
EHL contacts,

DESCRIFTION OF THE ELASTOHYDRODYMAMIC
MODEL

A numerical model was developed 1o estimate the Triction
pemeraled between rouph surfaces, 11 takes inlo sceoumnt (he
real topography of the surfaces. The scope of this model is o
qualitatively predict the Friction cocfficient obtained when the
groove charscieristics of surlices ane varicd in onder o oplimizo
parformince,

Elastohydrodynamic Equations

The following dimensionless isethermal Reynolds equations.
(Poymokis (30} were used b estimate the pressere dstribuation,
filrm thickness, and [riction coellicient. Elfective vBoosities are in-
troduced to sccount for the effects of non Mewionian ubricant
hehavior.

a b ar a fplftaly  apll i
a—x(ﬁa—x}"ﬁ(ﬁﬁ)—ﬁ 1
The follvwing boundary condition P = 0 and cavilation condi-
tion XL Y = DX, Fmust be satisfied. "To ensure Uthis condition,



the: Reynolds-Swill model was wsed. In this squation, & is equal
to B i i s the effective viscosity, Considering that the
variation in viscosily along the 7-direction can be ipnored, the of
fective viscosity can be calcnlated considering the shear-thinning
effect:

T 11 .

— “_hsmhirr.} 121
Wil £ = 1 Whete g 8@ reference shear stress and o is the shear
slress acting on the surface,

The hubricant’s viscosily and density were assumed (o be de-
pendent on pressure, and we used the Dowson and Higpinson
formnla {Dowsen and Higpinsen (31 ); B, [3]) and Boelands bw
{Faalands (32); Fa. [4]):

(L6 = 10"
s | 3]

"""-‘wj‘=|l+ T3 1.7 = 10 %P,
where gy & the density at ambient pressure.

1) up(fln-:m}uwn( 11(1.”5‘)")). )

where gp s lhe viscosity al ambicenl pressure, p is o constant equal
1o 106 = 107, and 2, s (he pressire viscosity e,

Thee film thickmness equation is piven in dimensionless form by
the following equation:

HX Y =T+ s 4 S eBx -z [

£ i the heightl of the liner surface topography al each position
(X ¥y and 80X, ¥) & the dimensionbess surface deformation cal-
culated by

PLY, YR d¥

wns [

The globid Toree balano: condition & given by:

5= [ Pox naxay 7l

0o

TARLE 1 COMPARTZON OF THE CLURRENT MODIEL WITH
CHAPKOV'S MODEL (37}

Chapkov (57} Current Model
Cendral ol film thickness 1. 005811 os7
Welindrmimm avil film thickness I (LT2RD (LT

Numerical Procedure

T osrdier Lo odstaim the Tikm pressure distribution, the Reynoelds
cqualion was selved using a e difference method, A separaie
second-order backward schome was used because it was the bet
tor schemse (L et al. £33)) was used. The discretized cquation
wits solved using lacobi line relaxation (Venner and Lubrecht
3410, The Tullscale mied EHL approach developed by Hu and
o (35) was used in the present work. Either & muiigrid method
(Venner and Lubrecht (34)) or progressive mesh densification
techmicque (Ao (360 was used moorder 1o acoelerate solution
comverpeies. Elastic deformation calculation was condiseted -
ing the discrete convolution and Fast Fourier transform method
developed by Liu, et al. (8. The solution domain was determined
w25 X = 15 amd 20 = X = 20, The computational prid
cowering the domanm comssied of 512« 512 or 1024 = 1024
nodes cqually spaced.

Madel Validation

The present model i a folly Dooded smooth contacts case was
compared 1o the non-Mewloman simulation done by Chapkoy
{37). Table 1 provides the dimensionless central and minimmm
oil film thickness for the following dimensionless Moes and Ven-
ner parameters M = 500 and 1. = 201 The difTerenco: betwean our
misded and Chapkov’s {37 ) work was bess than 2%, Thes coampari-
som confirmed the validity of the model presented in this article.

The mixed ubrication approach of our model was compared
To the sinsoidal wavy surfoce cese in Huo and Zho's (33) work.
Thie same parameder and rolling velocity of 3125 mms " was cho-
sen. Fipure 1 shows the pressure profile and film thickness ve. the

— Frasant Work
= Huand I [35) l;

_
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Fig. 1—Filen thickneas and preasure prafile of the present work compared to Hu and Phu's work (35), (eolor Bgues available cnliees,)



A axis, Ceood agroemsent wis Found between the two models. This
fest confirmed the valiciiy of ihe model presented in ilis article.

MULTISCALE SURFACES CHARACTERIZATION AND
SYNTHESIS TEXTURE MODEL

Finshed surfaces are typically machimed by more than one
manulacturing process. The resulling surface topography exhibils
toprographical fealures over a wide range of scabes from the nano-
Loy mmicroscake thal are superimposed on each other and located at
different positions on (e surface. I relation to their wel contact
Tunctions, they are penerally decomposed into three clemenis:
reference surfaces (waviness and form); plateans (related to fric-
lion aned wear); and valleys (related o lubricant circulation and
reservedrs; Decenciere and Teulin {38)). These elemenis play dif-
ferent roles in & wel contacl, The superficial rouphness of the
platean component plays an important rele with respect to load-
carrying capacily and [riction, whereas the valleys serve as lubri-
canl reservionrs and distribution circwits, Therelore, they can be
anatyned separately (Decenciene and Jealin (38)).

To identify the scale effect of the surface feainres, a math
ematical model of each surface roughness component (plalcaus
and valleys) is presented.

Fractal Model of Superficial Surface lrregularities
(Plateau Component)

Tz details of Zix) depend on the keogth scale; each £{x) was
asiirmed 1o e a contmisus bul neadilferemtiable funcion, This
means that the presence of any small rouphness elements may
prevent us from reaching a satisfactory limil of

(#{x + &)~ Zix))
A
A simple way Lo obain this behavior for a funclion £{x) is o
assume Uil the mcrement of Z{x) is related 1o A by the sell-
alfinity felation:

@A 0 14

[#ix 4+ A) — Fixd o A0 < < 1A= 0 L]

lim A% 1 only exists if B = 1. The derivitive of # & propor-
Ticomial fi Thhe: Tomit.

For0 - B = 1, this derivative is infinite, althongh the fanction
remains continuous, and for B = 0 the function itsell becomes
discontinuous, 50 by varying rom 0 to 1, the parameter H char-
acteries he transtion from a noncontinses o differentiable
function, and the range (0 = H = 1 corresponds 1o nondiffercn
tiahle functions that become smoother as f7 increases. Thus, I
can be considered as an indicator of roughness (Mezghani, et al.
1), Becanse we are concerned with fonctions hat can be consid-
ered o represent random processes, the sell-affinity relation can
e expressed in terms of variance in the increments of 2

[(#ix 4 A) — 2 joc A0 = H = 1A D (10

For random rough surfaces, the random displacement method
provides one of the simplest algorithms o generate random frac-
Lal surlaces. For analysis proposes, il s particularly uselul 1o have
a mrmerical ool that creates the same kind of morpholopical data
arrays thal most scanning acquisition methods For real range im

apes credle, namely, an xy array of Z vales: Z(xy). The algo-
rithim Tor a random displacement method of rough surfaces s do-

soribwed in Mezghami, o al. (4), Felder (39, and Mandelbrot and
Wan Ness (400).

In order to stody the infheence of the Holder exponent of
roughmess on the friction parameter we propose generating rough
surlaces parameterized in roughness by their Holder cxponent.
Fach of those surfaces is penerated by the random displacement
maodel. Figure 2 shows the construction of three surfaces with difl
ferent Holder exponents, H =01, i = 0.5, i = 08. The surfaces
generilod wene pul into an ¢lastic hydrodynamic contact under a
pressure of 300 MPa wilh @ ripid plane,

Multiscale Model of Surface Groowe Patterns
(Valley Component)

1T honed surfaces were pencrated by suceessive honing pro-
Cosses Slapes wsing mereasingly fner abrasive prains, Honed sur-
Taces are composed of profound valleys (lubrication reservoirs)
and finer valleys (Lo reduce the conlact area and friction). The
scale effect is studied only Tor the lmer valleys becanse they al-
Tt friction,

A muitiseale modal describing the essential characleristics of
the finer valley patlems was developed. In this model, valley fea-
tures (Fig. 3b) were modeled by the Tollowing &, lunction:

Sdr)= Yoo Yo = [11]
L] Yo =0
where g, )i the secomd derivative of the Gaussian function
{Fig. %) defined by

Yoo, (XD = Ap(1 — e 12

r= %ﬂ" B commesponds Lo the feature valley position, and .
s The scale Taclor.

T odeled valley surface componen! takes o accem the
scale parameler &, and the depth amplitude Ag as variables. To
study the scale effect of this surface component, various surfaces
wore peneraled with varying Ag i the range of 03 to 2.1 pm
and a,. freamn 7.5 o 19 gm. To more closely mateh realstic penes-
ated surfaces, two profound valleys with the coupled paramelons
(AR e = 3 pm and (g e = 25 em were added for each simu-
lated surfaves.

Maode that the elfect of surface ansolropy is well known (Al
and Chenp, (26)) and is nod taken inlo account in this shedy. Al
grooves were oricnled perpendicular o the sliding direcltion.

A spatial sampling step of 2 wm was chosen. The total sam-
pling arca was therefore approximately 1024 mm = 1,024 mm,
Examples of the virtual surface with different vahes of o, and
Ap are presented in Fig. 4.

RESULTS AND DISCUSSION
Multiscale Effect of Roughness Irregularities
(Plateau Component)

“The sliding velocilies varied between 2 and 32 ms  for each
ol the Tour surfaces with different Holder exponents. The other
parameders are shown in Table 2, The second surface was lxed,
An isothermal mode] was used in the present work Tor simiplicity;
however, in pure shiding cases thermal effects are expected o
have o signilicant impact on the Trictional behavior of these



S, H=0.1
rmean slope =
4.88°

i
L] §1, H=0.5 N
B i Ll
i ]
1o i ol
E -
(=]
23
|
=
% T 51, H=0.9 =]
F o
f -
™~
a
Erk
2—Sttistical seif-affine surfoces with the same roughness amplitude (K, = 0.48 gm) and different Halder dimension H: (o) 0.1, (b} (S, and (o) 0.8
[ealer ligure avalable anbine. )
0.5 — 0.5
£ o £ o
E b=
T 0.5 2 s
€I =
-1 A L "
0 0.5 1 1] 0.5 1
X-position (mm) X-position (mm)

Fig. 3—{a) ¥ aucp S i derivative of G ian function [DoG2) and (b} 5, valley fsaturs [groowe pattern).




Fig. 4—Ewamples of surface wlley
figure ovailable enline.)

contacts. However, qualitative comparison should akso be done
Lo study the influence of the Hélder exponent on the friction
colTicient.

Ulsaings the ealeulated pressure feld, the friction coefficient was
dietermined by the following cquation:

u ffy, Tl X, VIAXAY

i [, PUX VdXdY I13]

Figure 5 shows the [riction coeflicient as a function of mean en
trainment velocities for surfaces with different Halder exponents
(1), The smaller M s, the more irregular the surface is. For all
surfaces, ihe friction coefficient decreased until & ornimunm value
and increased when velocity increased. The resulis of this shudy
show that the local scabe of roughness medified Lhe distribution of
the conlact pressure and Triction. This clearly shows the mfleence
of the fractal dimensson of roughness o the rction coefficent in
awide ranpe of sliding velocities. Two trends ane visible in the Fig,
5. For low velodly, the friction coeficicnt & high for low Halder
exponents, In olther words, when the surface becomaes more immeg-
ulas, the frction coefficient iereases, In his G, Some aspedity
coqtacts appear: the mixed lubrication case & encountered. The
more irregular the surfnce is (low I, the higher the friction co-
ellicient . In (his situation, the contact surface increases when £
dlecreases, which resulis m more aspenity contacts, vielding & high
coeflicient friction.

Furthermore, for the elastohydrodynamic case (high velocly),
the Triction coefTicient increased with sliding specd. The Triction

TABLE 2—OPERATING CONDITIONS AKD LUBRICANT FROFERTIES

Paramcier Value Parameicr Value
Fy (N} kLl o (GPa 'y 200
sty (s 1) 40 Ry (m)} 0.4
1y (Pas) [iT% K (TiPa) 210
u [1E]

P twith different (A, 8.c) parameters: (a) Ay = 09 gm, e = 7.5 pm; b)) Ay = 21 gm, @ = 1T.5 pm. (color

coefficient increased when the Hilder exponent increased; that
is, with a smoother surface. This indicates thal the scale of super-
licial roughness irrepularity has a benclicial effect on [nction in
a lydrodynamic repime, Rouph surfsees enpender (microliydro-
dynamic bearing) o increase load-carrying capacity, which im
proves the friction coefficient (Eision (2); Yu, et al. {13); Nanbu,
el al (14); £hn and Ho (20); Kovakhenko, el al. {23); Krupka
and Hartl {24)).

Multiscale Effect of Surface Grooves
(Valley Component)

The influence of the two parameters of te surface valloys ex-
uwring madel {scale factor ., and valley depih Ay) was shadied,

0,12

E: =
= =S

=
E

Friction coefficient
=

0,02 —a8—H=0.8
—a—H=03

I.-:' 1 L 1
O 4 E 12 16 20 24 I8 32 36 40 44 48 52 56

Velocity (m.s 1)

Fig. 5—Friction cosfficient va Holder exponent for different welocities in
the range of 2 10 52 ma~'.
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Fig. B—Pressure field obisned lor two surlsces with the same groove depih (Aa) and (a) 8-pm (b) 18 pmscale parameter (a.) walues. (colar higuee

available online. )

The penesated virmal textored surfaces were used a9 npats for
the developed contact model. The operating conditions and
bricanl parameters are presenied in Table 3.

Figure 6 shows the pressure liekd obained with the numerical
madels defined above. Two different film thicknesses with the
=same valley depth amplilude and & and 18- @m scale paramedoer
valwes were used as the input parameters. The pressure Gelds
wara slightly different. "The miximum pressure was higher Tor the
low scabe parameter (Fig. 6. The merease mscale, cofrespaiding
o & larper groove, lod Lo greal pressure variations.

Figure 7 shows the friction coelfficient map (in percentage)
Tor different values of valley depth amplitude (Ap) and scale pa-
raimeter (@, and by considering two dilferent proove deisalics,
We can clearly ohserve the exislence of a crilical scale parameder
value of g, , = 12 pm. Evedution of the friction coefficient differs
depending on this critical value:

= Helow fiis critical valse (g = 12m), e Iriction cocfii-
cient decrease when the valley depth (Ay) increases. The

18 2 24 a3
E 1.95 2.15 '
= 16 21
= Vles 2.05 2.1
1.8 2
E " - 2
E 2 ;-’1'“_“"---—"5
- L G — 18 189
i 10 \ /
: B
1.B5 T3 1.8
8 AT
0.5 1 1.5 2

Valleys depth amplitude {pam)

inerease m valley depth can reduce the friction coefficient by
almost 6% (Trem 165 1o 1.55%).

# However, above this value, groove deplhs have a negative
elfect on the Mriction coeflicient, which & usually observed
in ihe reuph contacts (Iriction mereases wilh increased
rouphiess).

‘This resull is in concordance with ihe resulls of some authors
who found ihe extsience of an optimom value of the depili-io-
widih ratio (Costa and Hulchings (47)). However, there is con
siderable wariation in vahses reported.

The same evolulion was observed when the valley densily
mereased (Fip, 7o), The critieal scale value remamed the same.
This increase in proove density had a beneficial effect on the
friction coefficient for low scale parameter vahses (below (m, )
comipared 1o low density. Howewer, for high scale parwmeter
vilises (Alove g,y ), iereasing the groove deisty led o tpher
fricticn.

S
. ; 2'2 2.4
—_ 1.8 5
E= . 7 2.1
= 2.2
E: £ 4.3
14 1.9
E . 2.1
E 12 _1_3 2
-3 \» e I
T ¢ ’
i }'3 18
af | = A7
0.5 1 1.5 2

Valleys depth amplitude (pm)

Fig. T—EMect of valley seale oy, snd degih A on the friction costlickent (%) for density: (a) d; and [b) dy. (color Bgure available online.)



COMCLUSIONS

Finished surfaces arc madi with a succession of processes us-
ing dilferent sizges of abrasive grits [rom coarser o finer, which
leads to surface scale modificatsons, In tis study, advanced char-
acterizations were proposed and applicd o investipale the scalo
cffect in elastohydrodynamic contacts. Surface topography can
e decomposed inlo two principal components: superficial rough-
ness amd valleys. In this study, supericial roughness was modeled
usig a fractal maodel and ascaling Tactor was mtroduced 1o model

valloy patlems.
The resulis were as lollows:

o A decrease in superficial surface irrepularities (increase in
Hilder exponent) reduwces the coefficient of friction.

= There & a crilical scale, the effect of vallkey depih is dilferent
oy hoth sides of this critical valse, below which the ferease in
valley depth amplitude can reduce friction.

Fimally, i the fafge of e simlation parametes, e fesults
showed that in EHL. contacts at a fine scale, the optimal friction
coofficient can be achicved with skewed superficial rough surfaces
with high groove depth.
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