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ABSTRACT

This PhD thesis focuses on studying the effettshallow micro-textures on friction and
film thickness of lubricated non-conformal contaatsder extreme and starved conditions.
Measurements were carried out using a ball-on-tlisometer equipped with high speed
camera and torque sensor. Two types of micro-tegtimave been assessed in this study,
micro-dents and transverse micro-grooves. The teseVveal that micro-dents are helpful in
reducing friction under starved conditions due ke ffilm thickness enhancement. The
mechanism of filling the depleted micro-dents withsh lubricant is probably attributed to
the capillary effect in the inlet zone under stéiora On the other hand, the rubbing surfaces
with transverse shallow micro-grooves with a lenigss than the diameter of the Hertzian
contact have an improved tribological performaneecomparison with smooth surfaces.
Indeed, transverse shallow micro-grooves showegrafisant enhancement of film thickness
under starvation and under extreme operating dondireverse motion). The numerical
simulation of the transient behavior of transvelisgted micro-grooves showed accepted
agreement with experimental results.
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ABSTRAKT

Tato diserténi prace se zabyva vlivemétkych mikro-textur naieni a tlousku filmu
v mazanych nekonformnich kontaktech za extrémnmdinpnek a za podminek hladow
kontaktu. Méteni byla realizovana na tribometru v konfiguracil-ba-disk. Kontakt byl
pozorovan pomoci vysokorychlostni kamery. Pro stand sodinitele teni byl vyuZzit
snima krouticiho momentu. V této studii byly popsany dypy mikrotextur — mikrovtisky a
pticné mikrodrazky. Vysledky naztaji, Ze za podminek hladéwi vedou mikrovtisky ke
snizeni iteni a to diky ndistu tlou¥ky mazaciho filmu. Mechanismus dapVani
mikrovtiski cerstvym mazivem je pra¥gdodobré zpisoben kapilarnimi jevy ve vstupni
oblasti. Teci plochy s ficnymi mikrodrdZzkami, jejichz délka byla menSi neZirpir
Hertzova kontaktu, potom obetnvykazovaly lepSi tribologické parametry ve srovnan
s hladkymi povrchy. #¢né mikrodrazky vedly k vyraznému tiétu tlou¥ky mazaciho filmu
za podminek hlad@ni i za extrémnich provoznich podminek (protismi pohyb).
Numerické simulace fpchodovych je&r pricnych mikrodrdZzek ukézaly dobrou shodu
s experimentalnimi vysledky.

KLi COVA SLOVA

Mikro-textury, teni, tlougka filmu, EHL, mazani za podminek hladay
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INTRODUCTION

1 INTRODUCTION

Lubrication is necessary in industrial and ecoit applications to extend the life cycle
of machine components and to reduce friction, wasadt the loss of energy between
rubbing surfaces. Concentrated non-conformal sesfa@re common in machine
components such as gears, rolling-element bearingss, etc. The formation of
lubricating films in concentrated contacts is satgd to the theory of elastohydrodynamic
lubrication (EHL) [1]. In the EHL regime, the are&contact between mating surfaces is
very small (point or line contact) resulting in ighh concentrated pressure associated with
elastic deformations and contact fatigue even umholerloads. Moreover, the value of
lubricant viscosity increases significantly withifire contact due to the high pressure.

Rolling/sliding concentrated contacts are desijto operate under full film regime
where the pressure buildup starts relatively fatngam of the Hertzian contact. However,
a lot of machine components with non-conformal aot# operate under starved
lubrication especially in cases of high speedstagt viscosities or in cases where grease
is used to lubricate bearings. Indeed, starveddation leads to a sharp reduction in film
thickness within EHL contacts which is one of th@stncommon reasons of fatigue
failures of contacting surfaces.

The modification of surface topography by ai#ily produced micro-features is
introduced as a promising approach to reduce dnctind wear between rubbing surfaces.
However, the obtained benefits depend quantitatiaeld qualitatively on the proper
design of the shape and the size of micro-featudso, the regime of lubrication in
combination with the operating conditions shouldtélken into account to optimize the
design of micro-textures. In recent years, a loteffbrts have been exerted by many
researchers to study the effect of artificial miteatures on the film thickness profile and
the pressure distribution in fully flooded EHL caats. But there is still a need to clarify
and to observe the direct effect of surface miesdtres on the friction and film thickness
in non-conformal contacts under starved lubricatod severe conditions such as reverse
motion.

This thesis presents an experimental and necalesiudy on the effects of shallow
micro-textures (micro-dents and micro-grooves) ba toefficient of friction and film
thickness in EHL contacts under extreme operatiogditions and starved lubrication.
Furthermore, the understanding of starvation phe&mmm was necessary to carry out the
solution of the topic presented in this thesis.réfwe, the correlation between friction and
the degree of starvation has been investigateddtieally and experimentally. Also the
effect of lubricant replenishment on friction anlinfthickness in EHL contacts has been
briefly highlighted as a secondary aim of this thes

The content of this thesis is not only unpuig results, but also the sum of author’s
publications in prestigious impact journals (sepeaygled papers) which are in relevant to
the topic of thesis. In other words, this thesi®vpies an extended and detailed
explanation of the results published by the authwmng the last five years (2010 - 2015).
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2 STATE OF THE ART

2.1 Stribeck curve and lubrication regimes

The separation between lubricated surfacebdmrelative motion determines the value
of friction and the role of asperities in carryitige load .Under low speeds, the separation
between surfaces is small and the nature of fricisonearly Columbian where the most
part of load is carried by asperities resultinghigh values of friction between rubbing
surfaces. Such regime of lubrication is called Btamng Lubrication (BL) where the film
thickness If) tends to zerg¢h — 0). Increasing the velocity increases the separation
between lubricated surfaces in the relative motiod the part of load which is carried by
asperities becomes less due to the increase tiyttredynamic effect in the contact. This
regime of lubrication is called Mixed LubricatioML). In this case, the film thickness
becomes in the scale of surface roughiiess R). Under high velocities and low loads,
the separation in the contact becomes large enmugteate full film lubrication. Thus, the
effect of asperities becomes negligible and thetnpast of load is carried by the
hydrodynamic effect and the regime of lubricatisrcalled the Hydrodynamic Lubrication
(HL) with film thickness explicitly larger than dace roughnes& > R). For lubricated
non-conformal contacts, the value of elastic de&drom of surfaces has a significant effect
on the film thickness; this regime is called theadibhydrodynamic Lubrication (EHL).
Figure 2.1 shows a generalized Stribeck curve.chedficient of friction is presented as a
function of Hersey numbeni/p), wheren is the oil viscosity in Pas, N is the speed in
rpm, and P is the average pressure in Pa. It & @lem Figure 2.1 that the film thickness
(h) increases strongly with increasing the Herseylmem

& h->o0 h=R h>>R

i o S : —
= ; —
Boundary Mixed i Hydrodynamic EHL

Film thickness (h)

Coefficient of friction

Hersey number (7N/p)

Fig. 2.1Generalizedtribeck curve and lubrication regimes.

Indeed, lubricated non-conformal contacts aigexted to high pressures which results
in high values of lubricant viscosity and increast@ar stress especially in the sliding
motion. However, friction of EHL contacts is govedhby many factors such as operating
conditions, roughnessd material properties, viscosity and temperature.
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The effect of surface roughness on the coefiicof friction was investigated by
Wang et al. [2-3]. Experiments were performed falt bn disc with different values
of roughnes®,, see Figure 2.2 The study revealed that a higieioh coefficient

corresponds to the higher roughness within altéiggme of lubrication.

020 Experiment results 300
R =0.8um L. 250)
= 0.15 - R =1.6um
‘5 - 200
S
€ 0.10- L 150
= R =0.04um
£ L 100
= 0.054
- 50
0.00 i : . 1 0
0 500 1000 1500 2000 2500
Time, s

Speed, rpm

Fig. 2.2 Effect of surface roughness on Stribeck curve [3].

Sojoudi et al. [4] studied the behavior of tina for lubricated point contacts
under sliding conditions. The results show that $tiebeck curve is influenced by
the physical properties of lubricant such as thecasity. However, the effect of
viscosity is pronounced particularly in the ran§enaxed lubrication, see Figure 2.3.

0.200
- s
=
-
2 0.150 [~
&
@
(=] b=
Q
g 0.100 [~ 001 P
-— * T]0= . a.s
2 | S 10=0.04 Pas
- n0o=0.08 Pas
£ 0.050 [~
(=}
=
0000 1 IIII!IIl 1 IIlIIIIE ] | L1l Lt L LILlL
0.001 0.01 0.1 1 10
Velocity, m/s

100

Fig. 2.3Effect of oil viscosity on Stribeck curve [4].

Page

12



STATE OF THE ART

2.2 Surface texturing in tribology

Improving the tribological performance of megital interfaces is required to
reduce the frictional loss of energy. Differentheijues are used to enhance the
surface properties against the wear and failuremaichine components. The
modification of surface topography by artificiafpyoduced micro-features is a recent
technique to control friction and wear between mgbsurfaces [5]. However, the
beneficial effects are significantly related to fh@per design (shape and size) of
micro-features [6]. Moreover, the performance ofnmifeatures is influenced by the
regime of lubrication and operating conditions [Ffhe mechanisms of how micro-
cavities can bring benefits to the lubricated coistare explained in the literature by
the following:

e Entrapment of wear debris: This mechanism opedfegently in the boundary
or dry regime where the micro-cavities help in mmizing the plowing friction
caused by the wear particles [8-10]. Generallyatiepn of transversely oriented
fine micro-grooves are helpful to get benefitsha boundary lubrication [8-12].

* Increasing the load-carrying capacity: This effeant be observed basically in the
hydrodynamic regime where the artificially producedcro-features (dents,
grooves or dimples) generate additional separdtirggs and a hydrodynamic lift
between sliding surfaces resulting in reducingftlfidion and enhancing the film
thickness [13-22].

* Acting as oil reservoirs: Shallow micro-cavitiesncatore the lubricant to be
extracted into the contact under the effect of gh@ing motion and the elastic
deformation. Consequently, a significant increaséhe film thickness has been
investigated in the EHL regime. However, micro-feas with improper design
can aggravate the tribological performance of mblsurfaces [23-33].

Two opposing effects related to film thicknes&l pressure can be observed with

lubricated textured surfaces [34]:

* Enhancement in the lubricant film thickness in tmatact resulting in a larger
separation and less interaction between asperitiass, the coefficient of friction
is reduced in the mechanical contacts.

* Micro-textures cause a turbulent of lubricant flamd pressure fluctuation
increasing the flow resistance and the coefficodritiction.

Andersson et al. [35] investigated experiméythle behavior of friction and wear
for smooth and laser-textured surfaces in osaidasliding motion. They revealed
that a significant improvement in the tribologigerformance can be achieved with
the low density of micro-textures combined withalnof high viscosity. Oils with a
low viscosity are proper for lubricating surfaceima high density of micro-textures
at low sliding velocities.

Wakuda et al. [36] investigated the frictioraioperties of textured ceramic
surfaces using pin-on-disc test rig under a veghlgontact pressure. Figure 2.4
shows the dimensions and distribution of micro-despon the surface of ceramic
plate. Figure 2.5 shows the schematic diagramrebptidisc friction testing method.
They found that an appropriate surface modificatean lead to a significant
reduction of friction under boundary and mixed loation conditions at the line
contact in sliding motion. Figure 2.6 depicts theduction of friction after
introducing micro-dents on the surface of cerara. the other hand, Wakuda'’s
study revealed that the tribological charactestiepend strongly on the size and
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density of micro-dimples. The dimple size of appmoately 10um at a density of 5—
20% is recommended. However, micro-textures areeffective when the size is
equivalent to, or smaller than, the contact lindtlvibetween the mating elements.
Indeed, this last conclusion by Wakuda is in catittton with many studies bout
surface texturing in concentrated contacts.

i non-dimpled

Fig.2. 4Dimpled and non-dimpled surfaces [36].

Side view 0.20
Load: 490 N
Load Sliding velocity: 0.035 m/s
@ 0.15 H Oil temperature: 80 °C

Holder

Pin non-dimpled

Hardened steel pin, .
[T TR

5 X 5 mm (rigid)

Plate

dimpled

. . dimple size: 120 ym

Si3N, ceramic plate, 005 dimpledensity: 15% |
27 X 30 X5 mm dimpling method: AJM

Rotation

S

Fig.2. 5Schematic diagram of pin-on-disc  Fig.2. 6 Coefficient of friction of dimpled
friction testing method [7]. and nordimpled surfaces [1].

Friction coefficient p
o
S

0 20 40 60 80 100 120
Sliding distance m

Kovalchenko et al. [7] carried out an experitaéeomparison of Stribeck curves
for smooth surfaces and different types of textusediaces. Experiments were
performed using a pin-on-disc apparatus at slidimgeds in the range of 0.015-0.75
m/s and pressures from 0.16 to 1.6 MPa. The miauities formed by laser
texturing have surface densities 7%, 12 % and 1%18.conclusion of this study is
that the beneficial effects ddser surface texturing are more pronounced atehigh
speeds and loads and with higher oil viscosity.

Galda et al. [37, 38, 39] studied the influemfegeometrical characteristics of
surface textures on friction and wear resistangeguthe test assembly shown in
Figure 2.7. The test was carried out under unitoeal sliding for a conformal
contact block-on-ring. Figure 2.8 shows the shapesdistribution of dimples used
in the test. A significant reduction of friction $ideen observed by introducing the
textures compared to untextured surfaces. Alsmag found that the shape, the size
of oil pockets and density strongly affect the &ioefnt of friction. However,
dimples density smaller than 20% is beneficialgduce friction of sliding pairs in
the mixed lubrication regime. Figure 2.9 shows\hgation of friction for different
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dimples densities. It is clear from Figure2.9 ttingt density 20% causes the highest
friction while density 12.5% results in the lowdsgttion. On the other hand, the
textured block showed a significant improvemenvear resistance in comparison to
untextured samples.

force
transducer
/
\ F

regulator of
fixing block
to ring

reservoir

of oil

Fig. 2.7 The schema of test assembly [37]. Fig. 2.8 Examples of surface topographies
of textured samples [37].

a 012
——5= 7.5%
0.1 1 —.—S=10%
0.08 §=125%
1 006 —e—5 = 15%
.64 ——5 = 20%
0.02 — e
o | : W -
0 5 10 15 20 25 30
A-107 [m]
0.12
b 01 1 —5=75%
: ——5 = 10%
008 —m™mM8M8M §=125%
4 0.06 +—m——— —®—S5=15%
0.04 | ——5 = 20%
0.02 — gt
0 - A g - —X—k
0 5 10 15 20 25 30
A+107 [m]
C 0.12
0.1 4 —-5=10% =
: ——5=15% L]
0.08 1 —%—S = 20% .
< 0.06 - Lodlt-
0.04 -
0.02
0 T . r . .
0 5 10 15 20 25 30
A-107 [m]

Fig. 2.9 Variation of the coefficient of friction [37].

Schreck et al. [40] examined, using a cylinglaté tribometer, the effects of
different topographies on friction and wear behavior water lubricated and
reversed sliding contact. Micro-channels and mpts-were generated on 100Cr6
and alumina surfaces mated to 100Cr6 cylinders blasar ablation process.
However, all textured samples showed a reductiofriction compared to smooth
surfaces. The decrease of friction was explainethbyfact that the micro-cavities
act as wear particles traps. Figure 2.10 showsfribon reduction obtained for
surfaces textured by crossed channels in compangbrsmooth polished surfaces.
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0.5
100Cr6/100Cr6
2 041
c
]
5
E 0.3
S
=
2 02
E
8
0.1 polished
~— crossed channels
D L i 1 I (b,
0 20 40 60 80 100
(a) sliding distance, m

Fig. 2.10(a) Coefficient of friction vs. sliding distance to 100 m for a polished and a
structured (crossed channels) 100Cr6 surface undeer lubrication, (b) SEM-
micrograph of a worn 100Cr6 plate (structured)rafi@0 m sliding distance (the arrow
displays sliding direction) [40].

Also, crossed micro-channels have been useidiy et al. [41] as deterministic
surface micro-texturing to control friction coeféat and wear. Micro-textures have
been generated by laser-assisted process in diffsiees. Figure 2.11 shows the
three different textures with crossed micro chasnéhe channels have a depth of 50
um while the width was chosen as 60, 100 and ;300 The tribological behavior
was investigated for friction coefficient and filthickness using the pin-on-disc
setup. Figure 2.12 shows the results under slidorglitions. Increasing channel or
plateau width results in less friction and highkn thickness under different loads.

(a) unit cell (b) ch506050 (c) ch5010050 (d) ch5030050
7 % 7N

unit cell

Fig. 2.11The unit cell of the texture element and b—d SEMgesaof the textured steel
surfaces with constant coverage fraction and deptB0 % and 50um of the different
channel widths ( b) w = 60m, (c) w = 10Qum, and (d) w = 30@m [41].

Implementation of surface texturing for somechanical parts with parallel or
conformal surfaces, for example, seals and threatibgs, leads to decrease friction
and improve the lifecycle of operating contactssidt et al. [43-45] studied
experimentally and theoretically the effect of aod texturing on friction and it was
proven that the application of laser surface temgur(LST) with piston rings
provides benefits in reducing friction about 30%cmparison with non-textured
rings. On the other hand, the performance of thbestrings can be improved by
using a proper micro-texturing because of the msirgy of the hydrodynamic
pressure, load capacity and wear resistance.

Indeed, the hydrodynamic effect of micro-teggirhas been profoundly and
intensively studied by many investigators, for eplenWang et al. [16], Costa et al.
[17], Ramesh et al. [18] and Han et al. [19]. Thesre consensus that the proper
design of micro-cavities results in enhancing thadlcarrying capacity of sliding
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surfaces. However, the beneficial effect of mi@gtares is related also to other
factors such as operating conditions and oil pnosgs.

3.0 (a) FN =10N| © w=60um A| w=300um 0.60 (b) FN =10N| O w=60um A| w=300um|
£ 25 | w=100pm a ®| w=100um
= . c o

z S 045 o
5 =
f; i g = b L4 '
8 15 & A S 030
§ a E oe
£ 101= 3 . & ° I
- . . £ 015 +—x
£ 05 AB; = § 23
= -] A
0.0 0.00
0 - 4 6 8 10 0 2 4 6 8 10
sliding velocity v, m/s sliding velocity v, m/s
3.0 F,,=20N| o w=60pym A| w=300um| 0.60 F.=20N| 0 w=60uym Al w=300um)
(c) (d)
£ 25 N | w=100um| a N ®| w=100um
g -~ c
L S 045
£ 20 S
2 =
g 15 5 0.30 - -
$ 10 a a 4 & ] . ° |
- A (=} oe
E 0sl® . . £ 01512 = = .
N 383 s = 8 inc‘
0.0 0.00
0 2 4 6 8 10 0 2 4 6 8 10
sliding velocity v, m/s sliding velocity v, m/s

Fig. 2.12Film thickness friction coefficient as a functiohstiding velocity
for different channel widths 60, 100 and 300 [41].

2.2.1 Effect of surface texturing on wear

Reducing wear of lubricated mechanical intefais crucial for increasing service
life of mating surfaces. Extreme operating condsiavith high friction values and
thin lubrication films aggravate the wear rate otmre. Usually, wear begins when
there is a plastic deformation due to metal-to-inetetacts. The modification of
surface topography by artificially produced micestures patterns influence
significantly the behavior of wear and friction nfbbing surfaces. However, the
plowing friction caused by wear particles producdwuring sliding becomes a
principal mechanism of friction and wear in the bdary lubrication [8]. Saka et al.
[9] showed that undulated surfaces minimize thevplg effect due to wear debris
resulting in reduced friction and wear. Pettersgbnal. [12] investigated wear
behavior of sliding smooth and textured surfaceg.1@ wide groove textures and 20
um wide square depression textures were producddhiegraphy and anisotropic
etching of silicon wafers. The results showed thear rate of textured DLC coated
surfaces after 20000 cycles is less than for flaC[@oated surfaces under boundary
lubrication conditions. Similar study was carrieat by Chouquet et al. [42] where
surface texturing was used in order to improvettimlogical properties of a DLC
coating in lubricated sliding contacts. Experimewtxe conducted by means of a
ball-on-disc Tribometer with different sliding sgisefrom 5.5cm/s to 68.5cm/s. The
contact was lubricated by oil amount of (§ with oil viscosity of 0.12 Pa.s (at 25
°C). The behavior of friction and wear was analyazdzpending on the cavity
dimensions. Figure 2.13 shows the results of thmlogical performance of the
reference DLC coating and three samples texturéd aifferent dimple sizes. It is
clear from Figure 2.13 that the textured sampleth e cavity diameter of 6bm
and depth of 1.3m has a significant increase of friction and weampared to the
non-textured reference DLC coating. On the otherdhaeducing the cavity depth
for sample 2 and reducing the cavity diameter a@pthd for sample 3 resulted in
friction and wear reduction compared to the noniiesd reference DLC coating.
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Friction coefficent evalution

‘Wiear track on DLE coating

‘Warn zane on steel balls

......

.......

Fig. 2.13Evolution of friction coefficient and SEM images wbrn zones on
DLC coatings and steel balls as a function of the Bu@ace texture [42].

2.2.2 Effect of micro-textures orientation

Pettersson et al. [11-12] found that the abitf micro-textures to extract the
lubricant into the interface of sliding contactglan trap wear particles is related to
the shape, size and orientation of the textureepat Under starved boundary
lubrication conditions, surfaces with micro-texwirehowed very low and stable
friction and much better wear resistance than eatuted surfaces. The successful
textures were those having the smallest testedvgeoor squares and an orientation
perpendicular to the sliding direction, see Figuge$4 and 2.15.
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Fig. 2.14 The influence of texture
orientation on the friction behavior

under starved boundary lubrication [12].

Fig. 2.15The influence of orientation on wear
under starved boundary lubrication [12].
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2.3 Micro-textures in EHL contacts

Elastohydrodynamic lubrication (EHL) can be @mttered in many mechanical
interfaces with non-conformal contacts such as ¢geth, rolling-element bearings,
cams, etc. EHL contacts are highly loaded with acinpressure about 0.5 -3 GPa.
Therefore, the elastic deformation of mating swefabas a significant role on the
film thickness. On the other hand, the viscosityubfricant is pressure dependant in
the elastohydrodynamic regime due to the high pressAs a result, the effects of
micro-textures in EHL contacts reflect the intei@ct between film thickness,
pressure, oil viscosity, operating conditions amgeometry of micro-textures.

The utilization of micro-textures to improveettribological properties of rubbing
surfaces is not limited for conformal surfaces, &isb with non-conformal contacts
some benefits can be obtained. Many papers werbspet about the effects of
surfaces texturing on the film thickness and pnesurofile for non-conformal
contacts. There is a consensus that micro-textwiés proper dimensions and
operating conditions can enhance the tribologicatfggmance of concentrated
contacts. Wang et al. [24] investigated experinlgnthe effect of dimple size on
friction under line contact condition. The patteoisdimples were fabricated on the
surface of brass discs with area density of 7%theddimple diameter varies from
20 to 60um. They stated that only the pattern with dimplanaéter of 20um
produced the effect of friction reduction becaus®ls dimples are able to obtain
hydrodynamic pressure higher than untextured serrfBtatter et al. [25] compared
the frictional behavior and sliding life of the ¢aigpatterned samples with the non-
patterned oneising a pin-on-disc tribometef copper-vapor laser emitting at 510
nm wavelength was used to produce microgrooves@surface of sapphire plates.
The life of lubricated sliding increased considéydbr the laser-patterned sapphire.
Moreover, fine-patterned surfaces showed lessdridhan original highly polished
surfaces. Nakatsuji et al. [46] evaluated the &ff@¢ micro-pockets on lubrication
by using a roller with a small number of micro-dentarked by a diamond pyramid.
The results revealed that micro-dents can preveetialnto metal contacts and
scuffing under high load. Nanbu et al. [47] ess&tid a model-based virtual
texturing for simulating the effects of micro-tesda bottom shape on the
elastohydrodynamic lubrication interface. The stymtpvided an explanation of
micro-texturing mechanisms in improving the perfanoe of lubrication and film
thickness. Micro-textures have been investigatedeurthree different relative
motions: textured surface moving, un-textured s@&fanoving, and both moving.
They showed that dimples with flat bottom and thiteet form a convergent wedge
can bring additional flow into the interface reswdtin enhanced lubrication film
thickness. The sliding speed determines the degfehe texture effect on film
thickness while the rolling speed controls the lefethe film thickness. However,
the faster moving textured surface should bringitemdl flow into the contact.
Some shapes of textures are able to produces mych@dynamic lifting mechanism
or micro-bearing. Also, an inlet suction mechanisiay exist in a moving texture.
This mechanisms work with other factors and othectmanisms such as, the elastic
deformation and the volume of dimples. Since thesgure outside of the dimple is
much larger than that inside the dimple, a lardaste deformation is localized at
dimple edges. On the other hand, the volume ofd&f®rmed dimple becomes
smaller and the lubricant may be squeezed out efdtmple providing additional
lubricant supply. Similar virtual texturing simulanis have been conducted by Ren et

Page

19



STATE OF THE ART

al. [48] and Zhu [49] to investigate the geomesh@pe effects of surface textures by
means of numerical approach.

2.3.1 Pressure distribution in dented non-conformasurfaces

The analysis of the pressure contact and sfarsustress tensor of dented surfaces
is crucial for failure and lifecycle prediction. @on et al. [50] studied a non-
conformal dented contact under sliding conditiosg@ a ball-on-disc tribometer.
The dent characteristics are: depth =u&5 diameter = 99m and the shoulder
height = 0.nm. They observed a high value of pressure in theegphere lubricant
leaves the dent which results in very high presguadients. Figure 2.16 shows the
pressure profile for dented and smooth surfac&banm/s sliding speed. One can
notice that there are two pressure peaks in tha afethe left and right dent
shoulders. The pressure collapses down to a vemy dalue between peaks.
However, this demonstrates that no cavitation ccaitter the first shoulder and that
a significant part of the initial lubricant volunmemains entrapped inside the dent.
The presence of geometrical defects on the matimtaces modifies the normal
distribution of pressure. Figure 2.17 shows a pmessoncentration on the edges of
micro-dent and the resulting shear stress. The maxi shear stress is localized in
places of pressure peaks

3 4 / A\
—4&— Dented contact 2 / \I ‘

—O— Smooth contact

—— Dent location

Dimensionless
pressure

Pressure (GPa)

0 4 —_t

Maximum shear
stress

T T T T T
-300 -200 -100 0 100 200 300
Position (um)

Fig. 2.16Pressure profiles for dented and Fig. 2.17Pressure profile and maximum
smooth surfaces under sliding motion [50].  shear stress for dented surfaces [50].

Nélias et al. [51] performed numerical simudas on the effects of debris dents on
rolling contact fatigue through an EHL contadthey defined three different
lubrication regimes corresponding to the size ofage defects. The results show
that the dent (or bump) has effects on the presdistabution and film thickness
profile, only when the depth of dent is larger thdére amplitude of surface
roughness. Consequently, the regime of lubricatiecomedifferent according to
the size of defects on the surface. For small siedent will be totally absorbed by
the elastic deformation and the film thicknessutirication will be the same such as
in the case of smooth surfaces and the lubricatgime is the quasi-smooth EHL
regime, Figure 2.18-a.
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Fig. 2.18Definition of three lubrication regimes correspimgpto
three typical sizes of den [51].

Defects (dents) of intermediate size will betipdly absorbed by the deformation
and the micro-EHL regime without cavitation occufgyure 2.18-b. The large size
of dent leads to create a zone of cavitation aadritro-EHL regime with cavitation
occurs, Figure 2.18-c.The same study of Nélias detnated the effect of slide-to-
roll ratio on the shear stress in the vicinity bé tdent. Figure 2.19 shows that the
maximum shear stress increases for higher ratioslidé-to-roll with Hertzian
pressure of 1.5 GPa and mean rolling speed of 40 m/

maximum shear stress

0.8 1
0.7 e
0.6 /.//"/ |
0.5 7 | :
1
0.4
0.3 / |SReriticatf=dent diameter/a
i } 1 I i } l
0.2 T t t t } T T T T T T
5 10

slide-to-roll ratio (%)

Fig. 2.19Maximal local shear stress calculated in the vigiof
the dent (with shoulder) vs. slide-to-roll ratid.[5

Cann and Spikes [52] developed a method ugatigad interferometer to measure
the pressure in the EHL contact zone. This methdithited to static contact3he
calibration was carried out by measuring the cosgiom at a single position in the
center of the contact of a smooth steel ball agairiat disc. Figure 2.20 shows the
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measured pressure profiles for a dent, 80 um demaeid 500 nm deep, under loads
of 20 and 40 N. The corresponding smooth-surfaagzide profiles are also shown
in Figure 2.20. The two pressure peaks are cledeohedges even under static load.

Pressure [GPa]

Position [mm)]

Fig. 2.20Measured pressure profiles for a dent, 80um dianstd 500 nm deep, for loads
of 20 and 40 N. The corresponding smooth-surfaaéztde profiles are also shown [52].

2.3.2 Film thickness profile in dented non-conformisurfaces

Film thickness prediction is necessary to imprthe performance and durability
of machine components. However, introducing aréfienicro-textures on rubbing
surfaces influences significantly the pressure ribistion within the contact.
Consequently, textured EHL conjunctions demonsteateansient behavior of the
lubricant flow and film thickness. The transienthheior of micro-textures in EHL
contacts has been widely studied by many reseacher

Kiupka et al. [53, 54] observed the behavior of sialnicro-dents within mixed
lubricated non-conformal contacts (ball-on-disc)usyng the thin film colorimetric
interferometry. Their study showed that an arraysiéllow micro-dents reduces
asperity interactions of mating surfaces and tlheidant emitted by shallow micro-
dents provides a local increase in lubrication filickness. In addition, they referred
to the effect of surface texturing in case of reakémotion where starvation of
lubricant is dominated. The results show that mtesdures help in reducing the
negative influence of starvation by emitting adxfiil lubricant from the dents which
can lead to avoid the collapse of film thicknes® da starvation. However, the
emitted lubricant from the shallow dent improves fibm thickness in case the disc
moves faster than the dented ball. At the same, tthe micro-cavities localized
around the border of the Hertzian contact had athegeffect on the film thickness
and the hydrodynamic pressure because of the eidkade of lubricant. iipka and
Hartl [26, 27] performed an experimental study tloe effect of micro-dents on the
thin EHD lubrication films for non-conformal surfee Figure 2.21 depicts the effect
of a row of shallow micro-dents on thin film thiadss through an EHL contact. It is
clear that micro-dents act as oil reservoirs aral @émitted lubricant upstream or
downstream depends on the direction of sliding. ta other hand, the results
showed that in case of positive slide-to-roll ratdeep micro-dents can lead to
reduce the lubricant film thickness.
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Fig. 2.21Interferograms and film thickness profiles depigtthe effect of
shallow micro-dents on thin EHD lubricated cont&®R=0.5 for a) and
SRR=-0.5 for b) [53].

Moreover, the study presented in references2Zp showed that the minimizing
of micro-dents depth can improve the film thickne$dubrication at slide-to-roll
ratio SRR=0.5. Indeed, minimizing the depth of midents from 1180nm to 560 nm
led to increase the film thickness from 20 nm ta® In case of the negative slide-
to-roll ratio, the depth of micro-dents has notgmiicant effect in reducing the film
thickness. Furthermore, when dents are introducedhe slower moving surface,
push the lubricant in the direction of flow, othé&®; dents on faster surface push the
lubricant in the opposite direction of flow. Figue22 shows a comparison of film
thickness for smooth and dented surfaces. The &dancement of film thickness is
formed just downstream of the leading edge of therovdent and this local
enhancement becomes more pronounced as the slidétatio increases.
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Fig. 2.22Comparison of film thickness for smooth and demted-conformal surfaces, SRR = 0.5
for b) and SRR=1 for a) [26].
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2.3.3 Effect of micro-cavities depth

Lubrecht [55] investigated the influence of db@and global features in EHL
contacts. The local features such as indentatiftaeimce significantly the pressure
contact when these local features have amplituépti)l larger than the global
roughness. In his study, the pressure distributiononcentrated contacts has been
approximated by the pressure distribution of thg dontact because the results
showed that the difference in pressure and strelski$ small for dry and lubricated
contact with artificially created defects. Moreavéne dent geometry influences
strongly the life reduction of non-conformal corisadn general, micro-features with
amplitudes larger than the overall film thickneggravate the life expectancy of
mating surfaces. Mourier et al. [23, 33, 56] inigeted experimentally and
numerically the effect of micro-cavities depth & ffilm thickness for a lubricated
contact between steel ball and silica disc. Theclesion of work showed that the
micro-cavities do not significantly influence thi fidm thickness under pure rolling
conditions. On the other hand, micro-cavities hayeositive or a negative effect in
case of sliding motion according to the depth afrovicavities. Deep cavities cause a
local decrease and failure in film thickness. Whilallow micro-cavities increase
significantly the film thickness. The local Ilubriga film reinforcement is
proportional to the slide-to-roll ratio, and to ttkme spent by the micro-dimple into
the contact zone because the oil is pushed out ftemmicro-cavity under the
combined effect of sliding motion and the elastfodmation of contacting surfaces.
Figure 2.23 shows the profile of film thickness Boismooth surface and a dented
surface with deep micro-cavity (26n diameter and a depth exceeding Lat). It
is clear that there is a collapse of the lubriddmt near the moving micro-geometry.
On the contrary, Figure 2.24 shows an importantemse of film thickness locally
generated by the passing of the shallow micro-gdkitough the contact zone.
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Fig. 2.23Effect of deep micro-cavity on film thickness [33]

300

so Smooth
= Cawvity - X =-90

Film thickness [nm]
g 2

g

-200 -150 -100 -50 100 150 200

0 50
(d) Y [um]

Fig. 2.24Effect of shallow micro-dimple on film thicknes33].
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The numerical solution of elastohydrodynamidorication using multigrid
methods enabled to predict the film thickness dred dorresponding pressure as a
function of the micro-cavity amplitude [23]. Numeal solution was carried out for
entraining velocity of 4 m/s and slide-to-roll mtSRR=0.5. The film thickness
increases almost linearly when the micro-cavitepléude increases from 25 nm to
300 nm, see Figure 2.25. However, in reference fl@adJamplitude of micro-cavities
is considered shallow until value of 300 nm. FigRr26 shows a significant pressure
reduction in the micro-cavity. Indeed, as the degtmicro-cavity becomes large the
pressure tends to zero. Consequently, the lubnggiftow into the cavity instead of
being emitted out of the cavity by the shear fldlus, deep micro-cavities cause a
film thickness reduction in EHL contacts.
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Fig. 2.25Transient increase of film Fig. 2.26 Corresponding pressure
thickness as a function of the micro- profiles as a function of the micro-
cavities amplitude [33]. cavity amplitude [33].

2.3.4 Effect of slide-to-roll ratio on the behaviorof micro-dents

Wedeven et al. [32] used the optical interfeztgnto measure the film thickness
induced by artificially produced dents and groowasder rolling and sliding
conditions. A reduction in film thickness and prgsswas observed at the leading
edge of the dent due to the local modification BICEpressure created by the dent
through its passage in the contact. The signifiaotease of pressure and film
occurred on the trailing edge of the dent. Howewuader pure rolling conditions, the
film thickness distribution remained the same a&sdént passed the Hertzian region.
Micro-EHD pressures were observed as the dent pdkseHertzian region under
sliding conditions. Grooves, which are perpendidulariented on the direction of
flow, cause a substantial increase in film thiclesnewhile the parallel grooves to the
direction of flow have not a significant effect tire film thickness under pure rolling
and pure sliding.

Figure 2.27 shows an experimental and numesicaulation to the passage of
micro-dent in EHL contact under pure rolling corafis. It is clear that the micro-
cavity does not induce a significant film thicknessriation and a small local
pressure decrease accompanies the micro-geomeingdis passage. This pressure
reduction increases with the depth of the micratgawhereas it does not seem to
depend on the diameter and profile of the micratg423].

When sliding is introduced in the elastohydrodyr@rhibrication regime, two
different types of film thickness distributions cha observed as a function of the
micro-cavity depth:
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» Local collapse of fluid film attributed to the desjcro-cavity

Transient increase of lubricant film thickness ioeldi by the shallow micro-

cavity.
Figure 2.28 shows the transient effect of pagsnicro-cavity through a circular
EHL contact under rolling-sliding conditions. Inidlcase, a significant increase in

lubricant film thickness is induced by a shallow croicavity in the
elastohydrodynamic lubrication regime.
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Fig. 2.27Micro-cavity passing through a circular EHL cortander pure
rolling [23].
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Fig. 2.28Micro-cavity passing through a circular EHL coritander rolling-
sliding conditions [23].
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Figure 2.29 shows a numerical simulation ofdéaetral film thickness profiles for
slide-to-roll ratios SRR from 0% to -50%. The mi@avity diameter is 120m and
its depth is 200 nm. The sliding velocity increapesportionally the length of the
elastic deformation on the trailing edge of thenmicavity.
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Fig. 2.29Influence of the slide-to-roll ratio SRR on thestia deformation
propagation [23].

The effect of operating conditions on the bedtvawf surface irregularity was also
investigated by Yang et al. [59] and Kaneta e{@0]. They revealed that the film
thickness distribution or the elastic deformation of the bunmp influenced
significantly by the surface kinematic conditionsdathe orientation othe bump.
Under simple sliding conditions (SRR= 2), surfagegularity has a negative effect
on the film thickness.

Ai et al. [29-62] studied numerically the infloce of moving dent on point EHL
contacts. The results show that under pure rollimgditions, the effect of dents on
the pressure distribution is very limited and logad in the vicinity of the dent. See
Figure 2.30. On the other hand, the presence dihglimotion results in a pressure
ridge at the trailing edge as the dent moves falstar the opposite surface and at the
leading edge as the dent is slower than the ompssittace. The pressure and film
thickness profile become more influenced by thet den the slide-to-roll ratio
increases. Increasing the slide-to-roll ratio aheé depth of dent is generally
associated with increasing the fluctuation of flumd the vicinity of the dent.
However, the pressure fluctuation becomes largaamthe dent is localized on the
slower or stationary surface. Otherwise, increading dent width in x and y
direction reduces the fluctuation. Figures 2.31 2132 show a numerical simulation
of pressure distribution and the corresponding ftiakness in the vicinity of micro-
dimple under positive and negative slide-to-rdiicdSRR).
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Fig. 2.31 Effect of micro-dent on Fig. 2.32 Effect of micro-dent on
pressure distribution (a) and film pressure distribution (a) and film
thickness profile (b) under sliding thickness profile (b) under sliding
conditions SRR=-2 [29]. conditions SRR=+2 [29].
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2.4 Behavior of transverse and longitudinal irregudirities in EHL
contacts

2.4.1 Effect on pressure, film thickness and traabn

Kaneta et al. [57, 58] investigated opticallpeal reduction in film thickness due
to the passage of transverse micro-grooves thottihdéntacts. The local reduction
in film thickness is essentially caused by the $&ddkage along the groove because
of the relative low viscosity in the groove. Howevihe amount of the side leakage
decreases with reducing the size (width and depthioro-groove) and increasing
the overall film thickness. Yang et al. [59] proveaimerically the results of Kaneta.
However the longitudinal groove divides the contatb two parts and it does not
reduce the minimum film thickness too much. Fig@@&3 demonstrates film
thickness contour maps and pressure and film teskndistributions by the
numerical solutions for a transversely orientedogeoat various locations. Figure
2.34 shows numerical results for the EHL contacthwa centrally located
longitudinal groove.

<15 1.0 -05 00 05 1.0
X

(c)

Fig. 2.33 Film thickness contour maps Fig. 2.34Numerical results for the EHL
and pressure and film thicknes contact with a centrally located
distributions by the numerical solution: longitudinal groove a. film thickness, .b.
for a transversely oriented groove ¢ pressure, and .c. map of the film
variouslocation: [59]. thickness contou [59].

Jiang et al. [61] studied numerically the efffeicasperity orientation as well as the
effect of rolling-sliding condition on the film tbkness and pressure in the mixed
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EHL. Figure 2.35 shows the dimensions of the elliptical asps The study
simulated the behavior of asperity under sliding conditidns longitudinal anc
transverse orientation with respect to the rolliingction. FromrFigure 2.36, for the
longitudinal asperity, at the trailing side of ttentact, a lubricant pressure spike
gengated due to the wedge effect of the film shapeth@mother hand, at the leadi
side of the contact area, the lubricant pressuoppdid sharply with the divergir
shape of the film. For the transverse asperity, ltligicant pressure spike at t
trailing side of the contact was more pronounced thant d¢f the longitudina

asperity

\
20 mm

Trailing Side~y_ Legding Side
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w, /
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Fig. 235 Sketch of eometry and elliptice
asperit [60].
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under sliding conditic [60].
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Wedeven and Cusano [32] used optical EHD rignteestigate the passage of
parallel and longitudinal grooves through EHL poguntacts under rolling and
sliding conditions. They revealed that both typegrooves reduce the film thickness
compared to a smooth surface under pure rollingliions. Also by using of optical
interferometry, Jackson and Cameron [63] obsensadtation between transverse
asperity pairs in the elastohydrodynamic lubrigatiGGcaraggi et al. [64] showed by
means of pin-on-disc test rig that the regularyaafamicro-holes reduces friction in
the different lubrication regimes. On the contrahge parallel microgrooves lead to
an increase of friction compared to the flat cdnturface because the oil easily
flows along the parallel microgrooves leading tor@ased friction. Nanbu et al. [65]
used 4-roller tester to show the influence of the€age micro-texture orientation on
the traction coefficient. Their experiments werefgened under high pressure and
rolling speed conditions. Figure 2.37 shows exampfeused micro-textures and the
resulting traction coefficient and film thickneddowever, it was found that the
grooves with orientation parallel to the rollingeatition reduce the metal-to-metal
contact and increase the traction coefficient.
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Fig. 2.37Examples of micro-texture and resulting tractioeftioient and
film thickness [65].

2.4.2 Thermal effects of transverse and longitudirarregularities

Yang et al. [66] studied the influence of soegfavaviness on the EHL behavior of
point contacts .The results show that the thermdlraon-Newtonian effects can be
enlarged significantly by the surface waviness. Wharst configuration of the
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surface topography is that both surfaces are wihgitudinal waviness, see
Figure2.38.
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Fig. 2.38Contour maps of pressure, film thickness and teatpss for a) transverse
waviness b) longitudinal waviness [66].

Yagi et al. [67] studied the effect of longitoal grooves on the temperature field
in the EHL conjunction between steel ball and apkap disc under high slip
conditions. An infrared technique has been usetidasure the temperatures of the
oil film. The results show that the temperatureha grooved ball surface increased
considerably compared with that of a non-grooved. agure 2.39 shows the
temperature distribution field of the ball, oilffi] and disc surface in the direction
perpendicular to the sliding direction. There duethiations of the temperatures in
the inlet zone for the temperature profiles alomg tsliding direction. The
temperature rise of the oil film and disc surfatc¢hie land zones is higher than those
in the grooved zones.
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Fig. 2.39(a) the temperature rise distributions along tidkrej direction, (b)
the temperature rise distributions in the direcpenpendicular to the sliding
direction [67].
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2.5 Surface texturing under starved lubrication

2.5.1 Starved EHL contacts

Starvation occurs in case of insufficient antooflubricant in the inlet region of
the contact or in cases where greases are usddbiicating. Figure2.40 shows a
schematic comparison of film thickness and pressuie fully flooded and starved
EHL contact [68, 69]. However, starved EHL contadtew a thinner film thickness
in comparison with the fully flooded lubricationof@sequently, starvation increases
friction and the risk of metal-to-metal contactgtrEme operating conditions such as
high speeds and viscosities aggravate starvati&@Hin contacts [70]. The behavior
of starved film thickness cannot be predicted bynkHack and Dowson formula [71]
as shown in Figure 2.41. Therefore, many experiataftorts have been exerted by
Wedeven et al. [72], Chiu [73] and Pemberton anché€an [74] to investigate the
phenomenon of starvation. They also observed diytitee emergence of the oil-air
meniscus at the inlet zone of the contact in sthilzélL contacts. As the oil-air
meniscus approaches the contact, the pressureupilsl delayed leading to a film
thickness reduction. Indeed, the delay in presbuile-up for EHL contacts leads to
reduce the rolling friction and to increase thdisly friction [72]. Figure 2.40 shows
that the starved contact has the onset of the ymeedmiildup closer to the contact
compared to the flooded contact.

Fully flooded EHL Starved EHL

Fig. 2.40Schematic representation of film thickness andgree in a fully flooded
and starved EHL contact [68] and [69].
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Fig. 2.41Film thickness under starved conditions as a
function of speed [70].
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Chevalier et al. [75] and Damiens et al. [76¢d the Elrod algorithm to describe
the starved EHL point contacts. Their numerical etasl applicable for circular and
elliptical contacts under steady state and nordgtatate conditions. The effect of
starvation on the lubrication of rigid non-confotrmantacts was studied by Ghosh et
al. [77] and it was revealed that the dynamic leagacity of the contact reduces
with the increase of starvation in comparison witb fully flooded dynamic load
capacity. Nevertheless, starvation has not a viusitect on the peak of pressure in
the contact.

2.5.2 Effect of starvation on the coefficient of fction

Schipper et al. [78-79] introduced a theorétcadel supported by experiments to
predict the friction of starved line contacts. @ddt¢ions are presented for different
oil supply layer thickness by means of the Stribewke from boundary lubrication
to Elasto-Hydrodynamic lubrication. The numericaddal depends on the fact that
friction of lubricated contacts is the sum of adpes friction and the hydrodynamic
action. Thus, the load is carried by the interartiasperities and by the
hydrodynamic component. Figure 2.42 shows the effdc starvation on the
coefficient of friction and the separation in lioentact. As the degree of starvation is
low, the coefficient of friction does not changeoagly in comparison with the fully
flooded condition. On the other hand, friction &&dpo increase when the separation
between mating surfaces becomes lower and thenmluat on the track is less.
Indeed, the starved Stribeck curve tends to beuitater severe starvation which
means that the coefficient of friction through ttiéferent lubrication regimes is
similar to boundary friction. Surely, such high walof friction is not preferred for
machine components.
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Fig. 2.42Effect of starvation on the coefficient of fricti@md the separation of
line contact [78].

Querlioz et al. [80] studied the influence tdrgation on the traction coefficient
for point contacts using Mini Traction Machine (MJMrhe study proved that the
traction depends strongly on the amount of lubticand operating conditions.
However, starvation increases the thermal effents scuffing-type failures in the
contacts. Figure 2.43 shows the effect of oil anhoom the traction coefficient
compared to fully flooded conditions.
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Fig. 2.43Traction coefficient versus time for different
amounts of lubricant [80].

2.5.3 Behavior of micro-features under starved lubcation

Dumont et al. [81] described numerically thehdagor of micro- pits in fully
flooded and starved EHL point contacts. The redacof micro-pit amplitude is

similar for fully flooded and starved conditionsx@e in both cases the pressure

distributions are quite similar. Consequently, tjuantity of oil squeezed out of the
pit is approximately the same in both cases. Inddwedpit deformation is delayed in
the starved case because the pressure buildupaigedeunder starvation. However,
the film profile around the micro-pit is similar tbe smooth film profile for fully
flooded conditions but for starved conditions thisra change in film profile on the
sides and behind the pit. In the starved casehéight of the film behind the pit is
almost 3 times larger than the height in front e pit. Also, the benefits of pits
decrease as the degree of starvation decreasessbettee overall film thickness
becomes larger and the relative effect of emitietf@m the pits becomes less.
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Fig. 2.44Gap and pressure profiles along the X axis, (&) fimoded contact, (b) starved
contact [81].
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Fig. 2.45Gap and pressure profiles along the X axis, (&) fiooded contact, (b) starved

contact [81].

Figures 2.44 and 2.45 show a numerical compard the film thickness and

pressure profiles along the X and Y axes undey fidbded and starved contact. On
the other hand, if the filled pits are on the mgvsurface, they bring more oil into

the contact than would a moving smooth surface. Supply of additional lubricant

is attributed to the elastic deformation of pitgdhe high pressure region. Figure 2.46
shows a 3-D simulation to the effect of micro-pitsder severe starvation and the

increase of film thickness behind the pit is clear.
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Hl-]

X[-]

ig. 2.46Lubricant layer in a severely starved contact.[81]
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2.6 Effect of surface texturing on the contact fagjue

Contact fatigue is the major reason of mackmmponents failure. The initiation
of fatigue is usually induced by micro-cracks ahd propagation of cracks which
leads later to the fracture.

Cheng et al. [82] investigated experimentally tbatact fatigue and crack initiation
due to artificial defects. Transverse and longiatifurrows and conical and
spherical dents were made on specimen surface. rEveyaled by the study that the
direction of friction force determines the positiohcracks initiation. Furthermore,
the propagation of crack is strongly influenced thye roughness hardness and
temperature. The size of the defect doesn't imibge significantly the crack
initiation, but the height of the edge buildup e tdominant parameter on surface
crack initiation.

Nelias et al. [51] performed fatigue tests wiliscs made of AISI 52100 steel
under a slide-to-roll ratio of 61.5% and Hertziaegsure of 3 GPa. Micro-dent had a
diameter of 5Qum and depth about gm. The results showed that dent originated
RCF starts ahead of the surface defect accorditigetsliding (or friction) direction.
Numerical simulations have been carried out at 8 @°shown in Figure 2.47. The
upper row in Figure 2.47 shows the pressure digich and film thickness while the
dent is travelling through the EHL contact. The dhédrow shows the position of the
maximum shear stress in the vicinity of the denhe Tlower row gives dent
micrographs after 200 xi@ycles at 3 GPa and a rolling speed of 40 m/s under
opposite slide-to-roll ratios. It is clear that thgike of pressure, shear stress and the
initiation of fatigue are localized on the trailiegige of micro dent according to the
direction of sliding.

0158

Film thickne:

o
o
)

@ ] ®)

Fig. 2.47Pressure, Film thickness and stress field
in the vicinity of micro-dent (a) Slide-to-roll iat
of +1.5%; (b) Slide-to-roll ratio of -1.5% [51].

Querlioz et al. [80] determined the influence sorface defects under staved
conditions. Experiments were carried out using tdist fatigue machine as shown
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in Figure 2.48. The test rig simulates the contastiveen gear teeth or between
rolling elements under Hertzian pressure of 3.5 @& mean rolling speeds of 11
m/s with a constant slide-to-roll ratio of 7%. Miedents with diameter of 250m
were made using a Rockwell indenter. The resultsotstrated that for a relative
lubricant flow rate of 50%, the fatigue life is sificantly shortened (almost divided
by two). Thus, the rolling contact fatigue life @epls strongly on the degrees of
starvation. Figure 2.49 shows dented surfacesqfayd test, (b) after test. It is clear
the propagation of damage around the micro-dent.

Fig. 2.49Dented surfaces (a)
Before test, (b) after test [80].

Fig. 2.48Twin disc fatigue machine [80].
Volchok et al. [86] studied the possibilityiotreasing fretting fatigue life of EHL
line contacts by laser surface texturing. Cylindefflat contact geometry was
chosen to investigate the effect of laser surfaduting on fretting contact.
Schematic diagram of the experimental apparatushavn in Figure 2.50. The
results show that the laser texturing of a surtzreextend the fatigue life due to the
ability of micro-dimples to collect wear debris fnothe fretted zone. Figure 2.51
shows the beneficial effect of micro-dimples on timean fretting fatigue life.
However, maximal beneficial effect of micro-topoghg on the fretting fatigue
resistance is strongly related to geometry parammedé micro-pores (diameter,
density and depth).

force self-aligned . - - 2
transducer contact pads  cantilever beam specimen Base ]lnE [cxlurcd beam Textured cyllndcrs
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Fig. 2.50 Schematic diagram of the Fig. 2.51The effect of micro-dimples on the mean
experimental apparatus [86]. fretting fatigue life [86].

Page

38



STATE OF THE ART

Enhancing the fatigue life of rolling line cants was investigated by Zhai et al.
[83]. The significance of their study shows tha¢ thffect of micro-dents on the
fatigue life depends on the lubrication regime. ld@@r, micro-dents are more active
in enhancing the fatigue life under poor lubricatioonditions than under fully
flooded lubrication.

Vrbka et al. [87] studied the effects of suddexturing on RCF (Rolling Contact
Fatigue) within non-conformal rolling/sliding cowcta operated under mixed
lubrication conditionsExperiments were carried out using two discs maata fAlISI
52100 loaded and running against cylindrical tegpecsnen (roller). The
corresponding maximum Hertzian pressure of corigaét GPa. Figure 2.52 shows
Experimental apparatus for RCF measurements andspesimen (roller), while
Figure 2.53 shows the texturing patterns used eénetkperiments. Different surface
texture densities have been used, T1 area deBst¥; T2 area density: 31.6%; T3,
T4 area density: 18.4%.

OIL SUPPLY

DRIVING

STEEL DISC
Oy

DRIVEN
STEEL
Disc

CYLINDRICAL
TEST
SPECIMEN

ol
SUPPLY

Fig. 2.52 Experimental apparatus for RCF
measurements and test specimen (roller) [87].

Fig. 2.53 Types of created textures
on ground surfaces of rollers before
RCF test [87].

The results demonstrated that lubricant emiiteich micro-dents could effectively
lift off the real roughness features that providedincrease in average fatigue life.
See Figure2.54.
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Fig. 2.54Effect of surface texturing on contact fatigue liT1 density:
9.2%; T2 area density: 31.6%; T3, T4 area densityt%g87].
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Ai et al. [84-85] revealed that under the psiiding the effect of micro-dents on
the stress is quite negligible and there are ntitemble benefits of using micro-
dents to increase the contact fatigue life unddficgent lubrication conditions.
When sliding is introduced the effect of micro-ddrgcomes pronounced and a
significant pressure spike is generated which l¢adssevere stress concentration on
the edges of the micro-dent. The location of cotreéed pressure depends on the
direction of sliding. On the other hand, the faéigife decreases with increasing
load, indentation area-density and dent slope.
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3 SUMMARY AND CONCLUSION OF STATE OF THE ART

The behavior of textured surfaces under diffedebrication regimes has been
studied by many researchers. Experimental anddheal results showed that the
tribological performance of textured interfaces sgnificantly related to the
geometric dimensions, shape and orientation ofaortiextures. The proper design of
surface texturing has benefits in reducing frictaowd wear and increasing the load
capacity of conformal surfaces under boundary aydtddynamic lubrication. On
the other hand, a lot of effort was exerted to stigate the benefits of surface
texturing with non-conformal surfaces within theasgtbhydrodynamic lubrication
(EHL). The results showed that the surface tex¢ulgads to increase the film
thickness in the contact between non-conformalases because the micro-textures
act as oil reservoirs or micro-bearings. Some ewpartal results recorded negative
effects of deep micro-dented surfaces and a remucii the film thickness. Indeed,
micro-textures produce cavitations and pressurp oiréthe EHL contact as the depth
of micro-textures is larger than the overall filmckness. The effect of operating
conditions, particularly slide-to-roll ratio, onxtered surfaces has been profoundly
mentioned in the literature by many researchetswak proven that increasing the
slide-to-roll ratio increases the extraction ofrioant from micro-textures resulting
in pressure and film thickness enhancement. Omtier hand, the effect of micro-
textures becomes negligible under conditions ofepuwiling. Dumont et al. [81]
investigated numerically the effect of micro pitsder starved conditions on the film
thickness and pressure of EHL point contacts. Theinerical results revealed that
pits can improve the film thickness under starvéstitation.

However, the behavior of micro-texturing in Elkgime can be summarized by
the following points:

* Micro-textures with proper dimensions and orieoaticould reduce the

coefficient of friction and wear between rubbingfaages.

* Micro-textures with a small size (in the scale wfface roughness) have a little
effect on the pressure distribution and the filnckhess profile in EHL
contacts, because the micro-dimples will be corepteabsorbed by the elastic
deformation.

» Micro-features with a large size cause a redudtidhe film thickness in EHL
contacts due to the cavitations.

* Micro- features with proper dimensions enhance filne thickness in non-
conformal contacts.

» There is a very high concentrated stress arounédijes of micro- features in
the EHD Hertzian contact.

* The effect of micro-textures under pure rolling dibions is very little in
comparison with the effect of same micro-textunedar sliding conditions.

* Micro-textures bring into the contact additionabidicant by acting as oil
reservoirs. However, lubricant is emitted into ttentact under the effect of
sliding and the elastic deformation.

» Shallow micro-dents have beneficial effects. Ondbetrary, deep micro-dents
can cause negative effects on the film thickness.

* Micro-pits enhance the film thickness under poobrikation or under
starvation. On the contrary, micro-pits cause auctdn in film thickness
under fully flooded conditions.

» Transverse and longitudinal micro-grooves incremaetion and reduce the
film thickness of EHL contacts due to the side &gkalong the groove.
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* Proper design of micro-dents could enhance theacofatigue life by means
of capturing wear debris or lift off the real roungiss.

* Micro-dents are more active in enhancing the faigife under poor
lubrication conditions than under fully flooded tidation.

The most important parameters describing theieficy of surface texturing are
the friction and film thickness. The friction as lvas film thickness determine the
amount of wear and the loss of energy between ngbbiurfaces. However, a lot of
machine components have non-conformal contactsimguinder starved condition
due to the severity of operating conditions and therease of using grease
lubricants. For this reasons it is necessary td immethod to prevent the metal-to-
metal contact and reducing friction under extremedaions. Surface texturing can
offer the solution to avoid the failure of compotsennder starved conditions. The
biggest disadvantage of surface texturing is thetdiation of pressure around dents
and the concentration of stress on the edges abrtextures in the EHD Hertzian
contact. However, the proper design of micro-teegurould bring some tribological
benefits for mating surfaces. The literature revadvsurface texturing shows a lack
of experimental study on micro-textures in stardedL contacts. This thesis
presents an attempt to fill this gap by highligbtithe behavior of micro-textures

under starvation and extreme conditions (thin fileverse motion and high values of
slid-to-roll ratio) in the EHL regime.
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4 AIM OF THESIS

Based on the profound study of the literaturé published papers concerning the
modification of surface topography of lubricatechtaxts, the aim of the present
thesis can be formulated by the following:

Experimental and numerical investigations oe #ffects of shallow micro-
textures (micro-dents and micro-grooves) on theffiooent of friction and film
thickness in EHL contacts (ball-on-disc) under exte operating conditions and
starved lubrication.

In practice, concentrated EHL contacts operatder poor lubrication in the
presence of sliding motion. Therefore, it is impottto understand the combined
effect of extreme conditions and surface modifmatn the behavior of friction and
film thickness in lubricated contacts. However, #im of thesis is based on the
hypothesis that, if the contact between starveddated non-conformal surfaces was
modified by shallow micro textures then the frictibetween these surfaces will be
less because micro textures work as lubricant vessrwhich support the film of
lubrication in the contact and prevent the collaps&im lubrication. In addition, it
is expected that micro-textures are more effectimeer starved conditions than
under fully flooded conditions since the micro-ambof oil emitted from micro-
dents can be more helpful in enhancing the statlkiedfilm in comparison with
enhancing the thick fully-flooded film. However,etle is a possibility that micro
textures lead to reduce the amount of lubricatihéncontact under starved condition
because the lubricant will be trapped in the miesdures resulting in reducing the
feed rate of lubricant which leads to high friction

Primary aims of thesis

» Studying experimentally the effect of artificiallproduced micro-dents on
reducing the coefficient of friction in sliding monh between non-conformal
surfaces under starved lubrication.

» Comparing results with fully flooded conditionsénsure whether micro-dents
are more effective under starved or fully floodedditions.

» Experimental study of micro-dents effects on fillnckness under starved
conditions.

* Experimental study on the behavior of transvensetéid micro-grooves with
length less than Hertzian diameter through EHL actst

» Effect of transverse limited micro-grooves on foat and film thickness in
sliding and reverse motion.

» Effect of transverse limited micro-grooves undangition.

* Numerical simulation to the behavior of transvelisgted micro-grooves in
EHL point contacts and experimental verification.

Secondary aims of thesis:
» Studying the behavior of friction under starvation.

» Studying the effects of replenishment on frictiamd dilm thickness in EHL
contacts.
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5.1 Methods and material

Measurements are conducted using a tribometer sirowigure 5... The systen
consists of three basic parts as the follow
» Simulator of the elastohydrodynamcontact represented by the con
between steel ball and glass ¢ The steel ball AlISI 52100 has a roughr
about 10 nm and a diameter of 25.4 mm with thetielagodulus 210 GPa. Tt
discis made of chromiu-coated glass with the elastic modulus 8(a.

* Microscope equipped with a high speed camera ttuoapnterferograms c
the lubricated contact. The contact is illuminatad higr-power source ¢

light.

» Software for processing data and coniThe ball ancdiscare driven by sen-
motors controlle by the computer with the ability to change the resplislide-
to-roll ratio in a wide range. The construction of tribomete gives the ability
of capturing interferometric images simultaneousiyth measuring th
coefficient offriction.
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Fig. 5.1Scheme of test r.

When the surfaces of ball adiscare in relative motion, the entrainment spu,

is given by

Ue = (Ugisk + Upair) /2

whereu,,; [m/dandug;g,[mM/d are the linear speed of the ball ediscrespectively
The slid«to-roll ratio SRR is given by the following formul.

The sliding speeu is given by

SRR = (Ugisk — Upau)/Ue
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Us = |Ugisk — Upan
5.1.1 Friction measurements

The acquired signal from the torque sensoraegssed by Digital/Analog card
configured by the software LabVIEW. As shown ind#igb.2, the ball is driven by a
servo-motor through torque sensor connected tadnguter. The sensor has been
well calibrated using static loads before all thsts. Also, compensation has been
added to eliminate the effect of bearings on tHedbaft. However, the sensor has
absolute error of £0.2% according to the factorgcsjcations.

Torque sensor with amplifier circuit

EHL contact

" wa diriven shaft

ot 5
1-Kab182-18 [ Apagiiarod

Md
) I Spuderd/SRO1
™

VK20 terminal box
Y g p—
=HEsh= 2=
i i
T20WN i -17."‘ -

1-Kab151-1.5

plug in pewer
Supply unit
3-3318.0002

D/A Card

Fig. 5.2Experimental setup for friction measurements ugingue sensor.

Measuringof friction depends on determining the size oftforal forces in the
contact between the rotating disc and ball usiegtdihque sensor. Fig 5.3 shows the
schematic representation of forces in the contabgre Fn is the load, Ft is the
frictional force and Mt is torque. Measuring of dae using the sensor allows
calculating friction by the following equations:

Mt = Ft d
)
where d is the diameter of ball.
_Ft _ 2Mt
H= Fn d=xFn

whereyp is the coefficient of friction.
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Fig. 5.3Scheme of forces in the contact between ball asd di

5.1.2 Film thickness measurements

The formation of the lubricating film is detarmed by colorimetric interferometry
[88]. The principle of the method has been impletméimn a comprehensive program
that allows repeatedly determining the formationthad lubricating film of a large
amount of chromatic interferograms obtained fofedént experimental conditions.
Lubricated contacts are observed using a microsgsopging systemThis method
utilizes interference of light at the interface of contagtivodies and the lubricating
film. Scheme of lubricant film thickness evaluati® shown in Figure5.4. The
interferograms are converted into color model inclwtihe colors are compared with
the reference model. However, calibration is neefdedoroper evaluation of the
lubricant film thickness from captured interferagia Calibration consists of
obtaining monochromatic and chromatic interferograimstatic Hertzian contact.
Monochrome image is used to establish the refergaoenetry, which is determined
by the position of intensity maximum and minimum tbg interference fringes.
Subsequently, the color space CIELAB creates dpatiave, which gives the
relationship between the lubricant film thicknessl aalues coordinates in the color
space. By analyzing the color of the scanned pirétrferogram during the
experiment, each pixel according to the color isigaeged to the thickness of the
lubricating film.

Calibration: Evaluatwn
Monochromatic light  White light

Min/max

detection

Firs - <3, Statistic RGB - CIELAB
analysis conversion

Reference model

Heuristic X
-A. | identification =5
/ I 7N a

Film thlckness profile

Fig. 5.4Scheme of lubricant film thickness evaluation.
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Fig. 5.5Software for evaluation of chromatic interferograms
colorimetric interferometry.

On the other hand, the method allows determirtime distribution of film
thickness in the entire region with 3D graphs fog tesolution of 1 nm. Software
Achilles is used for the evaluation of interferematerns (the interferogram). The
user interface window of Achilles is shown in Fighr5.

5.1.3 Micro-texturing

Micro-textures (micro-dents and micro-grooves®re made with a mechanical
principle by using Rockwell indenter. The inderttas a diamond head with a radius
of curvature of 0.2 mm. This allows creating in@gions with very well defined
geometry. Figure 5.6 shows the device for creatimgro-textures. These parts are
rigidly connected by threaded joints due maintepamc modification of the
machine. This device is self-contained and noth#d to any table.

Fig. 5.6Device for creating micro-textures.

Rotational motion and axial displacement amagetely automated and driven by
stepper motors. Linear electromagnetic actuatousisd for creating the impact
between the Rockwell head and the surface of Ba#. intensity of impact depends
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on the value of volte and current in the electronedig actuator. Thus, the
dimensions of micro-textures (depth and diametepedd on the intensity of impact.
The relationship between volt-current and micrduees dimensions can be set by
experimental iteration. The device is equipped al#h two fans for cooling the
stepper motor and electromagnet actuator. The wetaght of the device without the
control box is 26 kg. Maximum dimensions are 45&305 mm. Figure5.7 and
Figure5.8 show the resulting micro-dents on thefaser of ball. Geometry of
indentation was defined by an optical profilometsctually, the devise is dedicated
only for laboratory use.

Fig. 5.7Microscopic image of dented Fig. 5.80ptical scanning of micro-
ball surface by Rockwell indenter. dents by using profilometer.

5.1.4 Lubricants

Two different lubricants have been used ireglerimental measurements.
Tab.5.1 shows the properties of used lubricants.

Tab. 5.1Properties clubricant:

Lubricant type Viscosity [Pas] Viscosity-pressure
coefficient [GP#]
N 2400 Naphthenic 0.421 @ 40 35
R 834/80 Mineral 0215 @ 22 21.85
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6 RESULTS AND DISCUSSIONS

6.1 The degree of starvation in ball-disc machine dsed on the
relative friction

This section focuses on analyzing the cor@tatietween the degree of starvation
and friction under the sliding motion in ball-dis@achine. Thus, it can be stated that
the approximate ratio of the film thickness redumctican be predicted based on
accurate measurements of friction. The naphtheiise boil (N2400) with the
dynamic viscosity n = 0.412 Pas at 40°C and the pressure-viscosity coefficient
a = 35GPa~! was used in all the experiments introduced inghistion.

6.1.1 Calculation of friction under starved lubricaion

In each lubrication regime, the coefficient foiction is related to the film
parametel = h/o. Thus, the following equation by Sakaguchi et[&@] can be
adopted to calculate the coefficient of frictiortle relative form:

Uy /U5 if Ay <001

o= s 2| lofinn )iy
© ug | (001-15)

Uy, it 15< A

(g - 15)8 + 11, if  001<Ay <15 (6.1)

where [i. is the relative coefficient of friction through thdifferent lubrication
regimes, f,is the relative hydrodynamic coefficient of friatiounder starved
lubrication, andy, is the boundary friction.

Experimental investigations show that the majoof lubricants exhibit a non-
Newtonian behavior in the EHL contacts due to tbe-lnearity of the shear stress
versus the shear rate. However, the shear strgsgeis by the Bair and Winer model
as.

r=1-¢ i) (6.2)

with T = 7 /7, n is the viscosity andis the shear rate.
The limiting shear stress is represented by tHeviahg (19).
I, =T+ BPm (6.3)
wherer,, is the limiting shear stress at zero pressyse,dr, /opis the shear stress—
pressure coefficient ang, is the average Hertzian pressure.

For the most of mineral oilg ,=15MPa and 8= 0052 @ 40 °c, see references

[90] and [91]. Under starved lubrication the filtmidkness tends to be flat which
means that the central film thickness has a vaksly equal to the value of the
minimum film thickness, see Chevalier [75]. Therefahe pressure distribution can
be approximated to the Hertzian pressure by theviolg:

p=p/L-(/af)  (6.4)
And the shear rate can be approximated by theviolly:

y=0u/oh=Auh (6.5)
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The ratio of the shear rate through the transifimm fully flooded to starved
conditions under a given steady state can be esguidsy the following:

ys/yh‘ :hcff/hcs:]-/D (66)
Roelands equation [92] is adopted to define theogsy by the following:

1 =10 (1 00) & P77 (6.7)

with 77, = 63x10°Pa.s, p = 19610 Pa andPis given by equation (4).

The combination between equations (6.2) and ) (6gbves the relative
hydrodynamic coefficient of friction under starvedrication by the following:

lie = I, :T(l—e_(mm))rcdrc / T(l_e-(m/n))rcdrc :]"(;L_e-(yw/ﬂn))rc dr /f(l_e-(w/n))rcdrc
0 0 0 0
(6.8)

The slide-to-roll ratio SRR is given as:
SRR=2* (Udisk = Upa )/ (udisk + uball) =Ug/Ug (6.9)

with Usthe sliding velocity andU.the entraining velocity. The negative signal of
SRR means that the ball is faster than the disc.

Equation (6.1) can be solved f6##0by applying a numerical integration to
calculate U, for an isothermal lubricated contact between al siakk and a glass
disc under steady state conditions. The centrbfiliml thickness, , can be calculated

by the well known formula of Hamrock and Dowson ]J[7Table 1 shows the
parameters of contact for numerical calculations:

Tah.6.1 Parameters of contact for numerical calculai

Ambient temperature = 25 °C Dynamic viscosify = 0421 Pas @40 C
Modulus of elasticityE,,; =210GPe Boundary frictiof4, —0.12

Modulus of elasticity Eyig, =80GPa Pressure-viscosity indéx 064
Poisson’s ratia,, = 0.3 Composite roughnegs= 10.77nm

Poisson’s ratioUgg, = 017 Limiting stress, ; =15MPa@ p =0
Reduced radius of the contaRt= 635x1073m Ellipticity parameter K=1

6.1.2 Effect of operating conditions

Equation (6.1) was numerically simulated usihg adaptiveSimpson'smethod
with an error 010~%as shown in Figures 6.1, 6.2 and 6.3. It is necgdsaake into
consideration that the value @f changes with the load and the entraining velocity.
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Hence, every single curve in Figures 6.1 and 6p2esents a different steady state.
Figure 6.1 shows that the increasing of the loathenstarved contact of ball-disc
under the same entraining velocity leads to redheesensitivity of friction versus

the change of the starvation degree, whereas ttieatdegree of starvatiofl, (

O, =150/h, represents the transition from the full film regire the mixed

regime) is not significantly affected by the loddce h,=0*h, OO0*wW *”.0

the other hand, Figure 6.2 shows the slight eftédhe entraining velocity on the
sensitivity of friction, whilst the value dfl ., was noticeably reduced with the higher
speed resulting in enlarging the range of the ugliof equation (6.8) where
U = M, for DD] Dcr,]]. Note that in this cade, =0* h,, O0*ul®.

n

2.8

_ _ —w=20N
26 SRR=0.1, ue—32 mm/s _Rcr(ZON)
24 ~--w=30N
220\ 4 Rcr(SON)

Fig.6.1 The simulation for the effect of the load on the nonaEian
behavior of the relative coefficient of frictigh = p5/usr vs. the degree
of starvationR for SRR=0.1.

The large effect of load on the sensitivityfragtion is attributed to the exponential
change in the viscosity with load, see equatioid)(@vhile the effect of load on the
limiting shear stress in equation (6.3) is linead & is minor for low loads P<0.5
GPa. Therefore, the effect of on the sensitivity of friction is slight for lovoads.
The effect of speed is limited on the film thickeesith the exponential factor 0.68.
To investigate the influence of the slide-to-ratio SRR on the relative coefficient
of friction, the entraining velocity and the loaéne kept constant in equation (6.1).
Figure 6.3 shows the simulation of SRR effect anrtbn-Newtonian relative friction
versus the degree of starvation in the steady.dtatbis simulation it was supposed
that the critical degree of starvation is not mdatto the value of sliding

0., # f (SRR

It is clear that increasing SRR leads to redtlee gradient of the relative
coefficient of friction i, = us/uss versus the degree of starvati®although the
larger SRR results in a largey. In other words, the starved coefficient of frocti

Us can be doubled more times under low slide-to-m@tilos than under high slide-to-
roll ratios for the same degree of starvation. ¢¢gthe lubricant tends to be more
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SRR=0.1, w=30N |~ Ue~ 32 mm/s

_Rcr(32 mm/s)

--.ue:64 mm/s

..... R, (64 mm/s)

Fig.6.2 The simulation for the effect of the entraining \aip on the non-

Newtonian behavior of the relative coefficient otfion fi, = pg/usr vs. the
degree of starvatioR for SRR=0.1.

3
- ~ ---SRR=0.04
28 u =32 mm/s, w=30N | 25" "
2k | SRR=0.16
2 —SRR=0.2
“‘ —R_(30N, 32mmys)

Fig.6.3 The simulation for the effect of the slide-to-na@tio SRR on the
relative coefficient of frictionz, =

Us/usr under starved conditions.

Newtonian (the transition from the Couette flowthie Poiseuille flow) with reducing
the slide-to-roll ratio under the starved lubrioati This result is common in non-
Newtonian shear stress models where the behavituboicants is Newtonian for

low shear rates then it becomes gradually non-Naatowith increasing the shear
rate.
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6.1.3 Experimental verification

Measurements were carried out to verify therbical models and to investigate
experimentally the behavior of friction versus thegree of starvation under steady
state operating conditions. The degree of stamatias modified from the fully
flooded to extreme starvation by changing the ailoant available on the track.
Indeed, the expression of the fully flooded is it because the same contact under
the same steady state can be fully flooded for nthifigrent oil amounts. Thus, the
concept of)s,, representing the minimum oil amount to make tbatact fully
flooded under a given steady state, is adopte@ value ofQ,r was adjusted for the
minimum coefficient of friction measured by the senfor the given steady state
(load= 30N, the entraining velocity,=42mm/s and SRR=-0.2) and the oil amount
Qs was iteratively defined by @Q. For Q > Q;r = 60uL the contact is considered
to be ultra fully flooded and a small increase raftion was observed. However, in
experiments it was avoided to make the relativeambunt available on the track
Q./Qy O[oa]less than 20 % to avoid any possible damage afdhgacting surfaces.

u, = 42 mm/s

SRR =-0.2 —Fitting
Load =30 N

e Experimental R:Qs/hcff

0 0.2 0.4 0.8 1

053/ fo

Fig.6.4 The degree of starvatidtd = h.,/h;s versus the relative o
amount reduction.

Figure 6.4 shows the measured degree of slamAt= h.;/hss as a function of
relative oil amoun@,/Qr. On the other hand, Figure 6.5 shows a comparison
between the calculated and the experimental ggtie us/usr vs. the degree of
starvation. It is clear that reducing the oil amofrom @, =e6ouL t0 Q=424
caused a small increase in the friction but a ssmaiduction in the oil amount from
14 to 124 resulted in a lager relative increase of frictmoefficient. Therefore,

the coefficient of friction becomes increasinglynséive to the oil amount with
increasing the severity of starvation, this remulh accord with Figures 6.1, 6.2 and
6.3.
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Figure 6.5 shows that the theoretical modallightly dependant on the value of
T ounder low loads in the hydrodynamic range.

° Experimentél (30‘N,é1:‘ 42 Mm/s, SRR = -0.2
or _Calculatedrl_0 =15 MPa
----- Calculatedrl_0 =20 MPa

~

0O 01 02 03 04 05 06 07 08 09 1

R

Fig.6.5 Comparison between the calculated and the expetéineatio i, =
us/ugr Vs. the degree of starvation.

Previous results in section 6.1 show that thgreke of starvation can be defined
approximately in the EHL contact based on measuoimg parameter (the relative
coefficient of friction). Such an approximate appb could be useful in cases of
opaque contacts where the optical interferometiirtejue can’t be used, e.g., steel
ball on metal disc. This approach can be extendesbine practical applications like
ball bearings to predict the degree of starvatiaseld on the value of friction which
allows avoiding the failure.
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6.2 Replenishment and starved EHL point contacts

Enhancing the film thickness of lubricationth® key to reduce friction and wear
and to extend the lifecycle of concentrated corjons. However, the EHL theory is
successfully valid for oil full film lubrication, hile it fails in the case of starved or
grease-lubricated contacts. Starvation is usuakpeaated with a sharp reduction of
the film thickness to just a few nanometres resgltin high friction and wear.
Starvation is essentially due to the failure ofricént to replenish the track after
being displaced sideways by the repeated overgglliof the rolling element [93].
Grease lubrication is widely used in bearings tovpate a sufficient and permanent
separation between rolling elements and rings, kheesults in enhancing the
lifecycle and reducing friction. In cases concegnihe leakage, grease lubrication is
preferred over oils lubrication since its stiffnes®ates a resistance against the
leakage [68]. On the other hand, replenishmentrangly insufficient with grease
lubrication because when the grease is pushecttsides it can’t readily flow back
into the track leading to very thin films of lubaitton and high temperatures in the
contact [94, 95, 96, 97]. Cann [98] showed expeniiaéy that the properties of the
deposited thickener layer of grease determineidricand film thickness. However,
the mechanism of replenishment for greases carxjpaieed by the effect of base
oil bleeding [99] and the shear degradation [18@jch mechanisms are significantly
insufficient.

6.2.1 Mechanism of artificially induced replenishmat

Figure 6.6 shows the mechanifon generating the induced replenishment on the
track of the ball. The mechanism consists of aesli@hin plastic sheet made of
Polyethylene) with a micro-slot concentric with tner-rolled track. The thin plastic
sheet is flexible with a tension force about 0.1Nck ensures the permanent contact
with the ball surface without fear of increasingtion or wear. The slider scrapes
the lubricant on the surface and creates a foroedchanneled reflow towards the
centerline of the over-rolled track through the noislot.

3D view

Centerline

/ - Slider
Slider p Ball
Substrate

Fig.6.6 Scheme of the mechanism providing the artificiatigruced
replenishment in the ball-on-disc device.
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6.2.2 Effect on film thickness

Figure 6.7 shows the effect of the inducedeeighment on the distribution of
lubricant along the over-rolled track and the riésgl film thickness with grease
lubrication. The interferometric images in Fig@.& are captured after 15 minute
from the start with SRR = -0.51;, = 35.2 mm/s, w=30N and 100 mg of grease on

the track. Figure6.7-a shows that the over-roltedk is severely depleted with the
natural replenishment mechanisms. The width ofdiy@eted track is approximately
equal to the diameter of the Hertzian contact &edrésulting central film thickness
is about 80 nm after 15min from the start. Thaugabf the central film thickness
diminishes with time which is common with greaskricated contacts. The
corresponding interferometric image in Figure 6.gFws the large intersection
between the inlet air-oil meniscus and the Hertzzame. This referees to an
insufficient replenishment and severe starvatioth i high risk of scuffing. On the
other hand, Figure 6.7-b shows the distributiongcgase on the track with the
induced replenishment and it is clear that the -ooled track is flooded by a thick
and wide band of channelled grease. The resulengal film thickness is about 210
nm.

Flooded track

500

a
=}
3

IS
S
s
IS
S
3

N
S
S)

Film thickness (nm)
@
8
N
8

Film thickness (nm)
©
8
S

=
1)
3

100

|
|

0 0 | | | |

-250 -200 -150 -100  -50 0 50 100 150 200 250 -250 -200 -150 -100 -50 0 50 100 150 200 250

Position (um) Position (um)

Fig.6.7 Optical microscope images of the overrolled tradkhvihe corresponding interferometric
images and film thicknesses in the contact for gge#ubrication witha) without induced
replenishmenb) with induced replenishment.
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6.2.3 Effect on friction

Figure 6.8 shows a comparison of friction beétraef the contact with and without
the mechanism of artificially induced replenishmentler load 30 N, SRR=-1.85
andu,=34.5 mm/s. The track is supplied by a very litteount of oil (8l) and it is
necessary to note that this amount of oil will liributed on the tracks of the ball
and disc due to the sliding. Although only the kraaf the ball is artificially
replenished, it is clear that a significant reduttof friction about 31% has been
occurred in the first 15 minute of the measuririge (bercent of reduction increases
with time). Figure 6.8 shows that the coefficiemtfriction (COF) for the starved
contact with the natural replenishment increasel tine due to the film thickness
decay with the subsequent overrollings. On therdihed, the COF with the induced
replenishment is stable over time.

Base oil 8pl, u_=34.5mm/s, w=30N, SRR=-1.85

> | | f‘WitHout induéed répleﬁishment
—With induced replenishment
0.08(f :
é 0.07F b
IHVWINI\MNIWMW!ﬂﬂlﬂlWN\llHlWWMl!M|MMNINII\IH|"MI|\I||INI“IM\I“IWWIW\|\M!NﬂI\!MN\I\WI||IW\IHWINMW\N!IMIHIMW|u\!|\||!lﬂNuN\||HIM\IWIW\INIWINMN“WIHNII\INW\IHIHIWIHNMWINNWNW

1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

Fig.6.8 Coefficient of friction (COF) of the contact witm@ without induced
replenishment with @ of base oil on the track.

Section 6.2 shows an approach of channelingclat (oil or grease) towards the
centre of the depleted track. As a result, thelaesal lubricant is recovered leading
to a fully flooded contact even with a very littanount of lubricant and under
extreme operating conditions. The mechanism diasily channeled replenishment
is proposed to operate in radial and thrust rollaegrings to recover the displaced
lubricant into the raceway of bearings. The prattiapplication of channeled
replenishment in bearings is included in the append
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6.3 Behavior of micro-dents under starvation

Enhancing the film thickness between lubricatemtacts is the first step to
diminish friction and wear. Under starvation, thienfthickness becomes shallower
than under fully flooded conditions due to the gedh pressure build up. However,
the presence of micro-features within EHL contaas significantly influence the
pressure distribution and film thickness. The tioigacal performance of surfaces
with micro-dents was evaluated by comparing frictiand film thickness with
smooth surfaces under starvation in the presenaiddihg motion. Measurements
were carried out by using a ball-on-disc Tribometleown in Figures 5.1 and 5.2.
The naphthenic base oil (N2400) with the dynamscesityn = 0.412 Pas at 40°C
and the pressure-viscosity coefficient = 35GPa~! was used in all experiments
presented in this section.

6.3.1 Effect of micro-dents on friction under starnation

In order to investigate the effect of micro-tdean reducing friction, the surface of
the ball was artificially dented by 4 rows of sballmicro-dents, see Figure 6. 9. The
average diameter of the dent is abouir5vith a depth about Quén. The interval
step between dents is about g&Pwhile the offset between rows is about rHh0
Measurements were carried out under load 32 N, SRRadu,=60 mm/s. The
corresponding maximum Hertzian pressure is 0.52&. @GP case of starvation, the
contact has been supplied only by\il%4f base oil (N400). Figures 6.10 and 6.11
show a comparison of the friction coefficient fon®oth and textured surface under
starved and fully flooded lubrication. The resudtoow that the benefits of micro-
dents under severe starved lubrication are relgticensidered with a friction
reduction about 9%. On the other hand, the benefitmicro-dents under fully
flooded conditions are negligible and the valueawérage friction of smooth and
textured surfaces is nearly the same. That effeptstified by the fact that the little
amount of emitted fluid from micro-dents doesn’tkmaa significant difference in
enhancing the film thickness under fully floodetbrigation where the overall film
thickness is originally large enough.

222
O O O O .
)
O O O O
O O O O
@] @) O &
=
—— — 3
Sliding direction -

Fig.6.9Distribution of micro-dents on the ball surface.

From Figures 6.10 and 6.11 we can also notiaethe friction increases with the
time under steady state for both textured and dmaoirfaces under starved
lubrication while the friction is stable with thaeme under fully flooded condition.
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This behavior can be attributed to the thermalctfighere the available amount of
oil under fully flooded condition is larger in coamson with the starved condition
which results in a larger heat capacity for fullyoided contact, for this reason the oil
temperature for starved conditions is higher tlnendil temperature for fully flooded

conditions under the same operating conditionss Mvell known that the higher

temperature the lower viscosity of lubricant arheh fihickness.

0.121 Load=32N , SRR=-1,starved 14uL

——Srﬁooth I
— Textured

0.11- B

0.1~ _

0.09- B

0.08 B

Coefficient of friction

0.07+ B

0.06- B

0.05 | | | | | | | |
0 1 2 3 4 5 6 7 8

Time [min]

Fig. 6.10Coefficient of friction for smooth and textured fues under starved conditions.

0.09 ‘ | | |
Load=32N , SRR=-1,fully flooded |~ SMooth
— Textured
0.08F |
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Fig. 6.11Coefficient of friction for smooth and textured faaes under fully flooded conditions.
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6.3.2 Effect of micro-dents on film thickness undestarvation

Figure 6.12 shows the profile and depth of o¥dents produced on the surface of
ball for investigating the effect on the film thigkss under starvation. The diameter
of micro-dent is about 6bm with average depth of 800 nm. The contact isidalbed
with base oil (N2400) under load of 44 N, SRR=-1.66 =4.8 mm/s and oil
amount18ul. In this case, the corresponding maximum Hertpig@ssure is 0.58 GPa

0.4

0.2r

-0.2r

pm

0.4F

-0.61

-0.81

0 160 260" 360 4§0
Position on X-X axis (um)

Fig. 6.12Profile of micro-dents on X-X axis.

500 T
ol — Textured|
—Smooth
400+ B
350+
300+
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200+
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-SOO -260 -160 6 160 260 300
Position on A-A section (um)

Fig. 6.13The film thickness profile on A-A axis for smoothdatextured surfaces under
starved lubrication with SRR=-1.66, =4.8 mm/s., w=44 N.

Figure 6.13 shows a film thickness comparismmsimooth and textured surfaces
with the corresponding interferogam images. Indé&edould be difficult to capture
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such images with high resolution without the higbeesd camera (700 pps).
Starvation can be observed in interferogam imagesrevthe air-oil meniscus is

localized very close to the Hertzian contact. Gandther hand, interferogam images
show a significant modification of lubrication fil)shape. The measured film
thickness on A-A axis shows that the textured sarfhas a larger film thickness
compared to the smooth one. This enhancementribuaétd to the extraction of

lubricant from micro-dents under the effect of tekstic deformation and the

kinematic sliding. This implies that micro-dentg able to bring additional lubricant
into the EHL contact even under starvation.

Section 6.3 shows experimental results on ffexts of micro-dents on friction
and film thickness under starvation. From Figurg€@nd 6.13, one can note that
the tribological performance of rubbing surfaces haen improved under starvation
by introducing shallow micro-dents on the surfatéall. On the other hand, Figure
6.11 shows that the beneficial effect of micro-tegs is lost as the contact becomes
fully flooded. These results are in agreement wht numerical study of Dumont et
al. [81].
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6.4 Behavior of transverse shallow micro-grooves iBHL contacts

This section shows experimental investigation the behavior of transverse
shallow micro-grooves in concentrated non-conformahtacts. The tribological
performance of micro-grooved surfaces has beersssddy measuring friction and
film thickness under sliding, reverse and starvationditions. The length of micro-
grooves is considered as a crucial parameter tbiirthe side leakage.

Measurements have been carried out using ameber equipped with a high-
speed digital camera and torque sensor. The filokiless and friction have been
measured in the contact between a steel ball gtaka disc under different values of
the entraining velocity and slide-to-roll raf&R=2* (Ug — Unan )/ (Ugisk + Upan) . TheE

negative signal of (SRR) means that the ball isefathan the disc. The steel ball
AISI 52100 has a roughness about 10 nm and a déarmeR5.4 mm with the elastic
modulus 210 GPa. The disc is made of glass witleldgtic modulus 80 GPa and the
lower surface of the disc is coated with a thirelagf Chromium. The ball and disc
are driven by servo-motors controlled by the coraputith the ability to change the
required slide-to-roll ratio in a wide range. Thanstruction of the Tribometer gives
the possibility of capturing interferometric imagsisnultaneously with measuring
the friction. The base oil N2400 (dynamic viscogity 0.412 Pas at 40°C and the
pressure-viscosity coefficientr = 35GPa~*was used as lubricant in all the
experiments in section 6.4.4.

6.4.1 Procedures of measuring the film thickness

The film thickness was evaluated by the coletio interferometry technique
[101] for smooth and textured surfaces under a lo85 N in the presence of
sliding motion. The effects of three types of trarse micro-grooves have been
investigated. These types are shown in Figure &sltthe following:

a) Large-sized micro-grooves with intersection witke thuter Hertzian circle
(depth h=Lm, width w=60um, length |>2, wherea is the radius of the
Hertzian contact).

b) Small-sized micro-grooves with intersection witre thuter Hertzian circle
(h=0.4um, w=42um, 1>2a).

c) Small-sized micro-grooves without intersection witle outer Hertzian circle
(h=0.4um, w=42um, I<2a).

Type (a) Type (b) Type (c)
Hertzian contact Hertzian contact Hertzian contact
1040 1040 160
C DEE ( ) 9 b g
Micro-groove Micro-groove Micro-groove
( D C p (@)
Deep long grooves Shallow long grooves Shallow short grooves

Fig. 6.14 Schematic representation of micro-grooves usedtopare the effect on film
thickness under load 35N (dimensiongum).
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Micro-grooves were made by using a Rockwell indemtgh a head angle of 120
deg. The aim of the film thickness measurements show the effect of reducing
the size on the mechanism of emitting the lubrigatat the contact and side leakage.

6.4.2 Procedures of measuring the friction

Firstly, the coefficient of friction (COF) has been measufor a smooth ball
under a load of 40 N for sliding and reverse maotiBlease note that the load for
measuring the friction is larger than for measurihg film thickness because the
higher load results in a better sensitivity of teeque sensor and more accurate
measurements.

Secondly the friction was measured under the same comgitior the same ball
with an array of micro-grooves, where only the draled micro-grooves with a
length shorter than the diameter of the Hertziantaxi have been adopted for
measuring the friction. Figure 6.15 shows the pepthe distribution and dimensions
of micro-grooves on the surface of the ball whemy @ single array on the whole
circumference of the ball has been made by the Relckndenter. Note that the
width (w) of the groove is taken at zero level twe surface of the ball; also the
grooves are bounded with shoulders of 65 nm inh#ight. From Figure 6.15 it is
clear that the small-sized micro-grooves dedicdtedmeasuring the friction are
transversely concentrated with the rolled trackheutt intersection with the outer
Hertzian circle. Therefore, the side leakage isbitdd across the groove. The
interval step between grooves is taken as|zzalong the direction of sliding, thus,
in maximum only two grooves can be existed togeitinéne contact, see Figure 6.15.
Consequently, the relative surface density of mgnaoves in the contact for the
given dimension in Figure 6.15 changes with timéhim ranggs9% - 118%| under the

load 40 N.
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‘—Profﬂe of micro_groove‘ : Distribution of micro-grooves
1 1 1 and dimensions in ym

Hertzian contact

0.2

0.1

um

-0.1

-0.2

-0.3

Micro-groove

D

-0.4

|

1

1
40

- I I I
O'50 40 80 120 160 200 2

pm
Fig. 6.15 Profile and distribution of micro-grooves used for
comparing the friction under the load=40 N.

6.4.3 Effect of micro-grooves on the film thickness

The effect of micro-grooves passage through pidint contacts is evaluated in
comparison with smooth surfaces. Since the micomged ball is faster than the disc
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(SRR<0) in this experiment, the significant modition of film thickness is
localized on the leading edge of the micro-gro®es, reference [57]. Therefore, the
film thickness is measured only on the trailing @dgross an axis parallel to the
micro-groove. Figure 6.16 shows the severe collapsiee film thickness as a large-
sized micro-groove of type (a) passes the confidw. collapse is attributed to the
side leakage across the micro-groove and it carsthed that the lubricant is
displaced out of the Hertzian contact rather tloaloet emitted into the contact.
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Fig. 6.16 The film thickness profile on X axis for the smoathd the
textured surface with micro-grooves (hed, w=60 um, 1>2a), F35 N,
u.4mm/s, SRR=-0.7.
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Fig. 6.17 The film thickness profile on X axis for the smoathd the
textured surface with micro-grooves (h30 w=42um, [>2a),F35 N,
u.4mm/s, SRR=-0.7.

Figure 6.17 shows that reducing the dimensairthe micro-groove (grooves of
type (b)) does not solve the problem of the sidikdge along the groove in the
places where the groove is intersected with theroeitcle of the Hertzian contact.
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However, it is clear that the film thickness hagrbsignificantly enhanced only in
the central region and it became larger than thethickness of the smooth surface.
Reducing the depth and width of the groove lechtoaase the pressure in the groove
resulting in a higher viscosity and consequentty¢ffect of the shear flow becomes
less [57]. Thus, micro-groove with small depth amidith can enhance the film
thickness in the central region of the contact whée pressure is large enough to
increase the viscosity of the lubricant. But evathwhe small size there is still a
significant side leakage and film thickness redurcin the places where the pressure
and viscosity are relatively low. From measurememtBigures 6.16 and 6.17 it is
clear that the positive effect associated withtthasversally-oriented micro-grooves
is attributed basically to the side leakage whiakans that the lubricant is ejected
out of the Hertzian contact across the groove.arheunt of the expelled lubricant is
influenced strongly by the dimensions of the groove

Figure 6.18 shows the profile of the film thiglss on the trailing edge of a
transverse micro-groove without intersection with border of the Hertzian contact.
It is evident that the emitted lubricant enhancé@ngly the film thickness in
comparison with the smooth surface under the saperatng conditions. In
addition, the side leakage is completely absemesinere is not any intersection with
the outer circle of the Hertzian contact. Howewersmall reduction in the film
thickness has been observed in the places whemghthéders of micro-grooves are
longitudinally oriented; see the dashed circleBigure 18. It is expected that as the
shoulders of grooves are transversally-orientedhensliding direction, they would
be flattened (deformed) easier than the obliquegitudinal shoulders under the
effect of sliding [34]. Consequently, the shouldefsgrooves induce a more of
pressure fluctuation at the side edges of grooeeause the orientation of shoulders
tends to be oblique then longitudinal. The negat¥kects of shoulders can be
minimized or eliminated by an effective polishinftle textured surfaces.
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Fig. 6.18The film thickness profile on X axis for the smoaitd the textured surface
with micro-grooves (h=0¢m, w=42um, |=16Qum), F35 N,u,4mm/s, SRR=-0.7.

Figure 6.9 shows the effects of grooves asoterall film thickness becomes
thinner. The comparison between Figures 6.18 alf@l $hows a similar behavior and
the same negative reduction induced by the shajldere the dashed circles in
Figure 6.19.
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Fig. 6.19The film thickness profile on X axis for the smoathd the textured surface
with micro-grooves (h=0m, w=42um, I1=16Qum), F35 N,u,1.6mm/s, SRR=-0.7.

However, some important points can be obsefi@d the comparison between

Figures 6.18 and 6.19 as the following:

* The film thickness has been enhanced by the satoe yabout 65 nm) on the
trailing edge for the same slide-to-roll ratio SRRE Therefore, the absolute
amount of lubricant emitted from the micro-groogeapproximately the same
regardless the value of the overall film thicknasd the value of SRR determines
guantitatively of the extracted lubricant.

» The relative enhancement of the film thickness edinitely larger and more
appreciated for the thinner film thickness. Thestively (not quantitatively) the
benefits of micro-textures are more significantresoverall film thickness is less
under the same SRR. Similar results are revealpdrementally and numerically
in references [29] and [81].

6.4.4 Effect of micro-grooves on the friction in $tling and reverse motion

In Figures 6.18 and 6.19 is shown that thelealansverse micro-grooves with a
length shorter than the diameter of the Hertziamaxt are helpful in enhancing the
film thickness on the trailing edge as the balfaster than the disc. On the other
hand, a small reduction in the film is caused leyeffect of shoulders. However, the
coefficient of friction is crucial to evaluate thedfect of the proposed design of
micro-grooves shown in Figure 6.15 on the tribatagi performance of non-
conformal contacts. The corresponding interferoimetmages in Figure 6.20
(captured in the‘%minute) show a significant enhancement of the fliakness for
the textured surface in comparison with the smawtd. Nevertheless, Figure 6.20
shows that a small reduction of friction (about 48h be obtained for the surfaces
textured with grooves under the given operatingdd@mn. The small reduction
versus the large enhancement of the film thickmesgtributed to the large overall
film in the contact (central film= 150 nm) whichstdts in a small relative
enhancement. Furthermore, the large SRR=-1.58 dsese the non-Newtonian
behavior of the fluid (the shear stress becomesedioe limiting shear stress) which
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means that the friction becomes more dependenherslide-to-roll ratio than the
value of the film thickness. In references [102Jvds proven that the sensitivity of
friction to the change of film thickness becomess|with increasing the slide-to-roll
ratio. In other words, the Couette friction is legsisitive to the change in the film
thickness than the Poiseuille friction [103]. Casently, high slide-to-roll ratios for
textured surfaces reduce the benefits concernmgetiuction of friction, despite the
larger SRR improves the extraction of the lubridaom the Micro-textures.

Load=40 N, u = 6.2 mm/s, SRR=-1.58
0.075 ‘ e , :

—Smooth
0.0741—Muicro-grooved (h=0.4pum, w= 42um, I=160um)|

0.072+
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0.07f
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—_—
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Time (min)
Fig. 6.20The coefficient of friction (COF) for the smooth atinek
textured surface with micro-grooves (h30d w=42im,
[I=160um) in the sliding motion with SRR=-1.58.

Load=40 N, u= 2.9 mm/s, SRR= -5.6 (Reverse motion)
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Fig. 6.21The coefficient of friction (COF) for the smooth and
the textured surface with micro-grooves (hs0M w=42um,
[=160um) in the reversal motion with SRR=-5.6.

Figure 6.21 depicts the measurements of fnckow smooth and textured surfaces
in the reverse sliding motion for a large valueS&tR=-5.6 with the corresponding
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interferometric images captured in tHer@inute. Again, a small reduction of friction
(about 4.2%) has been measured although the latgive enhancement of the film
thickness. See Figures.6.22 and 6.23.
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Fig. 6.22The film thickness profile on X axis for the smooth
and the textured surface in the reversal motioh ®RR=-5.
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Fig. 6.23The film thickness profile on Y axis for the smooth
and the textured surface in the reversal motioh SRR=-5.€.

Indeed, the central film thickness has beeresmed about 2.1 times for textured
surfaces. Nevertheless, the reduction of frictotodb small. This can be attributed to
the fact that the effect of the large relative emeement of the film on the friction
has been dissipated or damped by the high valuBRR in the reverse motion.
However, the film thickness propagation becomesenpoonounce in reverse motion
due the effect of high value of SRR, see refereft@8] and [103]. As a result,
increasing the slide-to-roll ratios improves thdraation of lubricant from micro-
cavities but this does not necessarily resultsigaificant reduction of friction.

Page

68



RESULTS AND DISCUSSIONS

6.4.5 Behavior of micro grooves under starvation

Starvation can be encountered in EHL contaatsleu extreme operating
conditions (high speeds and/or high viscositiedharases where greases are used to
lubricate bearings. Starvation is caused basitgllinsufficient replenishment where
the lubricant fails to reflow to the depleted trd@i8, 93]. However, enhancing the
lubricating film thickness is the key to reducection and wear in starved EHL
contacts. Dumont et al. [81] described numerictily behavior of micro-pits in the
fully flooded and starved EHL point contacts. Thenéfits of micro-pits decrease as
the degree of starvation decreases because thénhfitkness becomes larger and the
emitted oil from micro-pits becomes negligible iongparison with the available
amount of oil in the contact.

To investigate the effect of shallow micro gres on the film thickness under
starvation, measurements were conducted usingb@rmater equipped with a high-
speed digital camera. Base oil (R 834/80) withdymeamic viscosityn = 0.215 Pas
at 22°C and pressure-viscosity coefficient 22GPa~! was used as lubricant. The
film thickness was evaluated by the colorimetrieiferometry technique [101].

Micro-grooves were made by using a Rockwelbmtdr with a head angle of 120
deg. The indentation process was fully automateddnyg steeper motors for linear
and angular motion. An electromagnetic actuator wsed to create the impact
between the head of Rockwell indenter and the seréd the ball. Thus, the depth of
micro-grooves depends on the volt and current suggpthe electromagnetic motor.
The profile of resulting micro-grooves was measurgaptical profilometer.
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Fig. 6.24 Profile and distribution of micro-grooves on thefaoe of steel ball to
investigate the effect on the film thickness urgtarvation.

Figure 6.24 shows the dimension and distrilmutibgrooves on the surface of ball.
The average depth of grooves is 600 nm, the wgldbout 6Qum and the transverse
length is 200um. One row of 10 micro-grooves has been createthersurface of
ball with angular pitch of 20@m. All experiments presented in sub-section 6.4.5
were carried out at room temperature 22°C.
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Fig. 6.25Effect of transverse shallow micro-grooves on it thickness under starvation.

Figure 6.25 depicts the behavior of transveisgeted micro-grooves under
starvation. The available amount of lubricant waky 8ul with entraining speed,

= 67 mm/s, SRR=-1.96 and load w=63 N. In this cHse corresponding maximum
Hertzian pressure and contact radius are 0.653&BBa&215 um, respectively. The
Interferometry images shown in Figure 6.25 havenbesptured in the 20minute
after the start. Starvation can be easily obsefi@u the oil-air meniscus in the
inlet of the contact. The inlet cavitations are s&l by the high speed and low
amount of oil on the track. Indeed, these condstiaith the high value of SRR=-
1.96 represent extreme operating condition for Edhtacts. Although the contact is
starved, Figure 6.25 shows that the transverséelihgrooves are able to act as oil
reservoirs and the film thickness of grooved swfidgdarger than for smooth surface.
The enhancement of film thickness on the trailinlgjes of grooves is shown in
Figure 6.25 along longitudinal sections A-A and B-Bowever, acting as oil
reservoirs means that the micro-grooves are fillgith lubricant. But the micro-
grooves are depleted after leaving the contactlmdnechanism of replenishment is
insufficient since the speed is high and the oibant is very little. The inlet gap
between the mating surfaces is filled by lubricantler full film lubrication. As a
result, the depleted micro-grooves are filled ie tinlet zone. The situation is
different when the contact is starved because rilet gap is occupied by oil-air
cavitations with low pressure.
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Nevertheless, Figure 6.25 shows that the ngcomves are able to bring lubricant
to the contact even after 20 minutes from the .sRmbably, the depleted micro-
grooves were filled with fresh lubricant in theahlzone by the capillary forces.
Jacod et al. [93] showed that the mechanism oflaapiforces generates significant
flows in the vicinity of the contact under starvidbrication. On the other hand,
Dumont et al. [81] predicted in their numericaldstuhat the emitted lubricant from
micro-pits leads to enlarge the distance betweemilhair meniscus and the Hertzian
contact. But they didn’t explain how the depletectropits can be filled after
leaving the contact under starvation. Figure 6.25ws the position of the oil-air
meniscus is similar for smooth and grooved surfatt®ugh the amount of emitted
lubricant by micro-grooves is important. If mici@atures (grooves, dents, pits) are
filled in the inlet zone by capillary forces not bgplenishment, then the amount of
emitted lubricant by one micro-groove will be aligt by the next depleted micro-
groove. Consequently, the available amount of aaoi will be stable in the inlet
zone without changing the position of the inletaiil meniscus.
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6.4.6 Numerical simulation of micro-grooves passag¢hrough EHL point
contact

The numerical simulation of the experiments vpasformed by assuming an
isothermal Newtonian fluid. Therefore, the Reynadsation is written as:

The boundary conditions of Eq.(6.10) are:
P0%n . ¥t) = Poues ¥it) = P Youet) =0
A Yit) >0 (4 < X< Xous Yin <Y< Your) -
The film thickness equation reads:
oy )=o)+ XYy 2 g POIIAY g g

R B x=)? +(y-y)

The density-pressure and viscosity-pressure rekatiproposed by Dowson and
Higginson [104] and Roelands et al. [105], respetyi, are adopted, i.e.,

06x107p }

o A2
1+17x10°p (6.12)

pP= ,00[1"'

n=ne exp{(ln Ny + 967) [—1+ (1+ 51x107° p)z0 }} (6.13)

where z, :a/[5.1x10‘9 (Inpy + 9.67)J and z, is the Barus’ pressure-viscosity
coefficient.

Figure 6.26 shows the numerical representatibrmicro-grooves used in the
numerical simulation. The shape of the groove uisede experiments was assumed
by the following equation:

(x) = H x107 15%/89” cosprx /60) (6.14)
whereH = - 0.6um.

ol %

-0.7+ ——Numerical representation‘

20 40 60 80 100 120 140 160 180 200
um

Fig. 6.26Numerical representation of micro-grooves.

Page

72



RESULTS AND DISCUSSIONS

The Reynolds and film thickness equations aheesl with the multi-level multi-
integration technique [106]. The calculation domams-25a< x< 15, 0<y< 20a,

because of the symmetry with respect toxtaxis. Five levels of grids were used.

On the finest level, 513 nodes were arranged irxthieection and 257 nodes in the
y-direction. Converged solutions were accepted whkéative errors of pressure and
load values became less thari' Bimultaneously at the finest grid level.

Sliding direction

<

Fig. 6.27 Numerical and experimental comparison of the micro-
grooves effects on film thickness formation (aehferometry image

of smooth surface (b) Interferometry image of gembwsurface (c)
Numerical contour of film thickness.
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The transient effect of the micro-grooves pgssthrough the EHL contact is
observed numerically and experimentally under wstjdimotion. This effect is
compared with smooth surface film thickness. Measients and simulation were
carried out for entraining velocity,= 34 mm/s, slide-to-roll ratio SRR=-0.6 and

load w=70 N. The corresponding maximum Hertziarsguee and contact radius are
0.68 GPa and 222 um, respectively. Figure 6.27 shamw optical interferogarm
comparison of smooth and micro-grooved surfacel #Wie numerical simulation.
Optical interferometry images in Figure 6.27 aretoeed by high speed camera.
Image (a) shows the film thickness formation of ethosurfaces while image (b)
shows the transient effect of grooved surfacesgém@) represents the numerical
simulation to the passage of micro-grooves forgtme positions of micro-grooves
in image (b). The central film thickness is meaduatong horizontal axes in the
direction of sliding. These axes are shown in Fagbi27 as dashed lines on images
(@), (b) and (c). However, it is clear from Figuee28 that the passage of limited
micro-grooves through the EHL contact created drapoement of film thickness on
the trailing edge of micro grooves. The film thielss on the trailing edge is about
178 nm while the average film thickness of smoaitiexe is about 88 nm.

ue:34m m/s, SRR=-0.6, W=70N
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Fig. 6.28 Film thickness comparison for smooth and groovedtam with
numerical simulation.

Figure 6.29 shows a 3-D visualization to thesage of micro-grooves through the
contact of grooved surfaces for interval time T2=B1l42 ms. During this time (4.42
ms) every micro-groove passes a distance aboui®since the linear speed of ball
was 44.32 mm/s. The elastic deformation, causethdyemitted lubricant of micro-
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groove, is clear on the trailing edge. The progagatf this eastic deformatiol
increases as the groove passes a larger distatite ¢ontac

(b) pm

Fig. 6.29 3-D visualization to the passage of mi-grooves through the EH
contactu,= 34 mm/s, SRR-0.6 and w=70 N. (a) at T1=0 (b) at T2=4.42

Section 6.4 introduced an innovative approach tainlbenefits from transver:
shallow micre-grooves in EHL contacts. The approach depends ioninaltiing the
side leakage along grooves by reducing the lenfitraove to be less than t
diameter of theHertzian contact. Consequently, mi-groves behave as clos
texture cells with enough ability to maintain thgdrodynamic pressure leading
positive effects on the triblogical performance BIHL contacts. A significar
enhancement in the film thickrs can be induced by the passage of shallow
micrc-grooves row in the EHL contact. In contrary, deegd shallow micr-grooves
with a length larger than the diameter of Hertztantact cause a reduction of fi
thickness due to the side leakage. Teneficial effect on the film thickness depei
relatively on the overall film thickness and qugatively on the slid-to-roll ratio.
Surfaces withlimited micrc-grooves have a larger film thickness than sm:
surfaces under starved lubrication. Suchface texturing approach is helpful
reduce friction and consequently wear of rubbindases in the sliding and rever:
motion. Increasing the sli-to-roll ratios improves the extraction of lubricanorm
micrc-cavities but this does not necessariesult in a significant reduction
friction. Finally, the transient behavior of transverse laditmicre-grooves is
numerically simulated with good agreement with expental measurements, <
Figures 6.27 and 6.2
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7/ CONCLUSIONS

This thesis focuses on studying the correlatmtween friction, lubricant
replenishment, film thickness, and surface micwdttees under starved EHL
contacts. The whole work presented in this thesis be distinguished in the
following three basic points:

Friction dependence on starvation in EHL contacts:

This topic is discussed in section 6.1. Theffoment of friction is relatively
related to the increase of starvation due to tdeiagon of oil amount on the track,
and this interaction between the friction and thegrde of starvation can be
generalized mathematically. However, the coefficieh friction is significantly
sensitive to the change of load and starved camditi This is attributed to the
exponential change in the viscosity with load. Urldev values of slide to roll ratios,
the coefficient of friction is strongly influencday the value of slide to roll ratios
where the behavior of lubricant is Newtonian. Tigh values of slide to roll ratios
produce large shear rates in the contact and kuttrishows very non-Newtonian
properties. Therefore, the value of friction cagéfint becomes more independent of
slide to roll ratios in starved EHL contacts.

Lubricant replenishment under starved lubrication:

The results about Lubricant replenishment amv&d EHL contacts are explained
in section 6.2. A simple mechanism for channelifgricant has been investigated by
means of ball-on-disc device. The mechanism dependscovering and channeling
the displaced lubricant into the rolled track lesdio enhanced replenishment. The
results show a significant improvement of tribot@di performance of mating
surfaces just by channeling the same amount ofiadlai lubricant. Indeed, the
starved EHL contact transformed completely to thily fllooded regime (large film
thickness and low friction) after applying the magism of induced replenishment.
On the other hand, the mechanism operates effigziemer time with oil and grease
lubrication. The channeling of lubricant leads tsignificant reconditioning of fluid
flow in the inlet zone of the contact. As a restlie onset of pressure buildup in
lubricant is kept away from the Hertzian contaeidieag to enhanced film formation.
Indeed, the channeling of lubricant is an effecapproach to reduce the severity of
starvation with grease lubrication and high visgosils. The results of this study
can be easily implemented in practical applicatismsh as radial and thrust rolling-
element bearings.

Behavior of micro-textures under starved lubricatian:

Sections 6.3 and 6.4 show experimental and roaleinvestigations on the
behavior of micro-dents and micro-grooves in stdri#HL contacts. The friction
coefficient of non-conformal EHL point contacts wagasured under starved and
fully flooded conditions for smooth and texturedrfaoes. Shallow micro-dents
(depth 600 nm and diameter @) have been applied on the surface of a steel ball
The results show that the modification of non-comfal mating surfaces by shallow
micro-dents provide a considerable reduction dftivh (about 9%) under severe
starved lubrication compared to smooth surfacesth@rother hand, the benefits of
micro-dents were negligible for fully flooded lutaition.

In the present thesis, the author introduced amogd design of micro-grooves for
improving the tribological performance of non-camf@l contacts in the sliding and
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reverse motion and under starvation. The desigbased on creating shallow

transverse micro-grooves with a length shorter tthen diameter of the Hertzian

contact resulting in eliminating the side leakadmn@ the grooves. However, the
importance of the study concerning behavior of otgrooves can be concluded by

the following:

A significant enhancement in the film thickness dam induced by the
passage of shallow limited micro-grooves row in it contact.

Deep and shallow micro-grooves with a length largan the diameter of
Hertzian contact cause a reduction of film thicln@se to the side leakage.
The beneficial effect on the film thickness deperslatively on the overall
film thickness and quantitatively on the slide-td-ratio.

Surfaces with micro-grooves of type (c) have adarfiim thickness than
smooth surfaces under starved lubrication.

Such surface texturing approach is helpful to redutiction and
consequently wear of rubbing surfaces in the gidind reversal motion.
Increasing the slide-to-roll ratios improves thdrastion of lubricant from
micro-cavities but this does not necessarily rasudt significant reduction of
friction.

Micro-grooves act as powerful oil reservoirs whieeyt are introduced on the
surface as closed texture cells with length leas tihe diameter of Hertzian
contact.

Transverse limited micro-grooves enhance signifigathe film thickness of
EHL contacts under thin film and starved conditions

The position of the oil-air meniscus is similar femooth and grooved
surfaces under same operating conditions.

The behavior of limited micro-grooves in EHL coritacan be successfully
predicted by numerical methods as shown in Figér2sg, 6.28 and 6.29.
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NOMENCLATURE

NOMENCLATURE

a = Radius of the Hertzian contact (m)
E' = Reduced modulus of elasticity (Pa)
h. = Fully flooded central film thickness (m)
hee = Starved central film thickness (m)
hoo = rigid central film thickness (m)

Kk = Ellipticity parameter

p = Hertzian pressure (Pa)

P, = Maximum Hertzian pressure (Pa)
. = Average Hertzian pressure (Pa)
Q, = Fully flooded oil amouniy )

Q. = Starved oil amouni )

r = Radius of the contact (m)

H = Degree of starvation

R = Reduced radius of the contact (m)
O« = Critical degree of starvation

u, = Entraining velocity (m/s)

Uy = Sliding speed (m/s)

W = Load (N)
X,y = coordinates (m)

Xout» Your = Calculation domain (m)

z = Pressure-viscosity index

= Pressure-viscosity coefficienE(Pa)

= Shear stress—pressure coefficient

y = Shear rate (1/s)
V. = Fully flooded shear rate (1/s)
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NOMENCLATURE

V. = Starved shear rate (1/s)

Ay = Starved film parameter

n = viscosity of lubricant (Pa s)

Mo = ambient viscosity of lubricant (Pa s)

U, = Boundary coefficient of friction

Uy = Fully flooded coefficient of friction

U, = Starved coefficient of friction

M = Relative coefficient of friction

U . = Relative experimental coefficient of friction
yzn = Relative hydrodynamic coefficient of friction
p = density of lubricant (kgfin

Po = Ambient density of lubricant (kgim

g = Composite roughness (m)

T = Shear stress (Pa)

T = Non-dimensional shear stress

I, = Limiting shear stress (Pa)

TLO

= Limiting shear stress at atmospheric pressurg (Pa
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This article focuses on analyzing the correlation between
the degree of starvation and friction under the sliding motion
in a ball-disk machine. The objective of this study was to de-
fine approximately the degree of starvation in the contact based
on measuring one parameter (the relative coefficient of fric-
tion). Such an approximate approach could be useful in cases
of opaque contacts where the optical interferometry technique
cannot be used; for example, a steel ball on a metal disk. Exper-
imental measurements were conducted under different degrees
of starvation using a tribometer equipped with a torque sensor
and a high-speed digital camera. The results showed agreement
between the theoretical equations and the experimental mea-
surements. Thus, it can be stated that the approximate ratio of
the film thickness reduction can be predicted based on accurate
measurements of friction.

KEY WORDS

Relative Friction; Nonconformal Contacts; Starved Lubrica-
tion; Ball-Disk Machine

INTRODUCTION

In some practical measurements of friction it is necessary to
simulate the contact of mating surfaces by a steel ball on a metal
disk and to predict the degree of starvation to avoid scuffing risks
of mating surfaces. In such cases, the optical interferometry tech-
nique cannot be used to estimate the ratio of the film thickness
reduction in the contact. In addition, the elastohydrodynamic lu-
brication (EHL) theory (Dowson and Higginson (7); Hamrock
and Dowson (2)) efficiently predicts the film thickness under fully
flooded conditions, but it is not recommended under poor lubri-
cation conditions. However, the level of starvation and the po-
sition of the inlet meniscus are governed by many parameters,
such as the film thickness, amount of lubricant available on the
track, operating conditions, lubricant properties, and the replen-
ishment (Lugt and Morales-Espejel (3); Cann (4)). Therefore, it
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is quite difficult to determine the degree of starvation in opaque
(nontransparent) EHL contacts.

Wedeven, et al. (5) and Wedeven (6) investigated the star-
vation of a ball bearing using optical interferometry. It was re-
vealed that starvation inhibits the pressure buildup, resulting in
a film thickness reduction and increase sliding friction due to the
increase in the shear rate in the Hertzian contact. Chevalier, et al.
(7) introduced a numerical study on starved EHL point contacts
and the degree of starvation was defined by the amount of oil
available on the track. A recent experimental study by Querlioz,
et al. (8) indicated that the traction in point contacts depends on
the degree of starvation. Faraon and Schipper (9) developed a
model to predict the friction of starved line contacts. Cann, et al.
(10) performed an experimental study describing the effect of op-
erating conditions on the starved film thickness in nonconformal
point contacts. The numerical results of starved elliptical EHL
contacts by Damiens, et al. (/) showed that the degree of star-
vation depends on the operating conditions and the amount of
oil available on the track. The effect of the replenishment on
the degree of starvation has been recently investigated by Van
Zoelen, et al. (12) and Gershuni, et al. (/3). Kumar and Khonsari
(14) studied the effect of starvation on traction in thermo-EHL
rolling—sliding line contacts. The results indicated that the effect
of starvation on the traction coefficient increased with increasing
speed and decreasing slide-to-roll ratio (SRR).

A study of the literature showed that the degree of starva-
tion in EHL contacts has been predicted as a function of the in-
let air—oil meniscus distance from the Hertzian contact or as a
function of the inlet oil thickness instead of the meniscus posi-
tion, which is difficult to measure in practice with nontransparent
surfaces because the contact is hidden and it cannot be optically
observed. For this reason, in this article, we propose to determine
the approximate degree of starvation based on the experimental
measurements of the coefficient of friction. This approach is ap-
plicable at least in the ball-disk machine with accurate measure-
ments of friction.

CALCULATION OF FRICTION UNDER
STARVED LUBRICATION

In each lubrication regime, the coefficient of friction is related
to the film parameter A = h/o. Thus, the following equation by
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NOMENCLATURE

a = Radius of the Hertzian contact (m)
E’ = Reduced modulus of elasticity (Pa)
her = Fully flooded central film thickness (m)
hes = Starved central film thickness (m)
k = Ellipticity parameter

p = Hertzian pressure (Pa)

pr = Maximum Hertzian pressure (Pa)
pm = Average Hertzian pressure (Pa)
Qyr = Fully flooded oil amount (L)

Q, = Starved oil amount (L)

R = Reduced radius of the contact (m)

N = Degree of starvation

N = Critical degree of starvation
r. = Radius of the contact (m)
i, = Entraining velocity (m/s)

iy = Sliding speed (m/s)

w = Load (N)

z = Pressure-viscosity index

o = Pressure—viscosity coefficient (GPa™!)

B = Shear stress—pressure coefficient

y = Shear rate (1/s)

vy = Fully flooded shear rate (1/s)

ys = Starved shear rate (1/s)

Ag = Starved film parameter

up = Boundary coefficient of friction

e = Relative coefficient of friction

i = Relative experimental coefficient of friction
ugr = Fully flooded coefficient of friction

, = Relative hydrodynamic coefficient of friction

us = Starved coefficient of friction
= Composite roughness (m)

v = Shear stress (Pa)

7 = Nondimensional shear stress

7, = Limiting shear stress (Pa)
170 = Limiting shear stress at atmospheric pressure (Pa)

Sakaguchi and Harada (75) can be adopted to calculate the coef-
ficient of friction in the relative form:

— s
He= "
i
b/ gy if 4y < 0.01
b/ 1fr) — 14 .
_ W(M,_Lsf 475, 001 <Ay <15 [1]
7, i£1.5 < 2

where 1z is the relative coefficient of friction through the differ-
ent lubrication regimes, u;, is the relative hydrodynamic coeffi-
cient of friction under starved lubrication, and p;, is the boundary
friction.

Experimental investigations show that the majority of lubri-
cants exhibit a non-Newtonian behavior in EHL contacts due
to the nonlinearity of the shear stress t versus shear rate. Nev-
ertheless, some non-Newtonian models have been developed to
characterize the rheological behavior of fluids in nonconformal
conjunctions (Bair and Winer (16)—(18)). Indeed, the issue of
lubricating EHL contacts is quite complex because many aspects
are involved like, the thermal effect, waviness and roughness
of mating surfaces, starvation and sliding velocity, and so on.
Therefore, it is difficult to find a mathematical model able to
simulate all of the involved parameters together. However, the
shear stress is given by the Bair and Winer model as

T=1—¢ /m) 2]

where T = v/, nis the viscosity, and y is the shear rate.
The limiting shear stress is represented by the following (Ja-
cobson (19)),

L =700 + BPm> (3]

where 77 is the limiting shear stress at zero pressure, 8 = 9t /dp
is the shear stress—pressure coefficient, and p,, is the average
Hertzian pressure.

For most mineral oils, 779 ~ 15MPa and B~ 0.052 at 40°C;
see Jacobson (79) and Hoglund (20).

Under starved lubrication, the film thickness tends to be flat,
which means that the central film thickness has a value nearly
equal to the value of the minimum film thickness; see Chevalier,
et al. (7). Therefore, the pressure distribution can be approxi-
mated to the Hertzian pressure by the following:

p =pn (1= (re/a)?). (4]

and the shear rate can be approximated by the following:
y = ou/oh ~ Au/h. [5]

The ratio of the shear rate through the transition from fully
flooded to starved conditions under a given steady state can be
expressed by the following:
The Roelands equation (Roelands (21)) is adopted to define the
viscosity by the following:
0= (no/m) 1~HFIE), 7]

with 75 = 6.31 x 107> Pa.s, p, = 1.962 x 10® Pa, and p is given by
Eq. [4].

Combining Egs. [2] and [6] gives the relative hydrodynamic

coefficient of friction under starved lubrication by the following:

e = I

— /a (1 _ e*(ysn/n)) re drc//a (1 — e n/u)) re dr,
0 0

_ / ‘ <1 e n/mm) ro dr, / f ’ (1 —e ”/TL)) redre.. [8]
0 0

The SRR is given as:
SRR =2 (Ugisk — Upan)/(Udisk + Uball) = Us/ULe, [9]

where u; is the sliding velocity and u«, is the entraining velocity.
The negative signal of the SRR means that the ball is faster than
the disk.

Equation [1] can be solved for i # 0 by applying a numerical
integration to calculate 1z, for an isothermal lubricated contact



Downloaded by [Vysoke Uceni Technicke V Brne] at 00:25 21 June 2013

Degree of Starvation Based on Relative Friction 683

TABLE 1—PARAMETERS OF CONTACT FOR NUMERICAL
CALCULATIONS

Ambient temperature t =25°C  Dynamic viscosity
n = 0.421 Pa.s at 40°C

Modulus of elasticity Boundary friction up = 0.12

Epan = 210 GPa
Modulus of elasticity Pressure-viscosity index z = 0.64
Edisk =80 GPa
Poisson’s ratio vy, = 0.3 Composite roughness
o =10.77nm
Poisson’s ratio vgjsx = 0.17 Limiting stress t79 = 15 MPa at
p=0

Reduced radius of the contact
R =635x1073m

Ellipticity parameter K = 1

between a steel ball and a glass disk under steady-state condi-
tions. The central full film thickness /.4 can be calculated by the
well-known formula of Hamrock and Dowson (22). In addition,
the constants in Table 1 were used in the calculations.

EFFECT OF OPERATING CONDITIONS

Equation [1] was numerically simulated using the adaptive
Simpson’s method with an error of 107 as shown in Figs. 1-3. It is
necessary to take into consideration that the value of j5 changes
with the load and the entraining velocity. Hence, every single
curve in Figs. 1 and 2 represents a different steady state. Figure 1
shows that increasing the load in the starved contact of ball-disk
under the same entraining velocity led to reduce sensitivity of
friction versus the change in the degree of starvation, whereas the
critical degree of starvation R, (Ne, = 1.50/hcy represents the
transition from the full-film regime to the mixed regime) is not
significantly affected by the load since /ey = Rk Ay o¢ N w0073,
On the other hand, Fig. 2 shows the slight effect of the entraining
velocity on the sensitivity of friction, but the value of )i, was no-
ticeably reduced with the higher speed, resulting in enlarging the
range of the validity of Eq. [8] where e = Tx;, for % €] N, 1].

0.68

Note that in this case hc; = N * ey oc Nk 1, ™.

—w=20N
= Hcr{ZON)
-=-w=30N
i Rcr(SON)

SRR=0.1, uB:32 mm/s

Fig. 1—Simulation of the effect of load on the non-Newtonian behavior
of the relative coefficient of friction wc = s/t vs. the degree of
starvation % for SRR = 0.1.

2.4 SRR=0.1, w=30N _ue:32 mm/s
_Rm{32 mmy/s)

---ue=64 mm/s
1. Flm{64 mm/s)

0 0.2 0.4 0.6 0.8 1

R

Fig. 2—Simulation of the effect of the entraining velocity on the non-
Newtonian behavior of the relative coefficient of friction ¢ =
s/ e vs. the degree of starvation % for SRR = 0.1.

The large effect of load on the sensitivity of friction was at-
tributed to the exponential change in the viscosity with load (see
Eq. [7]), and the effect of load on the limiting shear stress in Eq.
[3] was linear and was minor for low loads, p < 0.5 GPa. There-
fore, the effect of t; on the sensitivity of friction was slight for
low loads. The effect of speed on the film thickness was limited
with an exponential factor of 0.68.

To investigate the influence of the SRR on the relative coef-
ficient of friction, the entraining velocity and the load were kept
constant in Eq. [1]. Figure 3 shows the simulation of the SRR ef-
fect on the non-Newtonian relative friction versus the degree of
starvation in the steady state. In this simulation, it was supposed
that the critical degree of starvation was not related to the value
of sliding N, # f (SRR). It is clear that increasing SRR reduced
the gradient of the relative coefficient of friction jic = /sy ver-
sus the degree of starvation i, although the larger SRR results
in a larger u,. In other words, the starved coefficient of friction
1s can be doubled more times under low SRRs than under high
SRRs for the same degree of starvation.

3
) _ann ~—SRR=0.04
a_a:‘l Ue--32 mme, W—30N _____ SHH=O 08
—SRR=0.16
—SRR=0.2

_Flcr(SON, 32mm/s)

0 0.2 04 06 08 1

R

Fig. 3—Simulation of the effect of the SRR on the relative coefficient of
friction tc = s/ under starved conditions.
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| D Digital camera

D D/A card [:| Optical tool
" - Gl,mul

servo-motor Gearbox Torque Ball
sensor

Glass disk

Gearbox Servo-metor

Fig. 4—Schema of experimental equipment.

Hence, the lubricant tends to be more Newtonian (the transi-
tion from Couette flow to Poiseuille flow) with reducing SRR un-
der starved lubrication. This result is common in non-Newtonian
shear stress models where the behavior of lubricants is Newto-
nian for low shear rates and becomes gradually non-Newtonian
with increasing shear rate.

EXPERIMENTAL EQUIPMENT

Measurements were carried out using a tribometer equipped
with a torque sensor driven by the ball shaft; see Fig. 4. The ac-
quired signal from the sensor was processed by a digital/analog
card configured by the software LabVIEW. The ball and disk
were driven by servomotors and gearboxes to reduce the fre-
quency of the revolutions. The angular velocity of the servomo-
tors was numerically controlled by the computer, which provided
the ability to change the required SRR in a wide range. The steel
ball AISI 52100 had a measured roughness (RMS) of about 10 nm
and a diameter of 25.4 mm with an elastic modulus of 210 GPa.

The disk was made of a transparent glass with an elastic
modulus of 80 GPa. The over-rolled track on the flat disk had
a radius of 50 mm. The lower surface of the disk was coated
with a thin layer of chromium. In addition, the apparatus was
equipped with a digital camera and the contact between the
ball and disk was illuminated by a high-power light source. This
arrangement had the advantage of capturing interferometric
images of the starved contact simultaneously with the friction
measurements by the torque sensor; consequently, it was possible
to experimentally observe the position of the air—oil meniscus
in correspondence to the value of the friction coefficient. The
amounts of lubricant for starved conditions were defined by a
digital pipette. The naphthenic base oil (N2400) with a dynamic
viscosity n = 0.421 Pa.s at 40°C and pressure—viscosity coefficient
o =35 GPa~! was used in all of the experiments introduced
in this article. The contact was always loaded by 30 N with an
entraining velocity 42 mm/s and SRR = —0.2, where the negative
sign means that the ball was faster than the disk.

EXPERIMENTAL RESULTS

Measurements were carried out to verify the theoretical
models and to experimentally investigate the behavior of friction

—12uL — 16uL —20pL — 30uL. —42uL — Fully flooded
0.071"  Load=30N, u =42[mms], SRR=-0.2

o
o
[+]
~

N eawiabaion Sk Ak
) vl VY v

0.063-

A AL AAMAANAAIARAARAAA AR AAAA A AN/

Coefficient of friction

o
o
a
©

i At A AP s b A sty iy S Ay

4 5 8
Time[min]

0.055 " 2

@

Fig. 5—Experimental gradient of friction coefficient vs. the reduction in
the amount of oil on the track with the corresponding interfero-
metric images captured in the sixth minute (color figure available
online).

versus the degree of starvation under steady-state operating
conditions. The degree of starvation was modified from the
fully flooded to extreme starvation by changing the oil amount
available on the track. Indeed, the expression of the fully flooded
was flexible because the same contact under the same steady
state can be fully flooded for different amounts of oil. Thus, the
concept of Qy, representing the minimum oil amount to make
the contact fully flooded under a given steady state, was adopted.
The value of Qg was adjusted for the minimum coefficient of
friction measured by the sensor for the given steady state (load
= 30 N, entraining velocity u, = 42 mm/s, and SRR = —0.2)
and the amount of oil Qy was iteratively defined by 60 L. For
0 > Qp =60 uL, the contact was considered to be ultra fully
flooded and a small increase in friction was observed. However,
the relative oil amount available on the track Q;/Qy € [0, 1] has
not been taken less than 20% to avoid any possible damage of the
contacting surfaces. Figure 5 shows the measured friction versus
the reduction in the amount of oil on the track; it is clear from
the corresponding interferometric images, which were captured
in the sixth minute of the measurement, that the coefficient of
friction increased dramatically only as the air—oil meniscus inter-
sected the Hertzian circle and the larger intersection resulted in
a larger coefficient of friction. Moreover, reducing the amount
of oil from Qg = 60 uL to Qs =42 L caused a small increase
in the friction but a smaller reduction in the oil amount from
16 to 12 uL resulted in a larger relative increase in the friction
coefficient. Therefore, the coefficient of friction became increas-
ingly sensitive to the amount of oil with increasing severity of
starvation; this result is in accord with Figs. 1-3.

The degree of starvation 0 = h/hcy versus the relative
amount of oil available on the track Q,/Qs was measured us-
ing optical interferometry. The film thickness reduction shown in
Fig. 6 corresponds to interferometric images captured in the sixth
minute, shown in Fig. 5.

Figure 7 shows a comparison between experimental measure-
ments in Figs. 5 and 6 with the theoretical model in Eq. [1], which
is based on the Bair and Winer model in calculating the friction.
Good agreement was achieved in the hydrodynamic range for
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Load =30 N
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= L]
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Q Qi'fl

Fig. 6—Degree of starvation %t = h.s/hcfs versus the relative reduction in
the amount of oil.

N €] N, 1]. In addition, Fig. 7 shows that the theoretical model
was slightly dependent on the value of ;¢ under low loads in the
hydrodynamic range.

In Fig. 8 a simple algorithm was established to determine the
approximate degree of starvation based on the measured value of
g = s/ - In this algorithm, it is also assumed that the agree-
ment between the theoretical Eq. [1] and experimental measure-
ment is conserved, as shown in Fig. 7. However, this assumption
may not be valid under extreme operating conditions, particu-
larly at high sliding speeds, due to the increase in the thermal
effect, which was not taken into account in this article. Further-
more, calculating the shear stress and pressure distribution based
on solving the Reynolds equation and elastic deformation could
lead to improved accuracy of this approximate approach. The
convergence in the algorithm in Fig. 8 can be simply achieved as

[Zte — gl — 0.

@ Experimental (30 N, u = 42 mm/s, SRR =-0.2)
—Calculated To= 15 MPa

-
s

—-Calculated T 20 MPa

¢ 01 02 03 04 05 06 07 08 09 1

R

Fig. 7—Comparison between the calculated and experimental ratio
¢ = ns/isr Vs. the degree of starvation.

i
[ w,u., SRR, R E',o,t, k ][ nu.a,ru,ﬂ] [ Bg ]

Choosing R;

Calculating o
Eqs 1-9

Fig. 8—Algorithm to determine the approximate degree of starvation
based on the measured value of &g = ps/psr.

CONCLUSIONS

The effect of operating conditions on the relative coefficient of
friction 11¢ = s/ s and the critical degree of starvation R, was
introduced in this study using the Bair and Winer model. In addi-
tion, an approximate approach to predict the degree of starvation
N = he/hefy in a ball-disk machine was proposed. The approach
was based on the assumption that the coefficient of friction is a
reflection of the film thickness formation in the contact; thus, the
relative change of friction due to starvation is related to a rela-
tive reduction of the film thickness under the same steady state.
Hence, accurate measurements of friction and a reliable model of
traction are required to obtain an accepted approximation of the
predicted degree of starvation. The proposed approach is inex-
pensive and practical for a ball-disk machine in cases where the
optical interferometry technique cannot be used.
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ABSTRACT

The authors present in this paper a mechanism for enhancing the replenishment in EHL point contacts
under extreme starvation. The mechanism of replenishment depends on channeling the available
lubricant towards the centerline of the overrolled track by using a flexible slider (scraper) with a micro-
slot concentric with the track. The slider accumulates the scraped lubricant to be hydrodynamically
entrained through the micro-slot resulting in enriching the depleted track with fresh lubricant.
The efficiency of induced replenishment is assessed by measuring the coefficient of friction (COF) and
the film thickness over time in a ball-on-disc device. The results show a significant reduction of friction
about 31% for oil lubrication and about 25% for grease lubrication after introducing the mechanism of
artificially induced replenishment. On the other hand, the central film thickness has been doubled many
times for oil and grease lubrication. The optical interferometric images show that the air—oil meniscus
disappeared upstream far away from the Hertzian contact which means that the contact transformed
from the severely starved to the fully flooded regime with a limited amount of lubricant. The reliability of

this method is high since the observed benefits are stable over time.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Enhancing the tribological performance of machine compo-
nents has an increasing importance day after day. In practice, it is
necessary to improve the properties of materials side by side with
reducing friction and wear of rubbing surfaces to answer the
economic and industrial requirements. Non-conformal contacts
are common in machines (rolling-element bearings, gears, cams,
etc.) and it is well known that enhancing the lubricating film
thickness is the key to reduce friction and wear and to extend the
lifecycle of concentrated conjunctions. However, the EHL theory is
successfully valid for oil full film lubrication [1,2], while it fails in
the case of starved or grease-lubricated contacts. The problem of
starved lubrication can be encountered under extreme operating
conditions (high speeds and viscosities) or in cases where greases
are used to lubricate bearings [3,4]. Starvation is usually associated
with a sharp reduction of the film thickness to just a few
nanometers resulting in high friction and wear. However, starva-
tion is essentially due to the failure of lubricant to replenish the
track after being displaced sideways by the repeated overrollings,
and without a mechanism to replenish the track with lubricant the
reduction of the film thickness would inevitably lead to the failure

* Corresponding author. Tel.: +420 773260784.
E-mail address: fa77f@yahoo.com (F. Ali).

0301-679X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.triboint.2013.05.003

of contacting surfaces [5]. In 1970s, the phenomenon of starvation
was optically observed by Wedeven et al. [6,7] and it was found
that the emergence of the inlet meniscus close to the Hertzian
zone inhibits the pressure buildup in the contact resulting in a film
thickness reduction and greater traction than under fully flooded
regime for the same slide-to-roll ratio. Pemberton and Cameron
[8] and Kingsbury [9,10] defined the degree of starvation as a
function of the distance between the inlet meniscus and the
Hertzian contact. Chevalier et al. [11-12] performed a numerical
study of starved EHL point contacts and the amount of lubricant in
the inlet was adopted to define the degree of starvation. Then, a
similar study was conducted by Damiens et al. [13] for elliptical
contacts. Lubrecht et al. [14] and Cann et al. [15] performed
experimental studies to describe the effect of operating conditions
on the starved film thickness in non-conformal point contacts. The
mechanisms of replenishment have been studied by many authors.
The analytical and experimental study of Chiu [16] showed that
starvation in rolling contacts is related to the insufficiency of fluid
replenishment on the track during the time interval between
overrollings. Pemberton and Cameron [8] proposed that the
balance between the entrained and the lost oil around the contact
determines the position of the inlet meniscus. Guangteng et al.
[17] performed experimental and theoretical investigations on EHL
contacts with a limited amount of oil and it was revealed that
starvation occurs at a critical rolling speed which is determined by
the rate of flow-back of lubricant into the out-of-contact track due
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to surface tension forces. However, the complete collapse of the
film thickness does not occur even for speeds larger than the
critical speed because of solid/liquid van der Waals forces. Jacod
et al. [5] indicated that the mechanism of the out-of-contact
replenishment under very thin film conditions is extremely
insufficient; whilst the in-contact replenishment caused by the
capillary forces produces a more significant reflow.

Grease lubrication is widely used in rolling bearings to provide
a sufficient and permanent separation between rolling elements
and rings, which results in enhancing the lifecycle and reducing
friction. In cases concerning the leakage, grease lubrication is
preferred over oil lubrication since its stiffness creates a resistance
against the leakage [18]. On the other hand, replenishment is
strongly insufficient with grease lubrication because as the grease
is pushed to the sides it cannot readily flow back into the track
leading to very thin films [19-21] and increasing the temperature
in the contact [22]. Cann [23] showed experimentally that the
properties of the deposited thickener layer of grease determine
friction and film thickness. However, the mechanism of replenish-
ment for greases can be explained by the effect of base oil bleeding
[24] and the shear degradation [25]. The effect of centrifugal forces
on the mechanism of replenishment in bearings was studied by
Gershuni et al. [4] and Van Zoelen et al. [26-27]. Recent studies
[28-30] focused on analyzing the correlation between friction and
the degree of starvation in EHL sliding contacts. It was found that
the effect of starvation on the traction coefficient increases with
decreasing the slide-to-roll ratio and increasing speeds.

In fact, the tribology community focused in several references
on understanding and modeling starvation instead of trying to
overcome this problem. Therefore, the authors introduce in this
paper an innovative solution to avoid the negative effects of
starvation in EHL point contacts by means of channeling the
lubricant on the track. The introduced approach can be efficiently
integrated in practical applications such as radial and thrust rolling
bearings.

2. Experimental

Measurements are conducted by using a tribometer equipped
with a torque sensor driven by the ball shaft. The acquired signal
from the sensor is processed by Digital/Analog card. The ball and
disk are driven by servo-motors and gearboxes with a possibility
of changing slide-to-roll ratios SRR =2 x (Ugjsk=Upal)/(Udisk + Ubal)
in a wide range. The steel ball AISI 52,100 has roughness (RMS)
about 15 nm and a diameter of 25.4 mm. The elastic modulus of
the steel ball is 210 GPa while the disk is made of a transparent
glass with an elastic modulus of 80 GPa. The lower surface of the
disk is coated with a thin layer of chromium. The tribometer is
equipped with a high-speed digital camera which enables captur-
ing interferometric images of the starved contact simultaneously
with measuring the friction. Consequently, it is possible to mea-
sure the film thickness in correspondence with the value of
friction coefficient. The contact between the glass disk and steel
ball is illuminated by a high-power source of light to capture
interferometric images. The base oil (2400 N) with the dynamic
viscosity n=0.421 Pas at 40 °C and the commercial grease DIN-
KPF2K-30 (lithium soaps and mineral oil with additives PTFE-
Teflon) are used for investigating the effect of artificially induced
replenishment on the film thickness formation and friction. The
contact was always loaded by 30N with different entraining
velocities and slide-to-roll ratios SRR, where the negative signal
of SRR means that the ball is faster than the disk. The micro
amounts of lubricant for starved conditions were carefully mea-
sured and injected on the track by a digital pipette with high
accuracy. Measurements were carried out after a short time (about

1 min) from the start to ensure that the lubricant is evenly
distributed on the tracks of the ball and disk. The temperature in
the laboratory room was strictly kept at 24 °C.

It is necessary to investigate the stability and the sustainability
of the mechanism in replenishing the starved track over time.
Therefore, friction and the corresponding film thickness are
measured over time under the steady state to show how the
mechanism is time dependant. Benefits are estimated in compar-
ison with the measured values for the contact with natural
replenishment (without slider).

2.1. Procedures of friction measurements

Measurements of friction for the starved contact without
the mechanism of induced replenishment were carried out firstly
and lasted a shorter time to avoid the possible damage of rubbing
surface by excessive starvation. For base oil, the amount of lubricant
on the track was 8 pl with entraining velocity u, =34.5 mm/s and
SRR=-1.85. The same procedures were repeated for grease lubrication
for 100 mg of grease on the track with entraining velocity
ue =25 mm/s and SRR=-16.

2.2. Procedures of film thickness measurements

The film thickness is measured by the colorimetric interfero-
metry technique [31]. Interferometric images were captured
simultaneously with measuring friction. However, the film thick-
ness is compared at t1=>5 min and t2=25 min for oil and grease
lubrication. Additional film thickness measurements were carried
out for the contact with the mechanism of induced replenishment
at t3=60 min for oil lubrication and t3=40 min for grease
lubrication. Measurements of film thickness at t3 are dedicated
only to show the reliability of the mechanism on enhancing the
film thickness over time.

3. Results and discussion
3.1. Mechanism of artificially induced replenishment

Fig. 1 shows the mechanism for generating the induced
replenishment on the track of the ball. The mechanism consists

of a slider (thin plastic sheet made of polyethylene) with a micro-
slot concentric with the overrolled track. The thin plastic sheet

3D view

Centerline

Slider

Slider Ball

Substrate

Fig. 1. Schema of the mechanism providing the artificially induced replenishment
in the ball-on-disk device.
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is flexible with a tension force about 0.1 N which ensures the
permanent contact with the ball surface without fear of increasing
friction or wear. The slider scrapes the lubricant on the surface and
creates a forced and channeled reflow towards the centerline of
the overrolled track through the micro-slot. The efficiency of
scraping the track increases as the transverse width of the slider
is large enough to collect all the displaced lubricant on the surface
of the ball. On the other hand, the profile of the contact between
the slider and the ball should generate a hydrodynamic resistance
results in entraining the scraped fluid towards the centerline of
the track. Therefore, the head of slider is chamfered upward with a
small angle 12° on both sides, see Fig. 1. Hence, the profile of the
contact between the slider and the ball takes the shape of a
chevron oriented transversely on the sliding direction resulting in
scraping the lubricant without side-leakage. Without chamfering,
the contact between the slider and the ball becomes a transverse
line leading to a significant leakage around the sides. The seal
between the chamfered edges and the spherical surface of the ball
is achieved because the plastic sheet tends to create conformity
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(coincident surfaces) with the opposite surface due to the flex-
ibility and the tension force. In addition, the plastic sheet is pre-
folded along the centerline to create transverse tension forces to
improve the seal. Increasing the angle of chamfering improves the
hydrodynamic entraining but it worsens the seal on the sides of
the slider because in this case the chamfered edges of the plastic
sheet should coincide with a longer curve. However, for the given
geometry of slider shown in Fig. 1, it was observed that the
lubricant accumulates on the front surface of the slider head just
after a few of overrollings. In general, grease tends to accumulate
more than the oil due to its stiffness. The accumulated amount of
lubricant is related to the viscosity, capillary forces (oil lubrica-
tion), the angle between the slider and the tangent surface of
the ball, dimensions of the micro-slot, the sliding speed and the
available amount of lubricant on the track. Nevertheless, the
accumulated amount of lubricant stabilizes, if there is not side-
leakage, in a short time (1-2 min) after the start and the scraped
lubricant flows hydrodynamically (oil lubrication) through the
micro-slot which is concentric with the centerline of the track

_FIoodeq track
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Fig. 2. Optical microscope images of the overrolled track with the corresponding interferometric images (inlet on the left) and central film thickness in the contact for grease
lubrication with SRR=-0.51, u,=35.2 mm/s and w=30 N (a) without induced replenishment (b) with induced replenishment.
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leading to a significant replenishment. Indeed, grease is channeled
through the micro-slot due to the squeeze between the slider and
the surface of the ball. The squeeze effect depends basically on the
speed, stiffness of grease and the angle between the slider and the
surface of the ball. The profile and dimensions of the micro-slot
influence the quantity of the channeled lubricant through the slot.
Reducing the width of the micro-slot makes the channeled
lubricant approaches more the centerline but the entrained
amount through the slot could be less particularly with grease.
Indeed, grease tends to accumulate on the slider rather than to
flow though the slot as the width of slot becomes too small due to
the semisolid behavior of grease. The excessive accumulation of
lubricant on the front surface of the slider causes displacing the
lubricant around the outer edges of the slider. Moreover, it is
necessary to take into account that the virtual dimensions of
the slot change after making the contact between the slider and
the surface of the ball due to the flexibility of the plastic sheet and
the ability of folding (bending) even under the small tension force.
The tapered corners of the slot, see Fig. 1, deform (bend) elastically
due to the tension force, therefore, the working width and height
of the slot become less than the virtual values shown in Fig. 1.
Furthermore, the channeled lubricant flows through a cross
section equal to the projection of the working cross section thus,
the angle between the slider and the surface of the ball has a
significant effect. In this study the width and height of the micro-
slot are taken as ws =800 pym, hs=1100 pm, respectively, see
Fig. 1. The mentioned values have been chosen based on experi-
mental iterations to obtain an adequate flow of grease through the
slot without the excessive accumulation on the slider. The same
values of ws; and hs are used with oil lubrication, although the
excessive accumulation on the slider has not been observed with
oil even with smaller sizes of the slot. Nevertheless, definition of
the optimum dimensions of the micro-slot still needs a lot of
analytical and experimental investigations.
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Fig. 2 shows the effect of the induced replenishment on the
distribution of lubricant along the overrolled track and the resulting
film thickness for grease lubrication. The interferometric images in
Fig. 2 are captured after 15 min from the start with SRR=-0.51,
Ue=35.2 mm/s, w=30N and 100 mg of grease on the track. The
optical microscope images of tracks are captured after a few more
time (about 3-4 min) because an additional time was needed to
remove the disk and adjusting the microscope over the track. The
stiffness of grease keeps the distribution of grease on the track with a
negligible change in the duration of removing the disk while the
distribution of oil changes so much on the track by the surface
tension forces during removing the disk. For this reason, the optical
microscope images of the tracks were captured only for grease
lubrication. However, similar effects are assumed to work with oil
lubrication where the forced and entrained reflow induced by the
slider results in enriching the depleted track with lubricant.

Fig. 2a shows that the overrolled track is severely depleted with
the natural replenishment mechanisms. The width of the depleted
track is approximately equal to the diameter of the Hertzian
contact and the resulting central film thickness is about 80 nm
after 15 min from the start. That value of the central film thickness
diminishes with time which is common with grease-lubricated
contacts [3,25,32,33,36]. The corresponding interferometric image
in Fig. 2a shows the large intersection between the inlet air-oil
meniscus and the Hertzian zone referring to an insufficient
replenishment and severe starvation with a high risk of scuffing.
On the other hand, Fig. 2b shows the distribution of grease on the
track with the induced replenishment and it is clear that the
overrolled track is flooded by a thick and wide band of channeled
grease. The width of the band is about 560 um which is larger
than the diameter of the Hertzian contact 338 pm. However, this
value is less than the virtual width of the micro-slot ws =800 pm
because the plastic sheet folds (bends) elastically by the tension
force resulting in reducing the working height and width of the

Base oil 8pl, ug=34.5mm/s, w=30N, SRR=-1.85
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Fig. 3. Coefficient of friction (COF) of the contact with and without induced replenishment with 8 pl of base oil on the track.
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micro-slot. The optical microscope image in Fig. 2b shows that the
layer of grease squeezed through the slot is thicker on sides than
on the centreline and it is bounded by wide scraped regions. Note
that the scraped regions are not completely depleted but they are
covered by a very thin layer of lubricant due to the micro-leakage
through the interface between the slider and the ball. The inter-
ferometric image shows that the inlet air-oil meniscus has been
completely disappeared upstream and the contact can be consid-
ered as fully flooded. Introducing the mechanism of artificially
induced replenishment enhanced significantly the central film
thickness from 80 nm to 215 nm under extreme operating condi-
tions. The stability of the mechanism in replenishing the track over
time is investigated in the next sections of this paper by measuring
the coefficient of friction simultaneously with the film thickness
for oil and grease lubrication.

3.2. Measurements for base oil

Fig. 3 shows a comparison of friction behavior of the contact
with and without the mechanism of artificially induced replen-
ishment. The track is supplied by a very little amount of oil (8 pl)
and it is necessary to note that this amount of oil will be
distributed on the tracks of the ball and disk due to the sliding.
Although only the track of the ball is artificially replenished, it is
clear that a significant reduction of friction about 31% has been
occurred in the first 15 min of the measuring (the percent of
reduction increases with time). Please remember that the mea-
surements were carried out after a short time (about 1 min) from
the start as it was explained in Section 2. Fig. 3 shows that the
coefficient of friction (COF) for the starved contact with the natural
replenishment increases with time due to the film thickness decay
with the subsequent overrollings [5,10-13,37]. Fig. 4 shows the
experimental film thickness decay for oil lubrication during
20 min (between t1=5 min and t2=25 min). On the other hand,
introducing the mechanism of artificial replenishment resulted
in a stable and lower coefficient of friction during 60 min. The

reduction of friction is attributed to the significant enhancement of
the film thickness on transverse and longitudinal axes. From
Figs. 5 and 6 it is clear that the central film thickness has been
doubled about five times at t1=5 min (the ratio increases with
time) by introducing the artificially induced replenishment with a
little amount of oil under extreme operating conditions. Moreover,
interferometric images show the absence of the inlet air-oil
meniscus. Measurements of friction and film thickness show a
high stability and reliability of the artificially induced replenish-
ment mechanism. Although the measurements lasted only 60 min,
no signs show that the mechanism will fail easily later since the
measured values of friction and film thickness are stable. Indeed,
Figs. 5 and 6 show a small reduction of the central film thickness
measured at the 60th minute with a negligible effect on the
coefficient o friction (COF), see Fig. 3. The film thickness reduction
was induced by an unexpected leakage observed only after
removing the disk. A thin layer of oil was accumulated on the
rear surface of the slider. This leakage probably grew up slowly
over time due to the capillary forces. Thus, adding ridges on the
rear surface of slider may help in reducing that leakage. However,
the volume of the rear leakage is very small (the total amount
present on the tracks is only 8 pl) and it tends to stabilize because
it is retarded by the oil viscosity and surfaces tension forces but it
results in removing an amount of oil from the service causing that
mentioned small reduction of the film thickness in Figs. 5 and 6.
On the other hand, the reduction of the film thickness in
Figs. 5 and 6 could be attributed to the insistence of centrifugal
forces to expel the lubricant on the disk.

3.3. Measurements for grease

In a similar way, measurements were repeated with grease
lubrication to investigate the stability of the artificially induced
replenishment mechanism over time. Fig. 7 shows that the mechan-
ism of induced replenishment has significant benefits even with
grease-lubricated contacts under sliding. Friction has been reduced
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about 25% in the first 15 min, see Fig. 7. The behavior of film
thickness decay over time with natural replenishment is depicted
in Fig. 8. Such behavior is common with grease-lubricated contacts
where the initial film thickness is usually thick but it becomes
thinner with time [3,25,32-33,36]. However, the comparison of the
corresponding interferometric images in Figs. 8 and 9 shows that the
air-oil meniscus is expelled out of the Hertzian circle and the contact
is transformed from the severely starved to the fully flooded regime.

The enhancement of the central film thickness is about 2.5 times at
t1=5 min. Furthermore, Fig. 9 shows that the behavior of the film
thickness over time is strongly stable and no explicit reduction has
been observed during 40 min. The rear leakage mentioned in section
3.2 has not been observed with grease lubrication like in the case of
oil lubrication because the stiffness of grease does not allow the
capillary forces to grow. Thus, the mechanism of artificially induced
replenishment provides a stable channeling of grease towards the
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centerline by the continuous scraping of the expelled lubricant.
Although the mechanism is stable in overcoming starvation, the
replenishment could be affected over time by other loss mechanisms
such as oxidation, polymerization evaporation [34] or by the degra-

dation [35].

4. Practical application of the artificially induced
replenishment mechanism

The mechanism of artificially induced replenishment is pro-
posed to operate in radial and thrust rolling bearings with cage,



F Ali et al. / Tribology International 66 (2013) 134-142 141

600 : ! ! ' .
t1=5min | t2=25min 3=40min
500
400
£ 0 0 0
: \ ,
()
£ 300
Q
£
E
i
200
e
100
—t1=5min
—t2=25min
0 =='t3=40min
-300 -200 -100 0 100 200 300

Position on x-axis (ium)

Fig. 9. Film thickness profile over time on x-axis with artificially induced replenishment for grease amount 100 mg, u. =25 mm/s, w=30 N and SRR=-1.6.

Inner raceway

Direction of rotation

Outer raceway

Thin sheet with
micro-slot

Fig. 10. The proposed mounting of sliders (thin plastic sheet with a micro-slot) in radial ball bearings with cage.

where the cage is assumed to provide the proper substrate for the
sliders. However, the dimensions of the micro-slot should be
modified to fit the possible displacement due to the clearance of
the cage and vibrations. Fig. 10 shows the proposed mounting of
sliders in a radial ball bearing for replenishing the outer raceway.
The mechanism is expected to suffer from radial leakage on the
body of the plastic sheet leading to negative effects. However, the
leakage is inhibited by centrifugal forces in radial bearings and

adding transverse ridges on the surface of the slider would
minimize the radial leakage. Indeed, in radial ball bearings,
centrifugal forces play a significant role because the accumulated
lubricant on the slider will be pushed to track by centrifugal forces.
Fortunately, in thrust ball bearings the problem of the radial
leakage does not exist and the mechanism of artificially induced
replenishment would operate efficiently for replenishing the
lower raceway if the effects of radial centrifugal forces, cage
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clearance and radial vibrations were taken into account. In the
present study, the replenished surfaces is convex but the curvature
of the outer raceway in radial ball bearings and the lower raceway
in thrust ball bearings are concave which gives a positive effect for
the induced replenishment in bearings because the scraped
lubricant flows fluently towards the micro-slot the slider. Although
the results in this study are promising for reducing friction and
increasing the lifecycle of starved EHL contacts, the authors do not
claim that the introduced results are enough to predict how the
proposed mechanism would work in practice with reverse motion,
vibrations, displacements, clearances, centrifugal forces, tempera-
tures etc. Therefore, additional analytical and experimental inves-
tigations are required to understand the behaviour of the induced
replenishment under the dynamic state. However, the ability of
applying the artificially induced replenishment mechanism in
roller bearings is the topic of future work for the authors.

5. Conclusions

An innovative mechanism was introduced in this paper to reduce
or overcome the negative effects of starved lubrication in concentrated
contacts. The proposed mechanism depends on enhancing the replen-
ishment on the depleted track by channeling the lubricant towards the
centerline of the overrolled track. Channeling the lubricant is per-
formed by a flexible slider (scraper) with a micro-slot concentric with
the track where the scraped lubricant accumulates on the front surface
of the slider to be drained (oil) or squeezed (grease) through the
micro-slot. Dimensions of the slider and micro-slot and the seal
between the slider and the replenished surface are crucial for the
stability and reliability of artificially induced replenishment over time.
The results show a significant enhancement of the film thickness and a
significant reduction of friction by introducing the mechanism of
artificially induced replenishment. Interferometric images show that
the inlet air—oil meniscus disappears upstream for oil and grease
lubrication which means that the contact becomes in the fully flooded
regime. The mechanism showed a high stability in improving the
parameters of EHL conjunctions over time. Although the efficiency of
induced replenishment is observed for a short time (60 min for oil and
40 min for grease), no signs indicate that the mechanism would fail
easily since the observed parameters (friction and film thickness) are
stable over time. Indeed, a small reduction of the oil film thickness was
observed during 60 min due to a small leakage on the rear surface of
the slider caused by capillary forces. The mechanism of induced
replenishment is proposed to work in thrust ball bearings with cage
to replenish the lower raceway, while in radial ball bearings the
mechanism would suffer from radial leakage inhibited by the cen-
trifugal forces. This approach can be negatively affected by the
dynamic vibrations due to the increase of the eccentricity between
the micro-slot and the centre of the Hertzian contact. Therefore,
vibrations and the diameter of the Hertzian contact should be taken
into account for the optimum dimensions of the micro-slot.
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Abstract This paper presents an analytical and ex-
perimental study on the friction of non-conformal
point contacts (ball-on-disk) under starved lubrica-
tion. Theoretical models were developed to simulate
the behavior of friction and separation versus the de-
gree of starvation while experimental measurements
were conducted by using a Tribometer equipped with
a torque sensor and a digital camera, which pro-
vided the possibility to use the optical interferometry
technique simultaneously with measuring the friction.
The effect of air-oil meniscus distance from the cen-
ter of Hertzian contact on the friction between non-
conformal surfaces was observed under starved con-
ditions in sliding motion by capturing interferomet-
ric images. In addition, the reduction of friction by
artificially-produced shallow micro-dents was investi-
gated under severely starved and fully flooded condi-
tions. Results show that the coefficient of friction in-
creases dramatically when the air-oil meniscus starts
to touch the circle of Hertzian contact and there is
not such a significant difference in the friction be-
tween starved and fully flooded contacts since the air-
oil meniscus is far away from the borders of Hertzian
contact. In other words, the starvation of lubrication
causes a high level of fatigue and wear of machine
components when there is interference between the
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air-oil meniscus and the Hertzian contact. However,
it was found that shallow micro-dents are helpful in
reducing the friction under severe starvation condi-
tions while the benefits of micro-dents are negligible
for fully flooded conditions.

Keywords Friction - Non-conformal - Starved
lubrication - Micro-dents

1 Introduction

A lot of machine components work with non-confor-
mal point contacts such as gears, rolling-element bear-
ings, cams, etc. The pressure in such concentrated con-
tacts reaches high values according to the theory of
Hertz in solid contacts, so that lubrication is needed to
avoid wear and metal-to-metal contact. The separation
between mating surfaces depends on the film thick-
ness of lubrication and it is well known that the EHL
regime is dominated in non-conformal point contacts
where the theory of EHL can successfully predict the
film thickness under fully flooded lubrication [1, 2].
In reality it is difficult to keep the rubbing surfaces un-
der fully flooded lubrication, e.g., in cases of severe
operating conditions (high speed, high load, high tem-
peratures, start and reverse motion) or in cases where
grease is used to lubricate rolling bearings. In previ-
ous cases the phenomenon of starved lubrication can
be encountered and the film thickness may collapse to
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just a few nanometers at high degrees of starvation,
which in turn may result in component failure.

Wedeven et al. [3] used the technique of optical in-
terferometry to investigate the phenomena of ball bear-
ing starvation and the reduction of film thickness due
to the failure of pressure build-up in the contact. The
pressure in the inlet region of starved contact can be
defined on the basis of a study that was performed
by Elrod [4, 5], who developed a model using the pa-
rameter 6 (fractional film content) representing the ra-
tio between the oil thickness and the gap. Chiu [6]
used a ball-flat rig test to study the starvation in roil-
ing contact systems, obtained results showed that the
starvation is attributed to the insufficiency of fluid re-
plenishment on the track. Pemberton and Cameron [7]
presented a study of fluid replenishment in EHL con-
tacts and it was found that the balance between the en-
trained and the lost oil around the contact determines
the position of inlet meniscus from the Hertzian con-
tact. Chevalier et al. [8] performed a numerical study
of starved EHL point contacts and the amount of oil
on the surfaces was adopted to define the degree of
starvation. Recent experimental studies about the ef-
fect of starvation on the film thickness of point con-
tacts were carried out by Lubrecht et al. [9] and Cann
et al. [10]. Numerical results by Damiens et al. [11]
showed that the degree of starvation depends on oper-
ating conditions and the available amount of oil. The
behavior of traction in starved EHL point contacts un-
der rolling and sliding conditions was experimentally
observed by Wedeven [12] and Querlioz et al. [13], the
significance of these works is that the traction depends
on the degree of starvation. Yang et al. [14] performed
a numerical analysis on the traction of starved EHL
line contacts and it was indicated that the traction in-
creases rapidly at high degrees of starvation.

The proper modification of surface topography
helps in reducing the friction between mating surfaces.
For example, creating micro-dents on the surface, with
proper dimensions and edges, reduces the interaction
between asperities by emitting some amount of lubri-
cant in the contact which results in enhancing the film
thickness, contact fatigue life, wear resistance and re-
ducing the friction. On the other hand, a reduction in
film thickness with deep micro-dents was investigated
under sliding motion due to the induction of cavita-
tion and the increase of pressure fluctuation in the
vicinity of micro-dent; see references [17-24]. Du-
mont et al. [25] described numerically the behavior of
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micro pits in the fully flooded and starved ball-on-disk
contact and it was revealed that the benefits of micro
pits decrease as the degree of starvation decreases be-
cause the film thickness becomes larger and the emit-
ted amount of oil from micro-pits becomes negligible
in comparison with the available amount of oil in the
contact.

However, a lot of efforts focused on studying the ef-
fect of micro-dents on the film thickness formation and
pressure distribution, while there is still a need to clar-
ify the direct effect of micro-dents on the friction co-
efficient of non-conformal contacts under starved lu-
brication in sliding motion.

2 Theory

Many factors have an influence on the friction coeffi-
cient of EHL point contacts, such as rheological prop-
erties of lubricant, the slide-to-roll ratio, the thermal
effect and so on. However, the Newtonian shear stress
is given by;

T=nAu/h (H

where t is the shear stress [Pa],  is the dynamic vis-
cosity of the lubricant [Pas], Au is the sliding velocity
between the contacting surfaces [m/s] and 4 is the film
thickness [m].

The traction force F' is defined by the following;

re=a re=a
F =/ TdA :/ n(Au/h)2mr.dr. 2)
re=0 re=0
where F is the traction force [N], r. is the radius of
contact [m] and « is the radius of Hertzian contact [m].
The finite area dA of a circular point contact is
given by;

dA =2nr.dr, (3)

The Barus equation in Ref. [15], predicts the viscosi-
ties as a function of pressure by the following form;

n = noexp(app) 4

where 7o is the viscosity at atmospheric pressure
[Pas], « is the pressure-viscosity coefficient [1/Pa] and
pn is the Hertzian pressure [Pas].

The Hertzian pressure is dominated in EHL point
contacts and it is given by;
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Ph= Pmax(l - (rc/a)z)l/2
= (3w/27a?)(1 — (rc/a)?) (5)

where pmax 1S the maximum pressure [Pa] and w is the
normal load [N].

If we accept that the mating surfaces are parallel
in the region of Hertzian contact (h # f(r.)) and the
sliding velocity is constant then the coefficient of fric-
tion u can be defined as;

1/2

uw=F/w
= (271770Au/(wh))

X /u e exp((Swa/2na2)
0
x (1= (re/a)?)?)dre (6)

Equation (6) can be simplified under steady-state load
(w) by the following;

w==clAu/h (7

where I = foa re exp((3wa/2na2)(1 — (rc/a)z)l/z)drc
and ¢ =2mno/w.

3 Model friction and separation under starved
lubrication

Under starved conditions the shear stress in Eq. (1)
increases with increasing the sliding velocity, which
leads to increase both of the traction force and the
coefficient of friction. From Eq. (7) the coefficient of
friction under starved conditions can be given as;

s =clAu/hes ®)

where g is the coefficient of friction under starved
conditions and A, is the central film thickness of
starved contact [m].

Chevalier et al. [8] introduced an approximated re-
lation representing the ratio between the central film
thickness under starved conditions and the central film
thickness under fully flooded conditions by the follow-
ing equation;

thcs/hcﬂzr/VVl‘l'ry 9)

where the parameter r = H,;/pH.¢, p is the com-
pressibility, if p is not considered then r = H,j;/ Hepr.
The parameter y varies from 2 to 5. From Eq. (9) we
can notice that the ratio R € [0, 1] as  changes from 0

us / uff

. . . . .
0 0.2 0.4 0.6 0.8 1
R

Fig. 1 The ratio /g versus the ratio R = heg/ hegy

to co. By substituting Eq. (9) in Eq. (8) we obtain the
following relation;

s =cl Au/Rhey (10)
or
s = g /R =g V1 +717 [r (11

where gy and hoy are respectively the coefficient of
friction and the central film thickness under given op-
erating conditions in the fully flooded lubrication.

Under steady state conditions, the coefficient of
friction wg has a constant value and the increase of
starvation degree results in a nonlinear increase in the
coefficient of friction py; under the same operating
conditions according to Eq. (11).

Figure 1 shows the simulation of Eq. (11) and two
asymptotes are observed. The first asymptote shows
that the ratio s /uy tends to 1 as R tends to 1.

Iyinl(ﬂs/l/«ﬁ’) =1 (12)
or

li = 1
Rlinl(“S) g (13)

The other asymptote shows that the ratio 1ty /g tends
to oo as R tends to 0. This situation represents the
friction of dry contacts or boundary regime where the
starved film thickness becomes O.

Igij)no(us/ M) = 00 (14)

Under severe starved lubrication, the film thickness
may diminish to a few nanometers leading to the rise
of air-oil meniscus in the inlet of contact. As the in-
let meniscus approaches toward the circle of Hertzian
contact, the gap between surfaces will be insufficiently
filled by the fluid which inhibits the pressure build-
up. If the contact is highly loaded and the pressure of
fluid in the contact is low, then a part of the load will
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be carried by the asperities and the regime of lubrica-
tion transforms from the EHD to the mixed lubrica-
tion (ML). However, the separation in the contact de-
pends on the minimum film thickness and the rough-
ness (RMS) of mating surfaces. To avoid the contact
between asperities under starved lubrication, the film
thickness parameter (1) which was introduced by Tal-
lian [16], should be larger than 1;

At =hps/o =1 (15)

where A is the separation under starved conditions,
hms 1S the minimum starved film thickness [m] and

o =,/RMS? + RMS3 where RMS1, RMS, are the root
mean square roughness of mating surfaces.

The ratio between central and minimum film thick-
ness h./ hy, tends to one under starved lubrication for
all operating conditions. On the other hand, the ratio
h¢/ hy, tends to increase with load under fully flooded
conditions, see Ref. [8] and references therein. We
assume that R’ = hy,s/hyg represents the ratio be-
tween the minimum film thickness of starved and fully
flooded contact, where A, is the minimum film thick-
ness of fully flooded contact. It is evident that the ratio
R = (hyps /hmg) € [0, 1] since the starved minimum
film thickness cannot exceed the fully flooded mini-
mum film thickness. By substituting R = A5/ hymfy in
Eq. (15) we obtain:

st = R'hyg)o > 1 (16)
Aot =R'Ag > 1 (17)

where Ay is the separation under fully flooded condi-
tions. The last equation determines the conditions for
keeping the contact under safe state against metal-to-
metal contact through the transition from fully flooded
to starved conditions. Equation (17) is simulated in
Fig. 2 for different values of Ay, where every curve
in the figure represents a constant value of separation
under starved lubrication conditions. Figure 2 shows
that a constant starved separation (A = const) results
from a nonlinear relation between the degree of star-
vation and the fully flooded separation. For example,
a fully flooded contact with a non-dimensional sepa-
ration Ay = 10 can be starved to the degree R = 0.2
which results in a starved separation Ay = 2. On the
other hand, the same starved separation Ag; = 2 can be
obtained from a fully flooded separation Ay = 4 with
the degree of starvation R’ = 0.5.

However, in practical applications, safe operating
conditions under starved lubrication require a mini-
mum separation larger than the amplitude of surface
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asperities to avoid metal-to-metal contact; this case is
defined in Fig. 3 where the region above the curve
Ast = 1 represents the safe separation whatever the de-
gree of starvation was, and it can be stated that the
friction in the region above the curve Ay = 1 is basi-
cally due to the shear stress of the lubricant in sliding
motion (see Egs. (1), (6) and (7)) while the friction in
the region under the curve Ay = 1 is induced by the
combined effect of the shear stress and metal-to-metal
contacts.

4 Experimental

A tribometer modified by adding a torque sensor on
the ball shaft was used for measuring the friction force
between the ball and disk in the presence of base oil
(2400 N) with a dynamic viscosity n = 0.38 [Pas]
at 40 °C. The torque sensor is integrated with a com-
puter by using of Digital/Analog card (NI USB/6009)
and the software LabVIEW receives the measurements
as a digital signal to be processed and saved in the
memory of the computer. The angular velocity of ro-
tating parts is controlled by servo-motors where the
velocity of ball can be independently changed in the
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Fig. 4 Distribution of micro-dents on the surface of ball

range —100 to +100 rpm, for disk the range is —150
to +150 rpm. This efficient mechanism provides the
possibility of choosing the required slide-to-roll ratio
under steady state and transient conditions. The di-
ameter of ball is 25.4 [mm] and it is made of steel
AISI 52100 with a measured roughness (RMS) about
15 nm, while the disk is made of a transparent glass
and the lower surface of the disk is coated with a thin
layer of Chromium. The elastic modulus of the steel
ball and the glass disk is respectively 210 GPa and
80 GPa. On the other hand, the apparatus is equipped
with a digital camera (Hitachi HV-F22) and the con-
tact between the ball and disk is illuminated by a
high-power source of light to improve the resolution
of the images. This arrangement has the advantage of
capturing interferometric images of the starved con-
tact simultaneously with friction measurements by the
torque sensor. The amounts of lubricant for starved
conditions were calibrated by a digital micropipette.

For testing the effect of micro-dents on the coeffi-
cient of friction under starved conditions, the surface
of the ball was manually indented by a Rockwell in-
denter. 4 rows were made along the whole ball cir-
cumference. Dents were made by applying a load of
8 N with the illustrated distribution in Fig. 4, where
dimensions are in pm. The dent has an average diam-
eter about 35 um and a depth about 0.6 pm.

5 Results

The first part of results consists of experiments on fric-
tion under starved lubrication through non-steady state
operating conditions (sliding velocity ug # const) by
establishing the Stribeck curve versus sliding velocity
then experiments were conducted under steady state

»Starved(20 pl)
u Fully-flooded

012} \Lo$d=2e ‘[N] , SI‘?R=-2“

0.4 10 20 30 40 50 60 70 80 90
Sliding velocity Us[mm/s]

Fig. 5 Comparison of Stribeck curves for lubricated point con-
tacts under starved and fully-flooded conditions

conditions by measuring the friction versus time, the
effect of starvation on the position of inlet meniscus
was investigated by optical interferometry. The second
part provides an experimental comparison on the fric-
tion of textured and smooth non-conformal surfaces
under starved and fully flooded conditions.

5.1 Stribeck curve

The coefficient of friction was measured versus the
sliding velocity under pure sliding conditions (SRR =
2 % (udisk — Upal))/ (Udisk + Upal) = —2, the disk is sta-
tionary ugisx = 0), the contact between the ball and
disk was starved with oil amount 20 pl and it was
loaded by 26 N. The measurements were repeated for
the fully flooded contact with the same operating con-
ditions and the position of the air-oil meniscus was
simultaneously observed by digital camera. Figure 5
shows the measured Stribeck curves under starved and
fully flooded conditions and it is evident that the air-
oil meniscus approaches to the center of Hertzian con-
tact as the sliding velocity increases because high ve-
locities reduce the time needed to replenish the lubri-
cant on the track where the oil is pushed out through
sides by the over-rolling of the ball. The frequency
of over-rolling determines the amount of oil that can
flow back into the track, hence, the efficiency of oil
replenishment on the track is inversely proportional to
the frequency of over-rolling. In other words, high fre-
quency of over-rolling at high sliding velocities leads
to increase the degree of starvation and the reduction
of film thickness due to the reduction of replenish-
ment time. However, the comparison of the friction
coefficient between starved and fully flooded condi-
tions shows that the value of the friction coefficient
increases strongly with increasing the sliding velocity
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Fig. 6 Effect of oil amount on the coefficient of friction and the
position of air-oil meniscus

under starved conditions, on the contrary, under fully
flooded conditions, it is clear from Fig. 5 that high ve-
locities enhance the film thickness and the separation
according to the EHL theory, which results in low fric-
tion. The existence of the meniscus in the vicinity of
the Hertzian contact reduces the pressure build-up of
fluid and inhibits the formation of film lubrication in
the contact which increases the contact between the
asperities and the friction. Otherwise, it is observed
that there is not such a large difference in the friction
coefficient for starved and fully flooded conditions as
the air-oil meniscus is far enough from the center of
Hertzian contact at low sliding velocities.

5.2 Steady state

The effect of air-oil meniscus position on the coeffi-
cient of friction was observed under steady state oper-
ating conditions of the sliding and load (SRR = —1,
entraining velocity u, = |ug| = 60 [mm/s], load =
32 N) and the degree of starvation was modified by
changing the oil amount on the track, see Fig. 6 and
please note that the images were captured in the Sth
minute. Interferometric images show that the coeffi-
cient of friction increases significantly under starved
conditions when the air-oil meniscus starts to touch the
Hertzian contact. Otherwise, the coefficient of friction
of starved and fully flooded contact is nearly the same
for a sufficient amount of o0il (42 pl) on the track. The
rapid increase of the friction coefficient is attributed
to the insufficient replenishment of fluid on the track
for the little amount of lubricant which results in re-
ducing the distance between the air-oil meniscus and
the center of Hertzian contact. However, it is appar-
ent that a little reduction of oil amount from 18 pl to
14 pl caused a large increase of friction, so it can be
stated that, as the inlet meniscus is in touch with the
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Hertzian circle the gradient of friction becomes very
sensitive and related to the oil amount on the track,
while the effect of oil amount on the value of friction is
quite fair since the inlet meniscus is out of the Hertzian
circle. This result is in agreement with the theoretical
model shown in Fig. 1, and it is clear from Fig. 1 that
the gradient of the ratio 1y /g is very little when the
degree of starvation is low (R ~ 1) then the gradient
starts to increase rapidly with increasing the degree of
starvation (R < 1) and it is expected that the acceler-
ated increase starts in the moment at which the air-oil
meniscus starts to touch the Hertzian contact. If we
assume that the degree of starvation at which the in-
let meniscus starts to touch the Hertzian circle is the
critical degree of starvation (R.,) then we can explain
mathematically the behavior of friction gradient ver-
sus the degree of starvation by the following;

|A(us/pmg)/AR|~0 if 1> R> R, (18)
|AGus/1g)/AR| >0 if R < R (19)

Equation (18) represents the range of starvation where
the inlet meniscus is far away from the contact, in this
range of starvation, friction shows a low sensitivity
against the small change of oil amount on the track,
while Eq. (19) represents the range of starvation where
the inlet meniscus is in interference with the Hertzian
contact and the high sensitivity of friction against the
small change of oil amount on the track.

In practical applications, it is difficult to determine
the precise position of the inlet meniscus and the crit-
ical degree of starvation R, at which the inlet menis-
cus starts to touch the Hertzian circle, but on the basis
of Egs. (18) and (19) it is possible to determine ap-
proximately the fuzzy place of R, by using the coef-
ficient of friction as indicator to the moment at which
the air-oil meniscus makes the first contact with the
Hertzian circle, see Fig. 7. However, the accuracy of
determining the approximated place of R, depends on
the ranges defined by Eqgs. (18) and (19) in Fig. 7 and
more expanded experimental tests are needed to pre-
cise correctly these ranges.

The experimental relation between the ratio ji /
and the amount of oil is represented in Fig. 8 where the
values of uy and uy were calculated from the mean
value during 8 minutes of measuring. The experimen-
tal ratio s/ tends to one as the degree of starva-
tion reduces and we can clearly notice the accelerated
increase of friction gradient at little amounts of oil
(the jump of friction between values 18 ul and 14 pl).
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However, this result is in accord with Fig. 1 and
Egs. (12) and (13). The good agreement between the
theoretical model in Fig. 7 and the experimental mea-
surement in Fig. 8 is not absolute because the theoret-
ical model was derived from the Newtonian model in
the shear stress regardless rheological properties of the
lubricant, for this reason, an optimized model which
takes in account the non-Newtonian behavior of oil
can be more realistic. In addition to that, the theoreti-
cal model is correct under steady state operating con-
ditions but it cannot be adopted for non-steady states
or transient cases.

5.3 Friction of textured surfaces

The study above indicated that the coefficient of fric-
tion becomes very sensitive to the little change of
oil amount when the degree of starvation is large;
this region is presented in Fig. 7 by the formula
[A(us/mg)/AR| > 0. According to this result, it is
expected that the surface texturing to be efficient in
this region because the little amount of oil emit-
ted from micro-dents can play a significant role in
reducing the friction. In contrast, it is not recom-
mended to apply the surface texturing under fully

Fig. 9 Micro-dents on the ball surface
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Fig. 10 Coefficient of friction for smooth and textured surfaces
under starved conditions
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Fig. 11 Coefficient of friction for smooth and textured surfaces
under fully flooded conditions

flooded or fairly starved conditions where the coeffi-
cient of friction is insensitive to small changes of oil
amount, this case is presented in Fig. 7 by the formula
|A (s / )/ AR| % 0.

However, in order to investigate the effect of micro-
dents in reducing the friction, the surface of the ball
was artificially modified by 4 rows of shallow micro-
dents, see Fig. 9. The average diameter of the dent is
about 35 um with a depth about 0.6 um.

Figures 10 and 11 show a comparison of the fric-
tion coefficient for smooth and textured surface un-
der starved and fully flooded lubrication. Results show
that the benefits of micro-dents under severe starved
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lubrication are proportionally considered and the re-
duction of friction is about 9 %. On the other hand,
the benefits of micro-dents under fully flooded condi-
tions are negligible and the value of average friction of
smooth and textured surfaces is nearly the same; this
is justified by the fact that the little amount of emit-
ted fluid from micro-dents doesn’t make a significant
difference in enhancing the film thickness under fully
flooded lubrication where the film is originally large
enough. In addition to that, it was mentioned in the
context of this study that coefficient of friction is in-
sensitive against the micro-change in oil amount under
fairly starved and fully flooded conditions.

From Figs. 10 and 11 we can also notice that the
friction increases with the time under steady state for
both textured and smooth surfaces under starved lubri-
cation while the friction is stable with the time under
fully flooded condition and this can be attributed to the
thermal effect where the available amount of oil under
fully flooded condition is larger in comparison with
the starved condition which results in a larger heat ca-
pacity for fully flooded contact, for this reason the oil
temperature for starved conditions is higher than the
oil temperature for fully flooded conditions under the
same operating conditions.

6 Conclusions

The friction coefficient of non-conformal EHL point
contacts was measured under starved and fully flooded
conditions and the benefits of surface texturing were
also investigated. Results show that the friction coeffi-
cient of non-conformal point contacts increases dra-
matically and non-linearly under starved conditions
when the sliding velocity increases; this action is ac-
companied by reducing the time to replenish the lu-
bricant on the track which results in minimizing the
distance between the air-oil meniscus and the cen-
ter of Hertzian contact. Under steady state conditions,
the coefficient of friction depends strongly on the oil
amount on the track, particularly at high degrees of
starvation. On the other hand, the value of the fric-
tion coefficient was almost the same for fully flooded
and starved contacts when the air-oil meniscus was
far away from the Hertzian contact. Results showed
a good agreement between the theoretical model of
friction under starved lubrication and experimental
measurements, this theoretical model can be used to
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predict approximately the position of inlet meniscus.
Finally, the modification of non-conformal mating sur-
faces by shallow micro-dents provided a considerable
reduction of friction (about 9 %) under severe starved
lubrication while the benefits of micro-dents were neg-
ligible for fully flooded lubrication.
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Abstract

This study focuses on the effects of transverse shallow micro-grooves on the film thickness and friction of nonconformal
contacts under relative motion. Experiments were conducted using a ball-on-disc tribometer equipped with high
speed camera and torque sensor. The lubricated contact between the steel ball and glass disc represents a nonconformal
point contact with elastohydrodynamic lubrication. The measurements of the film thickness were carried out using the
optical interferometry technique while the friction was measured by a torque sensor on the ball shaft. The results reveal
that the rubbing surfaces with transverse shallow micro-grooves with a length less than the diameter of the Hertzian
contact have an improved tribological performance in comparison with smooth surfaces in the elastohydrodynamic
lubrication regime. Indeed, a significant enhancement of film thickness has been observed using such design of micro-
grooves. On the other hand, the transverse deep and shallow micro-grooves with a length larger than the diameter of the
Hertzian contact suffer from the side leakage and the lubricant is ejected out of the contact by sideways leading to a
pressure drop and film thickness collapse. Moreover, the measured friction of surfaces textured with shallow micro-
grooves without intersection with the outer Hertzian circle is less than the friction of smooth surfaces in sliding and
reversal motion.
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I . lubricated contacts are explained in the literature by
ntroduction .

the following:

Concentrated nonconformal contacts such as rolling-

element bearings, gears, and cams are common as 1. Entrapment of wear debris: This mechanism oper-
machine components. Usually, concentrated contacts ates efficiently in the boundary or dry regime
operate under high pressure and thin film lubrication where the micro-cavities help in minimizing the
(less than 1 um). Therefore, improving the tribological plowing friction caused by the wear particles.* ¢
performance of nonconformal surfaces is required to Generally, a pattern of transversely oriented fine
avoid the failure of machine components and to min- micro-grooves are helpful to get benefits in the
imize the loss of energy. The modification of surface boundary lubrication.*®

topography by artificially produced micro-features 2. Increasing the load-carrying capacity: This effect
was introduced as a promising approach to reduce can be observed basically in the hydrodynamic
the friction and wear between rubbing surfaces.'
However, the obtained benefits depend quantitatively
and qualitatively on the proper design of the
shape and the size of micro-features.” Also, the
regime of lubrication in combination with the operat-
ing conditions should be taken into account to
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regime where the artificially produced micro-
features (dents, grooves, or dimples) generate add-
itional separating forces and a hydrodynamic lift
between sliding surfaces resulting in reducing the
friction and enhancing the film thickness.” '®

3. Acting as oil reservoirs: Shallow micro-cavities
can store the lubricant to be emitted in the contact
under the effect of the sliding motion and the elas-
tic deformation resulting in a significant increase
in the film thickness in the eclastohydrodynamic
lubrication (EHL) regime. However, micro-
features with improper design can aggravate the
tribological performance of rubbing surfaces.'

Kaneta and Nishikawa®® and Kaneta et al.®' investi-
gated optically the passage of transverse micro-
grooves through EHL contacts. They found that the
local reduction in film thickness is essentially caused
by the side leakage along the groove. The side leakage
is attributed to the relative low viscosity in the groove
due to the low pressure. However, the amount of the
side leakage decreases with reducing the size (width
and depth of micro-groove) and increasing the overall
film thickness. Yang et al.*> proved numerically the
results of Kaneta. Nakano et al.*® stated that groove
patterns have higher fiction coefficients than the flat
surfaces because groove patterns have not enough
ability to keep the hydrodynamic pressure. On the
other hand, the dimples keep the hydrodynamic pres-
sure because of the closed shape. Similarly, Costa and
Hutchings'® showed that textured samples with
features larger than the width of the contact give
a film thickness smaller than for smooth samples.

They attributed that effect to the channeling of the
lubricant away from the contact.

Although the negative effects observed numerically
and experimentally with micro-grooves in the litera-
ture,'**% 3 the authors introduce in this paper
an innovative approach to obtain benefits from trans-
verse shallow micro-grooves in EHL contacts.
The approach depends on eliminating the side leak-
age along grooves by reducing the length of groove
to be less than the diameter of the Hertzian
contact. Consequently, micro-groves behave as
closed texture cells with enough ability to maintain
the hydrodynamic pressure leading to positive effects
on the tribological performance of EHL contacts.
Moreover, micro-grooves are preferred over micro-
dents or dimples for the low cost of machining.

Experimental

Measurements have been carried out using a ball-on-
disc tribometer equipped with a high-speed digital
camera and torque sensor (see Figure 1). The film
thickness and friction have been measured in the
contact between a steel ball and a glass disc under
different values of the entraining velocity and slide-
to-roll ratios (SRR). The negative signal of SRR
means that the ball is faster than the disc. The steel
ball AISI 52100 has a roughness of about 10 nm and a
diameter of 254mm with the elastic modulus
210 GPa. The disc is made of chromium-coated glass
with the elastic modulus 80 GPa. The ball and disc are
driven by servomotors controlled by the computer
with the ability to change the required SRR in a
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Figure 1. Schema of test rig.
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wide range. The construction of the tribometer gives
the possibility of capturing interferometric images
simultaneously with measuring the friction. The base
oil N2400 (dynamic viscosity n = 0.421 Pas at 40°C
and pressure-viscosity coefficient o = 35GPa™!)
was used as lubricant in all experiments in this
paper. All measurements were carried out at room
temperature of 22°C.

Procedures of film thickness measurements

The film thickness was evaluated by the thin film col-
orimetric interferometry technique®* (error is less than
1 nm) for smooth and textured surfaces under sliding
motion and under starved conditions. The contact
was loaded by 35N corresponding to a maximum
Hertz pressure of 0.537GPa and radius of the
Hertzian contact a=168 pm. Micro-grooves were
made by using a Rockwell indenter with a head
angle of 120°. Three types of transverse micro-grooves
have been used to investigate the effects on the film
thickness. Figure 2 shows schematically the relative
size of micro-grooves and the Hertzian contact for
load 35N. However, the types of micro-grooves can
be distinguished according to the size as the following:

1. Type (a): Large-sized micro-grooves with intersec-
tion with the outer Hertzian circle (depth
h=1pum, width w=60pum, length 1=1040 um >
2a=2%*168 um, where a is the radius of the
Hertzian contact).

2. Type (b): Small-sized micro-grooves with intersec-
tion with the outer Hertzian circle (h=0.4 um,
w =42 um, 1 =1040 um > 2a =2*168 um).

3. Type (c): Small-sized micro-grooves without inter-
section with the outer Hertzian circle (h =0.4 pm,
w=42pum, =160 pm < 2a =2*168 um).

Procedures of friction measurements

As shown in Figure 1, the ball is driven by a servo-
motor through torque sensor integrated with the

computer. The sensor has been well calibrated using
static loads before the testing. Also compensation has
been added to eliminate the effect of bearings on the
ball shaft. However, the sensor has absolute error
of £0.2% according to the factory specifications.
The coefficient of friction (COF) was measured in
the lubricated contact between the steel ball and flat
disc as the following:

First stage: The COF has been measured for a
smooth ball under a load of 40 N corresponding to
a maximum Hertz pressure of 0.561 GPa and radius
of the Hertzian contact a=185um. Friction coeffi-
cient was measured for 10 min in sliding and reversal
motion. Simultaneously with friction measurements,
interferometric images have been captured in the 6th
min after the start for the film thickness evaluation.

Second stage: One single array of small-sized
micro-grooves of type (c) has been made on the
whole circumference of the ball. Figure 3 shows the
resulting profile, distribution, and dimensions of
micro-grooves on the surface of the ball. It is clear
from Figure 3 that the micro-grooves are bounded
with shoulders of 65nm in the height. The interval

0.3
[—Profi|e of micro—groove] Distribution of micro-grooves
and dimensions in um
0.2 Hertzian contact 7
42um
0.1 < 4
Shoulder.;4---
65 nm I /\-\/
0 4
€ - 4
=] 0.1

Micro-groove

—

5
"0 40 80 120 160 200 240
um

Figure 3. Profile and distribution of micro-grooves of type (c)
used for comparing the friction under the load=40 N.

(a) Hertzian contact (b) Hertzian contact (c) Hertzian contact
: : 1040 z‘ ) i ’;1040 Z‘ )
C /. A\ ) C L AN )
C N )E! C AN pra ) d
Micro-groove Micro-groove Micro-groove
[ ¢ ) C ) ]
Deep long grooves Shallow long grooves Shallow short grooves

Figure 2. Schematic representation of micro-grooves used to compare the effect on film thickness under load 35N (dimensions in

um). (a) Type (a), (b) (b) type (b), and (c) type (c).
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pitch between grooves is 222 um along the direction of
sliding. This means that there are 360 grooves on the
whole circumference of the ball. But only one or two
grooves can be existed in the contact at once since the
interval pitch is 222 um see (Figure 3). Consequently,
the relative surface density of micro-grooves in the
contact for the given dimensions in Figure 3 changes
with time in the range (5.9 — 11.8%) under the load
40 N. The friction was measured for the textured ball
under the same operating conditions mentioned in the
first stage. Also, interferometric images have been
captured in the 6th min after the start for the film
thickness comparison.

Results and discussion

Effect of micro-grooves on the film thickness
in sliding motion

The effect of passing micro-grooves through point
EHL contacts is tested in comparison with smooth
surfaces under sliding motion. The behavior of the
three types of micro-grooves shown in Figure 2 has
been investigated for entraining speed u, = 4mm/s,
load F=35N, and SRR =-0.7. The negative signal
of SRR means that the ball is faster than the disc.
Therefore, there will not be any significant effect on
the leading edge (downstream) of the micro-groove
while the substantial film thickness modification will
be localized on the trailing edge (upstream), see
Kaneta and Nishikawa.’® Thus, the film thickness is
measured only on the trailing edge on axis parallel to
the micro-groove. Theses axes are shown in all figures
as dashed lines on the interferometric images.
Measurements show a significant difference in the
behavior of film thickness related to the size and
length of grooves. Figure 4 shows the severe collapse
of the film thickness as a deep long groove of type (a)
passes the contact. The collapse is attributed to the
side leakage across the micro-groove and it can be
stated that the lubricant is channeled away out of
the Hertzian contact along the groove. Figure 5
shows the film thickness on the trailing edge for
micro-grooves of type (b). It is clear from Figure 5
that reducing the dimensions of the micro-groove
does not solve the problem of the side leakage along
the groove in the places where the groove is inter-
sected with the outer circle of the Hertzian contact.
However, the film thickness has been slightly
enhanced only in the central region and it became
larger than the film thickness of the smooth surface.
Reducing the depth and width of the groove leads to
increase the pressure in the groove resulting in a
higher viscosity, consequently, the effect of the shear
flow becomes less.*® Thus, micro-grooves of type (b)
with small depth and width can enhance the film
thickness in the central region of the contact where
the pressure is large enough to increase the viscosity of
the lubricant. But even with the small size there is still
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---Micro—grooved (h=1um, w=60um)

2
3
g
3
@
E
@

Film thickness nm

0 N S PP L L L LT Y TP T Pd N
-300 -200 -100 0 100 200 300
Position on X axis um

Figure 4. The film thickness profile on X axis for the smooth
and the textured surface with micro-grooves (h= I pm,
w=60pum, | > 2a), F=35N, ue=4mm/s, SRR=—-0.7.
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Figure 5. The film thickness profile on X axis for the smooth
and the textured surface with micro-grooves (h =0.4 um,
w=42pum, | >2a), F=35N, ue =4 mm/s, SRR =—-0.7.

a significant side leakage and film thickness reduction
in the places where the pressure and viscosity are
relatively low. Measurements in Figures 4 and 5
show that micro-grooves of type (a) and (b) cannot
keep the hydrodynamic pressure of lubricant and the
resulting film thickness is smaller than for smooth
surfaces. On the other hand, the reduction in film
thickness is more pronounced as the dimensions of
the groove are larger.

Figure 6 shows the profile of the film thickness on
the trailing edge of a transverse micro-groove of type
(c). In this case, the side leakage is restricted since
there is not any intersection with the outer circle of
the Hertzian contact. Figure 6 shows that the emitted
lubricant from the groove caused a larger film thick-
ness in comparison with the smooth surface under the
same operating conditions. Indeed, micro-grooves act
as oil reservoir when they are introduced as closed
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Figure 6. The film thickness profile on X axis for the smooth
and the textured surface with micro-grooves (h = 0.4 um,
w=42um, |=160pm), F=35N, ue=4mm/s, SRR=—-0.7.

texture cells without access to the low pressure zone
around the Hertzian contact. However, a small reduc-
tion in the film thickness has been observed in the
places where the shoulders of micro-grooves are lon-
gitudinally oriented; see the dashed circles in Figure 6.
The transversally oriented shoulders of grooves would
be flattened (deformed) easier than the oblique or lon-
gitudinal shoulders under the effect of sliding.*
Consequently, the shoulders induce a pronounced
pressure fluctuation at the side edges of grooves
where the shoulders tend to be longitudinal. The nega-
tive effects of shoulders can be minimized or elimi-
nated by an effective polishing of the textured
surfaces.

Figure 7 depicts the effect of micro-grooves of type
(c) under low entraining speed u, = 1.7mm/s and thin
film conditions. The comparison between Figures 6
and 7 shows a similar behavior of the film thickness
and the emitted lubricant from the micro-groove
increases the separation of rubbing surfaces. The
dashed circles in Figure 7 show also the same negative
reduction of film thickness induced by the shoulders.
However, some important points can be observed
from the comparison between Figures 6 and 7 as the
following:

1. The film thickness has been enhanced by the same
value (about 65nm) on the trailing edge for the
same SRR =0.7. Therefore, the absolute amount
of lubricant emitted from the micro-groove is
approximately the same regardless the value of
the overall film thickness and entraining speed.
But the value of SRR determines the amount of
extracted lubricant.

2. The relative enhancement of the film thickness
is definitely larger and more appreciated for
the thinner film thickness. Thus, relatively (not
quantitatively) the benefits of micro-textures are
more pronounced as the overall film thickness is
less under the same SRR. Similar results are

5
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c
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& 400F
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L= 200f
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Figure 7. The film thickness profile on X axis for the smooth
and the textured surface with micro-grooves (h = 0.4 um,
w=42pum, |=160pm), F=35N, ue =1.6 mm/s, SRR=—0.7.

revealed experimentally and numerically in the
literature.>>%%7

Behavior of micro-grooves under starvation

Starvation can be encountered in EHL contacts under
extreme operating conditions (high speeds and/or
high viscosities) or in cases where greases are used
to lubricate bearings.*® Starvation is caused basically
by insufficient replenishment where the lubricant fails
to reflow to the depleted track.**** However, enhan-
cing the lubricating film thickness is the key to reduce
friction and wear in starved EHL contacts. Dumont
et al.’” described numerically the behavior of micro-
pits in the fully flooded and starved EHL point con-
tacts. The benefits of micro-pits decrease as the degree
of starvation decreases because the film thickness
becomes larger and the emitted oil from micro-pits
becomes negligible in comparison with the available
amount of oil in the contact. Figure 8 depicts the
behavior of micro-grooves of type (¢) under starva-
tion where the available amount of oil was only 6 pl
with u#, = 3.7mm/s and SRR = —1.6. The interfero-
metric images shown in Figure 8 have been captured
in the 15th min after the start and starvation can be
easily observed from the oil-air meniscus in the inlet
of the contact. Although the contact is starved, Figure
8 shows that the closed grooves of type (c) are able to
act as oil reservoirs. Consequently, the oil squeezed
out of the micro-groove results in a film thickness
larger than for smooth surfaces. Indeed, the enhance-
ment of film formation shown in Figure 8 would not
occur unless the micro-groove was filled with lubri-
cant. But the micro-grooves are depleted after leaving
the contact. The inlet gap between the mating surfaces
is filled by lubricant under full film lubrication. As a
result, the depleted micro-grooves are filled in the inlet
zone; this is valid for cases in Figures 6 and 7. The
situation is different when the contact is starved
because the inlet gap is occupied by oil-air cavitations
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Figure 8. Film thickness for smooth and textured surfaces under starved conditions (available oil amount = 6 pl), F =35N,

ue =3.7mm/s, SRR =—1.6.

with low pressure (see Figure 8). Nevertheless,
Figure 8 shows that the micro-grooves are able to
bring lubricant to the contact even after 15 min from
the start. Surely micro-grooves have not been filled by
the out-of-contact replenishment since this mechan-
ism is insufficient for a very little amount available
on the track (only 6pl). Probably, the depleted
micro-grooves were filled with lubricant in the inlet
zone by the capillary forces. Jacod et al.* showed
that the mechanism of capillary forces generates sig-
nificant flows in the vicinity of the contact under
starved lubrication. However, the mechanism of filling
micro-features entering a starved contact is a topic for
future study.

Effect of micro-grooves on the friction in sliding
and reverse motion

Figures 6 to 8 show that shallow transverse micro-
grooves with a length shorter than the diameter of
the Hertzian contact are helpful in enhancing the
film thickness under sliding and starved conditions.
On the other hand, a small reduction in the film is
caused by the effect of shoulders. However, the
COF is crucial to evaluate the tribological perform-
ance of textured surfaces. Figure 9 shows a compari-
son of friction coefficient for smooth and textured
surfaces under sliding motion. Interferometric
images (captured in the 6th min after the start) in
Figure 9 show a significant modification of the film

Load=40 N, u = 6.2 mm/s, SRR=-1.58
0.075 £

—Smooth

0.074}|—Micro—grooved (h=0.4um, w= 42um, I=160um)

0.072}f
L
o
Oo.07

0.068}

—_—
0.068 ) ) ) ) ) Sliding direction
] 2 4 6 8 10
Time (min)

Figure 9. The coefficient of friction (COF) for the smooth
and the textured surface with micro-grooves (h =0.4 um,
w=42um, | =160 um) in the sliding motion with SRR =—1.58.

thickness for the textured surface along the contact in
the direction of sliding. Indeed, the COF has been
reduced about 4% by introducing the micro-groves
of type (c) on the surface of the ball. On the other
hand, the COF was measured for reversal motion
where the risk of surface damage increases. Reversal
motion with EHL contacts can be encountered in
many mechanical applications operating with recipro-
cating motion such as cams and seals. The value of
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Load=40 N, u = 2.9 mm/s, SRR= -5.6 (Reverse motion)
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Figure 10. The coefficient of friction (COF) for the smooth
and the textured surface with micro-grooves (h =0.4 um,
w =42 um, | = 160 pm) in the reversal motion with SRR =-5.6.
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Figure 11. The film thickness profile on X axis for the

smooth and the textured surface in the reversal motion with
SRR =-5.6.

SRR is high in reversal motion leading to high friction
and high shear stress in the contact. Under such
extreme conditions the buildup of lubricating film is
inhibited.*-**! Figure 10 shows the measurements of
friction for smooth and textured surfaces in the rever-
sal motion for SRR =-5.6. The friction has been mea-
sured for 10min under steady state conditions.
A small reduction of friction (about 4%) has been
observed for surfaces textured by micro-grooves of
type (c¢) in the reversal motion. On the other hand,
Figures 11 and 12 show the measured film thickness
on axes transverse and parallel to the sliding direction.
The central film thickness has been increased to about
2.1 times for textured surfaces. The small reduction of
friction (about 4%)) versus the large enhancement of
the film thickness (about 2.1 times) is attributed to the
large value of SRR in the reversal motion. In
Gershuni et al.*® and Jacod et al.®® it was proven
that the sensitivity of friction to the change of film
thickness becomes less with increasing the SRR.
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Figure 12. The film thickness profile on Y axis for the
smooth and the textured surface in the reversal motion with
SRR =-5.6.

In other words, the Couette friction is less sensitive
to the change in the film thickness than the Poiseuille
friction.** Since the Couette friction is dominant in
the sliding motion, the high SRRs reduce the benefits
concerning the reduction of friction for textured sur-
faces. On the other hand, the larger SRR improves the
extraction of the lubricant from the micro-cavities
resulting in a larger enhancement of the film thick-
ness. Therefore, the beneficial effect on the friction
from the film thickness enhancement has been dissi-
pated or damped by the high value of SRR in the
reversal motion. Furthermore, Figure 12 shows that
the negative effect of shoulders has been strongly
diminished on the axis perpendicular to the sliding
direction in comparison with Figures 6 and 7. This
is attributed to the high SRR in the reversal motion
which means a larger flattening of shoulders.

Conclusions

In the present study the authors introduced an opti-
mized design of micro-grooves for improving the
tribological performance of nonconformal contact in
the sliding and reversal motion. The design is based
on creating shallow transverse micro-grooves with a
length shorter than the diameter of the Hertzian con-
tact resulting in eliminating the side leakage along the
grooves. However, the importance of this study can be
concluded by the following:

1. A significant enhancement in the film thickness
can be induced by the passage of shallow short
micro-grooves row in the EHL contact.

2. Deep and shallow micro-grooves with a length
larger than the diameter of Hertzian contact
cause a reduction of film thickness due to the
side leakage.

3. The beneficial effect on the film thickness depends
relatively on the overall film thickness and quan-
titatively on the SRR.
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4. Surfaces with micro-grooves of type (c¢) have a
larger film thickness than smooth surfaces under
starved lubrication.

5. Such surface texturing approach is helpful to
reduce friction and consequently wear of rubbing
surfaces in the sliding and reversal motion.

6. Increasing the SRRs improves the extraction of
lubricant from micro-cavities but this does not
necessarily result in a significant reduction of
friction.
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Appendix

Notation

a radius of the Hertzian contact (m)

F load (N)

h depth of micro-groove (m)

1 length of micro-groove (m)

SRR 2 % (ugise — Upair)/ (Udise + Upay) slide-to-
roll ratio

U, (ugise + tpay)/2 entraining speed (m/s)

Uy Udisc — Uball Shdlng Speed (m/s)

w width of micro-groove (m)

o pressure—viscosity coefficient (GPa ')

n dynamic viscosity (Pa s)
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This study presents experimental and numerical investigations on the effects of transverse limited
micro-grooves on the behavior of film thickness and friction in EHL point contacts. The tribological
performance has been compared for smooth and textured surfaces in sliding and reciprocating motion
and under starvation. The measurements were conducted by using a ball-on-disk tribometer equipped
with a high speed camera and torque sensor. The results show that the transverse shallow micro-grooves
with a length less than the diameter of the Hertzian contact are efficiently able to enhance the film
thickness under different operating conditions. The beneficial effect under starved lubrication requires a
mechanism for filling the depleted micro-grooves entering the contact with fresh lubricant. This
mechanism can be attributed to the capillary effect in the inlet zone under starvation. The numerical
simulation of the transient behavior of transverse limited micro-grooves shows agreement with
experimental results. On the other hand, introducing micro-grooves as closed texture cells on one of
rubbing surfaces results in a friction reduction in the reciprocating motion. The reduction of friction is
substantially attributed to the film thickness enhancement.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Reducing the friction and wear of lubricated mechanical inter-
faces is crucial for extending the service life of machine compo-
nents. Extreme operating conditions with high friction values and
thin lubrication films aggravate the wear rate over time. Usually,
wear begins when there is a plastic deformation due to metal-to-
metal contacts. The modification of surface topography by artifi-
cially produced micro-textures patterns influences the behavior of
lubrication films significantly, consequently, wear and friction of
rubbing surfaces. However, micro-textures are presented in many
shapes and sizes to improve the tribological performance of
mechanical interfaces. Many researchers studied the behavior of
longitudinal and transverse micro-grooves in EHL conjunctions.
Wedeven and Cusano [1,2] used optical EHD rig to investigate the
passage of parallel and longitudinal grooves through EHL point
contacts under rolling and sliding conditions. They revealed that
both types of grooves reduce the film thickness compared to a
smooth surface under pure rolling conditions. Also by using of
optical interferometry, Jackson and Cameron [3] observed cavita-
tion between transverse asperity pairs in the elastohydrodynamic

* Corresponding author. Tel.: +420 54114 2723.
E-mail address: krupka@fme.vutbr.cz (1. Kiupka).

http://dx.doi.org/10.1016/j.triboint.2014.11.025
0301-679X/© 2014 Elsevier Ltd. All rights reserved.

lubrication. Suh et al. [4] studied the effects of geometrical
parameters of micro-grooved crosshatch pattern on friction in
mixed and elastohydrodynamic lubrication. They observed that
the decrease of groove aspect ratio and the increase of groove
sliding length show friction reduction performance. Pettersson
et al. [5,6] showed that the performance of surface texture
depends significantly on the orientation of micro-textures in
boundary lubricated sliding. Furthermore, samples with parallel
grooves and crossed groove have less friction fluctuations than
polished samples. Yuan et al. [7] showed that surfaces textured
with perpendicular grooves could reduce friction up to 38.2%
compared to the untextured surfaces under a low contact pressure.
On the other hand, under a relative high contact pressure, parallel
grooves cause a larger friction reduction than grooves with
perpendicular orientation. Costa et al. [8] stated that textured
samples with features larger than the width of the contact give a
film thickness smaller than that for smooth samples. This is
attributed to the channeling of lubricant away from the contact.
Similarly, Nakano et al. [9,10] showed that groove patterns have
higher friction coefficients than flat surfaces because groove
patterns do not have enough ability to keep the hydrodynamic
pressure while dimples keep the hydrodynamic pressure because
of the closed shape. Kaneta et al. [11,12] optically investigated a
local reduction in film thickness through the passage of transverse
micro-grooves EHL contacts. The local reduction in film thickness
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Nomenclature

A radius of Hertzian contact circle (m)

Ei, E» elastic moduli of glass and steel

E 2{(1-13)/E1+(1-13)/E»}"", equivalent elastic mod-
ulus (Pa)

h film thickness (m)

hoo rigid central film thickness (m)

p film pressure (Pa)

Ry radius of steel ball (m)

Ue rolling velocity (m s~ 1)

X,y coordinates (m)

Xout» Your Calculation domain (m)

a pressure-viscosity coefficient (Pa~1)
U1, U Poisson's ratios of glass and steel

n viscosity of lubricant (Pas)

Mo ambient viscosity of lubricant (Pas)

o groove shape

P density of lubricant (kg m~—3)

Lo ambient density of lubricant (kg m~3)
H depth of groove (m)

is essentially caused by the side leakage along the groove due to
the relative low viscosity in the groove. However, the amount of
the side leakage decreases with reducing the size (width and
depth of micro-groove) and increasing the overall film thickness.
Yang et al. [13] proved numerically the results of Kaneta. Scaraggi
et al. [14] showed by means of pin-on-disk test rig that the regular
array of micro-holes reduces friction in the different lubrication
regimes. On the contrary, the parallel micro-grooves lead to an
increase of friction compared to the flat control surface because
the oil easily flows along the parallel microgrooves leading to
increased friction. Jiang et al. [15] studied numerically the effect of
asperity orientation as well as the effect of rolling-sliding condi-
tion on the film thickness and pressure in the mixed EHL. The
study simulated the behavior of asperity under sliding conditions
for longitudinal and transverse orientation with respect to the
rolling direction. Nanbu et al. [16] used 4-roller tester to show the
influence of the surface micro-texture orientation on the traction
coefficient. Their experiments were performed under high pres-
sure and rolling speed conditions. It was found that the grooves
with orientation parallel to the rolling direction reduce the metal-
to-metal contact and increase the traction coefficient. Yang et al.
[17] studied the influence of surface waviness on the EHL behavior
of point contacts. The results show that the thermal and non-
Newtonian effects can be enlarged significantly by the surface
waviness, and the worst configuration of the surface topography is
that both surfaces are with longitudinal waviness. Yagi et al. [18]
studied the effect of longitudinal groove on the temperature field
in the EHL conjunction between steel ball and a sapphire disk
under high slip conditions. An infrared technique has been used to
measure the temperatures of the oil film. The results show that the
temperature of the grooved ball surface increased considerably
compared with that of a non-grooved ball. Under starved bound-
ary lubrication conditions, the successful textures were the
grooves with an orientation perpendicular to the sliding direction.
Dumont et al. [19] studied numerically the behavior of micro-pits
in fully flooded and starved ball-on-disk contact. They revealed
that micro-pits improve the film thickness under starvation but
not under fully flooded conditions. These results have been proved
experimentally in reference [20]. The main inconvenience with
surface texturing is the risk of contact fatigue due to the increase
of pressure fluctuation and stresses around the micro-cavity [21-
23]. However, some possible beneficial effects of surface texturing
on rolling contact fatigue have been observed by Zhai et al. [24],
Akamatsu et al. [25] and Vrbka et al. [26].

Negative effects have been observed numerically and experimen-
tally with micro-grooves in lubricated non-conformal contacts [8,9-
13]. Therefore, there is a tendency of applying surface textures as
micro-dents or spherical dimples in EHL contacts to avoid the side
leakage associated with micro-grooves. In addition, spherical dim-
ples are indifferent to the directionality of the relative velocity
between the mating surfaces. However, this study introduces an

innovative approach of micro-grooves design for EHL contacts. This
approach depends on eliminating the side leakage by introducing
grooves as closed texture cells in the contact. In this case, the length
of micro-groove should be less than the diameter of the Hertzian
contact. Such surface texturing approach is helpful also to reduce
friction and consequently wear of rubbing surfaces and it could be
extended to some engineering applications.

2. Numerical procedures
The numerical simulation of the experiments was performed

by assuming an isothermal Newtonian fluid. Therefore, the Rey-
nolds equation is written as

o (ph*op\ o (ph’ap\ _ aph)  a(ph)
&(ﬁﬁa to\T2nay ) T% ok T ot M

The boundary conditions of Eq. (1) are

PXin, Y, t) = P(Xout, ¥, ) = P(X, + Your,t) =0
Py, 6) >0 (Xin <X <Xout,Yin <Y < Your)-
The film thickness equation reads
x2+y? 2 Py, tydx dy
el

2 VEx=x7P+y-y)?

The density—pressure and viscosity—pressure relations proposed
by Dowson and Higginson [27]| and Roelands et al. [28], respec-
tively, are adopted, i.e.,

h(x,y, t) = hoo(t)+

@

0.6 x 10~ %
= 1+7 3
r p"{ 1+1.7><109p} ©
9 \%
n="no exp{(lnn0+9.67) {—1+(1+5.1 x 10~ p) }} (4)

where Zg = a/ [5.1 x 1079 (In 7]0+9.67)} and «a is the Barus' pres-
sure-viscosity coefficient.

The Reynolds and film thickness equations are solved with the
multi-level multi-integration technique [29]. The calculation
domain was —2.5a <x<1.5a, 0<y <2.0a, because of the sym-
metry with respect to the x-axis. Five levels of grids were used. On
the finest level, 513 nodes were arranged in the x-direction and
257 nodes in the y-direction. Converged solutions were accepted
when relative errors of pressure and load values became less than
10~ simultaneously at the finest grid level.

The shape of the groove used in the experiments was assumed
by the following equation:

5(x) = Hx 10~ 125%/607 o5 (27x/60) (5)
where H= —0.6 pm.
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The numerical representation of micro-grooves profile is
shown in Fig. 1 with the corresponding measured profile.

3. Experimental
3.1. Test rig

Measurements were conducted using a Tribometer equipped
with a high-speed digital camera and torque sensor. Fig. 2 shows a
schematic representation of ball-on-disk test rig. The film thick-
ness and friction have been measured in the contact between a
steel ball and a glass disk under different values of the entraining
velocity ue = (Ugisk +Upqn)/2 and slide-to-roll ratio SRR = 2(ugis, —
Upan)/(Ugisk + Upan)- The negative sign of SRR means that the ball is
faster than the disk. The steel ball AISI 52100 has a diameter of
25.4 mm with an elastic modulus of 210 GPa. The disk is made of
glass with an elastic modulus of 80 GPa and the lower surface of
the disk is coated with a thin layer of chromium. Base oil with a
dynamic viscosity #=0.215Pa s at 22 °C and a pressure-viscosity
coefficient o = 22 GPa~! was used in all experiments presented in
this study. The film thickness was evaluated by the colorimetric
interferometry technique [30].
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Fig. 1. Numerical and measured profiles of limited micro-grooves on the surface
of ball.
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3.2. Micro-texturing

Micro-grooves were made by using a Rockwell indenter with a
head angle of 120° The indentation process was fully automated by
using stepper motors for linear and angular motion. An electro-
magnetic motor was used to create the impact between the head
of Rockwell indenter and the surface of the ball. Thus, the depth of
micro-grooves depends on the volt and current supply to the
electromagnetic motor. An experimental interpolation has been
used to obtain the corresponding values of volt and current to
produce the desired depth of micro-grooves. This device was made
just for laboratory purposes. Indeed, a post-texturing treatment
(polishing) was needed to remove piled-up material following the
indentation. Thus, the whole surface of the ball had a homoge-
neous roughness about 10 nm after the polishing process. The
profile of resulting micro-grooves was measured by optical profil-
ometer. Fig. 1 shows the measured profile of micro-grooves (and
the numerical representation of these grooves) and its distribution
on the surface of the ball. The average depth of grooves is about
600 nm, the width is about 60 pm and the transverse length is
200 pm. One row of 10 micro-grooves has been created on the
surface of the ball with axial pitch of 200 pm corresponding to
angular pitch about 0.9°.

3.3. Reciprocating motion

The frictional behavior of smooth and grooved surfaces has
been investigated in reciprocating motion. The reciprocating
motion was created by the numerical control of servo-motors
benefiting from a closed loop. The frequency of ball has been fixed
at 0.5Hz while the speed of disk was constant over time
(0.96 mm s~ !). The maximum speed of ball is +3.146 s~ '. Fig. 3
shows a simplified profile to the relative speed of ball and disk in
the reciprocating motion. Indeed, the profile of ball speed is
subjected to the acceleration and deceleration rate of stepper
motor. In this study, authors are interested only in determined
points at the maximum speed of ball. Points A and B in Fig. 3 show
the places in which the film thickness has been measured during
the reciprocating motion. Such measurements of the film thick-
ness in correspondence with friction helps to better understand
the mechanism of friction modification. The stroke of reciprocat-
ing motion has a total length of about 3.55 mm and angle of 16°.

- : Objective

Eomimomrd ! b i i ! Glass disk
|
|

Belt — "
Gearbox Servo-motor

Fig. 2. Schematic representation of ball-on-disk test rig.
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Fig. 4. Dimensions of the stroke and the grooved distance with corresponding
angles for reciprocating motion (dimensions are in mm).

Therefore, the grooved distance (length 1.8 mm, angle 8.12°) is
about 51% from the total stroke. Fig. 4 shows the relative length of
the stroke and the grooved distance for reciprocating motion and
the corresponding angles. Friction of smooth surfaces was mea-
sured with the same ball but in non-grooved track. Thus, the
degree of polishing and the surface roughness are the same for
grooved and smooth zones. All experiments presented in this
paper were carried out at room temperature of 22 °C.

4. Results and discussion
4.1. Numerical simulation and experimental verification

In this section, the transient effect of the micro-grooves passage
through the EHL contact is observed numerically and experimentally

under sliding motion. This effect is compared with smooth surface
film thickness. Measurements and simulation were carried out for

entraining velocity u,=34 mm s~ ', slide-to-roll ratio SRR= — 0.6 and
load w=70 N. The corresponding maximum Hertzian pressure and
contact radius are 0.68 GPa and 222 um, respectively. Figs. 5 and 6
show a film thickness comparison of smooth and micro-grooved
surfaces with numerical simulation. Optical interferometry images in
Figs. 5 and 6 are captured by high speed camera. Images (a) show the
film thickness formation of smooth surfaces while images (b) show
the transient effect of grooved surfaces for interval time
T2—-T1=4.42 ms. During this time (4.42 ms) every micro-groove
passes a distance about 196 pm since the linear speed of ball is
4432 mm s~ . Images (c) in Figs. 5 and 6 represent the numerical
simulation to the passage of micro-grooves for the same positions of
micro-grooves in images (b). The central film thickness is measured
along horizontal axes in the direction of sliding. These axes are shown
in Figs. 5 and 6 as dashed lines on images (a), (b) and (c). However, it
is clear that the passage of limited micro-grooves through the contact
created an enhancement of film thickness on the trailing edge. The
film thickness on the trailing edge is about 178 nm while the average
film thickness of smooth surface is about 88 nm. On the other hand,
Fig. 5 shows a reduction of film thickness as the micro-groove enters
the contact. This reduction is predicted also by the numerical
simulation. Indeed, Figs. 5 and 6 show agreement of experimental
measurements and numerical simulation to the transient behavior of
limited micro-grooves through the EHL point contact. It is well known
that the passage of micro-features though EHL contacts is associated
with pressure fluctuation as shown in Figs. 5 and 6. The mid-plane
pressure along the moving direction is larger at both the edges of the
groove than the maximum Hertzian pressure (0.68 GPa). These high
pressures may give some effects on the fatigue life depending on the
applied load and sliding velocity. However, the resulting effect of
micro-features is a combination of positive effects (film thickness
enhancement) and negative effects (pressure fluctuation). Fig. 7
shows a 3-D visualization to the passage of micro-grooves through
the contact. This visualization simulates the position of grooves in
images (b) in Figs. 5 and 6. The elastic deformation, caused by the
emitted lubricant of micro-groove, is clear on the trailing edge. The
propagation of this elastic deformation increases as the groove passes
a larger distance in the contact. The significance of this section is
that the behavior of limited micro-grooves in EHL contacts can be
successfully predicted by numerical methods.

4.2. Limited micro-grooves under thin films

Thin films are common in EHL contacts with low speeds, low oil
viscosity, in start/stop and oscillating motion. Under such conditions,
the film thickness becomes in the scale or less than the surface
roughness amplitude and the risk of metal-to-metal contacts
increases. Therefore, enhancing the separation under thin film
conditions is significantly appreciated to avoid the fatigue and wear
initiation. In order to investigate the effect of limited micro-grooves
on thin films, measurements were carried out for a low entraining
velocity =82 mms~! with slide-to-roll ratio SRR=—0.58 and
load w=70 N. The corresponding maximum Hertzian pressure and
contact radius are 0.68 GPa and 222 pum, respectively. Under these
operating conditions, the average resulting central film thickness of
the smooth surfaces is about 28 nm. Fig. 8 shows a comparison of
film thickness for smooth and grooved surfaces. The film thickness is
measured on longitudinal and parallel axes to the sliding direction.
These axes are shown in Fig. 8 as crossed dashed lines on the
interferometry images. Introducing limited micro-grooves on the
surface of ball resulted in film thickness of about 105 nm on the
trailing edge. Moreover, no significant film thickness reduction is
observed as the micro-groove becomes entirely encircled by the
Hertzian contact. The amplitude of groove reduces as it approaches
the center of the contact where the maximum pressure is localized.
Therefore, the elastic deformation of micro-grooves in the contact
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Fig. 5. Numerical and experimental comparison of the micro-grooves effects on film thickness at time T1=0 (a) interferometry image of smooth surface (b) interferometry

image of grooved surface (c) and numerical contour of film thickness for case (b).
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Fig. 6. Numerical and experimental comparison of the micro-grooves effects on film thickness at time T2=4.42 ms (a) interferometry image of smooth surface
(b) interferometry image of grooved surface (c) and numerical contour of film thickness for case (b).

does not occur instantly, but some milliseconds are necessary until
the micro-groove reaches the maximum value of deformation.
Indeed, this elastic deformation results in emitting the lubricant
out of the micro-groove. The presence of sliding helps in propagat-
ing the emitted lubricant upstream in case the grooved surface is
faster than the opposite one.

4.3. Limited micro-grooves under starved conditions

Starvation is common in EHL contacts under extreme operating
conditions (high speeds and/or high viscosities) or in cases where
greases are used to lubricate bearings [31]. Starvation is caused
basically by insufficient replenishment where the lubricant fails to
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Fig. 7. 3-D visualization to the passage of micro-grooves through the EHL contact, u, =34 mm/s, SRR=—0.6 and w=70 N. (a) At T1=0 (b) at T2=4.42 ms.
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Fig. 8. Experimental comparison of the micro-grooves effects on film thickness under thin film conditions.

reflow to the depleted track [32,33]. Fig. 9 depicts the behavior
of transverse limited micro-grooves under starvation. The avail-
able amount of lubricant was only 8 pl with entraining speed
=67 mms~', SRR=—1.96 and load w=63 N. In this case, the
corresponding maximum Hertzian pressure and contact radius are
0.653 GPa and 215 pm, respectively. The interferometry images
shown in Fig. 9 have been captured in the 20th minute after the
start. Starvation can be easily observed from the oil-air meniscus
in the inlet of the contact. The inlet cavitation is caused by the high
speed and low amount of oil on the track. Indeed, these conditions
with the high value of SRR= —1.96 represent extreme operating
condition for EHL contacts. Although the contact is starved, Fig. 9
shows that the transverse limited grooves are able to act as oil
reservoirs and the film thickness of grooved surface is larger than
that for smooth surface. The enhancement of film thickness on the
trailing edges of grooves is shown in Fig. 9 along longitudinal
sections A-A and B-B. However, acting as oil reservoirs means that
the micro-grooves are filled repeatedly with lubricant. But the

micro-grooves are depleted after leaving the contact and the
mechanism of replenishment is insufficient since the speed is
high and the oil amount is very little. Probably, the depleted
micro-grooves have been filled with fresh lubricant in the inlet
zone by the capillary forces and/or by inducing some kind of local
flow reconditioning. Jacod et al. [32] showed that the mechanism
of capillary forces generates significant flows in the vicinity of the
contact under starved lubrication. In addition, Scaraggi [34]
showed that optimized patterns of surface textures induce a local
flow reconditioning.

Dumont et al. [19] predicted in their numerical study that the
emitted lubricant from micro-pits leads to enlarge the distance
between the oil-air meniscus and the Hertzian contact. Nevertheless,
Fig. 9 shows that the position of the oil-air meniscus is similar for
smooth and grooved surfaces although the amount of emitted
lubricant by micro-grooves is important. If micro-features (grooves,
dents, pits) are filled in the inlet zone by capillary forces not by
replenishment, then the emitted lubricant from one micro-groove
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Fig. 9. Experimental comparison of the micro-grooves effects on film thickness under starved conditions.

will be absorbed by the next depleted micro-groove. Consequently,
the available amount of lubricant will be stable in the inlet zone
without changing the position of the inlet oil-air meniscus.

4.4. Limited micro-grooves in reciprocating motion

This section shows a comparison of the tribological perfor-
mance of smooth and micro-grooved surfaces in the reciprocating
motion under a constant load of 70 N. The corresponding max-
imum Hertzian pressure and contact radius are 0.68 GPa and
222 pm, respectively. The parameters of this reciprocating motion
are explained in Section 3. The film thickness and friction are
measured by optical interferometry technique and a torque sensor,
respectively. The results show that the behavior of micro-textures
varies significantly according to the direction of motion and the
relative speed of mating surfaces. Fig. 10 shows a reduction of
friction amplitude to about 20% by introducing the limited micro-
grooves on the surface of the ball as shown in Fig. 4. It is clear that
the textured distance (1.8 mm) is shorter than the length of stroke
(3.55 mm) of reciprocating motion. Thus, there are no grooves at
points of zero (upg =0and u.=0). In order to understand the
mechanism of friction reduction, the film thickness has been
measured in points A and B, see Fig. 3. The values of entraining
speeds (u.) and slide-to-roll ratio (SRR) in points A and B are
shown in Fig. 3. From Figs. 11 and 12, it can be stated that shallow
micro-grooves enhance the film thickness in positions where the
sliding speed is high, particularly, in the reverse motion phase (ball
and disk have opposite directions). The propagation of emitted
lubricant becomes larger in the reverse phase due to the high
value of SRR since the high SRRs lead to a larger shear flow. The
flow in EHL conjunctions is dominated basically by the shear flow
not by the pressure flow due to the very high viscosity [35].
Therefore the propagation and the extraction of oil from micro-
grooves is influenced by the kinematics conditions, particularly,
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Fig. 10. Friction coefficient comparison for smooth and micro-grooved surfaces in
reciprocating motion.

SRR [36]. The behavior of transverse limited micro-grooves in
reverse motion has been explained profoundly by the authors in
reference [37]. The authors believe that the reduction of the
coefficient of friction results from the thick film exhausted from
the grooves, not by the decrease of area contact. In the boundary
and mixed lubrication regime, the decrease of area contact by
micro-features could reduce friction since roughness of mating
surfaces is in direct contact. For sliding EHL conditions, friction is
caused basically by the shear stress in the fluid squeezed between
the rubbing surfaces. Thus, any enhancement of film thickness
results in reducing the hydrodynamic shear stress. On the other
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hand, as shown in Figs. 5 and 6, the pressure at the position of
groove is low and that at both the edges of groove is high, so that
the authors think that the effect of pressure on the coefficient of
friction is not so large.

5. Conclusion

The behavior of transverse limited micro-grooves in EHL point
contacts has been investigated in this study. The film thickness
was measured for smooth and grooved surfaces in sliding motion
under different conditions (thin films due to low speed and under
starvation). Friction and film thickness have been compared for
smooth and grooved surfaces under reciprocating motion. The

significance of this study can be concluded by the following
points:

® The transient behavior of transverse limited micro-grooves is
numerically simulated in good agreement with experimental
measurements.

® Micro-grooves act as powerful oil reservoirs when they are
introduced on the surface as closed texture cells with length
less than the diameter of Hertzian contact.

® Transverse limited micro-grooves enhance significantly the film
thickness of EHL contacts under thin film and starved conditions.

® Surfaces with transverse limited micro-grooves show less
friction and larger film thickness in reciprocation motion
compared to smooth surfaces.
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