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Abstract

This paper presents an experimental study about the friction of non-conformal
point contacts (ball-on-disk) under starved lubrication. Experiments were carried
out by using a Tribometer equipped with a torque sensor for measuring the
friction force and a digital camera for creating optical interferometric images.
The aim of this study is to measure the friction coefficient in the sliding motion
with the presence of a little amount of lubrication in the inlet of contact between
the ball and disk and to investigate the effect of oil-air meniscus distance from
the center of Hertzian contact on the friction between mating surfaces. In
addition, the reduction of friction by artificially-produced shallow micro-dents
was tested under severely starved and fully flooded conditions. Results show that
the coefficient of friction increases 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 between the 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 air-oil meniscus and the
region of Hertzian contact. However, shallow micro-dents helped in reducing the
friction under severe starvation conditions while the benefits of micro-dents were
nearly negligible for fully flooded conditions.

Keywords: friction, textured surfaces, non-conformal, starved lubrication.

1 Introduction

A lot of machine components work with non-conformal point contacts such as
gears, rolling-element bearings, cams etc. The pressure in such concentrated

WIT Transactions on Engineering Sciences, Vol 76, © 2012 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/TD120031



30 Tribology and Design II

contacts 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 thickness 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 under fully flooded lubrication, e.g. in cases of severe operating
condition (high speed, high load, high temperatures, start and reverse motion) or
in cases where grease is used to lubricate rolling bearings. In previous cases the
phenomenon of starved lubrication can be encountered where the film thickness
collapses to just a few nanometers which in turn may result in component failure.

Wedeven et al. [3] used the technique of optical interferometry to investigate
the phenomena of ball bearing 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] and Elrod and Adams [5] who developed a model using the parameter
0 (fractional film content) where 0 represents the ratio of the oil thickness and
the gap. Chiu [6] used a ball-flat rig test to study the starvation and the results
obtained showed that the starvation is attributed to the insufficiency of fluid
replenishment on the track. Pemberton and Cameron [7] presented a study of
fluid replenishment in EHL contacts and the observation is that the balance
between the entrained and the lost oil around the contact determines the position
of meniscus from the Hertzian contact. 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 effect of starvation of point contacts on the film thickness were
performed by Lubrecht ef al. [9] and Cann et al. [10]. The theoretical study by
Damiens et al. [11] shows that the degree of starvation depends on the operating
conditions. The behavior of traction in starved EHL point contacts under 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
increases 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 lubricant in the contact which results in enhancing the
film thickness and pressure. On the other hand, a reduction in film thickness with
deep micro-dents was investigated; see references [17-22]. Dumont ef al. [23]
described numerically the behavior of micro pits in the fully flooded and starved
ball-on-disc contact and it was revealed that the benefits of micro pits decrease
as the degree of starvation decreases because the film thickness becomes larger
and the emitted amount of oil from the pits becomes negligible in comparison
with the available amount in the fully flooded contact. However, a lot of efforts
focused on studying the effect of micro-dents on the film thickness, while there
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is still a need to clarify the direct effect of micro-dents on the friction coefficient
of non-conformal point contacts under starved lubrication.

2 Theory

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

T=nAu/h (D

where t is the shear stress [Pa], n the dynamic viscosity of the lubricant
[Pas], Au velocity difference between the contacting surfaces [m/s], h the film
thickness [m].

The traction force F;

F = f:;:oa TdA = f:;:oa (77 %) 2mr, dr, )

where F the traction force [N], 7, is the radius of contact{m], a is the radius of
Hertzian contact[m].
The finite area of contact dA for a circular point contact is given by;

dA = 2nr, dr, 3)

The Barus equation [15], predicts the viscosities as a function of pressure by
the following form;

n =1, exp(app) “4)

where 7, the viscosity at atmospheric pressure [Pas], a the pressure-viscosity
coefficient [1/Pa], p;, the pressure [Pas].
The Hertzian pressure is dominated in EHL point contacts and it is given by;

Ph = Pmax(1 — (./)H)Y? = Bwa/2ma?)(1 — (r./a)*)*? Q)

If we accept that the mating surfaces are parallel in the region of Hertzian
contact and the sliding velocity is constant then the coefficient of friction could
be defined as;

u=F/w= 2ur, Au/w h) ['r. exp(Bwa/2ma*) (1 = (r./@)*)*/?) dr; (6)
where p the coefficient of friction, w the normal load [N].
u=cl Au/h (7)
where [ = foa 1, exp((Bwa/2ma?)(1 — (r,/a)?)/?) dr, and ¢ = 2mn,/w.

3 Model friction and separation under starved lubrication

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

ps =¢C I_Au/hcs (®)

where g the coefficient of friction under starved conditions, h.¢ the central film
thickness of starved contact[m].

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

R = hes/heps = 1/NT+17 9)

where the parameter r = H,;/p Hepp, p is the compressibility, if it is not
considered then r = H,;/H.s. The parameter y varies from 2 to 5. From
equation (9) we can notice that the ratio R belongs to the range]0,1[as r
changes from 0 to oo.

By substituting equation (9) in equation (8) we obtain the following relation ;

ps = CTAu/R hysy (10)
or
ts = typ/R = ppe NTH17/7 (1)

where piff is the coefficient of friction under given operating conditions in the
fully flooded lubrication .

Under steady state conditions, the coefficient of friction ps; has a constant
value and the increment of starvation degree results in a nonlinear increase in the
coefficient of friction pg under the same operating conditions according to the
equation (11). Figure 1 shows the simulation of equation (11).

us / pff

Figure 1: The ratio pis/ iy versus the ratio R = hes/hess -
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In figure 1, two asymptotes are observed. The first asymptote shows that the
ratio fis /sy tends to 1 as R tends to 1.

limR—&(#s/Mff) =1 (12)

or
limg_,1 (4s) = pss (13)

The other asymptote shows that the ratio us/usr tends to oo as R tends to 0.
This situation represents the friction of dry contacts or boundary regime where
the starved film thickness tends to O and the separation is similar to the
separation under boundary conditions.

1im7€—>0(.us/”ff) = (14)

Under severe starved lubrication, the film thickness may diminish to a few
nanometers .On the other hand, as the air-oil meniscus starts to interfere with the
region 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 the fluid in the contact is low, then a part of the load could
be carried by the asperities and the regime of lubrication transforms from the
EHD to the mixed lubrication ML. However the separation in the contact
depends on the minimum film thickness and the roughness (RMS) of mating
surfaces. Otherwise, to avoid the asperities contact under starved lubrication, the
film thickness parameter (A) which was introduced by Tallian [16], should be
larger than 1;

Ase = hps/0 = 1 (15)

where A, is the separation under starved conditions, h,,s is the minimum starved

film thickness [m], o = fRMSl2 + RMS,? where RMS;,RMS, are the root

mean square roughness of mating surfaces.

The ratio h./h,, tends to one under starved conditions for all operating
conditions. On the other hand the ratio h./h,, tends to increase under fully
flooded conditions (see reference [8]). We assume that R' = h,, ./ R s
represents the ratio between the minimum film thickness of starved and fully
flooded contact, where hy,¢ is the minimum film thickness of fully flooded
contact. By substituting R' = h,,s/ hunys in equation (15) we obtain:

Ast = “R”hmff/o- > 1 (16)
A =R'Ap 21 (7

with A is the separation under fully flooded conditions. The last equation gives
the conditions for keeping the contact under safe state against the metal-to-metal
contact under starved conditions. Equation (17) is simulated in figure 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
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Figure2:  Relation between the separation under starved and fully flooded
conditions (As¢,Asr) against R' = hyg/hopgpe

constant starved separation (Ag; = const) results from a nonlinear relation
between the degree of starvation and the fully flooded separation. For example, a
fully flooded contact with a non-dimensional separation A = 10 can be starved
to the degree R' = 0.2 which results in a starved separation of Ag; = 2 . On the
other hand, the same starved separation A;; = 2 can be obtained from a fully-
flooded separation A¢f = 4 with the degree of starvation R’ = 0.5. However the
safe operating conditions under starved lubrication require a minimum separation
larger than the height of surface asperities. This case is defined in figure 3 where
the region above the curve Ay, = 1 represents the safe separation, whatever the
degree of starvation was. On the other hand, the friction in the region above the
curve A5 = 1 is due to the shear stress of the lubricant (see equations (1), (6) and
(7)) while the friction in the region under the curve Ag; = 1 is induced by the
combined effect of the shear stress and the metal-to-metal contacts (see figure 3).

S 12 b
10- starved region without Fully-flooded region i
metal-to-metal contact
8- i
6- i
4 i
o starved region with -
metal-to-metal contact
L L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1
Ratio(R')
Figure 3:  Distribution of starved regions with and without metal-to-metal

contact.
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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 the disk in the presence of base
oil (2400N) with the viscosity n = 0.38 Pa.s at40°C. The torque sensor is
integrated with a computer by using of Digital/Analog card (NI USB/6009)
where 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
rotating parts is controlled by servo-motors where the velocity of ball and disk
can be independently changed in the range -100 to +100 rpm. This efficient
mechanism provides the possibility of choosing the required slide-to-roll ratio
under steady state and transient conditions. The diameter of the ball is 25.4 [mm]
and it is made of steel AISI 52100 with a measured roughness (RMS) of about
15 nm, while the disc is made of a transparent glass and the lower surface of the
disc is coated with a thin layer of chromium . The elastic modulus of the steel
ball and the glass disc is respectively 210 GPa and 80 GPa. On the other hand,
the apparatus is equipped with a digital camera (Hitachi HV-F22), the contact
between the ball and disc 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 contact simultaneously with the
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 coefficient of friction under
starved conditions, the surface of the ball was manually indented by a Rockwell
indenter. 4 rows were made along the whole ball circumference. Dents were
made by applying a load of 8 N with the illustrated distribution in figure 4,
where dimensions are in um. The dent has an average diameter 35 um and a
depth 0.6 pm.

222
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Figure 4: Distribution of micro-dents on the surface of ball.
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5 Results

5.1 Stribeck curve

The coefficient of friction was measured versus the sliding velocity under pure
sliding conditions (SRR = 2lugiske—Upall) — _» , the disk is stationary uy;s, = 0)
(ugisk+ubail)

for starved contact between the ball and disc with oil amount 20pl and load 26N.
The measurements were repeated for the fully flooded contact with the same
operating conditions. The position of the air-oil meniscus was simultaneously
observed by digital camera. Figure 5 shows the measured Stribeck curves for
starved and fully flooded conditions and it is evident that the air-oil meniscus
approaches to the center of Hertzian contact as the sliding velocity increases
because the high velocities reduce the time needed to replenish the lubricant on
the track, in addition to that, the high oil viscosity retards the replenishment of
lubricant on the track. However, the comparison of the friction coefficient
between starved and fully flooded conditions shows that the value of the friction
coefficient increases strongly with increasing the sliding velocity under starved
conditions, on the contrary with the fully flooded conditions where the high
velocities enhance the film thickness and the separation which results in low
friction. 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 was 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.

0.13y \ :
0.12* Load=26 [N], »Starved(20 pl)
' SRR=-2 * Fully-flooded
§0.11F .

0.1r

04 10 20 30 40 50

60 70 80
Sliding velocity Us[mm/s]

Figure 5:  Comparison of Stribeck curves for lubricated point contacts under
starved and fully-flooded conditions.
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5.2 Steady state

The effect of air-oil meniscus position was observed under steady state operating
conditions of the sliding velocity and load (SRR=-1, entraining velocity u, =
30[mm/s], load=32N) where the degree of starvation was modified by changing
the oil amount on the track (see figure 6 and please note that the images were
captured in the 5th minute). Interferometric images show that the coefficient of
friction increases largely under starved conditions when the air-oil meniscus
starts to touch the Hertzian contact with only a small amount of lubricant (14pl)
on the track. Otherwise, the coefficient of friction of starved and fully flooded
contact is nearly the same for a sufficient amount of oil (42ul) on the track. The
sudden rise of the friction coefficient is attributed to the insufficient
replenishment of fluid on the track for the low amount of lubricant which results
in reducing the distance between the air-oil meniscus and the center of Hertzian
contact.

T T _

0.12 Load=32N e 1ot
Entraining velocity Ue=30 [mm/s] — Starved 420

go-11r Slide-to-roll ratio SRR=-1 | —Fully-flooded |

o
a
T

cient of frictio

0.09M ,
20.08 ]

“0030.07;'/”—- W v

©o.06" i
0.057 1 1 1 1 1 i
0 1 2 3 5 6
Time [min]
Figure 6:  Effect of oil amount on the coefficient of friction and the position
of air-oil meniscus.
1.6
140 !
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08 10 20 30 40 50
QOil amount [ microlitre]
Figure 7: Experimental relation between the ratio u/puss and the oil amount

on the track.
The experimental relation between the ratio us/usr and the amount of oil is

represented in figure 7 where the values of u; and usr were calculated as the
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mean value during 8 minutes. The ratio us/us, tends to one as the degree of
starvation reduces, however this result is in accord with figure 1 and

equation (12).

5.3 Friction of textured surfaces

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 figure 8. The average diameter of the dent is about 35um with a depth of
about 0.6um. Figures 9 and 10 show a comparison of the friction coefficient for

Figure 8:

Micro-dents on the ball surface.

Load=32N , SRR=-1,starved 14puL

—Smooth
— Textured

0:0% 1 2 3 7 5 6 7 8
Time minl
Figure 9:  Coefficient of friction for smooth and textured surfaces under
starved conditions.
0.09 ‘ ; ‘ ‘ ;
Load=32N , SRR=-1,fully flooded —Smooth
—Textured
£0.08" ]
S
g
£0.071 ]
o
5
50.06" 1
5
So.05 1
0-0% 1 2 3 4 5 6 7 8
Time minl
Figure 10:  Coefficient of friction for smooth and textured surfaces under fully

flooded conditions.
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smooth and textured surface under starved and fully flooded lubrication. The
results show that the benefits of micro-dents under starved lubrication are
proportionally considered where the reduction of friction is about 9%. On the
other hand, the benefits of micro-dents under fully flooded conditions 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 amount of emitted fluid from
the micro-dent doesn’t make a noticeable difference in enhancing the film
thickness under fully flooded lubrication where the film is originally large
enough.

6 Conclusions

The friction coefficient of a non-conformal EHL point contact was measured
under starved and fully flooded conditions and the benefits of surface texturing
were also investigated. Results show that the friction coefficient of non-
conformal point contacts increases dramatically and non-linearly under starved
conditions when the sliding velocity increases; this action is accompanied by
reducing the time to replenish the lubricant on the track which results in
minimizing the distance between the air-oil meniscus and the center of Hertzian
contact. Under steady state conditions, the friction coefficient depends strongly
on the oil amount on the track .On the other hand; the value of the friction
coefficient was almost the same for fully flooded and starved contact when the
air-oil meniscus was far away from the Hertzian contact. The modification of
non-conformal mating surfaces by shallow micro-dents provided a considerable
reduction of friction (about 9%) under severe starved lubrication. Otherwise the
benefits of micro-dents were negligible for fully flooded lubrication.
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