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starvation

V. Ripard1, D. Goncalves2, F. Ville1, J.H.O. Seabra3, 
J. Cavoret1 and P. Charles4

Abstract
Nowadays, grease lubrication is frequently used in rolling element applications such as bearings or constant velocity 
joints. The advantage of grease is to supply lubrication to the application without leaking thanks to its consistency. 
Nevertheless, starvation can occur leading to damage such as scuffing. In the present study, starvation is analyzed using 
the Starvation Degree parameter through tests with different oper-ating conditions and different types of greases.
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Introduction

Greases are mainly used to lubricate components such as

rolling element bearings or drivetrain components. The

lubrication mechanism is quite complex.1 It seems that

grease lubrication is not a continuous process but it is

characterized by events caused by film breakdown and

recovery.2

In order to study the lubrication mechanism and pos-

sible starvation, film thickness is measured using different

techniques such as electrical conductivity3 or interferom-

etry4 on a ball on disc tribometer for example. Using these

techniques, base oil viscosity appears not to be enough to

evaluate film thickness. The thickener must be taken into

account especially at low speed.5 The thickener structure

in particular plays a key factor on film thickness.6

Relubrication is a key parameter to extend bearing life

at low temperature. In addition, the mechanical design of

the component also plays an important role.7 If relubrica-

tion is poor, starvation could occur. To evaluate starvation

risk, a single dimensionless parameter (SD), between the

operating parameters and the transition from the fully

flooded to starved regime in case of oil lubricating

contact was developed.8 Its parameters are surface

tension effects σS , amount of oil present in the vicinity

of the track hoil∞, base oil viscosity η0, the track width

a and the velocity u. It gives the formula below:

SD =

η0 ua

hoil∞σS

For greased lubricated contacts, the SD evaluation is quite

complicated due to events as mentioned before.9

Nevertheless, film recovery was often observed even if

starvation occurs.10 It seems to be due to contact oscilla-

tions that help film thickness recovery up to fully flooded

conditions.

In the present paper, different greases in terms of com-

position and physical or chemical properties were tested

using different tribometers. Starvation and the SD param-

eter are analysed using different operating conditions such

as temperatures and/or speeds.

1. Material and methods

1.1. Grease properties

Four greases were used. Their compositions vary

(Table 1). Two base oils are used. The first one (A) is a

mix between PAO and mineral oil. The second one (B)

is a synthetic one. Two different thickener technologies

are used. The first one is a complex soap using Lithium

and Calcium. The second one uses polyurea thickener.
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However, even if G3 & G4 have same thickener technol-

ogy, the manufacturing process changes. To finish, two

types of additives11 are used : MoDTC (Molybdenum

Dithiocarbamates), MoDTP (Molybdenum

Dithiophosphate). Concentrations were normalized to 1 for

the maximum additive concentration.

Moreover, the oil separation from lubricating grease is

determined on greases using IP121 method.12 For 42 h at

40°C, greases are inside cups in order to separate the oil

from the grease. A mass is used in order to press the

grease into cup. The oil is salvaged in a container.

As expected, G1 and G2 give the same oil separation

results because only additives were added between G1

& G2. On the contrary, it is possible to observe a huge

gap between G3 and G4. Even if the components are

the same, different oil separation results are obtained

which will influence their properties. It is due to the com-

pletely different manufacturing process of the thickener.

1.2. High frequency reciprocating rig

A PCS instrument HFRR is used to study the different

available greases. The HFRR allows to measure friction

coefficient and separation rate of a lubricant. The test prin-

ciple is to study an alternative contact with pure sliding of

a ball on a disc (Figure 1). It allows also to evaluate the

grease ability to supply oil in the contact. It is easy to

use thanks to its design. Also balls & discs are inexpen-

sive sample. The applied load can be set from 0.98 N

–(0.63 GPa) to 9.81 N (1.37 GPa) which applied a pres-

sure named Ph−HFRR.

The upper specimen is a 6 mm diameter ball and the

bottom specimen a flat disc. They are made from polished

100Cr6 steel with Ra < 20 nm for the disc and Ra < 50 nm

for the ball. The rig can be configured in terms of fre-

quency fHFRR (from 10 Hz to 200 Hz) and stroke dHFRR
(from 20 μm to 2 mm). The temperature can be set from

ambient temperature up to 150°C thanks to a heater

block placed under the lower specimen.

Test conditions, chosen in order to maximize speed on

HFRR are the following:

fHFRR = 15Hz ; dHFRR = 1mm ;

Ph−HFRR = 1.32 GPa

To conduct this study different test durations and operat-

ing temperatures are set (Table 2). For this study, is it pos-

sible to write SD as a function of SDHFRR which is

assumed constant for this study ( a
hoil∞σS

) , η0 & u which

variate between tests:

SD =

η0 ua

hoil∞σS
= η0 u SDHFRR

This condition gives a mean sliding velocity of 30 mm/

s. A test example is available in Figure 2.

Table 1. composition of greases tested.

G1 G2 G3 G4

Oil A (Mineral + PAO) A (Mineral + PAO) B (Synthetic ester +

PAO)

B (Synthetic ester +

PAO)

Thickener Lithium / Calcium

Complex

Lithium / Calcium

Complex

Polyurea Polyurea

Additives MODTC 0,28 MODTC 1 MODTC 1 MODTC 1

MODTP 0,4 MODTP 0,4 MODTP 0,4

Base oil dynamic viscosity

μ0 (cP) 40°C

58.2 58.2 64.2 64.2

Base oil dynamic viscosity

μ0 (cP) 80°C

11.1 11.1 13.5 13.5

S_Oil (%) IP 12112 3.6 3.6 0.6 6

NLGI number22 2 2 1-2 1-2

Four greases were used. Their compositions vary (table 1).

Figure 1. Schematic of the HFRR.

Table 2. initial HFRR conditions.

Test number Duration [h] Temperature [°C]

1 3 40

2 18 40

3 3 80

4 18 80
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For test condition 1 with G4 it is possible to observe

repeatability between 2 tests (curves G4-1 & G4-2) and

also the film thickness corresponding to first friction test

Considering a time t, it is possible to calculate the gap

between the friction coefficient G4-1 and G4-2 and

divide it by G4-1 value. Taking the mean value, the devi-

ation between these curves is 2%. So, the HFRR test

device is a very reliable rig in order to study the friction

coefficient with grease.

In addition, to analyse the behaviour of grease during

the test, the electrical contact potential is measured to

evaluate surface separation.

A second set of tests are considered in Table 3 in order

to evaluate starvation. In order to increase the SD param-

eter, it is possible to increase mean velocity on test rig.

Considering, the minimum SD value as SDG1−3, it is

possible to calculate variation of SD for each condition.

It is expose in Table 4 as a ratio between SD
SDG1−3

. It is

important to note that a that a higher SD value is more

prone to starvation.

The wear scars induced are measured using a Sensofar

PLu neox optical profiler with Nikon objectives. Its verti-

cal resolution is less than 0.1 nm. It uses an interferometry

technique in order to determine topography.

1.3. Ball-on-disc film thickness

In order to explain the different behaviour of the grease in

terms of wear and to complete the rheology study an

investigation is carried out using EHD2 from PCS

Instruments. It consists of a ball or roller on a disc

contact with rolling and/or sliding conditions. This equip-

ment allows to validate first results from HFRR and

measure film thickness instead of having film separation.

It is also possible to visualize contact and lubricant repar-

tition inside the contact with a camera. The ball and disc

are mounted on an independent rotational shaft with speed

control SEHD. So, a slide to roll ratio SRREHD can be intro-

duced inside the contact. It can measure traction coeffi-

cient but also the film thickness down to 1 nm. The

main goal of that study is to measure the grease film thick-

ness using interferometry.4

Samples used are:

• A roller made from 100Cr6 with a minor diameter of

19.05 mm and a crowned diameter of 133.35 mm. Its

roughness is down to 20 nm.

• A disc made from glass (E= 75 GPa v= 0.2) with a

roughness of approximately 5 nm.

Table 3. New HFRR conditions to discriminate grease
starvation.

Test

number

fHFRR
[Hz]

dHFRR
[mm]

Ph−HFRR

[GPa]

Duration

[h]

Temperature

[°C]

5 100 2 1.32 3 40

6 80 2 1.32 3 40

7 100 2 1.32 3 80

Figure 2. HFRR test example with condition 1.

Table 4. SD ratio variation as function of SDG1−3 .

Test conditions number

1 & 2 3 & 4 5 6 7

G1 5.2 1 69.9 55.9 13.3

G2 5.2 1 69.9 55.9 13.3

G3 5.8 1.2 77.1 61.7 16.2

G4 5.8 1.2 77.1 61.7 16.2
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Tests are conducted without grease scoop9 to go as close

as possible to the real contact. To insure repeatability, a

3D printed stencil is used (Figure 3(a)). When the

stencil is filled, it allows 7.2 millilitre of grease to be

placed on the disc (Figure 3(b)) ensuring that the same

volume of grease is used for all the tests.

The tests conditions are available in Table 5. They are

set in order to allow maximum load available (so

maximum Contact Hertz Pressure Ph−EHD) and a mean

velocity equal to conditions 5 & 7.

Compared to HFRR, the speed is almost equivalent to tests

5 & 7. However, EHD2 uses rolling and sliding contact as

opposed to HFRR that only uses pure sliding contact.

Another difference, is that, even if the load is almost equiva-

lent, one sample is made of glass so the Young’s modulus

varies a lot. For that reason, hertz pressure drops.

2. Experimental results

2.1. HFRR

2.1.1. Friction at 40°C. The first step is to use HFRR in

order to qualify the grease in terms of the friction coeffi-

cient and surface separation.

At 40°C, the first observation is the role of additive

concentrations. Indeed, the modification of the MODTC

Figure 3. (a) EHD stencil, (b) stencil filled.

Figure 4. Grease friction coefficient results at 40°C.

Table 5. EHD test conditions.

Test

number

SEHD
[mm/s]

SRREHD
[%]

Ph−EHD

[GPa]

Duration

[s]

Temperature

[°C]

8 400 10 0.38 2100 40

9 400 10 0.38 2100 80
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concentration and also the addition of MODTP (G1 to

G2) allow the friction coefficient to be decreased by

25%, once COF is stabilized (around 16 h). Moreover,

the replacement of the thickener and base oil (G2 to

G3& G4) allows the friction coefficient (COF) again to

be decreased by 30% in order to give a low friction

grease. These 2 major modifications give two types of

grease: a low friction grease with a COF of 0.06 and a

regular grease with a COF of 0.12 after stabilization.

Figure 5 gives an indication of the separation during

tests measuring the electrical resistance between the 2

surfaces.

Separations for greases G2, G3& G4 vary during tests

at the opposite of G1 which is stable from the beginning.

The most important is to do not have separation equal to 0

which could mean a dry contact. In this case, separation

rate is always above 20%. After the stabilization of the

COF, a distinction can be established between the

grease with a full additive package (G2, G3, G4) and

grease G1 without the same MODTC concentration and

MODTP.

In addition, wear scars have been measured and the

polyurea grease seems to better protect surfaces.

2.1.2. Friction at 80°C. In Figure 6, the coefficient of

friction evolution is represented. For each grease, 2 dif-

ferent durations were set: 3 h and 18 h. The tests were

carried out twice and the curves could be superposed.

In order to clarify, only 18 h tests were plotted on

Figure 6.

The first observation is that the coefficient of friction of

greases G1 & G2 converge around 0.08 to 0.09. However,

the G1 friction coefficient seems unstable. An explanation

can be that the tribofilm is heterogeneous. Using XPS

measurements,13 it has been proved that Mo intensity

can vary all along the scar width depending on the

grease composition Figure 7.

At 80°C, the additive concentration does not have a

significant influence on the coefficient of friction, when

comparing grease G1 and G2. The low friction greases

G3 and G4 have a coefficient of friction below 0.08

which is interesting for a drivetrain application. As an

example, a low friction grease will lead to reduce gener-

ated axial force on a constant velocity joint.14 In addition,

a friction coefficient increase (G4) is noticed at around 3

h. This increase can be linked to the thickener on G4, the

bleed oil from G3 & G4 being the same.

Figure 8 presents the separations of each grease at 80°

C which seem to be quite significant.

At 80°C the performance gap between greases

becomes less. The concentration of additives seems to

be less relevant than at 40°C. However, it is important

to notice the couple oil + thickener plays a key role on

performance at this temperature.

Figure 5. Greases film thickness at 40°C.
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Figure 6. Grease friction coefficient results at 80°C.

Figure 7. XPS line scan from wear scars with same types of grease.13

6



Figure 8. Grease film thickness at 80°C

Figure 9. Friction coefficient for test number 5.
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2.1.3. Test operating conditions evolution to provoke

starvation. A first approach is proposed to explain the

influence of grease composition on friction. It shows the

important role of additives on friction coefficient but

also the contribution of the couple thickener + oil. This

role is amplified at 40°C as it is possible to observe.

Also, the couple oil + thickener is involved in friction

coefficient establishment duration.

In order to induce starvation, test conditions available in

Table 3 were used on HFRR. These conditions, increasing

frequency from 15 to 100 Hz and distance from 1 to 2 mm,

induce a mean sliding speed thirteen times higher which can

Figure 10. Film thickness for test number 5.

Figure 11. G3 friction coefficient for test numbers 5 and 6.
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lead to starvation. The first step was to study greases at 40°C

using condition number 5. Indeed, 40°C seems to be

important to understand the grease behaviour. The friction

coefficients are available in Figure 9.

Greases G1, G2 & G4 have exactly the same behaviour

as in the previous conditions of Table 2 (Figure 4). Only a

variation of friction coefficient between test conditions #1

and #5 is noticed due to speed. In addition, the surface

separation is very satisfactory (Figure 10).

However, for grease G3 a major friction coefficient is

obtained. Moreover, when this jump occurs, the separ-

ation goes to 0%, meaning, there is no lubricant

between contacting parts. Starvation seems to occur in

that case.

In order to go further, another test at 80 Hz is carried

out (test number 6) which reduces the speed and so the

SD parameter (Table 4). Also this test is repeated at 100

Hz. (see Figure 11).

This phenomenon appears to be repeatable. A first

jump appears, then the lubrication resumes and a second

jump occurs. After these failures and due to surface deg-

radation, the grease G3 is now the equivalent of a standard

grease as G1. Indeed, it gives a friction coefficient equiva-

lent or superior to G1 due to surface degradation. Also, it

is frequency dependent. At 80 Hz, the phenomenon does

not occur (Figure 11). Looking at it with the naked eye

(figure 12), this major friction seems to involve a lot of

particles inside the grease. The grease becomes black

between the samples.

Now, at 80°C the same tests are performed (Figures 13

and 14).

There is no starvation compared to Figures 9 and 10.

Indeed, here the friction coefficients are almost stable

(Figure 13) and the film thickness is always above 50%

(Figure 14). Finally, starvation occurs only at 40°C with

grease G3.

To explain this wear (Figure 15) a test with condition 5

and G3 is repeated and stopped when the jump in friction

coefficient occurs.

Wear scars were measured on the ball and disc after

testing with grease G3 as shown in Figures 16 & 17.

Figure 13. Friction coefficient for test number 7.

Figure 12. Wear G3 on HFRR.
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Figure 14. Film thickness for test number 7.

Figure 15. HFRR test stopped with G3 when jump occurs.
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It is possible to observe a material transfer from the

disc (Figure 16) to the ball (Figure 17), which shows

that, scuffing occurs with grease G3. The disc and ball

weld and, with the movement imposed by the actuator,

it transfers material onto the ball surface from the disc

surface. Now, it could be interesting to study the influ-

ence of the grease composition directly on film

thickness.

2.2. Film thickness study

On an EHL test rig, grease test repeatability is very diffi-

cult to obtain due to the chaotic behaviour of the grease15–

17 even for exactly the same operating conditions and

grease volumes. For conditions 7&8, the tests are repeated

more than twice to obtain meaningful results. In this

section, G1, G3 and G4 are studied as they have meaning-

ful HFRR results.

In order to explain scuffing, the film thickness is mea-

sured as a function of time. The condition (8&9) seems

relevant compared to previous tests (Table 2) due to vel-

ocity which seems to be the key parameter in this study. It

can be compared to conditions 5&7 from table 3 of the

HFRR section. The results for G1, G3 and G4 are avail-

able in Figures 18, 19 & 20 respectively.

First of all, it is interesting to note that for a same test

a grease can have some chaotic but at the same time

repeatable film thickness behaviour over time. For

example, grease G1 at 40°C has 3 distinct behaviours

(Figure 18). The first one separates correctly the

surface around 250 nm. The second one is the opposite.

The film thickness becomes smaller and approaches zero

damaging the spaced layer coating of the test track on the

disc and another one which oscillates between the 2

curves. This behaviour is very interesting. Indeed, it

shows the ability of grease to replenish contact. The

Figure 17. Ball scar.

Figure 16. Disc scar.

Figure 18. G1 results for conditions 8 & 9.
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same ability is observable for G4 not only at 40°C but

also at 80°C.

In order to investigate phenomenon from Figures 18 to

20, interferometric pictures of the contact area have been

done. In Figure 21, images from EHD illustrate the

contact state before and after replenishment. The rolling

direction is indicated by a yellow arrow. When starvation

begins in the left of top Figure 21, it could be observed

starvation induced vibrations which promoted the

replenishment (the sudden rise in film thickness of

Figures 18–20).

However, this behaviour is not observed on G3. At 40°

C, the film thickness decreases quickly and never recover

unlike G4&G1. Finally, after some minutes, it goes to

zero and damages the track. It is illustrated in Figure 22.

It is possible to observe the beginning of starvation on

the right and left of the contact. However, the grease never

replenishes contact and tends to a dry contact. It is similar

to the behaviour found by other authors.18

Figure 20. Figure 20. G4 results for conditions 8 & 9.

Figure 19. G3 results for conditions 8 & 9.

Figure 21. Contact replenishment with G4 at 40°C.
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On the contrary, at 80°C, the replenishment of this grease

G3 greatly improves (temperature drops oil viscosity which

improves the oil separation) and the film thickness at 80°C

can even be higher than at 40°C, as shown in Figure 19.

2.3. Discussions

Grease G1, G2 & G4 were tested by 2 experimental

devices. These devices which are complementary

allow to study greases having friction coefficient, separ-

ation but also film thickness variation information.

It has been shown that G1 & G4 which have com-

pletely different composition in terms of additives con-

centration and couple oil + thickener have completely

different friction behaviour. This composition variation

which lead to double friction coefficient from G4 to G1,

have no influence on scuffing.

Indeed, for G1 & G4, when the contact is at low values

of film thickness, the grease can replenish the contact

thanks to its properties even against centrifugal effects.

For G1 at 80°C, the grease does not show the same

ability. Nevertheless, the film thickness is lower than pre-

vious values due to the increase of temperature but it is

more stable during the test, and the surface separation is

improved protecting the surfaces too.

There are sporadic replenishments during tests. It is

possible to explain:

• Starvation induces vibrations: these vibrations will

allow the grease to move back inside the contact area

• Centrifugal effect: during tests, oil is stored on both

sides of the contact. Due to centrifugal effect, the

storage closer to the rotational shaft can supply the

contact with the bleed oil.

• Mechanical degradation of the thickener matrix:

degraded grease thickener insures a residual film on

the rolling track.

All these phenomena improve re-flow until the next star-

vation event occurs.19,20

On the contrary, although G3 & G4 have close com-

position, same SD, and performance except at 40°C

with condition #5, it has been noticed that G3 at 40°C

induces starvation in HFRR. This starvation leads to

scuffing and so surface degradation. On EHD2 with G3

at 40°C, the film thickness events do not happen and

therefore, the film generated shows a much smaller thick-

ness, operating close to dry contact and hence, damaging

the surface which can be the origin of scuffing found in

section 2.1.3. However, it is interesting to note that G3

and G4 have the same oil (B) so the same viscosity.

Also, in that case, the contact area and velocity are the

same. To finish, the film thickness after 500 s at 40°C is

almost the same. So, the parameters from starvation

degree SD in oil-lubricated contacts is constant (table

4). This starvation criteria is not valid for grease as sug-

gested by authors8. So, it could be interesting to consider

oil separation measurements to study greased contact star-

vation as these are highly different for G3 & G4.

Nevertheless, for these last greases the compositions

and chemical and physical properties are similar, only

the manufacturing process is different.

3. Conclusions

In The present study, it has been proved that grease com-

position and in particular additives can decrease friction.

Adding MODTC and MOTDP in enough quantity can

improve friction coefficient by 25% at 40°C. Also, chan-

ging the couple oil-thickener from a lithium-calcium

complex with a mineral & PAO base oil to polyurea

with Synthetic ester + PAO base oil allows friction to

be decreased by 30% at 40°C.

However, if the contact frequency increases it is pos-

sible to observe starvation and so scuffing on surfaces

using greases with the same oil, thickener technology

and additives. It is important to note that the manufactur-

ing process of polyurea thickener seems to play a key role

on starvation on our case.

Borrowing the SD parameter from oil lubricated

contact theory, it is possible to conclude that it is not suf-

ficient to predict starvation on grease lubrication. Indeed,

in this study, 2 greases with same oil viscosity, contact

parameters leading to equivalent SD parameters give dif-

ferent behaviours due to very different oil separation.

Indeed, when one grease insures correct lubrication, the

other one induces starvation and so scuffing according

to HFRR and EHD2 measurements.

In a future study, it could be interesting in order to predict

starvation to modify the SD parameter with a physical notion

of oil bleed using the IP121 method for example. To do this,

it would be interesting to lead this future study by controlling

more finely the parameters between the different greases.

Also, it has been shown that temperature and contact fre-

quency play a key role on starvation.

An application of this study can be rolling element lubri-

cation from automotive drivetrains. A constant velocity

joint uses grease in order to lubricate the contact between

the roller and housing. Drivetrain greases are important

Figure 22. Contact starvation with G3 at 40°C.
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for automotive transverse drivetrains. It fills 2 main goals:

lubricating the contact and extracting heat. In that case,

the friction coefficient can be directly linked to the gener-

ated axial force of the tripod14. Friction between rollers

and housing creates a force. The strength will depend on

the friction coefficient and implies vibration on the car.

These functions which are essential, insure the components

have a long life21 avoiding starvation for example.
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