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Abstract The aim of this paper was to understand the

List of symbols

parameters influencing the grease film thickness in a rolling D Average diameter of the thickener particle (m)
elastohydrodynamically lubricated contact under fully E’ Reduced elastic modulus (Pa)

flooded conditions at medium speeds. Film thickness F Load (N)

measurements were taken under pure rolling for six com-  f Ratio of major to minor dimension of the
mercial greases and their bled oils. The grease film thick- thickener particle (-)

ness was found to be higher than corresponding bled oil, G Dimensionless material parameter (—)
suggesting the presence of thickener in the contact. No G Elastic modulus (Pa)

rheological properties (characterized by steady and G Loss modulus (Pa)

dynamic shear) showed any direct relation to the film he Central film thickness (m)

thickness of the studied greases. AFM measurements of the ~ A4h(%)  Percentage increase in film thickness (-)
thickener microstructure, from which the dimensional L Average length of the thickener particle (m)
properties of the thickener particles (fibers/platelets/ —m Power law index (-)

spheres) were estimated, showed that the relative increase =~ N Number of speed increment (—)

in the film thickness due to entrainment of the thickener  pmax Maximum Hertzian contact pressure (Pa)
was proportional to the ratio of thickener volume fraction = Rg Roughness parameter (m)

to the size of the fibers/platelets/spheres. Hence, with the R, Radius of the ball (m)

same concentration, smaller thickener particles lead to the
generation of thicker films than larger thickener particles.
Next, this relation was used to establish the percentage of
the thickener particles passing through the contact.
Depending on the grease type, between about 1 and 70 %
of the thickener particles were found to travel through the

U Dimensionless velocity parameter (-)

u Rolling speed (m/s)

Vv Average volume of the thickener particle (m®)
w Dimensionless load parameter (—)

o Pressure—viscosity coefficient (Pa™")

y Shear rate (s_l)

contact. Ve Critical shear rate (s ')
n Base oil viscosity (Pa s)
Keywords EHL - Grease lubrication - Rheology - Ny Bled oil viscosity (Pa s)
Microstructure e Effective viscosity of the lubricant in the contact
(Pa s)
54 F. Cyriac "o Zf':ro sl.lear ra.te viscosity (Pa s)
f.febincyriac @utwente.nl Hoo Viscosity at y—o0 (Pa s)
An(%)  Percentage increase in effective viscosity (-)
! Materials Innovation Institute (M2i), Delft, The Netherlands Ul Intrinsic viscosity (-)
2 University of Twente, Enschede, The Netherlands Kq 1.03 (& ) 0.63 )
3 SKF Engineering & Research Centre, P.O. Box 2350, ' .R'V 3
3430 DT Nieuwegein, The Netherlands Pg Density of the grease (kg/m”)
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Op Density of the base oil (kg/m®)

Terossover  Crossover stress (Pa)

Ty Yield stress (Pa)

) Wavenumber (cm_l)

® Volume fraction of the thickener particle (-)

o Volume fraction of the thickener particle in the
contact (-)

Ap(%) Percentage volume fraction of the thickener

particles traversing the contact (—)
¢ Mass fraction of the thickener particle (—)

1 Introduction

More than 90 % of all rolling bearings are grease-lubri-
cated. Lubricating greases ensure separation of the con-
tacting surfaces through hydrodynamic action, where the
lubricant is sheared in between the rolling element—race-
way contacts [1]. During the initial operation of the bear-
ing, macroscopic flow (churning) takes place, for a few
hours up to about 24 h depending on the internal design of
the bearing, operating conditions, percentage filling and
rheological properties of the grease. During the churning
phase, a fraction of grease will end up next to the running
track and another fraction will find its way to other crucial
locations inside the bearing, such as under the cage bars,
from where the lubricant feed to the bearing contacts takes
place, mostly by oil separation [2].

The complexity of the grease and the internal bearing
geometry makes it difficult to study the mechanisms of
grease lubrication in full rolling bearings. So the research
on grease lubrication mechanisms has been mainly done
using the ball on flat disk configurations [3—6]. The main
drawback of this system is the large difference in time
between successive over-rolling and the absence of the true
feed and loss mechanisms caused by the difference in
geometry and kinematics [2]. Despite these disadvantages,
the ball on flat disk configuration can reproduce the contact
pressures, temperatures, slide/roll ratios, etc. inside the
bearing and most importantly, can be used for measuring
film thickness using optical interferometry [3].

The single-point-contact configuration can be used for
measuring the grease EHL films accurately down to a few
nanometers under fully flooded and starved conditions. In
the former, the grease film thickness is higher than
expected based on base oil viscosity alone. The thicker
lubricant film indicates the presence of thickener material
entering the contact [3, 6, 7]. The film thickness can change
rapidly due to changes in rheological flow properties
caused by, for example, shear degradation of the thickener
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[8] or due to side flow induced by pressure and centrifugal
force [1, 9]. In the absence of a suitable mechanism for
track replenishment, the film thickness decreases with time
below that estimated by classical EHL theory, which can
be ascribed to starvation.

It has been shown earlier that an increase in oil viscosity
and thickener concentration contributes to a larger film
thickness under fully flooded conditions [10]. Cann
assumed that this film thickness may consist of a part
formed by elastohydrodynamic action and a part formed by
residual layers formed by the thickener [11, 12]. Couronne
et al. [4] studied the influence of grease rheology and
thickener microstructure on the EHL film. They showed
that greases with low elastic moduli were capable of
forming thicker films in comparison with greases with
higher elasticity. Nevertheless, in their study the thickener
microstructure itself was found not to exert any significant
influence on the formation of thick lubricant films. On the
contrary, Kaneta et al. [6] emphasized the importance of
the thickener structure on the film formation. They showed
that the thickener microstructure is a dominating parameter
influencing the film thickness under fully flooded condi-
tions. Despite the fact that many papers are dedicated to the
understanding of grease lubrication, there is still ambiguity
on the factors influencing the lubricating ability under fully
flooded conditions, which inspired this study. The goal of
the present paper is to contribute to the understanding of
grease lubrication by studying the effect of rheology,
thickener particle geometry and thickener concentration on
grease EHL films under fully flooded conditions by using
commonly available rolling bearing greases varying the
thickener—oil systems. The present paper excludes the
ultra-low-speed domain on which recently several papers
have been published [8, 13]. The lubrication mechanisms
in the low-speed domain are likely to be different from
those where hydrodynamic action prevails.

2 Materials and Methods
2.1 Tested Greases and Bled Oils

Six commercially available greases with the most common
thickeners and base oils are studied and are designated with
respect to their composition. The characteristics of the
studied greases are summarized in Table 1. The bled oils
were extracted from the greases by using Heraeus Biofuge
17RS centrifuge. The centrifugation was carried out by
placing grease sample into a filter crucible with a mesh size
of 10 um. The oil separation test was performed at a
temperature of approximately 37-40 °C at a centrifugal
acceleration of 360 g.
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Table 1 Characteristics of the greases studied

Grease CaS/MS CaS/M Li/M Li/SS LiC/PAO PU/E
NLGI 1-2 2 3 2 2-3 2-3
Thickener Calcium sulfonate Calcium sulfonate Lithium  Lithium Lithium Polyurea
complex complex complex
Mass fraction of the 0.26 0.27 0.15 0.17 0.20 0.26
thickener
Volume fraction of the 0.26 0.27 0.14 0.16 0.19 0.24
thickener
Density of the grease (g/  0.90 0.90 0.91 0.92 0.86 0.94
cm’® )
Base oil Synthetic (PAO)/ Mineral oil Mineral ~ Mineral oil (semi- Synthetic Synthetic
mineral oil synthetic) PAO ester
Viscosity at 25 °C (Pas)  0.18 1.12 0.23 0.07 0.29 0.14
Density of the base oil (g/ 0.90 0.90 0.90 0.91 0.85 0.91
3
cm”)

2.2 Thickener Concentration Measurements

The thickener content in Table 1 was obtained by dissolving
a measured quantity of grease in petroleum ether (PE 40/60)
and forcing the dissolved grease to flow through a filter with a
mesh size of 2 pm. Next, the filter with the thickener and
solvent was subjected to 140 °C for 15 min, to evaporate the
solvent. The thickener in the filter was then weighed, and
thickener concentration could be obtained from the ratio of
the mass of the thickener to that of grease. Measurements
were repeated five times to check the repeatability, and the
maximum error was found to be less than seven percentage of
the weight measurement. The thickener composition in the
grease can also be expressed in terms of volume fraction
(Table 1), which was obtained by solving Eq. (1)

o= ¢
o pe—(1=0)py)’
¢+ (1—¢)(B=52n)
where ¢ is the volume fraction of the thickener, ¢ is the

mass fraction of the thickener, p, is the density of grease
(g/lem®), and p,, 1s the density of the base oil (g/em?).

(1)

2.3 Fourier Transform Infrared Spectroscopy
(FTIR) Measurements

Absorption spectra of the greases and corresponding bled
oils were obtained with a Bruker FTIR TENSOR 27. The
spectra have been achieved in a wavenumber range of
4004000 cm ™" in the absorption mode.

2.4 Film Thickness Measurements
Film thickness measurements were taken under pure roll-

ing conditions with a ball on flat disk test apparatus using
optical interferometry (PCS Instruments Ltd), Fig. 1. For
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Fig. 1 Schematic representation of film thickness measurement using
optical interferometry

more information on the setup, the reader is referred to [12,
14, 15].

The properties of the ball and test conditions are sum-
marized in Table 2. To ensure fully flooded conditions, a
grease scoop was used for redistributing and redirecting the
grease back onto the rolling track. Nevertheless, the film
thickness was found to decrease with time, so to maintain a
sufficient and stable film, the fresh grease was fed manually
into the contact at each speed increment. The grease and
bled oil film thickness measurements were taken by
increasing the surface speed from 0.02 to 1 m/s. Two
central film thickness measurements were taken, and the
data are shown with their 90 % confidence intervals.

2.5 Rheological Measurements

Dynamic and steady state rheological characterization of
the greases were carried out using an Anton Paar MCR 501

@ Springer
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Table 2 Ball on flat disk—

gcometry and testing conditions Geometry Radius (mm) Roughness (Rg) (nm) Elastic modulus (GPa) Poisson ratio
Ball 9.53 6.5 210 0.29
Disk 50 <10 60 0.18
Load (N) Pmax (GPa) Speed range (m/s) Temperature (°C)
20 0.74 0.02-1 25

rheometer, using a rough parallel plate system of 25 mm
diameter with 1-mm gap (Ra = 2.87 um). Flow curve
measurements were taken using stepped-ramp shear rate, in
the range from 1077 to 1 sfl, for a total measurement
duration of 1 h. Oscillatory response at a frequency of 1 Hz
was studied from 0.001 to 1000 % strain. To reduce the
influence of loading history on the microstructure and to
obtain consistent results, a relaxation time of 20 min which
was sufficient for the normal force to relax was used after
loading the samples.

Viscosity measurements for bled oils were taken using a
Brookfield LVTDV-II viscometer at 25 °C. Temperature
control was achieved with a precision of +1 °C using a
TAMSON TLC 3 cooled circulator. The experiments were
repeated two times to check reproducibility.

2.6 Microstructural Characterization

Microstructural characterization of the lubricating greases
was carried out using a scanning electron microscope
(SEM) and an atomic force microscope (AFM). For SEM
analysis, the grease samples were washed using distilled
petroleum ether, dried and gold-coated using JEOL JFC-
1300 autofine coater. SEM images were obtained using
Neoscope JCM 5000 instrument under high vacuum and at
15 kV. Samples for microstructural characterization using
AFM were prepared by carefully scraping the grease on a
carbon disk. AFM measurements were taken using a
Multimode 8 AFM (Bruker Nano Surfaces, Santa Barbara,
CA, USA) with a Nanoscope V controller. Tapping mode
AFM images were collected with commercially available
silicon cantilevers (NCH and SSS-NCHR, Nanosensors,
Neuchatel) with a nominal spring constant of 42 N/m.
Repeated measurements and multiple scans were carried
out to ensure the reliability of data.

3 Results
3.1 FTIR Measurements
To ensure that the bled oil (obtained using 2- and 10-um

filters) did not contain a significant amount of thickener, a
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qualitative analysis was performed using FTIR on the bled
oils and the corresponding grease samples. The FTIR data
and the most salient absorption peaks for the Li/M grease and
the corresponding bled oil are shown in Fig. 2 and Table 3,
respectively. Comparison of the spectra shows that the peaks
relevant for the thickeners (3330, 1580, 1558 and
1420 cm™ ") either are absent or are below the detectable
limit in the bled oil. However, some differences are observed
between the base oil and bled oil viscosity (Table 4). Even
for CaS/MS, which showed the highest difference in vis-
cosity, peaks corresponding to the thickeners were not
detected using FTIR. This rules out the presence of signifi-
cant concentrations of thickeners in the bled oil.

3.2 Determination of Pressure-Viscosity Coefficient

(o)

One of the important parameters influencing the film
thickness in elastohydrodynamic lubrication is the pres-
sure—viscosity coefficient (o). The o values in Table 4 are
obtained by minimizing the error between the central film
thickness measurements for bled oils (Fig. 3a—f) and the
Hamrock and Dowson [18] film thickness equation
(Eq. 2a), as described by Van Leeuwen [19]. The Hamrock
and Dowson equation is given by:

h, 17067 G053 .
R, 0.63
R, E'R,
’ 2 2 (2b)
_F 2 _ I—vi 1-v;
ER, E E E,

Here, A, is the central film thickness, R, is the radius of
the ball (m), E’ is the reduced modulus of elasticity (Pa), 1,
is the viscosity of base oil (Pa s), u is the rolling speed (m/
s), F is the load (N), and « is the pressure—viscosity coef-
ficient (Pa™").

The values shown in Table 4 represent only an
approximation. The calculated values for o were found to
be higher than reported from high-pressure rheological
measurements [20, 21]. However, they lead to an accurate
film thickness prediction.
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Fig. 2 FTIR data for Li/M 0.4
grease and corresponding bled ]
oil at T =25 °C 0.35

0.3

0.25 -

Absorbance
o
N
1

2921 — = — Grease

% ——— Bleedail

1459

2000 1500 1000 500

2500

3000
v(em™)
E;}\);ea:: 2?11sC()rﬁt;<?r11 %e aks for v (em™h) Origin Component
3500-3230 Stretching of O-H bond Thickener
2956 C-H stretching (CHj3) Oil and thickener
2921 C—H stretching (CH,) Oil and thickener
2854 C—H stretching (CH,) Oil and thickener
1749 C=0 stretch Oil
1580 COO™ asymmetric stretch Thickener
1558 COO™ asymmetric stretch Thickener
1459 C-H deformation (CH,) Oil and thickener
1420 COO™ symmetric stretch Thickener
1377 —C (CH3), deformation Oil and thickener
1120-900 Other less intense absorptions Oil and thickener
1310-1175 O-C(H,) stretch and CH, twist and rock Oil and thickener
721 (CH,), in phase rocking Qil
gr‘:s’:ir‘;yi‘:cco‘;si?yyCi‘;‘}ﬁciem o  Grease CaS/MS CaS/M LiM Li/SS LiC/PAO PU/E
bled oils at T'= 25 °C 1, (Pas) 0.18 1.12 0.23 0.07 0.29 0.14
Ny (Pas) 0.26 1.12 0.24 0.08 0.34 0.14
o x 107° (Pa™h) 28.8 27.1 27.5 24.2 17.5 24.5
AR(%) 19.6 21.3 39 4.4 39.1 133

The viscosity was measured using Brookfield LVTDV-II viscometer and the pressure—viscosity coefficient
with the method described by Van Leeuwen. The percentage increase in film thickness obtained using

Eq. (3) is also shown

3.3 Central Film Thickness Measurements (k)

In the range of studied speeds, the bled oil film thickness was
found to increase with a slope of ~0.67, which corresponds
to the prediction by the Hamrock and Dowson [18] Eq. (2a).
The base oil central film thickness shown in Fig. 3a—f was
estimated using the Hamrock and Dowson equation using

pressure—viscosity coefficient values of the bled oil. Similar
to the bled oils, the log—log film thickness of greases versus
speed increased with a slope ~0.62-0.69 (Fig. 3a—f).

The fully flooded film thickness of the studied greases
was found to be higher than their corresponding bled oils.
This can be attributed to the presence of thickeners influ-
encing the effective viscosity at the inlet of the contact [3,

@ Springer
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Fig. 3 a—f Film thickness as a CaS/M CaS/MS
. . 4 104 |
function of rolling speed for the (a) 19; (b)
greases and corresponding bled
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22]. The percentage increase in grease film thickness with
respect to its corresponding bled oil film thickness was

calculated using
hgrease _hblsdoil
Totedoil n

AR(%) = 100 x XN: e (3)

Here, N is the total number of speed increment.

The values obtained using Eq. (3) are shown in Table 4.
In general, the grease film thickness was found to be
3-40 % higher than the bled oil film thickness.

3.4 Rheological Characterization
The greases were characterized using continuous shear and

oscillatory shear measurements. The flow curve shows a
high-viscosity Newtonian region at low shear rates,
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followed by a shear thinning region marked by a drop in
four to five decades in viscosity (Fig. 4a). The viscosity
versus shear rate was fitted using the cross model (Eq. 4).
As it is not possible to measure the viscosity at very high
shear rates with the cone—plate/plate—plate rheometer, it
was taken as the effective viscosity of the lubricant in the
contact (Table 6). The cross model reads

=0
()

Ve

(4)

Here, 1, is the zero shear rate viscosity/limiting vis-
cosity, 7., is the viscosity at very high shear rates (in this
case, the effective viscosity of the lubricant in the contact,
1g)s Ve 1s the critical shear rate at which the fluid changes
from Newtonian to power law behavior, and m is the power
law index. The parameters obtained using the cross model
are summarized in Table 5.
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The yield stress was obtained from the oscillatory strain
sweep as the stress level at which a predefined (0.5 %)
deviation from the linear relation between stress and strain
was observed. For details, see [23]. Next to the yield stress,
the viscoelastic properties (G'—elastic modulus and G"—
loss modulus) were measured in oscillating shear at a fre-
quency of 1 Hz (Fig. 4b). The results are listed in Table 5.

3.5 Microstructural Characterization

Two different techniques (SEM and AFM) were used to
examine the grease microstructure. Notable differences in
the structures were observed between these techniques.
Figure 5 shows the microstructure obtained using SEM for
the studied greases. The SEM images were obtained by
washing away the base oil by using a volatile solvent—
petroleum ether. The lithium grease shows a fibrous
microstructure with a fine and complex network of twisted
fibers [24, 25]. Lithium complex grease also appeared to
have a fibrous structure but with fewer junctions between
the fibers in comparison with lithium grease [26]. On the
other hand, a completely different microstructure was
exhibited by calcium sulfonate complex and polyurea
grease. Polyurea grease was found to have thickeners in the
form of platelets, whereas it was not possible to determine
the shape and size of the calcium thickeners that were
expected to be spherical [26]. Comparison of the
microstructure obtained using SEM and AFM (Fig. 6)
suggests that the difference in apparent microstructure
might be the result of the washing technique or a result of
the soap—solvent interaction, which may lead to the col-
lapse or swelling of the structure [24, 27].

In comparison with SEM, AFM has the advantage of not
requiring any sample pretreatment. The grease microstruc-
tures obtained using AFM under tapping mode in phase
imaging are shown in Fig. 6. The measurements were taken
for at least two samples to confirm that the pictures are
representative for the microstructure of the corresponding
greases. The lithium greases (Li/SS and Li/M) appeared to
have a fine twisted cylindrical fiber structure with physical

entanglements, whereas lithium complex grease showed a
less dense fibrous structure without any physical entangle-
ments, leaving large spaces between the fibers. Calcium
sulfonate complex greases (CaS/MS and CaS/M) exhibited a
spherical agglomerated structure, and polyurea grease
thickeners appeared to be in the form of platelets often sep-
arated by a larger distance. However, no significant differ-
ences in the thickener particle dimensions are observed using
AFM between Li/SS and Li/M, and CaS/M and CaS/MS. A
higher degree of physical entanglements was observed for
Li/SS over Li/M, and CaS/M showed large spaces between
the thickeners in comparison with CaS/MS (not shown). This
suggests that there is an influence on the fiber interaction by
the thickener concentration and base oil viscosity as is sug-
gested in [28, 29]; however, the effect on the particle shape
and size is neglectable.

4 Analysis

FTIR measurements from bled oils showed that the peaks
relevant to the thickeners were either absent or below the
detectable limit. This means that there was no significant
thickener material in the bled oil and that the difference
between the bled and base oil viscosity may be ascribed to
the presence of additives [5]. This topic was not explored
further, as the same additives will be present in their cor-
responding grease samples.

The average fully flooded film thickness of the greases
increased in the order:

CaS/M > LiC/PAO > CaS/MS > Li/M > PU/E > Li/SS.

Under fully flooded conditions, none of the rheological
properties listed in Table 5 could be directly related to the
ability of the studied greases to produce thick films.
Therefore, it is most likely that the microstructure/network is
not relevant, but primarily the size and concentration of the
thickener particles are. The influence of thickener volume
fraction (¢) on the percentage increase in film thickness is

Fig. 4 a Viscosity versus shear (a) 108, (b)105 1
rate for a few greases studied at )
T = 25 °C. b Storage and loss 1074 wwessacag
........ vl 9 /(B\
modulus versus stress at a 108 Teemetee ey T Q. 10%d \
frequency of 1 Hz and g omala, N
~ o m_'d [ )
T = 25 °C for CaS/M a 105 ] * .::::q_q g Tcrossover
< Segmia S, 3
104 ] *lpata, o 107
..-I<
103 ] A,:-‘;'i ™ G/
e ® G//
,]-e-CaSMS & LSS < LIC/IPAO 102 . . . )
1010‘6 16-5 16'4 16'3 16'2 16'1 160 - 0° o' o* 10°
o Stress (Pa)
Y(s7)
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Table 5 Rheological properties

. Grease Flow curve-cross model Oscillatory strain sweep @ f= 1 Hz
obtained from steady state flow
curve and oscillatory strain no x 10°(Pas) J, x 107%s™") n (Pas) m G (kPa)  Terowover (PD) Ty (Pa)
sweep measurements at
T=25°C CaS/MS 1.9 4.7 0.34 1.01 298 509 189
CaS/M 1.9 35 1.47 094 339 567 182
Li/M 5.3 1.7 0.25 093 814 1407 97
Li/SS 3.8 1.4 0.09 091  76.7 892 83
LiC/PAO 12.7 1.6 0.59 0.95 173.7 1206 175
PU/E 2.6 32 0.16 0.95 267.5 1811 276
)
Grease Lithium (Li/SS) Lithium Complex
Shape Twisted entangled fibres Fibres
Average length (L) NA ~0.45 pum
Average diameter (D) ~0.1 pm ~0.15 pm

|

(-

15 kv XQ{)OO 5 X5 pm$

.
8.

| — l b -
15kvx40‘ 5 X5 pm
y ¥4y o )

Grease Calcium Sulfonate Complex (CaS/M) Polyurea
Shape NA Platelets
Average length (L) NA 1.5 um
Average Width (D) NA =1.2 pm

Fig. 5 SEM images obtained using washed grease samples with thickener particle dimensions

shown in Fig. 7a. A considerable scatter can be seen in the
plot of Ah(%) versus ¢. This is in agreement with [10]
where a considerable spread in the relative percentage film
increase as a function of thickener concentration was
observed. The spread in Fig. 7a may be attributed to the
difference in the thickener type. This is further analyzed in
Fig. 7b where the volume of the individual thickener
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particles, obtained using AFM, is plotted against Ak(%).
Figure 7b shows that greases with smaller thickener parti-
cles give rise to thicker films (CaS/M, CaS/MS, LiC/PAO)
in comparison with those with grease particles with larger
volume (Li/SS, Li/M and PU/E).

An additional test was done where the concentration
was kept constant, but only the thickener particle size
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5X5um

5X5um
Grease Lithium (Li/SS) Lithium Complex
Shape Twisted entangled fibres Fibres
Average length (L) =~ 2+ 0.40 pm =~ 0.4+0.15 pm
Average diameter (D) ~0.1£0.02 pm ~0.1£0.02 um
Average Volume (V') ~0.0157 pm’ ~0.003 pm’
5X5pum 5X5pum
Grease Calcium sulfonate complex (CaS/M) Polyurea
Shape Spherical Platelets
Average Length (L) - ~ 0.65+0.15 um
Average Diameter, - N
width (D,W) ~0.26 £ 0.05 pm ~0.5+0.1 pm
- 3 ~0.016 pm3*
Average Volume (}) = 0.009 pm * Assuming height = 0.05 pm,

Fig. 6 AFM images obtained using the untreated samples with thickener particle dimensions

was changed. This was done by working the Li/M grease
for 100,000 strokes using an in-house-made grease
worker at 25 °C. For details, see [30]. The film thickness
and AFM measurements (Fig. 8) show that the film
thickness increased with about 20 % with fibers that
have become much smaller (from V = 0.0157 um® to
V = 0.0075 pm?).

Both effects can be combined into a single parame-
ter, (%), the ratio of thickener volume fraction to individual
thickener particle volume, and the result is shown in

Fig. 9a. A linear relation was found between the percent-
age increase in film thickness Ah(%) and £ with R* = 0.93.
The relationship is given by:

Ah(%) = 0.61(%) +1.97 5)
These film thickness results can be transferred into a
relation between effective viscosity and grease parameters.

This makes the results applicable to contacts that are dif-
ferent from the point contact. Moreover, it makes it
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Fig. 7 a Ah(%) versus a thickener volume fraction and b volume of the thickener

possible to calculate the fraction of the thickener that
travels through the contact using the relations for the vis-
cosity of semi-dilute systems that are known from the
literature.

Again, the film thickness measurements are transferred
into effective Viscosities,ng, using Hamrock and Dowson
equation, assuming again that the grease pressure—viscosity
coefficient is equal to that of its bled oil. The result is
shown in Table 6. The percentage increase in effective
viscosity was calculated using

An(%) =" 5 100,

Mp1 (6)

where 7, is the effective viscosity of the lubricant in the
contact (Pa s) and #,, is the viscosity of bled oil (Pa s).
The percentage increase in effective viscosity is plotted
against (%), and is shown in Fig. 9b. As expected, the
effective viscosity of the lubricant in the contact was found
to be linearly dependent on (%) with R* = 0.96 and reads

An(%) = 1.9(%) ~21 (7)

Ideally, when ¢ — O there should not be an impact of
the thickener on the percentage increase in film thickness
and viscosity. However, this was not observed due to
nonzero ordinate values in Eqs. (5) and (7). An ideal linear
relation which accounts for this is shown in Fig. 9 by
taking y-axis intercept as zero, using the same slope from
Egs. (5) and (7).

Not all thickener particles may travel through the con-
tact and contribute to this increase in effective viscosity.
By having the effective viscosity, 1,, the volume fraction

(¢) of the thickener particles that contributed to this
increase in viscosity can be approximately calculated using
Saito’s equation [31], which accounts for hydrodynamic
interactions between the particles. Saito’s equation is given

y:

on

@
-0

Mg = My | 1+ [1] ; (8)

where [y7] is the intrinsic viscosity. The main assumptions

that are made to calculate this volume fraction,q, are that

Fig. 8 a Film thickness versus (b)
speed for worked and unworked
Li/M grease at T = 25 °C, (a) 10% 5
b AFM image for the worked
sample
10° 4 8
3 s888°
L]
£ §e
S gséd
< s @ -
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107 4 8 8 8 Twisted
Shape entangled
[ JaV] ked B Worked fibres
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1072 107 10° width (D,W) um
u (m/s
(mis) Average Volume (V) | =0.0075 pm’
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Table 6 Effective viscosity in o, 0 CaS/MS  CaSM  Li/M Li/SS LiIC/PAO  PU/E  Li/M aged
the contact, percentage change
in effective viscosity and n, (Pas) 034 1.47 0.25 0.09 0.59 016 031
volume fraction and percentage °
volume fraction of thickener An(%) 30.7 31.3 4.1 12.5 73.5 14.3 29.1
particles traversing the contact ® 0.10 0.11 1x107%  32x107° 0.13 0.09 0.02

Ap(%) 38.5 40.7 0.71 2.00 68.4 375 14.3

the particles are assumed to be rigid, and that polydisper-
sity of the particles can be neglected.

The intrinsic viscosity,[n], which is a measure of the
contribution of the dispersed phase to the effective vis-
cosity, depends on the shape of the particles. For spherical
particles (calcium sulfonate complex greases), [n] = %,
whereas for cylindrical (lithium and lithium complex
grease) and disk-shaped particles (polyurea grease), the
intrinsic viscosity is given by Eq. (9) and (10), respectively
[32].

_ 14 f2 f2

=15+ 500z 27 =3/2) T St02r = 1/2) ©)
16 f

= et (10)

where f is the ratio of major to minor dimension.

The volume fraction of the thickeners traversing the
contact,@, obtained using Eq. (8) is shown in Table 6. But
it should be noted that these values represent only an
approximation. Now, the percentage volume fraction of the
thickeners traversing the contact (Table 6) can be calcu-
lated using

(i (e=2)).,
Aqo(%)(l ( - )) 100.

The result shows that depending on the nature of the
dispersed phase, only a fraction of the thickeners may
traverse the contact and can contribute to the overall film
thickness. Only a very small fraction of the Li grease
thickeners travel through the contact, whereas almost half
of the calcium sulfonate complex and polyurea particles

(11)

will go through. The largest fraction is found for the
lithium complex grease.

5 Discussion

The prediction of the EHL film thickness for a grease-
lubricated contact often clearly deviates from that of its
base oil. There are three regimes in which the lubrication
mechanisms are different: ultra-low speed, medium speed
and higher speed. At ultra-low speed, the film thickness
may increase with decreasing speed [13]. This was mod-
elled using an effective viscosity that is much higher than
that of the base oil and is a function of the speed [22]. The
higher film thickness may be ascribed to the large increase
in viscosity when the shear rate approaches zero and/or to
the formation of boundary layers. At medium speeds, the
grease film thickness is closer to the base oil film thick-
ness. However, also here the films are usually thicker.
Again, the increase in film thickness can be modelled by
an increase in viscosity. At these speeds, the films are so
thick that the effect cannot be ascribed to the formation of
a boundary layer. The shear rates are already so high that
the viscosity hardly changes with shear rate. This viscosity
can be modelled using Saito’s equation, which describes
the increase in viscosity of a fluid containing particles.
Equations (5) and (7) describe that small particles in a
high concentration have the most pronounced effect. The
results shown are applicable to full film lubrication. For
rolling bearings, this means during the churning phase.
After this, full film only occurs if the speeds are not too
high.
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6 Conclusions

The grease film thickness was found to be 340 % higher
than the bled oil film thickness, which is ascribed to an
increase in the effective viscosity caused by the presence of
thickener particles in the inlet of the contact. No bulk rheo-
logical properties characterized by steady and dynamic shear
could be related to the grease film thickness. The thickener
contribution to the film thickness quantified as Ah(%) was
found to be a function of the thickener concentration and
grease particle dimensions obtained using AFM. The degree
of film enhancement was found to be proportional to the ratio
of the thickener concentration to the average volume of the
individual thickener particles and reads

AW(%) = 0.61 (%) 1197

Hence, with the same concentration, smaller thickener
particles lead to the generation of thicker films than larger
thickener particles. This can be translated into a change in
effective viscosity:

An(%) = 1.9(%) —2.1

An analysis of the relation between the effective vis-
cosity and the thickener particle concentration revealed that
not all thickener particles travel through the contact. With
the limited number of greases that we studied, this varied
between 1 and 70 %.
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