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Abstract: The grease film thickness was measured in fully flooded elastohydrodynamic lubrication,
and the influence of rolling speed, load, consistency, base oil type and thickener type on grease film
thickness was analyzed. A new calculation model for grease film thickness was established. The
results show that the grease film thickness increases with the increasing rolling speed, and then
levels off with the amount of thickener in the contact region reaching an equilibrium. The degree of
grease film enhancement comparing to its base oil will depend on thickener type and consistency.
The larger the atmospheric viscosity and pressure-viscosity coefficient of the base oil, the higher the
film thickness of the greases with the same thickener. The grease film thicknesses with the same base
oil and different thickeners are determined by the size of thickener particles at the same consistency
or concentration. The larger the consistence of the grease, the larger the effective viscosity of the
grease at the contact and the thicker the grease film thickness whose base oil has the same type and
viscosity along with the same type of thickener. The calculated values by the new model are in good
agreement with the measured values.

Keywords: grease; film-forming properties; film thickness; influence factor; EHD

1. Introduction

As the most commonly used lubricant in current bearing equipment, grease with
a lubricating and sealing effect can extend bearing maintenance intervals and reduce
energy consumption. Generally, grease is a semi-solid composed of base oil, thickener
and additives. Due to the presence of the thickener, its fluidity is lower than that of the
corresponding base oil. As the film-forming process of greases is complex, the study of
film-forming properties is usually achieved by measuring the film thickness of the grease.

Some studies showed that speed affected grease film formation [1-3]. Temperature
also plays a decisive role in grease film formation [4]. Cen et al. [5] investigated the effects
of speed and load on grease film thickness, where the effects of the speed and load were
small. The grease composition plays an important role in the film-forming. The thickener
is essential for the performance of greases [6-8]. The grease can form a thicker film at a low
speed than the corresponding base oil [9-12], which indicates that the thickener fibers can
enter the contact region and affect the film thickness. The film thickness variation pattern at
speeds greater than the “transition speed” is consistent with the prediction by the Hamrock-
Dowson formula in fully flooded elastohydrodynamic lubrication, while thickeners play
an essential role at speeds less than the “transition speed” [13]. Kimura et al. [14] pointed
out that the increase of grease film thickness at low speeds depended on the base oil and
thickener. However, Kanazawa et al. [15] found that the grease film thickness at low speed
was determined by the type of thickener while at high speed by the base o0il. Bleeding
oil also contributes to the film-forming properties. Saatchi et al. [16] pointed out a region
surrounding the thickener particles, called the effective media, which was assumed to have
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completely immobilized the oil. Bleed oil was assumed to occur from the viscous flow
of the unbound oil in a porous structure made of the effective media. It has been found
that different NLGI grades and different grease components have different influences on
grease film-forming [17]. Although the influence factors on the film formation were studied
in many kinds of literature, these studies were limited to certain influence factors, the
applicability of the research results drawn to other grease types and composition requires
further validation.

In addition to the Hamrock-Dowson classical computing model proposed in the
last century, certain developments and innovations have been made in recent years.
Yin et al. [18] proposed an equation and procedure successfully applied to the calculation
for the minimum oil film thickness in elastohydrodynamic lubrication. Zoelen et al. [19]
established a model for predicting the variation of oil film thickness from the inlet region
to the contact region in starved lubrication. Yang et al. [20] proposed a calculation formula
of oil film thicknesses for beam interference grades exceeding zero. Xue et al. [21] used an
iterative method to analyze grease film thickness and pressure distribution, and the effects
on them by the load and entrainment velocity. Wang et al. [22] developed a numerical
model to calculate the grease film thickness of smooth and rough surfaces, and compared
the results with the base oils. So far, there has existed only film thickness formula for
lubricating oils, such as the Hamrock-Dowson formula. The film thickness calculation
for grease by solving the motion, continuity, surface elasticity and rheology equations
simultaneously through numerical iteration, needs special software, and the accuracy of
the calculation result is restricted by many factors. Until now, there was no formula for
calculating the grease film thickness.

Despite grease film-forming has been studied in many papers, there is still ambiguity
on the factors influencing the grease film-forming ability under fully flooded conditions,
which inspired this study. In this paper, a grease film-forming experiment at room tem-
perature was carried out and the grease film thickness was measured by employing a film
thickness test rig to investigate the effect of various factors such as load, rolling speed,
consistency, base oil type and thickener type on grease film thickness. In addition, the
calculation models of film thickness for lithium greases and polyurea greases were estab-
lished based on experimental data. The main objective of this paper is to lay the theoretical
foundation for the study of grease film thickness and to provide primary data for grease
formulation and bearing performance calculation.

2. Materials and Methods
2.1. Experimental Materials

Five greases without additives were used for the experiments, as shown in Table 1,
where the base oils are poly alpha olefins (PAO) oil, ester oil and mineral oil, respectively,
and the thickeners are lithium 12-Hydroxystearate as well as cyclohexylamine, octade-
cylamine and isocyanate. The viscosities of PAO, ester and mineral oil are 68 mm?/s
at 40 °C, as well as 10.06 mm?2/s, 9.72 mm?/s, 9.53 mm?/s at 100 °C, respectively. The
pressure-viscosity coefficients of PAO oil, ester oil and mineral oil are 1.7 x 1078 Pa~!,
1.85 x 1078 Pa~! and 2.21 x 1078 Pa~!, respectively. A total of 4 consistencies for Grease 5
were selected, whose cone penetration values are 230, 250, 270 and 300 (0.1 mm), respectively.

2.2. Experimental Method

The grease film thickness measurements were performed on the test rig (EHD2), as
shown in Figure 1. In this rig, a steel ball (diameter 19 mm, 52100 steel) is loaded against a
chromium-coated glass disc with a spacer layer. The disc and ball are driven by separate
electric motors, respectively. The performance of the rig is as follows:

1.  The measuring accuracy can reach £1 nm;

2. The spacer layer imaging method (SLIM) is used to observe the oil film-forming in
the experiment process;

3. The maximum load is 50 N and the maximum contact pressure is 0.7 GPa for glass disc;
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4. The maximum rolling speed is 4 m/s;
5. The temperature range: Ambient~150 °C;
6.  The volume of the test sample was 120 mL.

Table 1. Grease composition and properties.

Type of Grease Thickener Base Oil Con?OPle ?;:)ahon Co(lll\f[::;:r;:;on
Grease 1 Lithium 12-Hydroxystearate PAO oil 270 11%
Grease 2 Lithium 12-Hydroxystearate Ester oil 270 12%
Grease 3 Lithium 12-Hydroxystearate Mineral oil 270 8%
Grease 4 Cyclohexylamine, octadecylamine and isocyanate Mineral oil 270 9%

230 13%

. . . . 250 12%

Grease 5 Cyclohexylamine, octadecylamine and isocyanate PAO oil 270 1%
300 9%

Figure 1. Film thickness test rig.

The film thickness was measured by the two-beam interference method, as shown in
Figure 2. During the experiment, the steel ball comes into contact with a chrome-coated
glass disc, forming a Hertz contact region by applying a load. Due to the half transmitting
and half reflecting characteristic of the chromium metal film on the surface of the glass
disc, the incident light is reflected at different locations. Part of the beam is reflected on the
chrome film surface, named the reflected beam 1 in Figure 2, while the other part of the
beam is reflected on the grease-filled steel ball surface, named reflected beam 2 in Figure 2.
There is a distance between the two reflected beams, and this difference is the value of oil
film thickness. Since the incident beam is monochromatic, the two reflected beams have
the same frequency and interfere. The film thickness and shape in the contact region can be
obtained through analyzing the collected interfering beams by the optical system.

Reflected beam 1

Incident beam 4 7 <
(moncgromatic) Reflected beam 2

Chromium film

y 4 \ Grease

Steel ball

Figure 2. Two-beam interference principle.
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In this paper, the film thickness measurements were carried out at the temperature of
25 °C in nominal pure rolling. Sixteen rolling speed parameters were selected: 0.25 m/s,
0.50m/s,0.75m/s,1.00m/s, 1.25m/s, 1.50 m/s, 1.75 m/s, 2.00 m/s, 2.25m/s, 250 m/s,
2.75m/s,3.00m/s,3.25m/s,3.50 m/s, 3.75 m/s and 4.00 m/s. A total of 4 normal contact
load parameters were selected: 10 N, 20 N, 30 N, and 40 N, and the corresponding contact
pressures are 0.41 GPa, 0.52 GPa, 0.59 GPa and 0.65 GPa.

The disc used has a measured roughness value, Rq, of 10.0 nm, and the ball has a
roughness value, Rq, of 15 nm, so the composite roughness is 18 nm. The minimum film
thickness of base oils computed by the Hamrock—-Dowson [23] formula is above 100 nm.
Thus, the lambda ratio A (ratio between film thickness and composite surface roughness
Rq) was more than 5.6. The contact zone is in a state of full EHD lubrication. A small scoop
was incorporated into the rig to channel the over-rolled grease back into the track so that
a continuous grease supply was applied and no starvation could occur. Before each test,
a thin layer of grease (approximately 0.5 mm) should be smeared on the glass disc and a
small ball load was applied to the disc at a constant speed of 10 mm /s for 20 min in pure
rolling conditions. This preliminary step was introduced to distribute the grease evenly
over the contact area as well as to pre-shear the grease to ensure the same initial condition
and obtain steady data for each test. The central film thickness was measured by increasing
the rolling speed step by step on the test rig, and the film thicknesses of greases at different
rolling speeds were measured three times and its average value was taken. After each test,
the steel ball and glass disc were cleaned in toluene and isopropanol in an ultrasonic bath,
and then air-dried before the next test.

3. Results and Discussion
3.1. Results
3.1.1. Effect of Rolling Speed and Normal Load on Grease Film Thickness

Figures 3-5 show the film thicknesses of Grease 1, Grease 2, Grease 3 and their base oils
versus rolling speed under fully flooded lubrication. The grease film thickness increases
with the increase in rolling speeds under the constant normal contact load, but the growth
rate of grease film thickness decreases with the increasing rolling speeds. It also can be seen
that the grease film thickness decreases with the increasing normal contact loads when the
rolling speed is constant. Even if the load increases exponentially, the grease film thickness
changes slightly. When the rolling speed is 4 m/s and the normal contact load is 10 N and
40 N, the maximum and minimum values of grease film thickness were obtained, as shown
in Figure 6. The maximum/minimum film thicknesses of Grease 1, Grease 2 and Grease 3
are 1105.5 nm/972.3 nm, 1176.4 nm /1021 nm, and 1225.9 nm/ 991.2 nm, respectively.
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£ : 4 30N
=~ 40N
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10 e e e
0.1 | 10

Rolling speed (m/s)

Figure 3. Film thickness of Grease 1 versus rolling speed under different loads.
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Figure 4. Film thickness of Grease 2 versus rolling speed under different loads.

1000 ol
i

="3
] = ®s
= ° ;;&V
) " o u:¥
= N i #FV
by 'SP
g i
:ﬁ 100 ’ggiﬁﬁ = [0ON
= g ¢ 20N
E 30N
= v 40N
---- Baseoil
10 L y
0.1 1 10
Rolling speed (m/s)

Figure 5. Film thickness of Grease 3 versus rolling speed under different loads.
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1176.4

1105.5
1200

800

Film thickness (nm)

s
=]
[=]
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Figure 6. Maximum and minimum film thickness of Grease 1, 2 and 3.

3.1.2. The Effect of Consistency on Grease Film Thickness

The consistency can be expressed in cone penetration and grease grade number. The
cone penetration indicates the deformability of the grease under low shear rate conditions.
The higher the cone penetration of grease, the softer the grease will be, the less consistency
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it will be, and the more likely it will deform and flow. For Grease 5, four consistencies (cone
penetration of 230, 250, 270 and 300 (0.1 mm)) were selected for preparation.

Figure 7 shows the variation of the film thickness of Grease 5 versus rolling speed and
consistency at a load of 10 N. As the cone penetration increases (the consistency decreases),
the film thickness of the grease decreases. When the load is 20 N, 30 N and 40 N, the rule of
the variation of grease film thickness versus rolling speed and consistency is similar. When
the rolling speed is the same, the smaller the consistence of the grease, the smaller the
grease film thickness, which indicates that the thickener is involved in the oil film-forming,.
Figure 8 shows the maximum and minimum values of grease film thickness for different
loads and consistencies at a rolling speed of 4 m/s. When the loads are 20 N, 30 N and
40 N, the maximum values of grease film thickness all appear at the cone penetration of
230 (0.1 mm), and the values are 1213 nm, 1155 nm and 1124 nm, respectively, while the
minimum values of grease film thickness all appear at the cone penetration of 300 (0.1 mm),
the values are 928 nm, 847 nm and 856.6 nm, respectively.

1000 T L
l!l e
. !!3?3*’
M
—_ [ ] 2 v -7
S~ v ”
z P
::" T = 2300.lmm
ﬁ 100 -~ e 2500.lmm
‘é‘ i A 270 0.1mm
= v 300 0.lmm
---- Base oil
10 — el —— ]
0.1 1 10
Rolling speed (m/s)

Figure 7. Grease film thickness versus speed for different cone penetrations at a load of 10 N.
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Figure 8. Maximum and minimum film thickness of grease at different loads and consistencies.

3.1.3. The Effect of Base Oil Type on Grease Film Thickness

Grease 1, Grease 2 and Grease 3 have the same thickener, all of which are lithium
12-hydroxystearate, and the base oils are PAO oil, ester oil and mineral oil, respectively.
The film thicknesses of these three greases versus rolling speed under the same working
conditions are shown in Figure 9. It can be found that the film thickness of Grease 3 is the
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largest, followed by Grease 2, and the smallest is Grease 1 when the rolling speed is the
same, which means that grease with a base oil of mineral oil forms the largest film thickness,
followed by ester oil and the smallest by PAO oil. The three grease film thicknesses are
larger than those of their base oils.

1000 ¢ !lllg:"‘
[ Iz! .z=7
[ ll _z#”
_ ! l f;;;‘
= ! _z2”
=) P
— ~ZF
v -
h P
£ 27
2 100 _z=°
= E= = Grease 3
£ *  Grease2
B~ 4 QGrease |
---- Base oil
10 1 ]
0.1 1 10

Rolling speed (m/s)
Figure 9. Influence of base oil type on grease film thickness.

3.1.4. The Effect of Thickener Type on Grease Film Thickness

The base oil for both Grease 3 and Grease 4 is mineral oil, and the thickeners of Grease 3
and Grease 4 are lithium 12-hydroxystearate, cyclohexylamine and octadecylamine, re-
spectively. Figure 10 shows the film thickness of Grease 3 and Grease 4 versus rolling
speed at a load of 20 N. The oil film-forming properties of greases with different thickeners
vary considerably. As shown in Figure 10b, the film thickness difference between the two
greases gradually increases during the gradual increase in rolling speeds. When the rolling
speed is 4 m/s, the difference between the two film thicknesses is the greatest. At the same
rolling speed, the film thickness of Grease 4 is larger than that of Grease 3. In other words,
when the base oil is the same, the film thickness of polyurea grease is higher than that of
lithium grease. The thickener has a more significant effect on the film-forming ability of
grease, which indicates that thickener also enters the contact region to participate in the
composition of the grease film.

.
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1000 . iaee ="
LIl 1500 | .
~ s " .- _ n ®
E P E . o ®"*
o < 1000 F B .
2 2 e
2 100F .-~ 2 s .
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= *  Grease 3 @ S00p * e Grease 3
---- Base oil z °
l() i J () ' A i 1
0.1 1 10 | 2 3 4

Rolling speed (m/s)

(a)

Rolling speed (m/s)

(b)

Figure 10. Effect of thickener type on grease film thickness (a) logarithmic coordinate system (b) linear

coordinate system.
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3.2. Discussion

Early studies show that the film thickness of grease is slightly larger but practically
follows the H-D formula for its base oil in the high-speed region in fully flooded elastohy-
drodynamic lubrication. When the speed decreases, the thickness deviates from the formula
and shows a marked increase, called the low-speed region. This general behavior results in
the characteristic ”V-shaped” film thickness versus speed curve for greases [3,15,24]. The
speed at the inversion point of the “V” is called the “transition speed” [25]. The “transition
speed” was affected by the thickener type and the test temperature [15].

The grease film measurement in this paper belong to the high-speed region. As
seen from Figures 3-5 that grease forms a higher film thickness compared to its base
oil in fully flooded lubrication. The EHD contact is probably not only lubricated by the
bleed oil, but also by parts of the thickener entering the contact and causing a higher film
thickness [12,26]. The degree of film enhancement compared to the base oil will depend
on the thickener type and concentration [7]. When the rolling speed is less than 3 m/s,
grease film thickness follows the H-D formula for its base oil, similar to the results of the
above literature [3,15,24,25], and then the film thickness growth of the grease decreases
and approaches to a fixed value. In most of the previous literature [3,15,24,25], the study
on the grease film thickness versus rolling speed was only limited to the rolling speed of
less than 3 m/s. Changes in grease film thickness beyond 3 m/s have been not studied.
The growth rate gradually decreases, and then approaches to a fixed value when the
rolling speed is beyond 3 m/s, which may be because when the grease film thickness
increases to a specific value, a steady pressure develops in the contact area. At this point,
the contact region is filled with enough thickener, so that no more thickener can enter the
region and the variation of grease film thickness remains almost unchanged with a further
increase in speed. It again shows that grease film thickness in the high-speed region is
determined not only by bleed oil but also by thickener, though the bleed oil plays a major
role. Another research objective in this paper is to establish the calculation formula of
grease film thickness. Previous studies have shown that the grease film in the low-speed
region is characterized by chaos and irregularity. Therefore, only the grease film thickness
in the high-speed region was investigated in this paper. The literature [15] shows that the
transition speeds of diurea-thickened grease and lithium-thickened greases were 120 mm/s
and 30 mm/s, respectively, at 25 °C. Therefore, the rolling speeds selected in this paper are
greater than 0.25 m/s.

The properties of the bleed oils differ hardly from those of the base oils in the high-
speed regions [12], so the grease film thickness can be mainly determined by its base oil.
Figure 9 indicated the influence of base oil type on the grease film thickness, and there is
a slightly difference in grease film thickness whose thickeners are the same. Gunsel [27]
pointed out that the larger the atmospheric viscosity and pressure-viscosity coefficient, the
higher the oil film thickness in fully flooded elastohydrodynamic lubrication. The atmo-
spheric viscosities of the three base oils used in this paper are same. The pressure-viscosity
coefficients of PAO oil, ester oil and mineral oil are 1.7 x 1078 P,~1,1.85 x 108 P,~! and
221 x 1078 P, 1, respectively. Therefore, the film thickness of mineral oil is the largest,
followed by ester o0il, and the smallest is PAO oil. The pressure-viscosity coefficients of the
three base oils are close, so the oil film thickness is also close. The film thickness of Grease
3 is the largest, followed by Grease 2, and the smallest is Grease 1 as shown in Figure 9,
which results from the film thickness of mineral oil being the largest, followed by ester oil,
and the smallest is PAO oil.

The influence of thickener type on the grease film thickness can be revealed in Figure 10,
the grease film thicknesses with the same base oil and different thickener are different.
Cann [28] assumed that grease film thickness might consist of a part formed by elastohy-
drodynamic action and a part formed by residual layers formed by the thickener, and the
residual film thickness was about 30-60 nm. Figure 10 shows that the film thicknesses
of Grease 3 at 2 m/s and 4 m/s are 879.07 nm and 1609.01 nm, respectively, and the film
thicknesses of Grease 4 at 2 m/s and 4 m/s are 1098.84 nm and 1268.9 nm, respectively. The
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thicknesses of the base oil at 2 m/s and 4 m/s are 602.22 nm and 964.84 nm, respectively.
The minimum difference between the two grease film thicknesses and the base oil thickness
is more than 276 nm. Therefore, the enhancement in the film thickness of grease is not
dependent on the residual film deposited on the ball and disc, but on the thickener entering
in the contact region. Cyriac [26] also concluded that the films in the high-speed region
were so thick that the effect could not be ascribed to the formation of a boundary layer,
but the increase in viscosity of a fluid containing thickener particles. When the thickener
consistencies of greases are same, the smaller the thickener particles, the more thickener
particles enter into the contact to increase the grease film thickness. Since the fiber skeleton
of Grease 4 (mineral oil-polyurea grease) is smaller than that of Grease 3 (mineral oil-lithium
grease), as shown in Figure 11, which results in a much higher thickener content in the
contact region and a thicker film of Grease 4 than that of Grease 3.

Figure 11. Microstructure of (a) Grease 3 and (b) Grease 4 by SEM (scanning electron microscopy).

It can be found from Figure 7 that the larger the consistency or concentration of
thickeners (the smaller the cone penetration), the thicker the grease film thickness whose
base 0il has the same type and viscosity along with the same type of thickener. The reason
is that the larger the consistency of the grease (the more the content of the thickener), the
larger the effective viscosity of the grease at the contact and the thicker the grease film
thickness formed.

4. Calculation Model for Grease Film Thickness
4.1. Mathematical Model

Analysis of the experimental data reveals that the grease film thickness H may be
expressed as an exponential function of rolling speed V:

H=(a+pV)e " 46 M

where H is the grease film thickness, V is the rolling speed at the contact point of the ball
and disc specimens, «, B, it and ¢ are undetermined parameters. The least-square regression
analysis is used to compute coefficients a, B, i and J. The least-square method refers to
finding a ®(X;) that minimizes Y™, [F(X;) — ®(X;)]? to obtain the coefficients a, B, # and 4.

Given a set of values V; (i=1,2,3, ..., n) and the measured grease film thicknesses
H;. Compute an estimated value H;" for each V; by Equation (1). The deviation between
the estimated value and the measured value is ¢; = H; — H;, and the sum of squares of
deviations Q is as follows:

n

Q=Y (H;— H)? = Y {Hi— [(a+ pve i +0] | @

i=1 i=1
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To minimize Q, a set of &, §, u and 6 should be found to minimize the value of Q («, 5,
u and J). Respectively, setting the derivation of Q for «, B, 4 and 6 equal to zero will yield
the following equations:

f [(+ BV)e Vi +6 — Hi]e "V =0

zx—l—,BV e Wi+ §—H;|Vie "V =0

: (©)
e MVi4+ 5 — Hi| (a4 BV;)Vie #Vi =0

[INaoET™
— ,_.

ﬁ
i [(a+BVi)e "Vit6—H;] =0

Each optimum solution of the coefficients &, 8, ¢ and 6 can be obtained by a computer
program used to solve Equation (3) at any given operating conditions.

For convenience in application, three dimensionless parameters, which include oper-
ating conditions, W, V, and material properties, #9, E*, R, G, can be assumed as follows.

Dimensionless load:

W=w/(E'R?) @
Dimensionless speed: B
V =mnV/(E'R) ®)
Dimensionless consistency: B
G=G/R (6)

where E* is the equivalent elastic modulus of ball and disc; R is the radius of equivalent
curvature of ball and disc; g is the atmospheric viscosity of base oil. W, V and G are contact
load, rolling speed and grease cone penetration, respectively.

For lithium grease, &, B, y and & are expressed by the exponential functions of W and V.

Az

a=Ag W (7)
B = ByW"' V"™ ®)
= CWVe ©)
5 = DoW- 1 vP2 (10)

For polyurea grease of different consistencies, «, B, i and é are expressed as the
exponential functions of W, V and G.

« = AgW Vg (11)
B = BW VPG> (12)
1= CW VG (13)
5 = DyW ' v GPs (14)

According to the values of «, B, 4 and ¢ under different test conditions of lithium
grease and polyurea grease, the values of the regression coefficients can be obtained through
Equations (7)—(14). The results are shown in Tables 2 and 3.

Table 2. Regression coefficients for lithium grease.

o B u J
Ap: 2.2698 x 10~ 1 By: 1.2613 x 10712 Cp: —2.0530 x 10~? Dy: 3.5269 x 108
A1:9.1593 x 107° Bq: 1.0021 x 1074 C1: 82771 x 1074 Di: 1.7401 x 1073

Ay —2.63 x 1072 By: —2.46 x 1072 Cp: —2.72 x 1072 Dy: —3.47 x 1072
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Table 3. Regression coefficients for polyurea greases of different consistencies.
« B i é
Ag: —4.5269 x 10711 By: 1.6603 x 10712 Cp: 3.2045 x 1078 Dy: 4.0610 x 1078
Aq:2.5547 x 1074 B,: 1.4218 x 10~* C1:9.9042 x 107° D;: 1.0156 x 1074
Ap: —0.5028 By: —0.4626 Cy: —0.4548 Dj: —0.4791

Az —2.9881 x 1072 Bs: —3.9442 x 102 C3: —3.1540 x 102 Ds3: —2.7927 x 1072

4.2. The Film Thickness Calculation Model for Two Greases

According to the above method, the model for calculating the film thickness of lithium
grease is as follows:

H=(a+pV)e " +4 (15)

X = 22698 x 1011 x W9.1592x10*6 « V—2.63><10’2 (16)
B — 12613 x 10712 % Wl.0021><10’4 « V—2.46x10*2 (17)
1= —2.0530 x 107 x W8.2771><10’4 « V—2.72x10*2 (18)
5= 35269 x 10~8 x W1.7401x10*3 « Vf3.47><1072 (19)

The model for calculating the film thickness of polyurea greases of different consisten-
cies is as follows:

H = (et pV)ett 40 0)

= 45260 x 10-11 5 W2V 505028 ~-29881x10°2 1)
B =1.6603 x 10712 x W1‘4218><10*4 704626 673.9442><10*2 )
1 = 3.2045 x 10~8 x W9.9042x10*5 « V70.4548 « é—3.154010*2 )

5 = 40610 x 1078 x WX 04791 =-2792710°2 o)

4.3. Verifying Calculation Model

As shown in Figures 12-15, the points represent the measured values, the solid lines
represent the calculated values by the model, and the dotted lines represent the base oil
film thickness predicted by the Hamrock-Dowson formula. The measured and calculated
values of film thicknesses for Grease 1 and 4 are compared in Figures 12 and 13, respectively.
Figures 14 and 15 show the measured and calculated film thicknesses of

1000

100

Film thickness (nm)

10 20 30 40 (N)
. [} L] Film thickness

—_— Calculated Film thickness.
————————— Base oil

0.1 1 10
Rolling speed (m/s)

Figure 12. Measured and calculated film thickness for Grease 1.
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0.1 1 10
Rolling speed (m/s)

Figure 13. Measured and calculated film thickness for Grease 4.
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Figure 14. Comparison of measured and calculated film thickness of Grease 5 for different consisten-

cies at 10 N load.
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Figure 15. Comparison of measured and calculated film thickness of Grease 5 for different consisten-
cies at 40 N load.

Grease 5 at 10 N and 40 N for different consistencies. It can be seen that the errors
between the measured data and the values predicted by the formulae (15)—(24) are very
small. Thus, the calculation model of grease film thickness presented has a high calculation
accuracy. In addition, as shown from the Figures that the calculation model of grease film
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thickness presented in this paper is more appropriate to predict the grease film thickness in
comparison with the base oil film thickness predicted by the Hamrock-Dowson formula.
However, it must be remembered that the model of grease film thickness presented in
this paper simply represents a correlation and does not provide any physical significance
for regression coefficients. The regression coefficients obtained by experiments are different
for different greases. Presenting this correlation is simply to generate a method that may be
easily and quickly used to compute grease film thickness in rolling bearing. The numerical
simplicity of the model makes it easily adaptable to a sophisticated computer program.

5. Conclusions

In this paper, the influence of rolling speed, load, consistence, base oil type and
thickener type on grease film thickness was investigated and a new calculation model of
grease film thickness was established. The following conclusions are drawn:

(1) The degree of film enhancement comparing to its base oil in fully flooded lubrication
will depend on thickener type and consistency (or concentration);

(2) In the high-speed region (above 0.25 m/s), when the rolling speed is less than 3 m/s,
the grease film thickness increases with increasing rolling speed. The growth rate
gradually decreases, then approaches to a fixed value when the rolling speed is
beyond 3 m/s, which may be because at this point, the contact region is filled with
enough thickener, and no more thickener can enter the region and the variation of
grease film thickness remains almost unchanged with a further increase in speed;

(3) The lithium-based grease with mineral oil forms the largest film thickness, followed
by ester oil and the smallest by PAO oil. The larger the atmospheric viscosity and
pressure-viscosity coefficient of the base oil, the higher the film thickness of the greases
with the same thickener;

(4) The grease film thicknesses with the same base oil and different thickeners are deter-
mined by the size of thickener particles at the same consistency or concentration. The
fiber skeleton of mineral oil-polyurea grease is smaller than that of mineral oil-lithium
grease, which results in a thicker film of mineral oil-polyurea grease than that of
mineral oil-lithium grease;

(5) The larger the consistency or concentration of thickeners (the smaller the cone pene-
tration), the thicker the grease film thickness whose base oil has the same type and
viscosity along with the same type of thickener. The reason is that the greater the con-
sistency of the grease (the more the content of the thickener), the greater the effective
viscosity of the grease at the contact and the thicker the grease film thickness;

(6) Anew calculation model for grease film thickness is proposed, which considers the
influence factors such as working conditions, grease type and consistency. The calcu-
lation model has a high calculation accuracy and applicability to predict the grease
film thickness compared to the base oil film thickness predicted by the Hamrock-
Dowson formula.

Author Contributions: Conceptualization, Y.W.; Project administration, Y.W.; Writing—original
draft, Z.Z.; Writing—review and editing, YYW., ].L. and D.W. All authors have read and agreed to the
published version of the manuscript.

Funding: The work is supported by the projects funded by the National Natural Science Founda-
tion of China (Grant No. 52075274) and the Shandong Provincial Key Research and Development
Program (Major Science and Technology Innovation Project) (Grant No. 2020CXGC011003 and
2022CXGC010304).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Lubricants 2022, 10, 123 14 of 14

References

1.  Glovnea, R.P; Olver, A.V,; Spikes, H.A. Experimental Investigation of the Effect of Speed and Load on Film Thickness in
Elastohydrodynamic Contact. Tribol. Trans. 2005, 48, 328-335. [CrossRef]

2. Kfupka, I; Hartl, M.; Liska, M. Influence of Contact Pressure on Central and Minimum Film Thickness Within Ultrathin Film
Lubricated Contacts. J. Tribol.-Trans. Asme 2005, 127, 890-892. [CrossRef]

3. Kochi, T; Sakai, M.; Nogi, T.; Dong, D.; Kimura, Y. Experimental Study on the Physics of Thick EHL Film Formation with Grease
at Low Speeds. Tribol. Lett. 2019, 67, 55. [CrossRef]

4. Gerstenberger, J.; Poll, G. Rolling Bearing Lubrication with Grease at Low Temperatures. In Tribology Series, Proceedings of the 27th
Leeds—Lyon Symposium on Tribology, Institut National des Sciences Appliquées de Lyon, Lyon, France, 5-8 September 2000; Dalmaz, G.,
Lubrecht, A.A., Dowson, D., Priest, M., Eds.; Elsevie: Amsterdam, The Netherlands, 2001; Volume 39, pp. 303-312. [CrossRef]

5. Cen, H; Lugt, PM. Film Thickness in a Grease Lubricated Ball Bearing. Tribol. Int. 2019, 134, 26-35. [CrossRef]

6. Eriksson, P.; Wikstrom, V.; Larsson, R. Grease Passing through an Elastohydrodynamic Contact under Pure Rolling Conditions.
Proc. Inst. Mech. Eng. Part ] |. Eng. Tribol. 2000, 214, 309-316. [CrossRef]

7.  Cann, PM. Grease Lubrication of Rolling Element Bearings-Role of the Grease Thickener. Lubr. Sci. 2007, 19, 183-196. [CrossRef]

8.  Gongalves, D.; Graga, B.; Campos, A.V.; Seabra, J.; Leckner, J.; Westbroek, R. On the Film Thickness Behaviour of Polymer Greases
at Low and High Speeds. Tribol. Int. 2015, 90, 435-444. [CrossRef]

9.  Morales-Espejel, G.E.; Lugt, PM.; Pasaribu, H.R.; Cen, H. Film Thickness in Grease Lubricated Slow Rotating Rolling Bearings.
Tribol. Int. 2014, 74, 7-19. [CrossRef]

10. Bhat, S.A.; Charoo, M.S. Effect of Additives on the Tribological Properties of Various Greases-A Review. Mater. Today Proc. 2019,
18, 4416-4420. [CrossRef]

11.  Vengudusamy, B.; Enekes, C.; Spallek, R. On the Film Forming and Friction Behaviour of Greases in Rolling/Sliding Contacts.
Tribol. Int. 2019, 129, 323-337. [CrossRef]

12.  Fischer, D.; Jacobs, G.; Stratmann, A.; Burghardt, G. Effect of Base Oil Type in Grease Composition on the Lubricating Film
Formation in EHD Contacts. Lubricants 2018, 6, 32. [CrossRef]

13. Li, G. Study on Film-forming Mechanisms and Tribological Properties of Grease in the Harsh Conditions. Ph.D. Thesis, Tsinghua
University, Beijing, China, 2010.

14. Kimura, Y,; Endo, T.; Dong, D. EHL with Grease at Low Speeds. In Advanced Tribology: Proceedings of CIST2008 & ITS-IFToMM2008,
Beijing, China, 24-27 September 2008; Luo, J., Meng, Y., Shao, T., Zhao, Q., Eds.; Springer: Berlin/Heidelberg, Germany, 2009.
[CrossRef]

15. Kanazawa, Y.; Sayles, R.S.; Kadiric, A. Film Formation and Friction in Grease Lubricated Rolling-Sliding Non-Conformal Contacts.
Tribol. Int. 2017, 109, 505-518. [CrossRef]

16. Saatchi, A.; Shiller, PJ.; Eghtesadi, S.A.; Liu, T.B.; Doll, G.L. A Fundamental Study of Oil Release Mechanism in Soap and
Non-soap Thickened Greases. Tribol. Int. 2017, 110, 333-340. [CrossRef]

17.  Huang, L.; Guo, D.; Wen, S.; Wan, G.T.Y. Effects of Slide/Roll Ratio on the Behaviours of Grease Reservoir and Film Thickness of
Point Contact. Tribol. Lett. 2014, 54, 263-271. [CrossRef]

18. Yin, Y,; Duan, Q. Ji, X,; Liu, Z. Grease Film Thickness Calculation and Analysis for Roller Bearing Clutch. Lubr. Eng. 2008, 33,
30-34+39.

19. van Zoelen, M.T.; Venner, C.H.; Lugt, PM. Prediction of Film Thickness Decay in Starved Elasto-hydrodynamically Lubricated
Contacts Using a Thin Layer Flow Model. Proc. Inst. Mech. Eng. Part ] |. Eng. Tribol. 2009, 223, 541-552. [CrossRef]

20. Yang, Q.; Chen, Y;; Huang, P. A Novel Method to Determine EHL Film Thickness with Optical Interference. Appl. Mech. Mater.
2013, 456, 549-554. [CrossRef]

21. Xue, H.; Wang, J.; Hong, Y. Elastohydrodynamic Lubrication Analysis on Line Contact Lubricated with Grease. Lubr. Eng. 2017,
42,12-16+33.

22. Wang, D,; Yang, J.; Wei, P; Pu, W. A Mixed EHL Model of Grease Lubrication Considering Surface Roughness and the Study of
Friction Behavior. Tribol. Int. 2021, 154, 106710. [CrossRef]

23. Hamrock, B.J.; Dowson, D. Isothermal Elastohydrodynamic Lubrication of Point Contacts, Part IIl—Fully Flooded Results. J.
Tribol.-Trans. Asme 1977, 99, 264-276. [CrossRef]

24. Vengudusamy, B.; Kuhn, M.; Rankl, M.; Spallek, R. Film Forming Behaviour of Greases under Starved and Fully Flooded EHL
Conditions. Tribol. Trans. 2016, 59, 62-71. [CrossRef]

25. DeLaurentis, N.D.; Kadiric, A.; Lugt, P.; Cann, P. The Influence of Bearing Grease Composition on Friction in Rolling/Sliding
Concentrated Contacts. Tribol. Int. 2016, 94, 624-632. [CrossRef]

26. Cyriac, F; Lugt, PM.; Bosman, R.; Padberg, C.J.; Venner, C.H. Effect of Thickener Particle Geometry and Concentration on the
Grease EHL Film Thickness at Medium Speeds. Tribol. Lett. 2016, 60, 18. [CrossRef]

27. Gunsel, S.; Korcek, S.; Smeeth, M.; Spikes, H.A. The Elastohydrodynamic Friction and Film Forming Properties of Lubricant Base
Oils. Tribol. Trans. 1999, 42, 559-569. [CrossRef]

28. Cann, P; Lubrecht, A.A. An analysis of the mechanisms of grease lubrication in rolling element bearings. Lubr. Sci. 1999, 11,

227-245. [CrossRef]


http://doi.org/10.1080/05698190590970471
http://doi.org/10.1115/1.2032991
http://doi.org/10.1007/s11249-019-1166-7
http://doi.org/10.1016/S0167-8922(01)80115-2
http://doi.org/10.1016/j.triboint.2019.01.032
http://doi.org/10.1243/1350650001543197
http://doi.org/10.1002/ls.39
http://doi.org/10.1016/j.triboint.2015.05.007
http://doi.org/10.1016/j.triboint.2014.01.023
http://doi.org/10.1016/j.matpr.2019.07.410
http://doi.org/10.1016/j.triboint.2018.08.026
http://doi.org/10.3390/lubricants6020032
http://doi.org/10.1007/978-3-642-03653-8_6
http://doi.org/10.1016/j.triboint.2017.01.026
http://doi.org/10.1016/j.triboint.2017.02.004
http://doi.org/10.1007/s11249-014-0301-8
http://doi.org/10.1243/13506501JET524
http://doi.org/10.4028/www.scientific.net/AMM.456.549
http://doi.org/10.1016/j.triboint.2020.106710
http://doi.org/10.1115/1.3453074
http://doi.org/10.1080/10402004.2015.1071450
http://doi.org/10.1016/j.triboint.2015.10.012
http://doi.org/10.1007/s11249-015-0633-z
http://doi.org/10.1080/10402009908982255
http://doi.org/10.1002/ls.3010110303

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Experimental Method 

	Results and Discussion 
	Results 
	Effect of Rolling Speed and Normal Load on Grease Film Thickness 
	The Effect of Consistency on Grease Film Thickness 
	The Effect of Base Oil Type on Grease Film Thickness 
	The Effect of Thickener Type on Grease Film Thickness 

	Discussion 

	Calculation Model for Grease Film Thickness 
	Mathematical Model 
	The Film Thickness Calculation Model for Two Greases 
	Verifying Calculation Model 

	Conclusions 
	References

