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Grease is used as a lubricant in a wide range of fields, including bearings, because
it reduces friction, prevents harmful wear of components, protects against rust
and corrosion, and acts as a seal to prevent the invasion of dirt and water.
Although most of the research on grease has focused on the environment inside
the bearing, there has been little research on the fundamental lubrication
mechanism of grease. It is known that thickeners, which keep a complex
three-dimensional structure in the grease, have a significant effect on the
shear characteristics of grease, and it is assumed that this is due to the
orientation of the thickener structure in the shear direction. In this study, the
apparent viscosity of grease in a micro-order gap was measured using our original
viscometer and compared with the apparent viscosity measured with a
submillimeter-order gap rheometer because grease may show different
rheological properties compared to conventional measurements. In addition,
the dynamic response of viscous resistance that appeared when each grease was
subjected to a change in the shear force was quantitatively evaluated using
relaxation time. As a result, the apparent viscosity remarkably decreased in a
micro-order gap compared to a submillimeter gap, and two types of shear
thinning mechanisms were proposed based on the orientation of the
thickener: one caused by the narrow gap and the other by the shear force. In
addition, the behavior of viscous resistance due to changes in the shear force
depended on the type of thickener. It was also confirmed that the relaxation time
of each grease correlates with its oil film-forming ability and the entanglement
level of the thickener’s structure. Furthermore, the mechanism of the dynamic
response was proposed based on the reorientation of thickeners.
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1 Introduction

Tribology is one of the academic disciplines in the field of mechanical engineering that
studies phenomena and properties related to friction, wear, and lubrication on sliding
surfaces, which play an important role in industry and daily life. Understanding the
properties of friction and lubrication between sliding surfaces and ensuring their sliding
operation with a lower friction coefficient under optimal conditions is critical to improving
the efficiency and reliability of mechanical components, resulting in these tribological
studies extending the life of machines and reducing maintenance costs even while
considering (Bhushan and Ko, 2003; Kandeva et al., 2016; Woydt, 2021; Bukvi¢ et al., 2024).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmech.2024.1420852/full
https://www.frontiersin.org/articles/10.3389/fmech.2024.1420852/full
https://www.frontiersin.org/articles/10.3389/fmech.2024.1420852/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2024.1420852&domain=pdf&date_stamp=2024-07-15
mailto:tomoko@me.kyoto-u.ac.jp
mailto:tomoko@me.kyoto-u.ac.jp
https://doi.org/10.3389/fmech.2024.1420852
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2024.1420852

Chun et al.

In the recent trend toward further energy conservation in
machinery and equipment, demand for lubricating grease is
increasing even more (Akhtar et al, 2016; Gohar and Rahnejat,
2018; Rawat and Harsha, 2019). With the recent trend toward
electric vehicles (EVs) in automobiles, there is a stronger need
than ever before to reduce friction to meet the growing demand
for rolling bearings, and the development of lubricating grease that
can achieve lower friction has been recognized as one of the keys to
this trend. Compared to lubricating oil, grease has a longer
replenishment interval and is less prone to leakage and dispersal
(Lugt, 2009; Farfan-Cabrera, 2019; Shah et al.,, 2021).

Grease is widely used as a lubricant for rolling bearings (Lugt,
2009), and studies have been conducted on the behavior of grease
in bearing operation, bearing operating life (Lugt et al., 2023),
and frictional resistance (Cousseau et al., 2011) from the
viewpoint of grease lubrication. There are churning and
channeling, which describe the macroscopic grease lubrication
condition in the bearing. On one hand, the churning state is when
the grease that has been churned up by the rolling elements flows
back into the raceway and is churned up again by the rolling
elements (Lugt, 2009). Channeling, on the other hand, is a state in
which the grease is kept stirred up by the rolling elements, the
amount of grease flowing in the bearing becomes small, and the
viscous resistance caused by the grease goes low, making it a
preferred lubrication state (Chatra et al., 2020). Numerous
studies have been reported for the two states, churning and
channeling, in grease lubrication or for the transition process
to both states (Cann and Lubrecht, 1999; Cann et al., 2001; Cann,
2007; Lugt, 2009; Gao et al., 2018; Chatra et al., 2020; Chatra et al.,
2021; Chatra K R et al.,, 2022; Obata et al., 2024; Shetty et al,,
2024). With the recent development of observation technology, it
has become possible to observe the lubrication state inside
bearings using X-rays and neutron beams (Noda et al., 2020;
Sakai et al., 2021). In addition, various studies have been
conducted to analyze and predict the mechanism of grease
lubrication in rolling bearings and the film thickness under
elastohydrodynamic (EHL) contact (Cann and Lubrecht, 1999;
Cann, 2007; Cen and Lugt, 2019; Wu et al., 2022) since rolling
bearings are the main application of grease (Cann et al.,, 2001;
Lugt, 2009; Cen and Lugt, 2019; Chatra et al., 2020). However, not
many fundamental studies have attempted to elucidate the basic
lubrication mechanism of grease away from the concept that is
used in rolling bearings (Mansot et al., 1989; Chapkov et al., 2007;
Saatchi et al., 2017; Camousseigt et al., 2023).

Typical greases consist of thickener fibers with a three-
dimensional structure and base oil (Lugt, 2016). The first
consideration in the use of grease on mechanical sliding surfaces
is its rheological properties. The relationship between thickeners and
grease lubrication properties has been reported. Suetsugu et al.
(2013) elucidated that the network density of the thickener in
grease is related to its storage modulus. Delgado et al.
investigated how the microstructure of the lithium complex soap
impacts the tribological properties of greases, the effect of cooling
rate during grease production on fiber length and flexibility, and
how thickener size influences the structural and fiber strength of
thickeners. They also examined the relationship between local
viscoelastic properties and thickener structure at the submicron
scale, finding that viscosity increased with higher thickener
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concentrations. Still, the thickness, length, and structural stiffness
of the thickener fibers remained constant (Delgado et al., 2005).
There is also a precedent for using FE-SEM, FT-IR, and XPS to
investigate how the microstructure of the thickener affects the
rheological and tribological properties of the grease (Onoda et al.,
2021). In addition, the relationship between thickener structure and
its shear strength was studied by changing the shear rate in lithium
and urea greases, and the effect of thickener chemical structure on
grease oil film formation has been studied (Mubashshir and
Shaukat, 2019).

However, the specific correlation between the microstructure
of the thickener and the rheological property of the grease is still
unclear. Hotten proposed a model in which the thickener
structure in the grease is oriented or broken down at a high
shear rate. Still, the oriented thickener structure partially returns
to its original structure when the sliding operation stops and
returns to a static state (Hotten, 1955). Moreover, several other
theoretical models have been proposed in the past, but they have
not yet been established as useful models for actual grease
lubrication analysis (Bristeau et al.,, 1980; Abdali et al., 1992;
Radulescu et al., 2003). Furthermore, most studies on grease have
been limited to ball bearings, the main application of grease
(Hutton, 1975; Cann and Lubrecht, 1999; Cann, 2007; Lugt, 2009;
Cousseau et al., 2011; Maksimova et al., 2018; Cen and Lugt,
2019; Hirayama et al., 2020; Noda et al., 2020; Chatra et al., 2021;
Sakai et al., 2021; Lugt et al., 2023), and few fundamental studies
have focused on the underlying fundamental lubrication
mechanisms and properties of grease under shear.

Originally, it is well known that grease shows viscosity
reduction characteristics in response to the shear rate.
Generally, parallel plate or cone plate viscometers are used to
obtain the viscosity characteristics of grease in response to the
shear rate. However, in tribological situations, the gap between two
sliding surfaces is on the order of the nanometer to the micrometer
at most, which is much narrower than the gap realized by such
typical viscometers. Considering this, the shear properties of oil
films containing oiliness additives in micrometer gaps were
investigated. It has been proposed that the absolute size of the
gap, not the shear rate, determines whether interfacial sliding
occurs, and it has been reported that the shear force decreases
as the gap narrows (Hirayama et al., 2020). On the other hand,
until now, no studies have evaluated grease properties in few-
micron gaps, and the behavior of the grease in gaps narrower than
thickener fibers has remained unknown. Since the lubrication
environment is expected to become more severe with the
miniaturization of future machine elements, research on grease
in micrometer gaps is essential.

In this study, the parallel disk viscometer developed in the
previous study (Hirayama et al., 2020) was used to investigate
the shear characteristics of grease in a micrometer gap. First, the
sliding gap was estimated using the base oil to measure the gap
length by the vertical load. The apparent viscosity of the grease was
then measured according to various gaps in micrometer order and
compared to the apparent viscosity measured by a conventional
viscometer with a submillimeter gap. In addition, the response force
of the grease sandwiched in the micrometer gap to step changes in
the shear rate as the input was investigated, and its dynamic viscosity
characteristic behavior was finally discussed.
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2 Parallel-disk viscometer
2.1 Viscometer configuration and operation

The overall configuration of the parallel-disk viscometer used in
this study is described in the paper (Hirayama et al., 2020). The
sliding part of the viscometer consists of an upper specimen and a
lower disk, as shown in Figure 1, and the viscometer’s main
dimensions are shown in Table 1. The upper specimen is made
of stainless steel (SUS440C), and the lower disk is made of
borosilicate crown glass (BK7). A surface-restricted aerostatic
bearing is located at the center of the upper specimen. An air
supply hole is made in the center of the upper specimen,
through which compressed air flows to form the aerostatic
bearing with the lower disk. The aerostatic bearing face is
grooved by etching as the surface restriction that changes the
pressure distribution when the gap between the upper specimen
and the lower disk changes and can keep the gap constant, owing to
the generation of bearing stiffness. The details of the pressure
distribution that occurs in aerostatic bearings are explained in
the previous paper (Hirayama et al., 2020). The compressed air
flows from the center of the upper specimen into the aerostatic
bearing area. It is exhausted out of the side of the upper specimen
through the deep groove between the aerostatic bearing area and the
outer ring area. The lubricating oil or sample grease is sandwiched
only in the outer ring area between the upper specimen and the
lower disk. The lower disk holder, which does not rotate but is softly
supported by the leaf springs, can maintain a parallel between the
upper specimen and the lower disk due to the tilting stiffness of the
aerostatic bearing. When the upper specimen is rotated by a motor
using a belt, an arm attached to the lower disk holder pushes a load
cell in the rotating direction, which can measure the shear force of
the sample oil or grease in the narrow gap. The rotational force
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measured by the load cell for the rotational direction pushed by the
arm is represented as F,,;, and the total shear force generated in the
outer ring area calculated from F,,, is represented as F, as shown
in Figure 2.

The gap length is changed by varying the pushing load using an
air cylinder assembled below the lower disk holder. The pushing
load is then measured by a load cell for the vertical direction set
between the lower disk holder and the load cell.

2.2 Estimation method for gap length

Here, the method for estimating the gap length in the parallel-
disk viscometer is described. When the upper specimen is rotated,
the sample oil or grease that is sandwiched between the upper
specimen and the lower disk generates the rotational force F,, due
to its viscosity. To determine the gap length h by the pushing force
using the air cylinder, lubricating oil was used, and the gap length
was estimated from the shear force F, generated by the lubricating
oil sandwiched in the outer ring area. As shown in general tribology
studies, the Reynolds number is extremely small because the gap is
very narrow. Therefore, the oil flow can be assumed to be laminar,
and Newton’s viscosity law can be applied; the rotational torque T',
generated by the shear force of the lubricating oil can be expressed
using Eq. 1.

T, = JJ n?r -rdfdr = JJ n%r -rdfdr, (1)

where r and 0 are arbitrary radius and angle, respectively, # is the
known viscosity of the lubricating oil, w is the angular rotational
speed, and h is the gap length. When the inner and outer radii of the
outer ring area are represented as ro and 7y, respectively, the integral
area for the shear force is ro <7 <r; and 0 < 6 <27. Therefore, the
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TABLE 1 Dimensions of the main parts of the parallel-disk viscometer.

Upper specimen

Material SuUS440C

Number of grooves 8
Groove area ratio "] 0.333(15° x 8/360°)

Groove radius ry[mm] = d,/2 10

Inner hole radius rs[mm] = d,/2 1

Bearing outer diameter rqo[mm] =d,/2 11

Outer ring area inner diameter ro[mm] = dy/2 12

Outer ring area outer diameter r1[mm] =d;/2 15

Bearing area depth &[um] 5

Lower disk

Product name

OPB-40504-10-5, SIGMA KOKI

Material BK7
Size [mm] 40 x 40
Thickness [mm)] 4
Peak to valley A/10
Apparatus
Rotational speed [rpm] ‘ 0-160
Length of arm L [mm] ‘ 52
rotational torque T, is defined in Eq. 2. Then, the total shear force F, he o M - B @
is expressed using Eq. 3. 3 (%)'

4

T, = ]Mrﬁ—wndrde _men o nt

0 Jry h h 4
21 (11402
F = JjnU(r)-rdrdG - ” 1 rdodr = J J T, drde
n n h
_ 2mwn 13— 13

0 o
h 3

) )

3)

So, the relationship between the rotational torque T', and the
shear force F, generated in the outer ring area can be expressed
using Eq. 4.

3ri-ry

T,=> -Fy.
4ri-r} 0

(4)

On the other hand, considering the relationship between the
rotational force measured by the load cell located a distance L away
from the center of rotation and the rotational torque T, it can be
expressed as

T, =F,-L. (5)

Therefore, the shear force Fy required for the gap length
estimation can be obtained from the rotational force F,, by
4(r} - 17)

F, = -L-F,y.
T ) o

(6)

To estimate the gap length A, by differentiating Eq. 3 with respect
to the angular velocity w, the following equation can be derived:
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Since the inner and outer radii of the upper specimen, ry and
r1, and the viscosity of the base oil, #, are known values, the gap
can be estimated by measuring the shear force at each
rotational speed.

2.3 Gap length estimation using a base oil

To estimate the gap length h by the pushing force of the air
cylinder, three kinds of alkyl diphenyl ether (ADE)-type base oils
with different known viscosities were selected. The physical
properties of the base oils used are shown in Table 2. The
number in the name of each base oil corresponds to the
kinematic viscosity at 40°C. Note that ADE is a typical base oil
often used as a component of sample greases. The room temperature
was maintained at 22°C-23°C in this study.

As an example, Figure 3 shows the rotational force F,
measured by the load cell. The rotational speed of the upper
specimen was first rotated at 27 rpm for 20 s, then at 140 rpm
for 2 min, and then changed stepwise from 6 to 140 rpm every 15 s.
In this experiment, the air pressure on the aerostatic bearing was set
constant at 0.3 MPa. In Figure 3, the purple line shows the rotational
speed, and the measured F,, values are shown in color. In this
example, ADE32 was used. The legend in the figure indicates the
pushing force applied by the air cylinder; the larger the pushing
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Load cell

FIGURE 2
Measurement of rotational force F,,: by a load cell.

TABLE 2 Kinetic viscosity and viscosity of base oils.

Name Kinetic viscosity [mm/s] Viscosity [Pa - s]

at 40°C at 25°C
ADEI5 15 0.0297
ADE32 32 0.0607
ADEG68 68 0.1381

force, the narrower the gap is expected to be. The rotational force
F,o was measured stably in all experiments.

To determine the gap length using the pushing force of the air
cylinder, the same experiment shown in Figure 3 was conducted
with the three base oils listed in Table 2, and F,,; for each rotational
speed was obtained experimentally. Then, the air pressure to the
aerostatic bearing was set at 0.3 MPa, and the pushing forces were set
at 40.5, 53.5, and 70.5 N. The shear force F was obtained from F,;
in Eq. 6, and the gap length for each rotational speed was calculated
using Eq. 7. The estimated gap length for each pushing force is
shown in Figure 4. The gap narrowed as the pushing force increased.
In addition, it could be confirmed that the gap length did not depend
on the rotational speed or the oil viscosity, as confirmed in the
previous paper (Hirayama et al., 2020). This proves that it is the
balance between the force generated by the aerostatic bearing and
the pushing load from the air cylinder that determines the gap
length. These preliminary experiments showed that the averaged gap
lengths corresponding to the pushing forces of 40.5, 53.5, and 70.5 N
are approximately 10, 6, and 3 pm, respectively. It was assumed that
this gap length h would also apply to grease as the target sample.
Therefore, in the graphs that follow, the experimental results are
expressed in terms of the gap length, not the pushing force.

2.4 Calculation of the apparent viscosity
of grease

After the gap length h was estimated using the lubricating base
oil, the sample grease was sandwiched instead of the lubricating base
oil in the outer ring area, and its shear force was measured at each
rotational speed. Since the experiment in Section 2.3 has proven that
the gap length is constant regardless of the sample viscosity and the
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rotational speed of the upper specimen and that the gap length h was
estimated at 10, 6, and 3 um under the pushing forces of 40.5, 53.5,
and 70.5 N, respectively, the estimated gap length was newly defined
as the known value C,,. Replacing the gap length / in Eq. 3 with the
known gap length C,, the viscosity of grease can be defined
as follows:

Fy 3

n o (8)

2nw 13 =¥

The viscosity 7 calculated using Eq. 8 is called the apparent
viscosity in this study. The equivalent shear rate y acting on the
grease sandwiched in the gap can be expressed as follows:

o _3(ri-n) w

TGN Y

3 Apparent viscosities of greases in the
narrow gap at the steady shear
rate condition

3.1 Test greases

In this experiment, typical urea grease and lithium grease were
used as test greases. Their compositions and physical properties are
shown in Table 3. The chemical structures and scanning electron
microscopic (SEM) images are shown in Figure 5. Eventually, these
samples are denoted as “urea” and “lithium.” The lithium grease
used in this experiment is thickened using lithium stearate, which
has a chain-like end group, while the urea grease is thickened using
aromatic urea, which has a cyclic end group. The difference in the
chemical structure of each thickener shown in Figure 5 indicates that
the urea grease has a lumpy mesh structure, whereas the lithium
grease is intertwined in a fiber-like structure, as shown in the
SEM image.

3.2 Experimental procedure

In this study, the viscosity of sample greases was measured at a
steady shear rate using a parallel-disk viscometer with a narrow
gap. Then, the gap length between the upper specimen and the lower
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Rotational force for the base oil measured at each rotational speed and pushing load.

disk was varied by changing the pushing load, and the relationship
between the pushing load and the gap length is determined in
Section 2.3. The experimental procedure is described as follows:

1. Start rotating the upper specimen at 40 rpm for 20 s to
distribute grease over the sliding surface.

2. Start rotating the upper specimen at 160 rpm, the maximum
speed, for 600 s. This operation allows the grease to be
homogeneously placed in the gap and the stable shear force
to be measured.

3. Measure the shear force while decelerating every 60 s from the
maximum speed of 160 rpm to a minimum speed of 20 rpm.
The set of rotational speeds was [160, 140, 120, 100, 80, 60, 40,
and 20] rpm.

4. Measure the shear force while accelerating every 60 s from
20 rpm to the maximum speed of 160 rpm after the rotational
speed reaches 20 rpm. The set of rotational speeds was the same
as shown in the previous step but in reverse order.

5. Stop the rotation and finish the experiment.

3.3 Experimental results and discussion

Figure 6 shows the rotational force F,,, measured by the load cell
when rotating the upper specimen by sandwiching the sample grease
in the narrow gap. Similar to the behavior of the base oil, a narrower
gap length resulted in a higher F,, value. In contrast to Figure 3,
which is the result of the experiment with the base oil, Figure 6
shows a characteristic delayed response when the rotational speed
decelerates in a stepwise manner. This characteristic delayed
response was significantly observed as the gap became narrower.
When calculating the apparent viscosity of the grease at each sliding
speed, the average value of the last 4 s of each rotation process was
used as F,, and the apparent viscosity was calculated using Eqs 6, 8.

Figure 7 shows the apparent viscosity of each grease at gaps 10, 6,
and 3 um, where the horizontal axis is the shear rate, which is
calculated using Eq. 9. In the figure, the viscosity measured using a
commercial rheometer with parallel plates (Physcia MCR 301,
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Anton Paar) is also shown. In the measurement, the gap lengths
between the plates were set at 150, 350, and 700 um, and the shear
rate was calculated at the outer diameter of the plate at $25 mm. The
temperature setting was set at 23°C to be consistent with the room
temperature in the laboratory. Figure 7 shows that the apparent
viscosity of the grease decreased with the increasing shear rate
regardless of the grease type and gap length, so-called ‘shear
thinning’ behavior. However, the apparent viscosities of both
greases measured in the narrow gap were lower than those
measured in the sufficiently wide gap. Furthermore, this trend
was more pronounced for narrower gap lengths. Shear properties
at this narrow gap are described in more detail.

At a shear rate of approximately 10,000 s™*

,as shown in Figure 7,
the trend in apparent viscosity changes near that point. Below
10,000 s7!, the apparent viscosity remains almost constant,
independent of the shear rate. On the other hand, above
10,000 s7!, the apparent viscosity decreases as the shear rate
increases. The apparent viscosity in the former range is clearly
lower than that measured using the commercial viscometer with a
submillimeter gap. This trend can therefore be attributed to the
narrow gap in the micrometer order. General shear thinning is due
to the orientation of the internal structure of the material as the
shear rate increases, and the shear force then decreases. However, at
this low shear rate range below 10,000 s71, the apparent viscosity is
almost constant, and there does not appear to be a progression in the
orientation of the grease thickener dependent on the shear rate. This
can be attributed to the fact that the thickener is already oriented by
being forced into a narrow gap. On the other hand, at the high shear
rate range above 10,000 s™', the so-called shear thinning property is
considered to be due to the further orientation of the thickening in
grease as a result of the high shear force applied. The fact that the
apparent viscosity curve in the high shear rate range measured in a
narrow gap is almost an extension of the apparent viscosity curve
measured in a millimeter-order gap also supports the argument. It
can thus be said that there are two types of thickener orientation
mechanisms, which can be relatively clearly demarcated: one is the
orientation produced by a narrow gap, and the other is the
orientation driven by shear force.
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Estimated gap using the base oil under several pushing loads: (A) ADE15, (B) ADE32, and (C) ADE68.

There have been many studies on the orientation of grease
thickeners from the past, but most of them are due to shear forces.
For example, Hokao et al. investigated the morphology of shear-
induced structural changes in the thickener and reported that the
higher the shear force, the clearer the orientation of the thickener
fibers (Hokao et al., 2019). However, no study has been found when
the gap length is equivalent to the size of grease thickeners, and it can
be said that this study could propose a novel mechanism for the
viscosity behaviors of greases in an environment close to the actual
tribological field.

4 Viscoelastic behaviors of greases in
narrow gaps with changing speed
conditions

4.1 Experimental procedure

As mentioned earlier, when the rotational speed changed, F,, of
the urea grease in Figure 6 showed a delayed response that was not
found in the results for the base oil shown in Figure 3; therefore, this
delayed response is a grease-specific behavior. To investigate
whether this delayed response depends on the gap length and
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grease type, the shear force behavior was investigated when the
rotational speed of the upper specimen was instantaneously changed
as a step input under constant gap conditions. The upper specimen
and the lower disk are identical to those used above. The
experimental procedure is as follows:

1. Start rotating the upper specimen at 160 rpm, the maximum
speed, for 600 s. This operation allows the grease to be
homogeneously placed in the gap and ensures stable
measurement of shear force.

2. Set the pushing load to 50, 60, and 68 N, respectively, and
rotate the motor at 40 rpm for 5 min. Then, change the
rotational speed instantaneously to 160 rpm as a step input
and maintain the speed for 5 min. Measure the shear force
continuously during this procedure.

3. Stop the rotation and finish the experiment.

4.2 Experimental results
The experimental results for F,, of the base oil, urea grease, and

lithium grease are shown in Figure 8. As described above, with the
base oil, there was no delay in response when the rotational speed
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TABLE 3 Composition and properties of sample greases (Komiya et al., 2019).

Sample name

Base oil

10.3389/fmech.2024.1420852

Urea Lithium

Alkyl diphenyl ether (ADE)

Material of the thickener

Aromatic urea Lithium stearate

Thickener concentration mass% 20.7 13.3
Kinematic viscosity of base oil (40°C), mm?/s 101.7
Worked penetration @ 60W 269 251

Lithium

FIGURE 5
Chemical structure of the thickener and SEM images of the thickener.

was changed as a step input, but there were characteristic delayed
responses for both cases with the urea and lithium greases. In the
previous chapter, it was mentioned that the gap length has a
significant effect on the shear response of the grease, which
promotes the orientation of the thickener, and this delayed
response can also be attributed to the orientation behavior of the
thickener. This delayed response was more marked as the gap
became narrower. Since the micrometer-order gap length
promotes thickener orientation, a quantitative evaluation of this
delayed response was determined using the relaxation time.

For example, in stress relaxation tests, when the initial stress is
09, the change in stress with time can be expressed, as shown in Eq.
10, where G and 7 are the elastic modulus and viscosity, respectively.

o(t) = ao{exp<—£>}, T= g (10)

The relaxation time 1 is defined as T = #/G, indicating the time
required for the stress to reach 1/e of the initial value oy,
representing the speed of relaxation. Generally, the relaxation
time 7 is used as the time required to reach approximately 63%

Frontiers in Mechanical Engineering
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of the equilibrium state, but in this experiment, it was defined as the
time required to reach 90% of the convergence value because of the
concern that the time required to reach 63% of the convergence
value was too short and would result in large errors. Curve fitting
was performed for the obtained F,, curves by smoothing the data
using a moving average method starting from the peak point of F,
after the rotation speed was instantaneously changed from 40 rpm to
160 rpm. If the number of data points to be smoothed is k, the value
to be smoothed is x;, and the smoothed value is MA,;. Eq. 11
represents the formula for the moving average method. The
sampling frequency in this experiment was 100 Hz, and the
measurement time increment for one cell was 10 m and k = 150.
Curve fitting on the smoothed data resulted in R?>0.985 for
all fittings.

1k
MA, = EZMXH*I' (11)
The relationship between the relaxation time 7 and the pushing

load for each grease obtained from the fitting curves is shown in
Figure 9. The gap lengths corresponding to each pushing load are
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Apparent viscosity of grease with several gap lengths: (A) urea grease and (B) lithium grease.

indicated by dotted lines in the graph. For both urea grease and
lithium grease, the relaxation time 7 increased as the pushing load
increased, i.e., as the gap narrowed. The increase in relaxation time
indicates that it takes a longer time to stabilize after the
instantaneous changes in the share rate as the gap length
narrows. The pushing load and relaxation time showed a good
correlation, and the slope of the linear approximation of the
relaxation time was higher for the lithium grease than for the
urea grease. This result may be attributed to the difference in the
thickener structure within the grease.

4.3 Discussion

First, we need to address the possibility that the viscosity of the
sample has changed due to the high shear rate of the sample in the
narrow gap. However, because the oil film is airtight and thin, it is

Frontiers in Mechanical Engineering

difficult to control or measure temperature directly. Of course, heat
is generated by sliding, but the heat generated is transferred quickly
to the upper specimen and the lower disk due to their large heat
capacities; therefore, the viscosity of the sample oil barely changes.
The evidence suggests that Figure 3 shows that F,, did not change
under constant rotational speed. If the viscosity of the sample
changed due to the generated heat, the value of F,, should
decrease gradually, even at a constant shear rate. However, at the
same shear rate, F,,; was the same in all regions, so a change in the
viscosity of the sample due to temperature change is not expected.
When measuring the gap using the base oil, the amount of heat
generated by the shear should be changed in accordance with the
shear rates. Still, since a constant gap length was obtained regardless
of the shear rate, the viscosity change by heat is not considered to
affect this measurement. The same explanation can be applied to the
grease shown in Figure 6. If the viscosity of the grease decreases due
to the temperature increase, F,, should decrease gradually under
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constant shear. The temperature increase due to sliding was a point
of concern for us as well, but the temperature after the test matched
that before the experiment by one decimal digit. Therefore, we
believe that no significant temperature increase occurred that would
change the viscosity.

As shown in Figure 9, the relaxation time of the grease increased
linearly with increasing the pushing load, i.e., with decreasing gap
length. In the experiment, the rotation speed of the upper specimen
was changed as a step input from 40 to 160 rpm, and the rate of
change of the shear rate in the gap is also greater when the gap is
narrower. Therefore, it takes time for the grease to orient itself in
response to the change in the shear rate, so the relaxation time was
longer when the gap was narrower.

On the other hand, Figure 9 shows that the relaxation time
increased with the decreasing gap for the lithium stearate grease
compared to the aromatic urea grease. This means that the urea
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grease stabilized faster when subjected to the same change in the
shear rate. Since this difference could be attributed to the type of
thickener, it was discussed in connection with the ‘grease film-
forming ability’ of each grease. The ‘grease film-forming ability’
is a technical term used to describe the ease of forming a
grease film to separate the contact surfaces and the strength
of the formed grease film; the higher the grease film-forming
ability, the easier it is for the contact surfaces to remain non-
contact. Komiya et al. (2019) used five types of greases with
different thickeners, including the aromatic urea grease and
lithium stearate grease used in our study, and examined the
grease film-forming ability of each grease using a two-cylinder
tester. They measured the contact ratio between the two
cylinders using an electric potential difference method
when grease was supplied between the two cylinders and
rotated in a pure rolling condition. The value calculated from
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the contact ratio was called the ‘grease film-forming rate,” with
0% defined as a complete contact state, 100% as a complete non-
contact state, and values in between as partial contact states. As
a result, with the lithium grease, the grease film-forming rate
between the two cylinders gradually increased as the rotation
speed increased, reaching a maximum of 80%, but the grease
film-forming rate remained at almost 80% even at the highest
rotation speed. On the other hand, the urea grease reached a
grease film-forming rate of 80% immediately after the start of
the test, even at low speeds, and maintained 100% grease film
formation at higher speeds. The tendency of the relaxation time
of the lithium grease to be longer than that of the urea grease, as
shown in Figure 9, is considered to correlate with this grease
film-forming ability. When the shear rate changes, the
aromatic urea grease immediately forms a stable grease film
due to the entanglement of aromatic rings in the thickener,
whereas the lithium stearate grease takes longer to form a stable
grease film due to less entanglement of thickeners. The longer
relaxation time of the lithium grease, as shown in Figure 9, is
considered to be due to this same phenomenon occurring in
the grease film.

In addition, it can be explained by the structural complexity
of the thickener. Xu et al
strength, structural rearrangement speed, and recoverability

investigated the structure

of several lithium greases. As a result, the higher the
entanglement level of the thickener, the higher the structure
strength, the slower the rearrangement speed, and the lower the
recoverability of the grease (Xu et al., 2018). Considering urea
and lithium used in this experiment, lithium, which has a long
mesh structure, seems to have a higher entanglement level
than urea, which has independent clumps of short fibers, as
shown in Figure 5. It is believed that the high entanglement
required more time for the thickener to reorient, resulting in a
longer relaxation time, similar to the experiment conducted by
Xu et al.

As described in Section 4.1, the time-dependent curves that
appear when the rotational speed is changed are attributed to
the which
reorientation in response to changes in the shear rate. The

thickener microstructure, requires time for
mechanism of the characteristic curves that appear in Figures
6, 8 during deceleration and acceleration will be discussed,
concerning the degree of orientation of the thickener.
Consider the case of deceleration, i.e., when the shear force
exerted on the grease is reduced. Before deceleration, the
thickener is considered to be strongly oriented in the shear
direction due to the high shear force. When the shear rate is
rapidly decreased from this state, the thickener is subjected to a
low shear force while maintaining a high degree of orientation,
so F,o, which indicates the viscous resistance of the grease, is
temporarily and significantly dropped. Then, as time passes, the
thickener gradually loses its high orientation and F,,; increases.
Eventually, as time progresses, the reorientation of the thickener
is complete and becomes stable, and F,, reaches a constant
value. On the other hand, considering the mechanism of
acceleration, before acceleration, the thickener is slightly
oriented in the shear direction by the shear force. When the
shear rate increases from this state, the thickener, which has a

low orientation in the shear direction, is subjected to a high
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shear force. Therefore, the viscous resistance increases rapidly,
and the F,, value increases significantly. The thickener is
gradually more oriented by the high shear force, and F,,
gradually decreases. Similar to the deceleration, the structure
of the thickener stabilizes over time, and F,, becomes a
constant value. As described above, the curve that appears
when shear is changed is thought to be due to the
reorientation of the thickener structure, which takes time.

5 Conclusion

In this study, the apparent viscosity and the shear force behavior
of urea and lithium greases in the micrometer-order gap were
investigated using the parallel-disk viscometer. The conclusions
drawn from this study are as follows:

e The apparent viscosity of the urea grease and lithium
grease decreased as the gap became narrower under shear
rates below 10,000 s™!. This is thought to be due to shear
thinning caused by the grease being pressed down by the
narrow gap. On the other hand, the orientation of the
thickener due to the high shear rate was observed in the
range of 10,000 s™' or higher. Thus, two types of shear
thinning mechanisms were proposed for thickener
orientation: one caused by a narrow gap and the other
by the shear force.

When the grease was subjected to shear change, a
characteristic curve appeared. The curve was caused by
the fact that it takes time for the thickener structure to
reorient in response to the shear force that changed, which
showed the reorientation mechanism of the thickener
The
requirement was quantitatively evaluated in terms of

during acceleration and  deceleration. time
relaxation time, and it was shown that the relaxation time
increases as the gap narrows, and the degree of increase
depends on the thickener and is correlated with the oil film-
forming ability of the grease and the entanglement level of

the thickener.
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