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Observing wear debris during friction is crucial for comprehending the wear
behavior of lubrication systems. Despite various techniques attempted for
observation, a persistent challenge is the oversight of wear debris with a
diameter less than 1 um, mainly due to limitations in measurement systems.
Consequently, we still lack a comprehensive understanding of whether these
small particles can infiltrate contact points and serve as abrasives. In this study, we
conducted in-situ friction tests to investigate the entrainment of imitation wear
particles at the contact point under boundary lubrication conditions. These
imitation wear particles were glass beads with diameters of approximately
0.8 um, 1.0 um, and 3.0 um, respectively. To address optical limitations, we
stained these particles using silane coupling to attach Rhodamine B to the
glass beads. We examined the effect of particle diameter on entrainment
numbers under varying outside oil film thicknesses. The results showed that
the entrainment number was highest when the outside oil film thickness matched
the particle diameter. This clearly indicated that the outside oil film thickness
significantly influenced the entrainment of particles.
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1 Introduction

In order to achieve a sustainable global society, the United Nations adopted the
Sustainable Development Goals (SDGs) in 2015. This initiative has led to increased
awareness regarding the reduction of friction loss, machine maintenance, parts
replacement frequency, and the use of lubricants and additives in various regions and
companies (UN, 2015). “Sustainable consumption and production” is one of the key global
objectives, highlighting the importance of extending the lifespan of machines and their
components in the field of tribology. When considering the life expectancy of machines, it
becomes evident that the wear of mating parts has a direct impact, with wear debris believed
to significantly reduce their operational lifespan. An investigation using an atomic force
microscope revealed that the size of wear debris is quite small, typically in the range of
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Ethanol: 500 ml, Pure water: 5 ml

Silane coupling agent: (1)0.9 mg, (II)1.3 mg, (III) 12 mg

Rhodamine B: (1)0.6 mg, (I1)0.85 mg, (IIT) 8 mg
Hydrolysis Silica

60°C, 30 min. (I) ave.diam. 0.8 um: 72 mg

(II) ave. diam. 1.0 pm: 148 mg
(Ill)ave. diam. 3.0 pm: 4000 mg

Reflux (Dehydration condensation)
80°C, 10 h

Rotary evaporator

FIGURE 1
Schematic diagram of the florescent staining procedure.
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FIGURE 2
Schematic of silane coupling agent acts between the silica
and Rhodamine.

several nanometers (approximately 15-40 nm). This was observed
in scenarios involving dry friction between identical material pairs,
such as an almost pure iron (99.5%) pin against an iron disk, pure
capper (99.99%), pure zinc (99.99%), and pure nickel (99.7%). These
tiny debris particles eventually aggregate, forming larger particles
exceeding 10 um in size (Mishina et al., 2003). The presence of wear
debris or abrasive particles in the surrounding environment
contributes to abrasive wear, emphasizing the importance of
employing filtration to remove these particles and thereby extend
the service life of machinery. Utilizing the ferrography method to
determine the size, shape, color and other characteristics of wear
debris, coupled with vibration analysis, represents powerful tools for
predicting wear patterns at contact points within a tribosystem. This
field has been extensively researched over the past 4 decades
(Roylance et al., 2000). Recently, real-time measurement of wear
debris in lubricating oil has been made possible through a
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laser-photo diode detector system, which measures particle size
distributions and counts along the oil tank-rubbing surface path
(Twai et al., 2010; Hong et al., 2018). This technology enables the
detection of wear debris with a diameter larger than 1 um. As the
capability to detect smaller diameters continues to improve, the
accuracy of wear amount estimation becomes increasingly precise.
However, the challenge remains that wear debris with a diameter less
than 1 pm is often overlooked due to limitations in measurement
systems. Consequently, we still lack a comprehensive understanding
of whether these small particles can enter contact points and
function as abrasives.

Over the past few decades, numerous authors have explored the
entrainment of particles between sliding surfaces and have sought to
determine how these particles can or cannot infiltrate. The inception
of this phenomenon, often referred to as “particle entrainment
between contacts,” has been discussed in several literature
sources in the context of lubrication contaminants (Tallian, 1976;
Loewenthal and Moyer, 1979; Cusano and Sliney, 1982a; Cusano
and Sliney, 1982b). Additionally, it gained prominence with the rise
or ceramics bearing technology (Dwyer-Joyce, 1999; Mitchell et al.,
2000; Wang et al., 2000; Wang et al., 2007). As a result, there has
been a significant focus on carbonaceous hard coatings as an
appealing material for reducing friction and wear. However, this
approach comes with its share of challenges, including issue related
to peeling caused by cyclic impacts (Abdollah et al., 2010; Abdollah
et al., 2011; Abdollah et al.,, 2012a; Abdollah et al., 2012b), droplets
emanating from the surface (Lee et al., 2018; Lee et al., 2019; Lee
et al., 2020), and oil additives affecting mechano-chemical wear
(Kassim et al., 2020; Kassim et al., 2021). It's noteworthy that these
particles have been observed to be smaller than 1 um in diameter
(Tokoroyama et al., 2018), underscoring the growing importance of
detecting such small wear debris and accurately predicting wear
levels. The prediction of wear amounts on surfaces, such as ball or
roller bearings, has been accomplished by considering the role of
particles acting as abrasives passing through a contact point. This
concept involves the removal volume of the surface and its
relationship with the hardness between the surface and the
particles, a phenomenon known as three-body abrasive wear.
Dwyer-Joyce, for instance, reported a bearing mass loss that
correlated with particle size, demonstrating an increase in mass
loss as the size of diamond particles ranged from 1 to 6 um in
diameter. Notably, when using diamond particles with a diameter
less than 1pm, a mass loss was still observed, implying that
diameters less than 1 um can indeed enter a contact point.

Modeling abrasive wear through wear debris has been a subject
of study for many years. Third-body wear caused by such debris is
influenced by factors such as debris hardness, normal load between
mating surfaces, sliding speed, and so on. However, determining the
ratio of particles entrained in the system can be quite challenging,
primarily because small-diameter particles result in shallow, narrow,
and often undetectable scars. Consequently, a comprehensive
understanding of how abrasive wear progresses due to small-
diameter particles can only be achieved through in-situ
observation. In-situ direct observation of these particles at a
contact point was successfully carried out by Strubel and
colleagues (Strubel et al., 2016; Strubel et al., 2017a; Strubel et al.,
2017b). Their observations were conducted using particles with
diameters of 10 um or larger, revealing that larger and heavier
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FIGURE 3
The SEM images of before and after staining process; 3.0 um of before staining (a;) and after staining (az), 1.0 pm of before (by), and after (by), and
0.8 um of before (cy) and after (c5).
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FIGURE 4
(A) Schematic of iFlat equipment, (B) schematic of inlet laser path through the glass disk to the contact point, and the reflection path through
WIG filter.
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FIGURE 5
Schematic of oil film application on the glass disk before friction test.

particles were more likely to be entrapped than smaller and lighter ~ condition. Another critical aspect to consider is the thickness of the
ones. It was observed that smaller-diameter particles did not enter  oil film outside the Hertzian contact area. Cann et al. reported that a
the system because a reverse flow occurred at a midpoint between  decrease in the oil film thickness (hj00) in the vicinity of the sliding
mating surfaces, preventing their entrainment in a fully flooded  trackled to a reduction in the oil film thickness at the contact point.
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Disk
Ball

FIGURE 6
Schematic of contact area as top view and side view.

This reduction was attributed to inadequate oil replenishment from
the vicinity of the sliding track. Both of these viewpoints—particle
entrainment and oil film thickness—intersect and may explain the
potential for particle entrainment, even if the particle diameter is
around the micro to sub-micro range.

One significant limitation in the observation of micro to sub-
micro diameter particles lies in optical constraints. Using white light
and a standard CCD camera, particles with diameters less than
0.3 um cannot be reliably detected. To overcome this optical
limitation, particle image velocimetry (PIV) has emerged as a
widely-used technique for observing fluid motion by employing
fluorescent particles (Kinoshita et al., 2007). In this study, a novel
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FIGURE 7
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approach was employed, utilizing fluorescent-stained solid particles
for direct observation under boundary lubrication conditions. Bright
fluorescent particles were obtained through a staining technique
involving glass particles (silica) and Rhodamine B (a fluorescent
agent) combined with a silane coupling agent to achieve sufficient
intensity. With this staining method, it has become possible to
directly observe the behavior at the contact surface of particles
within 1 pm or less, which sets it apart from other studies the most.

In this study, we examined the quantity of entrainment particles by
specifically examining the oil film thickness in the surrounding area
beyond the point of contact, which we refer to as the “outside oil film
thickness.” Subsequently, we utilized silica particles with average
diameters of 0.8, 1.0, and 3.0 um to elucidate the impact of the
outside oil film thickness on particle entrainment. Additionally, we
conducted dry friction tests to draw comparisons with the lubricated
conditions. Furthermore, the establishment of the staining method in
this study opens up the possibility of observing the behavior of
nanoparticles (Wu et al, 2018; Gao et al, 2021; Nomede-Martyr
et al, 2021; Wu et al, 2021; Bukvi¢ et al, 2023), allowing for the
investigation of their tribological properties, which have been garnering
attention in recent years.

2 Experimental procedure

2.1 Staining silica particles with
fluorescent dyes

The staining of organic materials on inorganic materials, such
as glass particles, is being investigated using various staining

The in-situ observation results of 3.0 um diameter particles; (A) Hi = 2.3 um, r = 0.8; (B) Hi = 26.5 um, r = 8.8; and (C) Hi = 5000 pm, r = 1650.
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FIGURE 8
The in-situ observation results of 1.0 ym diameter particles; (A) Hi = 2.5 ym, r = 2.5; (B) Hi = 12.7 ym, r = 12.7; and (C) Hi = 1,650 pm, r = 1,650.
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FIGURE 9
The in-situ observation results of 0.8 um diameter particles; (A) Hi = 0.75 um, r = 0.8; (B) Hi = 1.2 um, r = 1.5; and (C) Hi = 2.4 ym, r = 3.0.
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FIGURE 10
The relation between number of entrainment particles and
outside oil film thickness.

methods employing silane coupling (Lee et al., 2019; Shi et al,
2023). The fluorescent staining of silica particles was accomplished
using a combination of a silane coupling agent (KBM-4803 from
Shin-Etsu Silicone, Japan) and Rhodamine B (from Fujifilm Wako
Pure Chemical Corporation, Japan). These silica particles came in
three sizes, with average diameters of 0.8, 1.0, and 3.0 um (supplied
by Potters Ballotine Co., Ltd., Japan). The process of surface
modification for silica particles is illustrated in Figure 1 for
each size of silica particles. To achieve this, the silane coupling
agent was added to a mixture of ethanol (500 mL), pure water
(5mL), and Rhodamine B. This mixture was then subjected to a
30-min reaction at 60 “C using a rotary evaporator. Following this
step, the silica particles were introduced, and a dehydration
condensation process was carried out for 10h at 80°C. The
mechanism underlying the silane coupling onto silica and
Rhodamine B is depicted in Figure 2. Initially, the epoxy group
of the silane coupling agent forms an ester bond with the carboxyl
group of Rhodamine B, while the methoxy group on the other side
of the silane coupling agent establishes hydrogen bonds with the
silica surface. During the subsequent dehydration condensation
process, these hydrogen bonds between the silane coupling agent
and silica are transformed into siloxane bonds through
dehydration. Figure 3 presents representative scanning electron
microscope (SEM) images of the fluorescently stained silica

particles. Figures 3a;, a, show the particles before and after

i= 0 (Dry)
| %

% | Hertzia

6.1 mm/s

(€P))

FIGURE 11
The in-situ observation under dry conditions.
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staining for 3.0 um silica, Figures 3b;,, b, for 1.0 um, and
Figures 3¢y, ¢, for 0.8 um. In all cases, the staining procedure
resulted in a diameter increase of less than 10 nm in radius (Shin
et al., 2008), as confirmed by SEM observations, which did not
reveal any particles larger than the original diameters of the
silica particles.

2.2 Observation equipment for in situ
friction analysis

Friction tests were carried out using an in-situ observation
system called “iFLAT” (Intelligent Fluorescent Light Assisted
Tribometer) (Chiba et al., 2018; Takeno et al., 2020). A schematic
of this system is depicted in Figure 4A, with an enlarged view of
the observation area shown in Figure 4B. The iFLAT system is
equipped with a 532nm laser source (GLK32200, LASOS,
Germany). This laser travels through a light guide from the
source, enters an objective lens of an optical microscope, and
is directed to the friction area via a sapphire disk (1.0 mm
thickness, 50 mm diameter, with a surface roughness of
A fixed SUJ2 bearing ball
(approximately 8.0 mm in diameter, with a surface roughness
of approximately 7.0nmRa, it is same property of
AISI53200 stainless steel) within a ball holder is placed on a
friction cantilever. A dead weight is used to apply a normal load
of 0.2N. The bearing ball reflects the incident laser, and the
fluorescently stained particles emit fluorescent light. Both sets of

approximately 2.0 nmRa).

light pass through the sapphire disk before reaching a half-
mirror. Subsequently, both lights are directed to a WIG filter,
which is a long-pass filter with a cutoff wavelength at 580 nm,
effectively eliminating the
fluorescent light is captured by a CMOS camera, operating at

reflected laser light. Finally,
a frame rate of 500 frames per second (fps). The in-situ
observations were conducted multiple times, and we selected
60 frames (0.12 s) that recorded the highest particle counts within
the observation area during the observations.

2.3 Preparation and in situ friction test
observation procedure

The friction test involved the interaction between an
SUJ2 ball and a sapphire disk lubricated with PAOS8 lubricant,

frontiersin.org
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Sliding speed V: 5.0 mm/s

Normal load W: 0.2 N, Temperature T 23°C
Sapphire disk vs. SUJ2 ball($8 mm)
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FIGURE 12

The relation between no-dimensional value r and number of
entrainment particles.

which possesses a viscosity of 46.0 mm?*/s at 40 °C. The i-FLAT
system was utilized for this test. To prepare for the test, a
2.0-10 uL quantity of lubricant was applied onto the sapphire
surface. Another sapphire disk was then placed over the lubricant
to achieve a nearly uniform lubricant film. Subsequently, the
upper sapphire disk was laterally removed, as illustrated in
Figure 5 as a schematic representation. To ascertain the
representative film
employed to measure the oil film thickness at a distance away

lubricant thickness, ellipsometry was
from the contact area. The sapphire disk with the lubricant was
secured onto the disk holder, with the ball specimen attached to
it. A dead weight of 0.2 N was added to the ball specimen.
Fluorescently stained particles, comprising a colloidal liquid of
ethanol with a volume of 0.1 pL, were applied onto the oil film,
positioned at the same radius as the friction test rotation, just
ahead of the contact point as depicted in Figure 6. Prior to
commencing the in-situ friction test, several minutes were
allowed to pass to account for ethanol vaporization. The
sliding speed was set at 5.0 mm/s (with a rotation radius of
approximately 5.0 mm), and the camera operated at a speed of
500 frames per second (fps). We captured a continuous sequence
of 60 frames (0.12 s) to tally the number of particles when the
highest concentration of particles was observed near the contact
point. The sliding distance covered in these 60 frames was
approximately 0.6 mm.

(i) 1<r<2

Particle

Hi]

10.3389/fmech.2024.1371948

3 Results

3.1 The impact of the oil film thickness Hi on
in situ observations

The in-situ observation results for particles with an average
diameter (¢) of 3.0 um and varying oil film thickness (Hi) are
presented in Figure 7. The black dotted circle represents the
Hertzian contact area, approximately 30 um in size, under a
normal load of 0.2 N. All friction tests were conducted under
boundary lubrication conditions, resulting in the gap between the
ball specimen and the sapphire disk at the contact point being at
the The
observation results for 3.0 um diameter particles under a thin
outside oil film thickness (Hi = 2.3 um) are shown in Figures
7a;-as. The circle marks one particle at 0 m, which then moved

utmost surface roughness level. representative

linearly along the sliding direction. This trend of linear particle
motion remained consistent when the particle diameter was
smaller than the outside oil film thickness. However, when the
outside oil film thickness exceeded the particle diameter, as
shown in Figures 7b,-b; with Hi at 26.5um and Figures
7c,-c; with Hi at 5,000 um, the particle’s motion was no
longer linear. In the case of the thick outside oil film situation
with Hi = 5,000 pm, the particle indicated by the circle did not
move along with the sliding direction.

Figure 8 presents the results for ¢ = 1.0 um diameter particles. In
Figures 8a,-as, where the outside oil film thickness was Hi = 2.5 um,
one particle indicated by a circle moved linearly along the sliding
direction from Figures 8a;, a,, before stopping at the inlet area of
contact as shown in Figure 8a;. However, for outside oil film
thicknesses Hi 12.7 um (Figure 8b,-bs) and Hi = 1,650 pm
(Figure 8c,-c3), the particles did not exhibit linear motion along

the sliding direction. Finally, the results for 0.8 um diameter particles
are shown in Figures 9a;, c;. In cases where the outside oil film
thickness was less than the average diameter of the particles, such as
in Figures 9a,-a; with Hi < 0.75 pm, several particles halted just in
front of the contact area.

The measured number of entrainment particles, as a
function of outside oil film thickness, is summarized in
Figure 10. In every situation, the number of entrainment
particles decreased with increasing outside oil film thickness,
followed by a sharp increase to reach a peak. Subsequently, the
number decreased again with greater outside oil film thickness.
The peaks were observed at 4.0 um outside oil film thickness for
3.0 um diameter silica particles, 1.6 pm thickness for 1.0 um

FIGURE 13

The relation between no-dimensional value r and number of entrainment particles. (i-iii) Schematic of a particle and vortex flow with different

outside oil film thickness.
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diameter particles, and 1.4 um thickness for 0.8 pm diameter
particles, respectively.

3.2 The results of observations under dry
conditions

To compare with a lubricated situation, we conducted in-situ dry
friction tests using silica particles of varying diameters. The
representative observation results are shown in Figure 11. In all
situation, fluorescently stained particles accumulated in front of the
contact area, and these accumulated particles did not move
perpendicular to the sliding direction. Instead, they entered the
contact point in large numbers.

4 Discussion

The relationship between the number of entrained particles
and the non-dimensional value “r,” which represents the outside
oil film thickness divided by the particle diameter, is summarized
in Figure 12. In dry conditions, a substantial number of particles
could enter the contact point regardless of their diameter.

However, the entrainment number decreased when the “r

value approached approximately 1. Consequently, the
maximum number of entrained particles increased within the
range of 1 < r < 2. Beyond this range, the number of entrained
particles gradually decreased. The reason behind this change in
the number of entrained particles due to the “+” value is believed
to be related to reverse flow in front of the contact point. A cross-
sectional schematic image illustrating this phenomenon is

« »

presented in Figure 13. When “#” is less than or equal to 1 as
shown in Figure 13i, the reverse flow creates a vortex with a
radius smaller than that of the particles because the oil film
thickness is less than the particle diameter. As a result, the vortex
flow does not significantly affect the motion of particles. In the
case where “r” falls within the range of 1 < r < 2 (Figure 13ii), a
vortex flow is generated along the direction from the disk to the
oil surface, with a vortex radius equal to the particle radius.
Consequently, particles can move from the disk surface to the oil
surface and back to the disk surface again. This enhances the
maximum number of entrained particles. Finally, for values of “r”
greater than or equal to 2 (Figure 13iii), the vortex flow radius
becomes larger than the particle radius. Thus, once particles
attach to the disk surface and follow the vortex flow, they are
unable to return to the contact point. Based on the mechanisms
described above, specific outside oil film thickness values that

enhance the number of entrained particles is suggested.

5 Conclusion

o We conducted investigations into the entrainment of glass
beads with different diameters, such as 3.0 um, 1.0 um, and
0.8 um. Utilizing a fluorescent staining technique facilitated
by silane coupling, we were able to observe the contact point
in-situ. The high-speed camera effectively detected the
number of entrained particles.

Frontiers in Mechanical Engineering

10.3389/fmech.2024.1371948

« It was observed that particles could enter the contact point
even under boundary lubrication conditions.

o The entrainment of particles depended on the thickness of the
outside oil film. The non-dimensional value “r,” expressed as
the outside oil film thickness (Hi) divided by the particle
diameter, exhibited a clear relationship with the entrainment

« »

of particles. When “¢” was less than or equal to 1, particles

were capable of entering the contact point. In the range of 1 <
r < 2, the maximum number of particles entered, while for “r”
values greater than 2, the number of entrained particles

gradually decreased.
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