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Abstract: In recent years, reduced graphene oxide (rGO) received considerable interest as a lubricant
nano-additive for enhancing sliding and rolling contacts. This paper investigates the tribological and
dynamic behavior of ball bearings lubricated by lithium grease at different weight percentages of rGO.
Full bearing tests were conducted for experimental modal analysis, vibration analysis, ultrasonic
analysis, and infrared thermography. Modal analysis indicated considerable improvements of the
damping ratio values up to 50% for the bearings with rGO nano-additives. These findings were
confirmed by the corresponding reductions in vibrations and ultrasound levels. The steady-state
temperatures of bearings running with lithium grease reached 64 °C, whereas the temperature of
bearings lubricated by grease with 2 wt.% rGO measured only 27 °C. A Timken Load test was
conducted on grease samples with and without rGO additives. Grease samples having 2, 3.5, and
5 wt.% rGO showed the highest OK load with an increase of 25%, 50%, and 100% as compared to
values of lithium grease. For comparison, all tests were conducted on samples of the same grease
blended with graphite and MWCNTs’ nano-additives. The results proved the superiority of graphene
in enhancing the load-carrying capacity and damping of grease in rolling bearings.

Keywords: lithium grease; graphene; load-carrying capacity; wear scar; infrared thermography;
vibration analysis; damping ratio

1. Introduction

Rolling element bearings (REBs) are critical components in rotating machinery for
various mechanical systems in wind turbines, aerospace, and automotive industries. It is
reported that around 10 billion bearings are manufactured worldwide every year [1], and
this bearing market is expected to grow in size from about USD 118.7 billion in 2020 with a
compound annual growth rate (CAGR) of 8.5% from 2021 to 2028 [2].

Unexpected failures of REBs present a crucial impact on the performance of machinery
and may cause a catastrophic failure of the assets and losses of lives [3]. A review analysis by
Vencl et al. [4] classified the most frequent bearing failures according to wear mechanisms
while reporting that bearings fail prematurely due to improper bearing selection, incorrect
bearing handling and mounting, and inappropriate operating conditions. More than one-
third of the failed bearings are attributed to inadequate lubrication, including improper
lubricant viscosity, overdose/underdose lubrication, and wrong lubrication intervals. By
combining lubricant contamination from the harsh surrounding environment and worn-out
sealing, this ratio is increased to about 80%. Harris [5] classified lubricant deficiency as
one of the main failure mechanisms of rolling bearings. For example, if the lubricant is
insufficient at the Hertzian contact zone (i.e., lubricant starvation case), an adhesion wear
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mechanism takes place where the contacting surfaces weld together; then, they get torn
apart as the rolling action follows [5,6].

During operation, lubricant migration from the contact zone in bearings is a common
cause of lubricant starvation [7,8]. Different theoretical and experimental approaches for
controlling oil migration considering the thermal gradient factor, surface texture, and
chemical surface properties were discussed by Griitzmacher et al. [9]. One advanced
approach presented multi-scale surface patterning using two techniques in journal bearings
as a countermeasure for oil migration [10]. It proved highly efficient in reducing lubricant
migration and wear reduction. A further study in the same direction considered the effect
of thermal gradient on the oil spreading (migration) on single and multi-scale surface
patterned stainless steel samples [11].

Oil and grease are mainly employed in REBs to prevent metal-to-metal contact be-
tween the rubbing surfaces of the inner race, rolling elements, and outer race [12]. Their
purpose is to minimize friction and wear in REBs during operation; hence, they signif-
icantly contribute to reducing energy losses and maintaining high reliability of power
transmission systems [13]. Grease is preferred over oil lubricants for REBs as it shows
superior performance in resisting the washing action of water, preventing any leakage,
operating without frequent relubrication, showing good vibration damping capacities, and
increasing the sealing efficiency against any contaminants [14,15].

Grease lubrication consists of a thickener (such as lithium soap, calcium soap, polyurea),
70-97% base oil (synthetic or mineral o0il), and 3% additives. The prominent role of the
additives is to introduce or enhance specific properties, such as extreme pressure (EP)
additives, anti-wear (AW) agents, oxidation inhibitors, and lubricity additives [16].

The current increasing usage of heavy machinery and advanced mechanical systems
in sectors of construction, mining, railway and aerospace, and electric vehicles” indus-
tries requires a corresponding significant improvement in grease lubrication additives to
achieve higher load-carrying capacities, better vibration damping, and minimum energy
losses. Advances in synthesis and characterization of two-dimensional (2-D) materials
such as molybdenum disulfide (MoS2), tungsten disulfide (WS2), hexagonal boron nitride,
graphene, and other 2-D nano-materials have opened the door for their application as solid
lubricants or lubricant additives in rotating machinery. A review by Rosenkranz et al. [17]
summarized the directions of research work conducted on 2-D nano-materials, including
their chemical properties, tribological behavior, and their potential to be applied as solid
lubricants well as lubricant additives. The review also highlighted the current issues re-
lated to large-scale production and the obtained quality of each 2-D nano-material to be
reasonably applied in the industry as solid lubricants. In order to efficiently incorporate 2-D
nano-materials to reach a superlubricity regime on the nano- and macro-scales, different
mechanisms of energy dissipation due to friction between sliding surfaces were studied
and discussed in [18]. The review in [19] discussed different theoretical and experimental
models describing physical mechanisms such as the interlayer sliding between single or
multilayered 2-D nano-materials such as graphene and graphene oxide in comparison
to graphite and how this significantly contributed to reducing the friction coefficient to
the superlubricity zone. The review recommended that more studies should address the
practical application of these 2-D materials in controlling friction and wear in macro- and
meso-mechanical systems.

Adding carbonaceous nanomaterials such as CNTs, graphene, and reduced graphene
oxide (GO) to the lubricating grease has been proposed as a popular trend to improve
lubricant properties [20-22] significantly. Carbonaceous nanomaterials enhance the load-
carrying capacity, decrease the coefficient of friction (COF) and wear scar diameter (WSD)
between the mating parts [23,24], and impart new chemical, mechanical, and physical
properties to grease [25]. Due to their strong in-plane bonding, weak interlayer interactions,
and dangling bonds, their application in dry and boundary lubrication of machine elements
such as gears and bearings was highly recommended by Berman et al. [26].
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Graphene has a two-dimensional structure and small particle size, providing a large
contact area sufficient to resist oxidation [27,28]. Its unique nano-scaled structure intro-
duced high thermal and electrical conductivities, promoting it to be one of the best choices
in supercapacitors and energy harvesting [29]. Due to its outstanding physical properties
and self-lubricity characteristic, researchers reported that graphene enhanced the lubricity
of grease and thermal conductivity as well [30,31].

Zhang et al. [20] investigated the addition of different graphene weight fractions
with lithium-based grease. The results showed about 15% improvement of the COF when
adding 2 wt.% graphene. Jayant et al. [30] conducted experimental trials by mixing reduced
graphene oxide (rGO) with lithium-based grease. The rGO concentration of 0.4 wt.%
reduced the COF by about 20% and 30% for sliding-induced rolling contact and rolling
contact compared to base grease. Fu et al. [32] tried different graphene additions with
calcium grease, and they found that 2 wt.% was the optimum percentage regarding the
tribological properties as this percentage reduced the COF by about 15% compared to base
grease. Furthermore, a reduction in the friction coefficient by up to 60% was obtained after
adding 1 wt.% graphene to a semi-solid lubricant [33]. Nan et al. [34] investigated the effect
of mixing different graphene percentages with attapulgite-based grease. They observed
that graphene additions improve the tribological behavior of the base grease, especially at
high loading conditions. It was also found that the addition of 1 wt.% graphene reduces
the friction coefficient by 67% as compared to the base grease.

From the above review of literature, it was concluded that complex lithium grease is
commonly used as a lubricant in REBs due to its good tribological behavior. However, there
is still a need to improve the tribological properties of the REBs in rotating machinery by
reducing generated friction forces and energy losses. According to a previous investigation,
achieving 1% reduction in the frictional power concerning the automotive industry can
save approximately billions of fuel liters [35].

Most of the research work highlighted the importance of nano-additives in general
and graphene in particular in enhancing the tribological performance of grease lubricant.
Extensive research work focused on determining the COF and WSD of the developed
grease using standard tests, such as the four-ball wear test and ball-on-disk test. Despite
the promising tribological results of graphene as a nano-additive in grease, its application
in the lubrication of essential mechanical components, such as rolling bearings, remains
relatively unexplored.

The literature lacks any attempts to provide an insight into the influence of adding
graphene on the damping capacity of grease lubricant and how this would enhance the
dynamic response of REBs during highly dynamic operations. An individual attempt
in [36] found that have rolling bearings experienced the lowest frictional torque when
adding 1 wt.% GNPs with the thickness of 6-8 nm as an additive to grease. It reduced
the frictional torque inside the bearing by more than 60% as compared to base grease,
but the investigation was limited to only 1 wt.% of graphene as an additive. A more
recent investigation studied the effect of adding different rGO percentages and several
other carbonaceous additives such as MWCNTs to the bearing lubrication and reported
maximum power saving when 2 wt.% rGO was added to lithium grease [37].

The present research had the objective to focus on investigating important aspects
of graphene grease lubricant that are still unexplored and have not received considerable
research attention on rolling machinery components such as rolling bearings. Vibration
damping properties, heat chilling potential, and load-carrying capacity are among the
important aspects of this investigation. Full bearing tests, vibration modal analysis tests,
and standard lubricant tests were conducted in this research investigation. Other prominent
carbonaceous additives, namely, graphite and MWCNTs, were considered for comparison
to stand upon the level of improvement when applying graphene to grease lubricant.
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2. Materials and Methods
2.1. Test Setup

A customized test rig was designed and manufactured to conduct a full bearing test,
as shown in Figure 1. It was used to evaluate the effect of each nano-additive in lithium
grease lubricant on the vibrational response, ultrasound emissions, and heat generation
of rolling element bearings (REBs) [37]. The test rig previously designed by Nassef [37]
consisted of seven main components: (1) the electric motor, (2) coupling, (3) base, (4) shaft,
(5) two support bearings, (6) test bearing, and (7) the applied radial load. The specifications
of each component are listed in Table 1, whereas the detailed design of the rig is described
elsewhere [37].

Coupling E “\
Y
P )

¥

Test Bea

(b)
Figure 1. (a) Test rig setup, and (b) Assembly model of the test showing: (1) an electric motor with

(2) a suitable coupling, (3) base, (4) shaft, (5) two support bearings and their housings, (6) test bearing
with a specially designed housing, and (7) the applied radial load.

Table 1. Specifications of test rig components.

Component Specifications
Electric Motor GAMAK (3 hp, and 1400 rpm)
Base C45 Carbon Steel
Shaft SUS 420 Stainless Steel
Two Support Bearings NU1011M Roller Bearing

The test bearing was a deep-groove ball bearing 6006 zz, whose specifications are
summarized in Table 2 as provided by NSK bearing manufacturer. The test bearing was
fitted to its special housing, which was assembled in an interference to the rotor. The motor
ran at 1400 RPM while a set of dead weights between 2050 N and 2250 N were separately
attached to the bearing housing through a suitable hook.

Table 2. Specifications of the test bearing (6006 zz) provided by NSK manufacturer.

D D B r
Dimensions (mm)

30 55 13 1

Mass (kg) 0.116
Dynamic load rating,
CD (N) 13,200
Static load rating, Co (N) 8300 St Tie
C2 CN C3 C4 C5

Clearances (pum)
1-11 5-20 13-28 23-41  30-53
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2.2. Material Preparation and Characterization

The nano-additive material under investigation in this work was graphene nano-
sheets supplied, by Nanogate Company, Cairo, Egypt, in the form of reduced graphene
oxide (rGO) from the local market, which was prepared via the Modified Hummer’s
Method [38-40]. X-ray diffraction (XRD) (Empyrean Malver panalytical, Almelo city, The
Netherlands) was used to obtain the average grain size, % crystallinity, and d-spacing of
graphene nano-sheets. XRD analysis operated at 30 mA and 40 keV with an angular range
of 0.08-80 degrees and Cu-Ku1 radiation of 0.154-nm wavelength.

A transmission electron microscope (TEM) (JEOL JEM-2100, JOEL Ltd., Tokyo, Japan)
was used to obtain the shape and number of layers. The sample was first immersed in
ethanol, and the suspended solution was then sonicated for around 5 min. Then, a 5-pm
sample from the suspension was drop cast on a carbon-coated copper grid. The TEM results
were further confirmed using Raman spectroscopy (WITec alpha 300 R confocal Raman
microscope, WITec Company, Ulm, Germany) at room temperature through the exposure
of the rGO sample to a 532-nm laser. The Raman spectrum was recorded using a WITec
alpha 300 R confocal Raman microscope (Germany) with 50 x magnification objective. The
sample was excited using a 532-nm laser line and 3-mW power impinging on the sample.
Finally, the Raman spectrum was collected with 20-s detector time and five accumulations.

Moreover, Fourier transform infrared (FTIR) spectroscopy (Bruker Vertex 70 with a
wave-number range of 400—4000 cm~! Bruker Company, Billerica, MA, USA) was used
to obtain information about the functional groups attached to the graphene structure to
assess its quality. MWCNTs were characterized using TEM to confirm their shape and size,
whereas a scanning electron microscope (SEM) (JSM-1T200) was used to investigate the
graphite structure.

The rGO weight percentages of 0.5, 1, 2, 3.5, and 5 wt.% were separately mixed with the
appropriate quantity of commercial, heavy-duty, lithium-based grease (4 g). The blending
process was performed using a commercial mixer of 150 kW. The stirring process was
completed after the grease color became uniformly dark. The exact mixing conditions were
applied for mixing constant MWCNTs’ percentage of 1 wt.% and graphite percentages of 2,
3.5, and 5 wt.% with grease to compare their tribological behavior with rGO. The blended
grease and nano-additives were then used to lubricate the test bearings according to the
SKF formula shown in Equation (1).

Gq =0.114(D)(B) @M

where Gq is the amount of grease used to re-lubricate the bearing in ounces, (D) is the outer
diameter of the bearing, and (B) is the bearing width.

2.3. Experimental Modal Analysis

Experimental modal analysis technique was conducted on the test bearings to obtain
their dynamic characteristics in terms of natural frequencies and damping, according to ISO
7626-5:2019 [41]. The purpose of this test was to evaluate the effect of added nano-additives
with a lithium grease lubricant on the dynamic response of a test bearing. A customized
setup was used for supporting each rolling bearing. Each test bearing was suspended from
the support using elastic cords to reach approximate free boundary conditions. This was
an essential step to obtain the flexible body modes of the bearing structure while ignoring
the effect of the rigid body modes.

An impact hammer was used to induce a low to moderate force impulse in a very short
time in the time domain, which excited a wide (theoretically infinite) range of frequencies,
including the natural frequencies of the test bearing itself. The transient impulsive signals
were measured using a piezoelectric force transducer attached to the hammer. Meanwhile,
the vibrational response of the bearing to the impulsive shock was measured using a
piezoelectric triaxial accelerometer mounted using wax on the outer ring of the bearing
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(in the opposite direction to the force signal). The accelerometer was carefully selected so
that its weight was less than one-tenth the weight of the test bearing.

Both force and response signals were detected and recorded by a multi-channel signal
analyzer unit. The signals were then conditioned and processed in PULSE labshop©
software to calculate the frequency response function (FRF) of each bearing as the ratio
between response to force signal. An arithmetic average of four impulse signals was
determined for each bearing to ensure the high repeatability of results. The FRF and
coherence function for each test bearing were determined. The first fundamental mode
of vibration (first resonant mode) was selected for further analysis. Hence, the natural
frequency (fn), damping ratio (), FRF amplitude (H), and corresponding coherence value
at the first resonant mode of vibration were recorded. Only resonant modes with high
coherence values were considered during the selection of bearing modes. This was essential
to ensure high autocorrelation and cross-correlation between response and force signals.

For proper signal conditioning, transient and exponential windowing functions were
selected for excitation and response signals, respectively. The frequency range of interest for
the tested bearing fell between 0-4000 Hz. An anti-aliasing filter and proper least-squares
curve were used to avoid aliasing and truncations of signals. To ensure the consistency of
results, the same locations were considered for the impact force, vibration response, and
fixation points of the elastic cords during testing for all test bearings.

2.4. Vibration Analysis

Vibration measurements and analysis in the time domain and spectrum were con-
ducted to investigate the influence of rGO nano-additives on the vibration performance
of each bearing during operation. The vibration measurements were performed on each
test bearing mounted to the test rig under a radial load of 2250 N. SPM Lenova Diamond
vibration analyzer (SPM, Strangnds, Sweden) was used for condition monitoring of the test
REBs according to ISO 10816 part 7 [42].

Test bearing vibrations were measured using an accelerometer attached to the housing
of the test bearing in the radial vertical and horizontal directions via magnet. The measured
signals were directly fed into the data analyzer, which conducted signal conditioning and
processing using anti-aliasing filtering, amplifiers, and integrators. Vibration measurements
were taken in terms of acceleration (g) and velocity (mm/s). In the analysis part, the root
mean square (RMS) was selected as a vibration amplitude indicator and was calculated for
all signals to detect any abnormal behavior of rolling bearings due to localized faults or
improper lubrication. RMS results were used for comparison between grease types as it
was directly proportional to the energy consumption in bearings due to vibration.

2.5. Ultrasound Analysis

Ultrasonic testing is a commonly applied technique for condition monitoring and
early detection of localized faults in rolling bearings. It is effectively used to measure the ul-
trasonic energy generated by friction forces and identify the lubrication status, whether it is
normal or improper lubrication, such as over lubrication or lack of lubrication. Ultrasound
technique operates in the spectrum range between 20 kHz to 100 kHz. In this work, an SDT
340 ultrasound device (STD Ultrasound Solutions, Brussels, Belgium) was employed to
measure and analyze dynamic signals in time and frequency domains for each test bear-
ing. The aim was to detect changes in the high-frequency ultrasonic signatures of the test
bearings caused by changing the tested lubrication type according to ISO 29821:2018 [43].

The ultrasound detector consisted of a transducer mounted on the bearing support,
which dynamically detected the signal, i.e., each measurement on each test bearing was
recorded as a signal for 10 s. The data were then converted by a heterodyne circuit board
into an audible signal (<20 kHz). This processed signal was furtherly conditioned by an
audio amplifier to be heard using standard headphones. The heterodyned signals were
analyzed in the time domain and frequency domain. The root mean square (RMS) was
used for analyzing each measured signal in the time domain.
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2.6. Infrared Thermographic Analysis

Infrared thermography (IRT) was conducted in this work using a FLIR E8 Thermal
Camera (Teledyne FLIR LCC, Wilsonville, OR, USA) as a non-contact and non-invasive
condition monitoring technique to measure the surface temperature and its distribution on
test bearing according to the ISO18434-1:2008 [44]. It is commonly used in maintenance
activities to record infrared radiation emitted by the bearing and indicate any abnormal
friction due to improper lubrication during operation [45]. Considering the fact that the in-
tensity of the emitted infrared radiation from the bearing is proportional to its temperature,
it presents a relevant indicator for the impact of lubricant additives on the lubricity and
generated rolling friction during operation and on the resultant temperature [46,47].

Proper calibration of the test setup of the IRT camera is essential to obtain accurate
temperature recordings [48]. Since the test bearing is the main source of heat during
operation, the passive IRT technique was adopted, i.e., no external heat source was used
for each test. It should be noted that IRT measurements were conducted in a controlled
environment. Therefore, the effect of humidity, wind, and solar radiations were ignored.
Two main parameters were considered during IRT calibration: emissivity and reflected
temperature measurement. The test bearing material had low emissivity; therefore, a
high emissivity electrical tape was placed on the outer ring of the bearing to measure the
apparent temperature accurately. The tape had high emissivity, which was set to be 0.95.
The IR camera was located at a distance of 500 mm from the test bearing to fit within the
region of interest (ROI).

The bearing surface temperature, i.e., the environmental temperature, was recorded
at the beginning of each test. Then, the test bearing ran at 1400 rpm supporting a 2250-N
radial load. The transient temperature was monitored every 2 min until reaching a steady
state after 10 min. After being transformed into equivalent electric signals, the measured
infrared radiations were revealed as visible images (thermograms) of different colored
energy levels.

2.7. Timken Load Test

The load-carrying capacity of each test grease aggregate was determined using the
Timken load test method, according to ASTM D 2509 [49]. The Timken OK load is described
as the maximum load that can be applied before the lubricant film’s breakdown and the
roller element’s seizure. It is used to characterize the extreme pressure (EP) of each test
grease. The duration of the test is around 10 min. The test procedure starts by installing a
bearing roller element with a 15-mm width and 11-mm diameter in contact with the inner
race. The material of both the inner race and the roller element was made from GCr15
bearing steel (SAE 52100). A sample of 10 gm from the test grease was applied to the inner
race and the roller element.

During Timken load tests, the temperature was maintained at 25 °C before the start of
the test. The load was increased by a constant rate until the load broke the lubricant film,
separating a rolling element and the inner raceway, leading to scoring and motor seizure.
The number of used unit loads was recorded in each test (each unit load weighed 497 g).
After each test, the Timken OK load was recorded and the corresponding roller element
scar area was inspected and measured for each test grease using the Stereo microscope
(Zeiss Company, Jena, Germany).

3. Results and Discussion
3.1. Nano-Additive Material Characterization

Figure 2a shows the XRD pattern of graphene, which reveals a broad (near sharp)
characteristic peak at 26 = 24.65 °C, referring to the basal plane (002) with about 54%
crystallinity. The broad peak indicates the randomly arranged crystal phase due to the for-
mation of a few layers of rGO after the reduction process [50-52]. Additionally, the average
grain size was estimated from Scherrer’s formula to be 1.66 nm, and the interlayer spacing
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(d) (FWHM = 5.11) accounted for 0.37 nm according to Bragg’s law, which confirmed the

removal of oxygen functional groups during the fabrication process [53,54].
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Figure 2. (a) XRD pattern of reduced graphene oxide, (b) Raman spectrum of rGO sample, (¢) TEM
analysis of rGO structure with a resolution of 100 nm, (d) TEM analysis of rGO structure with a
resolution of 200 nm, and (e) FTIR analysis results of rGO sample.
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From Raman spectroscopy results, three characteristic peaks attributed to rGO, are
shown in Figure 2b. The first one, which is the D-band, appeared at 1350 cm ! and this
peak was mainly responsible for the structural disorders and defects [55], while the second
(G-band) and third (2-D-band) peaks were observed at 1595 and 2925 cm !, respectively.
The G-band characterized the graphene symmetry and order [56], while the stacking of
carbon atoms was deduced from the 2-D-band [57]. The intensity ratio of 2-D/G was
estimated to be 0.91, and this ratio was essential to evaluate the number of graphene layers,
which accounted for four layers, confirming the TEM results [58]. Turning to the D-band, it
strongly appeared in the spectrum, reflecting a significant distortion in the symmetry of
the graphite structure [59,60]. The intensity ratio of D/G showed a great importance in
the detection of the structural defects and disorders. By calculating the ratio, it was found
that ID/IG was 0.98, which indicated a remarkable density of defects represented in edge
defects obtained from the reduction of the C=C bond [61].

In Figure 2c,d, TEM images reveal a nanosheet-layered structure of graphene with four
stacked layers and dimensions of up to 3 um in length and 5 nm in thickness, respectively.
Additionally, the graphene structure had fewer wrinkles and folds at different TEM resolu-
tions. Figure 2e reveals the spectrum obtained from FTIR analysis of rGO. It was found
that there was a strong and broad stretching band at 3421.43 cm~1, which was attributed to
the intermolecular bonded O-H function group. The weak presence of the C-O function
group at 1191.48 cm ! indicated the insufficiency of oxidizing substances to break covalent
bonds at the basal plane, reducing structural defects and distortions. Another medium
stretching band of C=C appeared at 1629.73 cm !, indicating the stability and integrity of
the graphene structure. Moreover, weak peaks were observed at 1387.57 and 754.26 cm ™!,
which belonged to C-H bending, revealing the small amounts of hydrogen species, which
were functionalized with carbon atoms [61].

Both graphite and MWCNTs were used in this study and were characterized using
SEM for the former and TEM for the latter. The SEM micrograph of the graphite structure
revealed a sheet-like structure with a flake size of about 27 um, as shown in Figure 3a, while
for MWCNTs, TEM images confirmed the nanotube structure with an average external
diameter of about 17.5 nm, as revealed in Figure 3b.

@ ' (b)

Figure 3. (a) Microstructural analysis of graphite using SEM with 5-um resolution and (b) microstruc-
tural analysis of MWCNTs using SEM with 100-nm resolution.

3.2. Modal Analysis Results

Figure 4 shows an example of the FRF plot, including the first mode of vibration for
bearing from impact excitation of bearing and the corresponding coherence function to the
first dominant mode. The damping ratio values for the test rolling bearings were calculated
from their individual FRF plots and are illustrated as shown in Figure 5.
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Figure 4. Modal test results of bearing with base grease lubrication in the form of: (a) frequency
response function (FRF) and (b) coherence function.
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Figure 5. Damping ratio values for rolling bearings with each test lubricant.

Test rolling bearings of the same type and size, same material, same manufacturer,
and same interference fit with the shaft showed various dynamic characteristics. This
was potentially attributed to variations in the lubricant characteristics of the tested rolling
bearings. The damping ratio values for bearings lubricated by the addition of 1, 2, 3.5, and
5 wt.% rGO were increased by 18, 24, 28, and 52% when compared to bearings with base
grease lubrication. While the damping ratio values of bearings with 1 wt.% rGO grease
fell in the same range as those for 1 wt.% graphite and 1 wt.% MWCNTs, increasing the
contribution of rGO to the grease to 2 wt.% and up to 5 wt.% improved the damping ratios
by 15% and 28% when compared to 2 wt.% and 5 wt.% graphite.

For a typical ball bearing, the damping capacity originates from three mechanisms [62].
The first damping mechanism is the material damping due to internal friction within the
material structure during the material dynamic deformation, while the second damping
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contributor is the dry friction at the contact points between rolling elements and raceways.
The third and the most effective mechanism of damping is the viscous damping originated
from the oil full film lubricant at the elastohydrodynamic lubrication zone (EHL). Other
possible sources for damping are the contact surfaces between the outer ring to the housing
and the inner ring to the shaft. Since bearings are assembled with the shaft in interference,
the contact areas between the bearing rings and the housing possess high stiffness and
barely contribute to the damping mechanisms of REBs. This is because damping can only
be effective in the case of relative motion between REB elements [62,63]. As REBs suffer
from low damping characteristics compared to other bearing types, enhancement of oil
film damping characteristics contributes to a corresponding improvement in reliability of
bearings during service [63].

On the nanoscale level, interfaces between stacked layers of graphene are significantly
weaker than grease-graphene interfaces [64]. The addition of graphene to grease increases
the viscosity of grease, which in turn increases its shear strength, while weak Van der
Waal bonding between graphene layers reduces their interface shear strength [65]. Thus,
lower shear forces are sufficient to cause slippage of graphene layers with respect to each
other during operation. This latter action would contribute to damping enhancement. The
larger surface area of 2-D graphene nanosheets makes it more compliant than 1-D CNTs,
especially when subjected to small shear forces resulting in easier activation of damping
mechanisms.

3.3. Vibration Analysis Results

For each test bearing, vibrations were measured and analyzed in radial vertical and
horizontal directions [66]. Time waveform and frequency spectrum for test bearings lubri-
cated with base grease are shown in Figure 6. Among all results, test bearings lubricated
with base grease showed the maximum vibration velocity levels, reaching 3.31 mm/s and
3.93 mm/s in the vertical and horizontal directions, respectively. These levels comply with
the maximum permissible levels in ISO 10816-7:2009 [67].
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Figure 6. (a) Time waveform and (b) frequency spectrum of rolling bearings lubricated with
base grease.
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Vibration acceleration values (RMS) were calculated from the frequency domain for
all test bearings, as shown in Figure 7. It can be seen that test bearings with nano-additives’
lubricant demonstrated significantly lower vibration values than a base lithium grease
condition. Furthermore, increasing the weight percentage of rGO nano-additive in grease
resulted in a corresponding reduction in the calculated vibration RMS levels until reaching
its lowest at 0.71 g and 0.88 g in the horizontal and vertical directions, respectively, which
was lower by around 70% and 34% when compared to base grease results. Increasing the
aggregate rGO in grease to 3.5 and 5 wt.% caused an increase in vibration levels by 40% and
80%, respectively. This is attributed to the agglomeration effect of graphene in the grease,
which resulted in more resistance to the flow of lubricant between the rolling element and
raceway, causing more friction and vibrations. A similar trend took place in the case of
graphite nano-additives. Grease with 1 wt.% MWCNTs’ nano-additives showed similar
vibration levels to the 1 wt.% rGO case and is lower by 38% than the 1 wt.% graphite results.
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Figure 7. Vibration levels (RMS) measured in radial vertical and horizontal directions on each
test bearing.

The vibration levels in the case of test bearings with rGO, MWCNTs, and graphite
nano-additive lubricants proved that these additives contributed to decreasing the trans-
mitted vibrations inside the bearing structure [68]. Adding these nano-additives to grease
produced a stable tribo-film between the rolling elements, inner ring, and outer ring, which
acted as spring and damper connectors. The carbonaceous nano-additives possessed high
damping and elasticity properties that significantly reduced vibration signal transmissibil-
ity between bearing elements. Furthermore, the 2-D structure of rGO had a large area that
covered the asperities between the mating surfaces and inhibited metal-to-metal contact
in the elastohydrodynamic zone [64]. Hence, it reduced the vibration levels due to rolling
friction in the ball bearings during operation.

Another aspect is that adding graphene stabilizes the fibrous structure of grease
thickener to a large extent [69]. However, it weakens the cross-linking in the thickener
fibrous network, which facilitates the discharge of base oil from voids to formulate full
film lubrication [70]. Adding rGO also contributed to widening the voids in the fibrous
structure of the lithium grease thickener. This, in turn, increased the amount of discharged
base oil to the clearance gap between the rolling elements and raceways. Hence, the
supplied nano-additive lubricant between the bearing elements eliminated metal-to-metal
contact and acted as a good spring-damper system that reduced transmitted vibration in
the bearing structure. Adding more rGO wt.% beyond 2 wt.% did not cause any further
reduction in vibrations levels as the grease structure became more saturated with the
graphene nano-additives.
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3.4. Ultrasound Results

Figure 8 shows the ultrasound signal measured in the time domain and spectrum
for test bearings with base grease lubrication. It can be seen that the test bearing was in
a normal condition, showing ultrasound RMS value of 64.18 dBuV. The main source of
this value was friction forces during operation. In comparison, test bearings with rGO,
graphite, and MWCNTs’ nano-additive cases showed a lower ultrasound RMS value by
around 15%—-20%, as shown in Figure 9.
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Figure 8. Ultrasound signal for test bearing with base grease lubrication in (a) time domain and

(b) frequency domain.
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Figure 9. Ultrasound amplitude (RMS) values for test bearings with test lubricants.

The results indicated the efficiency of rGO nano-additives in reducing frictional forces
generated during operation while providing quieter operation. The obtained ultrasound
values confirmed the vibration analysis results in the fact that nano-additive lubricants
showed significant reduction in friction forces of rolling bearings during operation in
comparison with base grease lubricant.

3.5. IRT Thermographic Results

In this section, thermograms were obtained from the IRT measurement for each test
bearing. Figure 10 shows the IRT measurement and corresponding thermogram for the test
bearing with base grease lubricant. The thermograms were post-processed, and the average
temperature at the test bearing hotspot was detected and considered for analysis, as shown
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in Figure 11. A noticeable variation of average temperature was detected between bearings
at steady-state operating conditions, i.e., after running the test rig for 10 min.
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Figure 10. (a) The test bearing mounted on the test rig and (b) Infrared thermal image (thermogram)
of the test bearing.
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Figure 11. Average temperatures of bearings under selected test lubricants after running for 10 min.

The thermal images and the bar chart results indicated that the test bearing with
base grease lubrication exhibited the highest temperature during operation, peaking at
64 °C. This was confirmed by thermogram (A), which demonstrated the distribution of
heat and maximum temperature at the tested bearing. All test bearings lubricated with
nano-additives showed temperature below 40 °C. Adding rGO additives gradually reduced
the temperature until reaching the lowest temperature, which accounted for 27 °C in the
case of the 2 wt.% rGO addition. This means that the heat energy generated on the test
bearing decreased by 57% due to adding 2 wt.% rGO compared to the base grease case.
Additionally, this value was repeated when adding 1 wt.% graphite and 2 wt.% graphite
to the grease. However, the MWCNTs” addition reached only 33 °C, which surprisingly
denoted the superiority of small graphite additions over MWCNTs in reducing the heat
inside rolling bearings.

It was also noticed that the effect of the agglomeration in the case of 3.5 and 5 wt.%
rGO and graphite nano-additives gave rise to more friction between the rolling elements
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and lubricant nano-additives themselves; hence, this led to more energy losses in the form
of heat. IRT results were consistent with the vibrations” measurements obtained for the
same test bearings.

3.6. Timken Load Test Results

Table 3 shows the Timken OK load values of each test grease. Commercial Mobil
fibra x235 grease was tested in a Timken tester, and its results were used for comparison.
The results revealed that lithium grease and Mobil fibra x235 grease showed the lowest
load-carrying capacities among the test samples. However, samples with 1 wt.% rGO,
1 wt.% MWCNT, and 1 wt.% graphite showed an insignificant difference in Timken OK
load values from base grease samples. Increasing rGO nano-additive percentages in grease
to 2 wt.%, 3.5 wt.%, and 5 wt.% resulted in a remarkable increase of Timken OK load by
25%, 50%, and 100% compared to samples of base grease (without additives).

Table 3. Timken OK load and corresponding wear scar dimensions and area for each roller element.

Roller Test Grease Timken OK X Y Wear Scar
Number Load (N) (mm) (mm) Area (mm)

a Base grease (Lithium Grease) 1988 53 9.3 154.771

b 1 wt.% rGO 1988 4.7 8.6 126.918

C 2 wt.% rGO 2485 4.7 8 118.064

d 3.5 wt.% rGO 2982 4 7.7 96.712

e 5 wt.% rGO 3976 4.5 7 98.911

f 1 wt.% graphite 1988 5 8.3 130.312

g 1 wt.% MWCNT 1988 4.7 8.5 125.443

h Mobil fibra x235 1988 5.3 9.3 154.771

The rolling action between the loaded roller element and the ring component of the
Timken test was accompanied by wear, which resulted in uniform elliptical-shaped surface
scars. These wear scars on the test rollers were examined using brinelling microscopy and
found to be smooth. The wear scar area for the roller elements under each lubricant was
calculated using measurements of the minor (x) and major (y) axes [71]. The wear scar
dimensions and area are summarized in Table 3.

It can be seen that the wear scar area was the largest in the case of lithium grease and
Mobil fibra x235 grease, and it decreased gradually with the increase of wt.% rGO nano-
additives in grease samples. Lithium grease with 3.5 wt.% and 5 wt.% rGO nano-additives
produced around 50% smaller scar areas than those produced in the case of base grease.
This revealed a positive influence of rGO nano-additives to improve anti-wear (AW) and
extreme pressure (EP) properties.

4. Conclusions

The influence of adding reduced graphene oxide to commercial lithium grease on the
dynamic and tribological behavior of a deep-groove ball bearing was investigated. Timken
load test results revealed a considerable increase in test grease load-carrying capacities
containing rGO nano-additives. Grease samples having 2, 3.5, and 5 weight percent rGO
showed the highest load-carrying capacity (among other tested samples) with an increase of
25%, 50%, and 100% compared to base grease values. The wear scar dimensions measured
on the rolling element after the rupture of the lubricant film between the rolling element and
raceway indicated a remarkably high resistance of the formed graphene layer to wear. The
results also proved the superiority of graphene as a lubricant nano-additive in enhancing
the tribological properties in terms of load-carrying capacity and wear scar size.

After 10 min running under a radial test load of 2250 N and 1400 rpm, the steady-state
temperature of the bearing lubricated by 2 wt.% rGO grease leveled up at 27 °C, whereas,
for that lubricated by base grease, the temperature approached 65 °C. These findings
implied a reduction in friction forces between contacting surfaces of bearing elements
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during operation, which also complied with the vibrations and ultrasound measurements.
The vibration and ultrasound levels for 2 wt.% rGO grease were found to be 50% and 20%
lower than those for bearings lubricated with base grease. Modal analysis results indicated
considerable improvement of the damping ratio values of the bearings lubricated with rtGO
additives up to 50% as compared to base grease. Increasing the aggregate of rGO in grease
to 2 wt.% and 5 wt.% resulted in higher damping ratios by 15% and 28% when compared to
2 wt.% and 5 wt.% graphite. The outcomes of this work represent a significant contribution
towards improving the reliability and quiet running of rolling element bearings during
their service time.
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