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Abstract: Skidding in angular contact ball bearings can significantly increase friction, wear and
temperature, affecting bearing performance and service life. Despite its important impact, few studies
have systematically investigated lubrication behavior under skidding conditions, where conventional

lubricants often fail to provide stable low-friction operation. To address this issue, this study first
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calculated the critical skidding parameters of angular contact ball bearings using a quasi-static model.

Then, experimental parameters of bearings with skidding and non-skidding were selected to study their
tribological behaviors under lubrication with three different lubricants (base oil, commercial lubricant,
and diketone lubricant). The study found that when the bearing had skidding behavior, the lowest
friction coefficient and temperature rise (0.0008, 2.8°C) can be achieved only under lubrication with
PAO=14(20%) (diketone lubricant). In addition, the bearings lubricated with diketone show excellent
anti-wear performance and extremely short running-in period. The mechanism of the excellent
tribological performance of diketone-based lubricants came from the synergistic effect of diketone
molecular adsorption layer and chelation, which can reduce friction and temperature rise. These
findings highlight the potential of diketone lubricants to improve bearing performance and durability

under extreme operating conditions.
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1 Introduction

Rolling bearings are indispensable key components in mechanical equipment. Angular contact ball
bearings are widely used in aerospace, CNC machine tools, precision instruments and automotive
industries due to their unique axial and radial load-bearing capacity and high rotation accuracy. These
bearings are typically oil-lubricated to ensure effective heat dissipation and precise lubrication at high
speeds [1]. The lubrication state and performance directly influence friction and wear reduction,
transmission efficiency, and the prevention of surface fatigue caused by lubricant film rupture. In the
actual operation, local skidding often arises from relative speed difference between the balls and the
raceways, especially under light loads and high-speed conditions [2, 3]. For example, wind turbine
gearbox bearing, high-speed motors, precision machine tool bearings, etc. all have serious skidding
problems [4-6]. Skidding increases local contact stress, disrupts the lubricant film, and leads to surface
adhesive wear, fatigue pitting, and material spalling [7]. In addition, the ball may produce
instantaneous high temperature during the skidding process, which accelerates the oxidation of the
lubricant and aggravates the lubrication failure [8].

Extensive research has been conducted on the skidding phenomenon in angular contact ball bearings
through theoretical analysis, numerical simulation, and experimental investigation. In the aspect of
theoretical research, the mathematical model of skidding mechanism was established, and the
influence of sliding friction, lubrication state and load distribution on skidding was discussed [9, 10].
Finite element simulations under various operating conditions have revealed that axial load and
lubricant viscosity significantly influence the skidding rate [11, 12]. In the aspect of experimental
research, the researchers used high-speed bearing test bench, high-speed camera technology and
surface topography analysis methods to study the skidding phenomenon under different working
conditions [13-15]. For example, Fang et al. [16] established a model to estimate heat generation due
to skidding and validated its impact on outer ring temperature rise (TMR) under varying preload and

speed using a bearing test rig. Gao et al. [17] developed a high-precision, self-powered triboelectric
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bearing skidding sensor (HP-TEBSS) capable of real-time skidding detection, and demonstrated that

skidding severity increases with speed under light loads. In addition, studies had found that under high-
speed rotation conditions, high-performance synthetic lubricants containing additives can significantly
reduce the friction, wear and TMR of bearings under high skidding levels compared to traditional
mineral oils [18, 19]. These findings underscored the critical influence of lubricant properties on the
tribological behavior of angular contact ball bearings and highlighted the potential of advanced
lubricants to mitigate skidding-related damage.

Since the superlubricity was proposed in the last century, it has achieved remarkable research results
after nearly 40 years of development [20-23]. In particular, the research on oil-based superlubricity in
the past 10 years has provided a new solution to the friction and wear problems that have been plaguing
the field of mechanical engineering [24]. Traditional mineral lubricants or fully synthetic lubricants
have high viscosity or long molecular chains, resulting in high viscous friction of lubricants [25].
Therefore, it was difficult to achieve oil-based superlubricity on the metal friction pairs even under
full-film lubrication [26]. In order to reduce the viscous resistance of the lubricant, researchers had
found that diketone lubricants with liquid crystal-like structure can not only formed ordered molecular
layers under shear induction, making the molecular contact between friction surfaces more regular and
smooth [27], but also formed a stable molecular adsorption film by chemical reaction with metal
friction pairs [28], so as to achieve the purpose of isolating direct contact between friction pairs. The
above research results show that the diketone lubricant can make the metal friction pair exhibit
macroscopic superlubricity (sliding friction coefficient < 0.01), but it brought high wear (contact
pressure less than 50 MPa). To clarify the role of chelates in achieving superlubricity, our research
group conducted preliminary research on the synergistic lubrication of diketones and chelates. We
determined that chelate formation was the primary driver of superlubricity and wear reduction, further
refining the superlubricity mechanism of diketones [29]. Subsequently, we conducted tribological

studies on lubricants formulated with diketones and base oils, determining the optimal blend ratio of
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diketones, chelates, and PAOs. This mixed lubricant further increased the contact pressure (increased

by 222%, up to 161 MPa) of friction pairs achieving superlubricity and shortened the running-in time
(decreased by 53.3%) [30]. These results highlighted the importance of minimizing metal loss on
contact surfaces and enhancing oil film load-bearing capacity in achieving stable, low-wear
superlubricity with a shortened running-in period.

At present, research on superlubricity in rolling bearings primarily centered around solid lubricant,
including coatings such as diamond-like carbon (DLC), molybdenum disulfide (MoS2), and graphene-
based material [31-34]. These coatings can effectively reduce friction and improve the wear resistance
of bearings when operating in a vacuum or nitrogen atmosphere, but they cannot achieve superlubricity
in air. In order to verify the superlubricity of diketones in bearing lubrication, we conducted
tribological experiments based on angular contact ball bearings. The experimental results showed that
the coefficient of friction (COF) and TMR of bearings lubricated with diketone lubricants were
significantly reduced by 88.8% and 82.3% respectively compared with commercial lubricants [35]. In
addition, the anti-wear performance of the bearing under diketone lubrication was not much different
from that of the commercial lubricant, which was much better than that of the bearing under the
lubrication of base oils (poly-a-olefins).

According to the previous research results, the superlubricity mechanism of diketone lubricants was
primarily attributed to the formation of molecular adsorption films and their synergistic interaction
with chelates in the solution [29]. In this work, the critical skidding parameters for the tested angular
contact ball bearings were calculated, and both skidding and non-skidding conditions were established
to evaluate the tribological behavior using base oil, commercial lubricant, and diketone lubricant.
Particular emphasis was placed on the performance of the diketone lubricant under skidding conditions,
including verification of adsorption layer formation on the bearing surface. In order to approach the
actual application conditions of bearings, start-stop experiments were also conducted under skidding

conditions. Finally, the research results showed that compared with base oil and commercial lubricants,
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diketone lubricants can enable bearings to maintain a lower COF, TMR and wear under skidding

conditions, and can enable bearings to maintain an ultra-low COF without running-in when restarted.
2 Materials and methods

2.1 Theoretical analyses

The surface morphology of the bearing is strongly correlated with whether it experiences skidding [41].
In this paper, based on Hertz contact theory, the quasi-static displacement and load distribution of
angular contact ball bearings under load were analyzed. Using the Hirano skidding criterion [36, 37],
the critical skidding curve was determined, providing a theoretical foundation for selecting
experimental parameters in both skidding and non-skidding lubrication tests. It should be noted that
although the Hirano criterion was initially derived under dry friction or boundary lubrication
conditions, it remains applicable for determining skidding boundaries when lubricants have similar
viscosities. In this study, all lubricants had similar kinematic viscosities (approximately 14 mPa-s),
thus forming the same elastohydrodynamic lubricating film thickness. Therefore, the differences in
skidding behavior primarily stemmed from variations in interfacial shear strength, rather than
hydrodynamic effects. Consequently, the Hirano criterion was used as a reliable reference standard for
defining skidding and non-skidding test conditions in this study. Based on the outer raceway control
theory, the angular contact ball bearing was analyzed under axial and radial loads during high-speed
operation. The effects of centrifugal force and gyroscopic torque were also considered. The resulting

changes in the relative positions of the bearing components are shown in Fig. 1. The distances from

the curvature centers to the final ball center position were represented as 9, = ( /i —O.S)X D+d,; and

0, = ( f —O.5)><D+d , - According to Jones ' research, the introduction of )4 ; and )4 ; variables was
conducive to the subsequent solution [38]. According to Fig. 1 and the Pythagorean theorem, the

displacement equation can be obtained as: ¥, +Y,*—5,’ =0 and (B,-1, )2 +(B,, —Y,, )2 -82=0.
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Fig. 1 Geometric configuration of angular contact ball bearings: (a) angular position; (b) schematic
illustrating the spatial relationship between the j-th ball and the curvature centers of the raceways.

At high rotational speeds, the double action of centrifugal force and gyroscopic moment, the force
acting on the rolling clement was shown in Fig. 2, which can be expressed by 4, =0, 4, =2 [39].

The normal contact force was related to the contact deformation through the relationship

F

o) = Ki(o)ja'i(o)jl'5 . Therefore, the force equilibrium equations of the rolling element were:

F;sin@, —F,sing, + UJD #cos 6, —%cos@ij =0 (1)

i oMy _
F; cost—EycosﬁqﬁfTsmﬁy— 5 sind, +0, =0 )

The rolling element’s centrifugal force Qq- and gyroscopic moment M g were [40]: O =%md ,

and M, =Jo,0,snf.
Where @, denoted the rotational angular velocity of the ball, @, represented its revolution angular

velocity, and £ was the attitude angle. @., @, and B were given as follows [41]:
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w-(d,/D)-(1-D/d, -cos8,)-(1+ D/d,, -cos6,)

W, = 3)
" (1-DJ/d, -cosb,)-cos(8,, — p)+(1+D/d, -cosb,)-cos(6, — )
B a)-(l—D/dm -cost)-cos(Q?j -5 @)
O = (1-Djd,, -cos8,)-cos(6, — B)+(1+D/d, -cos0,)-cos(8, — )
f =arctan(sin@, /(D/d,, +cos,)) (5)

Rolling bearings were generally composed of multiple balls. After the force state of each ball was
obtained, it can be substituted into the equilibrium equation of the bearing’s inner ring for further

analysis:

J=z M .
F — (F.. sina_,.—/l.. Dg/ cosQ.‘]zo (6)

With the help of Newton-Raphson method [42], the values of 1| i Y, i» 917 and Hoj of each ball were

calculated, and then they were brought into the Eq.(6) to obtain the value of da. Then the obtained

value of da was input into Eq.(1) and (2) as the initial value, and ] js Y, i 0” and 6’0]. needed to be

calculated repeatedly until the compatible value of the primary unknown data da was obtained.

Fig. 2 Force analysis of the ball.
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2.2 Materials and lubricants

1-(4-ethylphenyl)-nonane-1,3-dione (0206) was synthesized by Claisen condensation method, and the
chelate of diketone and iron (0206-fe) was formed by redox reaction, as shown in Fig. 3. The detailed
preparation and purification process can be referred to our previous work [29]. Polyalphaolefin (PAO)
was purchased from Tiancheng Meijia Lubricants Beijing Co., Ltd. Previous studies have found that
the diketone lubricant PAO=14(20%) obtained by mixing PAO (14 mPa-s) with 0206 and 0206-Fe at
mass fractions of 20%, 32% and 48%, respectively, exhibited the best tribological properties [30].
4112 was commercial bearing lubricants with different viscosities purchased from Sinopec Lubricating

Oil Co., Ltd.
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Fig. 3 Preparation principle of diketone and chelate.

2.3 Tribological experiments on bearings

The bearing lubrication test was conducted using a high-speed bearing friction tester (HS-BFT12000)
from Lanzhou Huahui Instrument Technology Co., Ltd. Fig. 4 illustrates the core components of the
test machine and the bearing assembly process. The bearing outer ring temperature was measured using
an OPTRIS Xi 400 infrared thermometer installed on the test machine. Software allowed real-time
readings of the bearing outer ring temperature to be synchronized to the high-speed bearing friction
test interface and automatically saved after the experiment. During testing, the torque signal from the
bearing was captured by a sensor, amplified, and processed via A/D conversion to generate the COF.

The torque load sensors have measurement ranges of 0.05~200 mN-m and 0~300 N, respectively,
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while the machine supports speeds up to 12000 rpm and temperatures up to 150 °C. Prior to testing,

both axial load and torque sensors were needed to calibrate using the dedicated tools and standard
weights to ensure measurement accuracy.

The bearing used in the tests was a B7004C/P4 model from Luoyang Bearing Research Institute Co.,
Ltd., with its specifications listed in Table 1. Prior to testing, bearings were ultrasonically cleaned and
lubricated with 20 puL of oil applied between the ball and raceways. They were then mounted in a back-
to-back configuration. During testing, only axial load was applied. Each sample group underwent a
40-hour test, with lubrication replenished every 10 h following cleaning and disassembly.

High Speed Bearing Friction Testing

oy . v e =
Ek-»' 4 i (P
; LT d S L
N

Machine

Test bearings

L ome e e

Fig. 4 The physical diagram of high-speed bearing friction testing machine.

Table 1 The parameters of bearing used in tests.

Name Parameter
Bearing model B7004C
Accuracy P4
Material GCrl5
Contact angle 15°

10
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Curvature (fe, f7) fe=0.54, f=0.57

Raceway and ballroughness 0.04 and 0.014 um

Diameter and number of balls 5 mm and 13

2.4 Surface characterization

Surface analysis was applied to investigate the wear morphology and chemical adsorption
characteristics on the ball and raceways, following the bearing lubrication test. The surface topography
was observed using scanning electron microscopy (SEM, FEI Quanta 200 FEG) and a 3D white light
interferometer (ZYGO NexView). To assess the surface chemical composition and valence states, X-
ray photoelectron spectroscopy (XPS, Ulvac-Phi Inc. PHI Quantera II) was employed, utilizing Al Ka
radiation at an accelerating voltage of 15 kV and a power of 25 W. The binding energy of C 1s (284.6
eV) served as the reference for energy calibration.

3 Results and discussion

3.1 Bearing skidding prediction

With the increase of bearing speed, skidding occurred when the frictional force at the ball-inner
raceway interface was less than the gyroscopic torque. To suppress this phenomenon, increasing the
axial load and lowering the rotational speed were effective strategies. Based on experimental studies,
Hirano et al. [37] proposed a skidding criterion (Hirano’s criterion) for bearings under axial loading.
Skidding can be avoided if the following conditions were met:

F.siné.
S . =4 v >10 (7)

1 0,
Where, S  represented the skidding coefficient, and when S s was greater than 10, it meant that the

bearing will not skidding. E/ , 9,] and ch in Eq.(7) can be determined by the numerical model. While

some more advanced skidding prediction models exist that consider lubrication and COF, these models
typically require transient tribological parameters, which are difficult to quantify experimentally in

sealed bearing systems. Therefore, the Hirano criterion was adopted here as a simplified yet effective

11
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method for identifying skidding. The validity of this assumption was also verified in subsequent

bearing surface analysis experiments.

Firstly, the numerical model was verified by comparing with the experimental data of Xu et al [36].
The bearing parameters of B7007C used in the experiment were shown in Table 2. The error between
the predicted minimum axial load at 4000-10000 rpm of B7007C to prevent skidding and the
experimental data in the reference was within 5.0%, and the data were in good agreement (seen in Fig.
5(a)). Therefore, the above prediction model can be used for the skidding prediction of B7004C/P4 in
this study. Here we chose bearing B7004C/P4 as the research object. Based on the established model,
the skidding coefficient was evaluated under speeds ranging from 4000 to 10,000 rpm and axial loads
between 20 and 100 N. The calculated skidding coefficients were presented in Fig. 5(b). A horizontal
line at the threshold value of 10 effectively separated the skidding and non-skidding regions. The
results indicated that higher rotational speeds required greater axial loads to suppress skidding. Notably,
when the speed exceeded 7000 rpm, skidding occurred across the entire load range. To investigate the
lubrication performance under both skidding and non-skidding conditions, experimental parameters
were set as follows: 60 N (axial load), rotational speeds 4000 rpm and 8000 rpm. According to Fig.
5(b), the corresponding skidding coefficients are 17.38 and 4.34, respectively, aligning with the
intended experimental conditions. In this study, only axial loads were applied to isolate the effects of
skidding behavior. Adding additional radial or combined thrust loads would introduce varying contact
angles and complex motions, thus obscuring the primary concern regarding lubrication effectiveness;

therefore, these conditions will be addressed in future studies.

12
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Fig. 5 (a) Minimum axial load to avoid bearing (B7007C) skidding at different speeds obtained

through simulation and experiment; (b) the relationship between the skidding coefficient of B7004C

and the axial load and rotational speed.

Table 2 The parameters of B7007C for theoretical calculation.

Project Parameter
Bearing type B7007C
Inner and outer diameter 35 and 62 mm
Curvature (fe, /) fe=0.54, fi=0.57
Material GCrl5
Contact angle 15°
Pitch diameter dm 48.5 mm
Contact angle 15°
Diameter and number of balls 6.5 mm and 17

3.2 Friction properies of bearings

Three different types of lubricants with similar viscosities (14 mPa-s), PAO=14, PAO=14(20%) and

4112, were used in the bearing lubrication experimental study. The bearings lubricated by each

lubricant were tested under both no-skidding and skidding conditions. The corresponding experimental

parameters were 60 N, 4000 rpm and 60 N, 8000 rpm. The effects of different lubricants on the

13
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tribological properties and heat generation of bearings under skidding and non-skidding conditions

were studied.

Fig. 6 shows the COF and TMR curves of bearings lubricated by base oil, commercial lubricant and
diketone lubricant. Each lubricant was tested at 4000 rpm and 8000 rpm, and the experimental results
correspond to the first four (black, red, blue and green curves) and last four curves in each figure in
Fig. 6. Every sample was tested four times, each test lasting 10 h. After the test, the bearings needed
to be ultrasonically cleaned and refilled with 20 pL of lubricant for the next test. Therefore, it can be
found that there will be a running-in period in each experiment before the bearing entered a stable
lubrication state. Before the start of the experiment, the infrared temperature measuring device
measured the temperature of the outer ring to be 26 °C. The TMR (ATemperature) data of the outer
ring can be obtained by subtracting the initial 26 °C from the outer ring temperature of the actual
collected bearing test process, as shown in Fig. 6 (b, d, f).

As shown in Fig. 6(a, c¢), the COF of PAO=14 and 4112 was higher at 8000 rpm compared to 4000
rpm. A similar trend was observed in the corresponding TMR curves in Fig. 6(b, d). Thie was because
the bearing was in a skidding state at 8000 rpm, the sliding friction during the bearing operation
accounted for a relatively high proportion, and the bearing had more friction times per unit time at
high speed. The COF curves of PAO=14 showed regular sawtooth fluctuations at both speeds, and the
values of COF were higher than those of 4112, which indicated that 4112 can improve its anti-friction
performance due to the presence of additives. The COF of PAO=14(20%) at 4000 rpm and 8000 rpm
were the lowest compared with PAO=14 and 4112, and their average friction coefficients (ACOF) in
the stable state were 0.0015 and 0.0008, respectively. It was worth noting that the COF and running-
in time of PAO=14(20%) lubricated bearing with skidding behavior was lower than that bearing with
non-skidding behavior. This counterintuitive result can be attributed to shear-induced ordering of the
diketone molecules: the high shear field during skidding promoted molecular alignment within the

confined contact, forming a more uniform and oriented boundary film with reduced shear resistance

14



Friction https://mc03.manuscriptcentral.com/friction
[43, 44]. In addition, the maximum TMR of PAO=14(20%) during the running-in period was even

higher than that of PAO=14 and 4112 (Fig. 6(f)). After the running-in period, the TMR decreased
rapidly, and the average TMR in the stable state was 1.7 °C (4000 rpm) and 2.6 °C (8000rpm)
respectively. The experimental results of PAO=14(20%) can be explained in combination with the
diketone superlubricity mechanism proposed in previous studies [30]. Under high speed and high
sliding friction conditions, diketone molecules readily reacted with the bearing surface to form an
adsorption layer. Meanwhile, chelate molecules in the lubricant helped prevent direct contact between
friction pairs and worked synergistically with the adsorption film to achieve rapid friction reduction.
Although the COF of the bearing at 8000 rpm under PAO=14(20%) lubrication was lower than that at
4000 rpm, the bearing had more sliding friction times at high speed in the same time, so the heat

generated was greater, resulting in a higher TMR of the outer ring of the bearing.

15



Friction

(a)0.0 12

COF

(©)

COF

COF

(e) (f) PAO=14(20%) at 60 N, 4000 rpm and 8000 rpm.

https://mc03.manuscriptcentral.com/friction

—— PAO=14-1—— PAO=14-2 [——PAO=14-1—— PAO-14-2|
4000 rpm wp | o1 143 paO-144 " ;— PAO=14-3—— PAO=144
0.010 ——— PAO=14-1—— PAO=14-2 1 ——— PAO=14-1—— PAO=14-2
8000 rpm =) |___pao-143— Pa0=144 - PAO=14-3—— PAO-14-4
~ 104
0.008 g
£ s
g
VD
o
£ 6+
v
=
<
4 4
0.002
0.000 T T T T T
0 100 200 300 400 500 600
Time (min) Time (min)
o d N ‘ 4112 4112-2
——4112-1——4112-2 ——4112-1——4112-
4000 pm —4112-3—4112-4 ( )Iz ——4112-3——4112-4
0.010 - ——4112-1——4112-2 i ——4112-1——4112-2
8000 rpm * —4112-3—4112-4 s 4 | ] 2= e 4] 1 24
10
0.008 -
8

0.002

ATemperature (°C)

T
200

4000 rpm—PAO=14(20%)-|
—— PAO=14(20%)-3 PAO=14(20%)-4
——— PAO=14(20%)-1 PAO=14(20%)-2
8000 rpm— PAO=14(20%)-3—— PAO=14(20%)-4

PAO=14(20%)-2!

—— PAO=14(20%)-1 PAO=14(20%)-2|
—— PAO=14(20%)-3 PAO=14(20%)-4
——— PAO=14(20%)-1—— PAO=14(20%)-2|
—— PAO=14(20%)-3—— PAO=14(20%)-4|

g
-
2
£
2
£
e
Vot
<
O.W) T T T T T 1 0 T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (min) Time (min)

3.3 Surface characterization

Fig. 6 (a) (c) (e) COF and (b) (d) (f) TMR of bearings lubricated by (a) (b) PAO=14, (c) (d) 4112, and

To assess bearing surface wear under different lubrication conditions, SEM and a 3D white light

interferometer were used for surface analysis. SEM was first employed to characterize the

16
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micromorphology of the ball, inner raceway, and outer raceway, as shown in Fig. 7. Figure 7 (al-cl)

shows the contrast sample, which has not been tested and can be used as a benchmark for evaluating
the severity of bearing wear. Under the condition of 4000 rpm (non-skidding), the bearing lubricated
with PAO=14 (Fig. 7 a2-c2) showed moderate abrasive wear, with obvious plowing marks and surface
roughening on the ball and raceway, indicating insufficient boundary film formation. In contrast, the
commercial lubricant (4112) (Fig. 7 a3-c3) may have formed a tribochemical film due to the presence
of additives, which could partially inhibit direct rough contact and improve the surface condition, as
further supported by the XPS analysis presented later in this section. However, localized micropitting
and abrasive wear indicated that its protective effect was not uniform or completely stable. It was
noteworthy that the bearing lubricated with PAO=14(20%) at 4000 rpm (Fig. 7a4-c4) had a smoother
surface and minimal surface damage caused by wear. This was due to the strong polarity and surface
adsorption ability of the diketone molecules, which helped to form a chemically anchored ordered
boundary layer, effectively reducing interfacial shear and preventing metal-to-metal contact. It should
be noted that some localized micro-pits observed on the surface of the sphere (Fig. 7(a4)) originated
from the early break-in stage and the adsorption film formation process, during which weaker oxidative
residues were mechanically removed before a stable adsorption film could form. These shallow pits
were not related to fatigue wear, but rather to the adsorption of polar molecules on the surface. At 8000
rpm, significant skidding characteristics were observed: (i) the COF curve increased and fluctuated
and the temperature increased was more pronounced compared to 4000 rpm; and (ii) SEM images
(PAO=14 and 4112) showed directional micro-scratching and localized shear deformation on the
raceway surface, consistent with rolling-slip motion. These results confirm that the bearing was in a
skidding state at 8000 rpm. The samples lubricated with PAO=14 showed extensive surface damage,
including severe plowing and abrasive wear, which reflected the rupture of the lubricating film and the
increase in friction. The performance of 4112 was better than that of PAO, but there were also

phenomena such as abrasive wear and adhesive wear, indicating that the lubrication performance was

17
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insufficient under high shear. In sharp contrast, PAO=14(20%) can maintain a very smooth surface

with negligible wear and can perform well in lubrication even under severe skidding working
conditions. This indicated that the tribochemical film formed during its lubrication process can support
the load and suppress friction.

ball inner ring

outer ring

inner ring outer ring

%

n
) o ! I

R S A }
» >3 ./'

‘plowing wear

Fig. 7 SEM images of the bearings lubricated with (a2-c2) PAO=14, (a3-c3) 4112, (a4-c4)

PAO=14(20%) at 4000 rpm and (a5-c5) PAO=14, (a6-c6) 4112, (a7-c7) PAO=14(20%) at 8000 rpm;
(al-cl) were the contrast sample SEM images.

To further evaluate bearing wear under different lubricants, cross-sections of the raceways were
examined using a 3D white light interferometer. As shown in Fig. 8, the surface roughness of raceways
lubricated with all three lubricants was higher at 8000 rpm compared to 4000 rpm. This shows that the
degree of wear of the bearings running under skidding conditions was more serious than that under no-
skidding conditions. Additionally, under identical conditions, the inner ring exhibited greater

roughness than the outer ring. This was attributed to the test setup, where the fixed outer ring and
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rotating inner ring resulted in a higher relative sliding speed-and thus more intense friction-between

the ball and the inner ring [45]. This phenomenon will be more obvious at 8000 rpm. Quantitative
comparison of the surface line roughness values shows that the roughness of PAO=14(20%) lubricated
bearing at 8000 rpm increased by only 22.2% compared with 4000 rpm, while PAO=14 and 4112
increased by 66.7% and 33.3% respectively. This once again proved that diketone lubricants had better
anti-wear properties. In addition, it was observed that the cross-sectional profile curves under PAO=14
and 4112 lubrication had a larger fluctuation range, especially at 8000 rpm, where sharp peaks and
troughs frequently appeared, which also confirmed the traces of abrasive wear and plowing shown in
Fig. 7. The cross-sectional profile of PAO=14(20%) was smoother and showed minimal fluctuations,
even lower than the sample’s initial surface roughness. This was because the diketone lubricant will
grind and polish the surface before achieving superlubricity and form a diketone molecular adsorption

film [29], so that the bearing can maintain excellent tribological properties even under skidding

conditions.
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Fig. 8 Cross-sectional profiles of PAO=14, 4112 and PAO=14(20%) lubricated bearings at 4000 rpm

and 8000 rpm.

In addition, XPS analysis was used to study the chemical composition and bonding characteristics
of the tribofilm formed on the bearing surfaces lubricated with three lubricants: PAO=14, 4112, and
PAO=14(20%). As shown in Fig. 9, the C Is peak of the bearing surface lubricated with PAO=14
mainly corresponded to long-chain aliphatic hydrocarbons (284.8 eV), and the O 1s signal may
originated from weak surface oxidation or foreign oxygen-containing species [46, 47]. The appearance
of Fe 2p3/2 and Fe 2pi12 with binding energies of 711.0 and 724.6 eV was attributed to the oxidation of
surface metals to form Fe203, among which the peaks with binding energies of 718.8 eV and 729.5 eV
were satellite peaks related to Fe 2p32 and Fe 2pi1.2, respectively [48]. The appearance of the iron oxide
peak indicateed that the bearing oil film under base oil lubrication was thin and physically adsorbed,
with insufficient lubrication and limited surface coverage, thus leading to local rapid oxidation of the
bearing surface. In contrast, the 4112 lubricated surface shows additional N 1s and S 2p peaks,
indicating the presence of chemically reactive additive residues, likely from nitrogen and sulfur
containing antiwear and extreme pressure additives such as ZDDP or thiadiazoles. These additives
react tribochemically under load to form protective boundary films composed of metal nitrides (399.2
eV), sulfides (161.7 eV), or oxysulfides (168.0 eV) that helped reduce wear and retard surface fatigue
[49, 50]. The presence of such species confirmed that the 4112 additive played an active role in forming
interfacial films with tribological benefits. Notably, the PAO=14(20%) sample, although containing
only carbon, oxygen, and iron signals, exhibited significantly superior tribological performance in
early SEM and cross-section analysis. This was attributed to the formation of a strongly adsorbed
chemically bonded film by the diketone additive. The C 1s spectrum may contain a higher proportion
of carbonyl-related species (C=0 ~288.8 eV), while the O 1s spectrum shows that the C=0 bond (530.5
eV) near the benzene ring in the diketone molecule had a lower binding energy than the ordinary C=0O

bond (532.5 eV) due to the conjugation effect between the benzene and the intramolecular coordination
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bond [51, 52]. This means that the diketone molecule was chemically adsorbed on the steel surface.

The Fe 2p spectrum showed peaks of Fe 2p3/2 and Fe 2pi2at 710.2 eV and 723.5 eV, and there were
no satellite peaks, confirming the formation of Fe3O4 on the surface [53]. Despite the lack of traditional
heteroatom additives, the diketone lubricant was able to form a uniform, shear-resistant boundary layer
that can withstand high-speed and high-load sliding. These results highlight the potential of diketone
additives as high-performance, environmentally friendly lubricant components that can replace

traditional additives while achieving superior surface protection performance.
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Fig. 9 C Is, O 1s, and Fe 2p XPS spectra on the surface of the bearing lubricated by PAO=14 and

PAO=14(20%); C 1s, O 1s, Fe 2p, N Is and S 2p XPS spectra on the surface of the bearing lubricated
by 4112.

3.4 Lubrication mechanism

To more accurately simulate intermittent bearing operation, start-stop tests were conducted using the
above three lubricants. The experimental conditions were 60 N, 8000 rpm, and the duration was 40 h.
Each set of experiments had to go through four start-stop states with a time interval of 10 h. As shown
in Fig. 10, the ACOF for PAO=14, 4112, and PAO=14(20%) was 0.0052, 0.0044, and 0.0007,
respectively. After each restart, PAO=14 and 4112 required a running-in period of approximately
120 min to stabilize the COF, whereas PAO=14(20%) consistently achieved a stable low COF almost
immediately, maintaining values below 0.001 over the final 30 h.

Fig. 10(a) further revealed that the instantaneous COF at startup exceeded 0.012 for PAO=14 and
4112 during all four cycles, while PAO=14(20%) exceeded this threshold only on the first cycle,
dropping to 0.0025, 0.0019, and 0.0012 in subsequent restarts. The TMR trends of the bearing outer
rings mirrored the COF behavior. Bearings lubricated with PAO=14(20%) exhibited the lowest
temperature increases, staying below 3 °C even after restart. These results indicated that the diketone
adsorption film formed under PAO=14(20%) lubrication remained stable throughout the test. It
effectively cooperated with the lubricant to maintain superlubricity and eliminated the need for a
running-in period. In contrast, the repeated COF spikes and prolonged stabilization times observed
with PAO=14 and 4112 suggested inadequate friction film formation, requiring the surfaces to re-
establish contact conditions after each restart. SEM analysis of the bearing surface found that the PAO
lubricated surface showed severe abrasive and plowing wear characteristics, while the 4112 lubricant,
although it can provide partial protection through the additive-derived friction film, still observed
abrasive wear. The bearing surface lubricated by diketone lubricants showed minimal morphological

changes and the surface was smooth and continuous. Observation of the cross-sectional profile curves
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and surface roughness values revealed that the wear tracks on the bearing surfaces lubricated with

PAO and 4112 were deeper and more irregular, while the wear tracks on the surface lubricated with

diketone lubricant were shallower, more uniform, and had minimal material loss.
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Fig. 10 (a) COF, (b) TMR, and (c) the SEM images and cross-sectional profile of PAO=14, 4112, and

PAO=14(20%) lubricated bearing at 60 N, 8000 rpm and four starts and stops.

Based on the experimental results, PAO=14(20%) demonstrated superior tribological performance
compared to PAO=14 and 4112 of the same viscosity. Under varying test conditions, the COF and
wear of bearings lubricated with PAO=14(20%) remained consistent between skidding and non-
skidding states. It is worth noting that achieving ultra-low friction did not necessarily increase the
tendency to skidding. The chemically anchored adsorption film and chelate structure in the diketone
lubricant enhanced interfacial shear stability and adhesion, thereby maintaining synchronous rolling
between the ball and the raceway. Therefore, despite the extremely low COF (< 0.001), the bearing
motion remained stable without additional skidding. In contrast, PAO=14 and 4112 showed
significantly higher COF and wear under skidding conditions. XPS analysis confirmed the formation
of a diketone adsorption film on the bearing surface. Combined with the previously proposed
mechanism, this suggested that superlubricity was achieved through the formation of the adsorption
film, working synergistically with chelates in the lubricant [30]. This superlubricating state effectively
suppressed sliding friction and wear induced by differential motion between the ball and raceway at
high speeds. Furthermore, start-stop tests under skidding conditions revealed that bearings lubricated
with PAO=14(20%) could re-enter the ultra-low friction state immediately after restart, without
requiring a running-in period. This excellent tribological performance was attributed to its ability to
form a strong chemically adsorbed tribofilm through polar functional groups, which not only resisted
shear-induced degradation but also quickly reformed after relubrication. This durable boundary film
contributed to consistent low-friction operation and enhanced cyclic surface protection, indicating that
diketone-based lubricants offered a promising alternative for high-reliability bearing applications that
required long-term performance stability and resistance to tribo-instabilities during interrupted or

cyclic operation.
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4 Conclusions

This study first explored the influence of varying loads and speeds on the operating conditions of
angular contact ball bearings, with a focus on comparing the tribological performance of base oil,
commercial lubricant, and diketone lubricant-all with equal viscosity-under both skidding and non-
skidding conditions. Surface characterization and control experiments further confirmed the superior
performance of diketone lubricants under skidding. Based on these findings, the following conclusions
can be drawn:

(1) Under identical test conditions, PAO=14(20%) lubricated bearing exhibited lower COF and
TMR compared to those using base oil or commercial lubricants. Even under skidding, the COF
and TMR remained as low as 0.0008 and 2.8 °C, respectively, surpassing the performance of
bearings operating non-skidding in terms of both friction and running-in time.

(2) In addition, although the diketone lubricant achieved an ultra-low COF, the formation of a robust
chemically adsorbed film effectively stabilized the rolling motion and did not induce additional
skidding, ensuring safe and reliable superlubricity operation.

(3) When the bearings lubricated by PAO=14 and 4112 entered the stable operation state under the
skidding state, they still needed a running-in period of nearly 120 min after the restart to enter
the stable state, while the bearings lubricated with PAO=14 (20%) almost did not need a
running-in period to maintain the low COF (0.0007) before the end of the experiment.

(4) The synergistic lubrication mechanism of PAO=14(20%) involved both physical and chemical
contributions. The molecules form an oriented adsorption film on the steel surface, while
chemical chelation with Fe atoms (0206—Fe) increased its load-bearing capacity, and inhibited
direct metal-to-metal contact. The synergistic lubrication mechanism of the diketone adsorption
film and the chelate was the main reason for the bearing to maintain an ultra-low COF (0.0008)

under the skidding state and achieve superlubricity (0.0007) without running-in after restarting.
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