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Abstract: China’s rapid industrial development requires more energy consumption based on non-
renewable energy resources. The energy consumption caused by unnecessary friction accounts for
about 4.5% of the GDP in China. Although grease effectively lubricates machines, lubrication failure
may occur under severe conditions. Nanomaterials exhibit intriguing tribological performances
and have received much attention regarding lubrication. In this study, oleylamine-modified Ni
nanoparticles (OA-Ni) were synthesized and used as lubricant additive in four kinds of commonly
used greases: lithium, calcium, composite calcium, and polyurea grease. The OA-Ni were uniformly
dispersed in the greases through electromagnetic stirring, ultrasonic vibration, and three-roll grinding.
The physicochemical properties and the structure of OA-Ni-doped grease were investigated, while
the feasibility of OA-Ni as various grease additives at different contact modes was evaluated by a
four-ball friction tester and a UMT-tribolab tester. Tribological tests results revealed that the friction-
reducing and anti-wear properties of point-to-point contact were increased by 56.7% and 70.3% in
lithium grease, respectively, while those of the point-to-face contact were increased by 59.5% and
68.9% in polyurea grease, respectively. The present work provides not only theoretical guidance of
nano nickel modification but also a practical reference for the application of modified nanomaterials
to various greases.

Keywords: nano-lubrication; modified nanomaterial; multiple greases; tribological properties

1. Introduction

Due to China’s massive manufacturing industry and high energy consumption, the
country is known to suffer from a huge waste problem [1]. Over-abrasion and friction
are critical factors that contribute to the annual waste caused by the country’s mechanical
equipment [2,3]; consequently, lubricating is a pivotal technology that will play a huge role
in China’s industrial development. Lubricating grease, which is crucial to China’s industrial
lubricant field, is a semi-solid lubricating material composed of thickener and base oil [4].
The lubricating grease widely used in mechanical engineering includes lithium grease (LiG),
calcium grease (CaG), composite calcium grease (C-CaG), polyurea grease (PuG), etc. [5].
Compared with lubricating oils, greases are more appropriate in specific situations due to
their semi-solid state [6-9]. This conforms to the concept advocated by green chemistry
and meets the requirements of modern society for sustainable development [10]; however,
the amount of research on high-performance grease in China is significantly lower than the
world average, and the up-market is still monopolized by foreign products [11]; therefore,
it is imperative to accelerate the development of grease-related research.

The rapid development of modern industry in China constantly requires the trans-
formation of equipment into precise, intelligent versions [12]; thus, the environment of
moving parts has become more complex, and increasingly demanding requirements have
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been proposed for grease to maintain the regular operation of apparatus and extend the
service life of equipment [13]; therefore, conventional lubricant additives cannot suit the
demands of present industrial development [14]. With the development of nanotechnology,
nanomaterials have emerged as a solution to enhance the tribological characteristics of
commercial lubricants to ensure the efficient operation of machines [15]. There was research
on nanometer additives in China in the 1990s when the topic of nanomaterial lubrication
was raised. Zhang et al. [16] synthesized a molybdenum disulfide (MoS),, nano cluster and
confirmed it features a low-friction coefficient (uk < 0.1) and a great load-carrying ability.
Studies have shown that nanoparticle additives possess superior tribological properties
compared to traditional solid additives [17,18]. Among them, Ni nanoparticles with mag-
netism as well as corrosion resistance have been widely researched and used in diverse
situations [19,20]. Qiu et al. [21] confirmed the feasibility of Ni nanoparticles as lubricating
oil additives in 2001. Plenty of research has also demonstrated the great prospect of Ni
nanoparticles and their modified versions in lubrication [22].

Although there have been plenty of studies on modified Ni nanoparticles, most of
them are investigated in LiG, and few have focused on their properties in diversified
categories of grease, including CaG, C-CaG, and PuG [23,24]; meanwhile, it is well-known
that, in a practical situation, the tribological behavior of lubricants cannot truly be limited
to a single form of contact because there are many forms of mechanical contact; therefore, it
is crucial to simulate the actual conditions with disparate contact forms and investigate
the effect of nanomaterials on the tribological behavior of various lubricating greases
under disparate contact forms. This is of great guiding significance for the development of
nanomaterials additives.

Taking into account the above considerations, oleylamine-modified Ni nanoparticles
(OA-Ni) were synthesized for this paper, and four ordinary greases were selected as
dispersion systems. The differences in structure and tribological properties of various
OA-Ni-doped greases were compared. The lubrication mechanisms were also analyzed to
supply academic direction and technical assistance for commercial applications, which has
pivotal theoretical significance and practical value.

2. Materials and Methods
2.1. Materials

In this study, lithium grease (LiG), calcium grease (CaG), composite calcium grease
(C-CaG), and polyurea grease (PuG) (Hupai Petroleum Co., Ltd., Ningbo, China) were used
as the base greases. Poly alpha olefins (PAO4) were purchased from Formosa Petrochemical
Co., Ltd., Taipei, China. Nickel (II) formate dihydrate (Ni(HCOO),#2H,0), oleylamine
(OA), and oleic acid were procured from Shanghai Aladdin Co., Ltd., Shanghai, China The
analytical reagents, titanium butoxide, alcohol, and petroleum ether (PE), were acquired
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. To ensure easy commer-
cialization, all the raw materials are available in the commercial market without needing
further purification.

2.2. Preparation of OA-Ni and Doped Greases
2.2.1. Synthesis of OA-Ni

Ni(HCOO),2H,0 (1 eq) and oleylamine (2 eq) were added into the round bottom
flask and heated to 120 °C with an oil bath under magnetic stirring to obtain a green and
transparent Ni formate oleylamine solution. Appropriate amounts of PAO4 and oleic acid
(1.8 eq) were added to the solution and heated to 230 °C. The reaction was completed in Np
to ensure an anhydrous and anaerobic environment. Finally, after being naturally cooled to
room temperature (25 °C), the product was washed with ethanol and centrifuged to obtain
nanoparticles. The dried product named OA-Ni was finally acquired after drying for 3 h in
a vacuum (Figure 1a).
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Figure 1. The schematic of (a) preparation procedure of OA-Ni and (b) OA-Ni-doped greases;
(c) friction contact modes.

2.2.2. Preparation of Greases Containing OA-Ni

Four typical greases and OA-Ni nanoparticles were selected to fabricate doped grease.
To evenly distribute OA-Ni in all greases, 0.3 wt% OA-Ni nanoparticles were added to four
greases, respectively. Each grease sample was dissolved with 15 mL of PE. The mixtures
were mechanically stirred at 50 °C until PE was completely evaporated. Subsequently,
further dispersion was conducted in the ultrasonic machine for 30 min. Finally, the four
greases consistent with OA-Ni were obtained after homogenization using the triple-roller
mill three times (Figure 1b). The same degree of grinding was carried out for the pure
greases to prevent the additional effects of grinding on the structure and properties.

2.3. Physicochemical and Tribological Properties Characterization
2.3.1. Physicochemical Characterization Tests

The dropping point, penetrations, and oil-separation rate of pure greases and OA-
Ni-doped greases were examined according to national standards. The dropping point of
OA-Ni-doped greases was investigated by a DFYF-303 drop-point tester (Dalian Analytical
Instrument Co., Ltd., Dalian, China) following GB/T 4929. The penetrations were quan-
titated by a DFYF-308 grease cone penetrometer (Dalian Analytical Instrument Co., Ltd.)
according to GB/T 269. The oil separation was evaluated by the standard GB/T 392. The
average data were obtained from three-times tests to confirm dependability.

2.3.2. Tribological Properties Tests

The tribological performance of OA-Ni in various greases under point-to-point contact
(Figure 1c) was evaluated on the four-ball friction tester (Tianji Automation Co., Ltd.,
Xiamen, China). Before each experiment, the commercially available steel (GCr15, 12.7 mm,
HRC 59-61) balls were cleaned by PE through ultrasonication. Every test was carried
out with a load of 196 N, a rotational speed of 1200 r/min, for 120 min at 50 °C. The
real-time friction coefficients (COF) were logged on the computer automatically. The optical
microscope was used to measure the wear-scar diameter (WSD) of the lower stationary
balls to describe the anti-wear property of the greases.

For further investigation of the tribological behavior of diverse greases under point-to-
face contact (Figure 1c), the UMT tribometer (UMT-tribolab, Bruker, Billerica, MA, USA)
was carried out at a reciprocating stroke of 10 mm, test temperature of 25 °C, frequency of
2 Hz, test period of 1 h, and applied load of 5 N. The lower steel disk (304 stainless steel,
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20 mm x 20 mm) slides against the upper steel ball (GCr15 steel, diameter of 8 mm). The
UMT tribometer was linked to a computer to record the real-time COF.

2.4. Characterization
2.4.1. Characterization of OA-Ni and Doped Greases

A transmission electron microscope (TEM, JEOL JEM200, Japan Electronics Corpora-
tion, Hiroshima, Japan) and a scanning electron micrograph (SEM, Mira3 XH, Tescan, Brno,
Czech) were used to investigate the morphology and agglomeration state of OA-Ni, and the
size distribution of the OA-Ni was simultaneously calculated by nano-measure software.
X-ray diffraction (XRD, Smart Lab, Rigaku, Tokyo, Japan) and a Fourier transform infrared
radiation spectrometer (FTIR, PerkinElmer Spectrum Two) were applied to establish the
chemical structure of the OA-Ni nanoparticles.

A polarizing microscope (POM, XP-330C, Caikang Optical Instrument Co., Ltd. Shang-
hai, China) was adopted to observe the dispersion degree of OA-Ni in the greases. The
structural transformation of lubricating grease before and after adding OA-Ni was inves-
tigated through SEM. Thickener was obtained by ultrasonics and centrifugation of the
solution of grease and PE.

2.4.2. Characterization of Worn Surfaces

The surface analysis of the worn surface is a vital way to investigate the lubrication
mechanism. Since LiG grease is the most widely used grease in the Chinese market, we
took LiG as a representative to study the friction-reducing and anti-wear properties of
OA-Ni in various greases. The morphology of the frayed area was studied by white-
light interferometer (WLI, Contour GT, Bruker, Billerica, USA) and SEM. Typical elements
were investigated with energy-dispersive spectroscopy (EDS, Aztec X-Maxx 80). X-ray
photoelectron spectroscopy (XPS, Kratos, AXIS Ultra DLD multifunctional) was used to
analyze the chemical state of the target elements.

3. Results
3.1. Characterization Results of OA-Ni

The morphology and size distribution of nanoparticles is essential to performance, and
this was demonstrated in TEM (Figure 2a) and SEM (Figure 2b) images. The prepared OA-
Ni nanoparticles were regular spheres with clear edges, which reflect an acceptable degree
of agglomeration. The size distribution (Figure 2c) was concentrated between 90-120 nm,
mainly 100 nm. The results showed that the OA-Ni nanoparticles were stable, and could
maintain structural characteristics in greases, thus, being capable of excellent performance.
The crystal structure and chemical structure of OA-Ni are shown in XRD (Figure 2d) and
FTIR (Figure 2e). The diffraction peaks at 44.51°, 51.85°, and 76.38° correspond to (111),
(220), and (220) crystal planes of nanoparticles Ni, respectively. The comparison of OA-Ni
with the Ni standard card (JCPDS card no. 04-0850) confirms the face-centered cubic (FCC)
structure of OA-Ni; additionally, there are no other peaks in the spectrum, indicating that
the prepared OA-Ni has high purity. The FTIR spectrum of OA and OA-Ni are shown in
Figure le, where it can be observed that the peaks located at 2927 cm~! and 2880 cm ™! are
stretching symmetrical tensile vibrations of -CHj3 and -CHj. The C-H vibration is found at
1460 cm 1. The vibration peak at 720 cm ! is attributed to -(CHp)n- (n > 4), which proves
the existence of long carbon chains. The sharp peak at 1070 cm~! proves the existence
of the C-N stretching vibration bond, and the characteristic peak was also observed in
the OA-Ni infrared curve; moreover, the complexation of the Ni cation in OA-Ni leads to
the disappearance of the -NH, in OA at 3200 cm~!. The characterization results confirm
that OA was efficaciously grafted on the surface of nanoparticles Ni, which restrict the
oxidation and accumulation of nanoparticles Ni. The agglomeration of nanoparticles
seriously hinders its performance and even leads to additional wear. Accordingly, it
is essential to determine the dispersion of OA-Ni in the doped greases for subsequent
tribological performance research. The opaque particles in the POM image (Figure 2f) are
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Figure 2. Characterization results of OA-Ni nanoparticles: (a) TEM image; (b) SEM image; (c) particle-
size distribution; (d) XRD pattern; (e) FTIR spectrum; and (f) dispersion of OA-Ni nanoparticles
in grease.

3.2. Characterization of Greases

The structure of lubricating grease refers to the physical arrangement of thickener,
additive, and base oil. The shape and distribution of thickeners are the key factors affecting
the physicochemical and tribological properties of grease; thus, the study of the implication
of additives on the thickener structure is significant to further evaluate its lubrication
mechanism. SEM images of four greases before and after adding OA-Ni are shown in
Figure 3a-h. LiG has long and straight linear fibers, which are closely stacked. The fiber
of CaG shows a large bending degree, and it gathers multiple bundles and extends in the
same direction. The single fibers of C-CaG are irregular short rods, and the overall shape
displays irregular sheets. The long fibers of PuG thickener are interlaced to form a dense
network structure. With the introduction of OA-Ni, the uniformly dispersed nanoparticle
spheres are clearly visible in the greases; moreover, countless shear planes are formed
between OA-Ni nanoparticles, which severely damage the fibers of doped grease in the
same grinding operation, thus, leading to the reduction of the length of the thickener and
certain damage to the original morphology.

The dropping point, cone penetration, and oil separation correspond to the high-
temperature index, hardness index, and colloid stability index of the grease, respectively,
which are the necessary application parameters in the industrial field and which are directly
affected by the structure and composition of the grease. As shown in Table 1, the difference
between the pure greases and the doped greases in the drop point and cone penetration is
insignificant; presumably, this is due to the limited OA-Ni content, which is insufficient to
constitute a complete construction in doped greases. Interestingly, oil separation displays
an apparent difference. The introduction of OA-Ni markedly decreases oil separation. This
comparison is related to the structure of the thickener (Figure 3a-h). It is speculated that the
damage of OA-Ni to the tight thickener network diminishes the binding capacity of fibers
to the base oil; thus, the oil will seep from OA-Ni-doped greases under the pressure [25];
moreover, it is crucial for the grease lubrication to continuously release a proper oil to form
the continuous lubricating film, otherwise, it will cause excessive wear or the reduction of
the grease’s service life.
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Figure 3. Characterization results: SEM images of (a) LiG, (b) OA-Ni-doped LiG; (c) CaG, (d) OA-Ni-
doped LiG; (e) C-CaG; (f) OA-Ni-doped C-CaG; (g) PuG, and (h) OA-Ni-doped PuG. In the white
circle are OA-Ni nanoparticles of the doped greases. All images have the same magnification.

Table 1. The physical characterization results of greases.

National . OA-Ni- OA-Ni- OA-Ni- OA-Ni-
Standard LG Doped LiG CaG Doped CaG C-CaG Doped C-CaG PuG Doped PuG
Dropping point (°C) GB/T 4929 188.3 187.0 1729 170.2 177.4 177.9 182.5 186.3
Penetration GB/T 269 365.6 368.2 305.3 309.5 338.1 340.6 420.5 434.9
Cone penetration (0.1 mm) GB/T 392 0.6 1.7 0.2 0.8 0.4 1.3 1.1 21

3.3. Results of Tribological Tests

The universal application fields of grease focus on mechanical moving parts, such
as gears and bearings, which consists of point-to-point contact and point-to-face contact;
thus, the appropriate selection of test modules is essential to simulate the performance
of grease under actual working conditions. Under point-to-point contact, the average
COF and WSD of greases are shown in Figure 4a,b. The introduction of OA-Ni shows
a constructive effect in all four types of grease. In the comparison with the LiG, CaG,
C-CaG, and PuG, the OA-Ni significantly improved the friction-reduction performance by
25.0%, 6.3%, 29.1%, and 7.5%, with the anti-wear performance increased by 28.4%, 2.7%,
14.6%, and 7.5%, respectively. The concern is that LiG and C-CaG show the most sensitive
response to the addition of OA-Nj; in contrast, the CaG and PuG samples have undergone
only insignificant changes.

(a) Base grease (b) 0.7 Base grease
0.14 ‘OA-Ni-doped grease OA-Ni-doped grease
&
o 012 1 06
8 £
% £ ]
£0.10 I Z I
2 =z 05
E
< I - z
0.08 ] I I
I I 04 F
0.06 1 1 L 1 1 1 1 I 1
LiG CaG C-CaG PuG LiG CaG C-CaG PuG

Figure 4. Tribological properties of the various pure grease and OA-Ni-doped grease under point-to-
point contact: (a) average COF; and (b) WSD.

Figure 5a,b shows the average COF and worn surfaces of greases under point-to-face
contact. Obviously, the friction-reduction properties of PuG are significantly reduced
(30.2%) due to the addition of OA-Ni among the various greases tested, while other types of
grease show inconspicuous change, and even the friction coefficient of CaG has increased
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Figure 5. Tribological properties of the various pure greases and OA-Ni-doped greases under point-
to-face contact: (a) average COF; and (b) WLI morphologies of wear scar.

3.4. SEM and EDS Analysis of Worn Surface

The characterization of the rubbing area is useful for further studying the anti-wear
mechanism of OA-Ni. As shown in Figure 6a-h, compared with the SEM morphologies
of OA-Ni-doped greases, the striking grooves, abrasions, and abrasives are found on the
rubbing area lubricated by the pure greases [26]. The introduction of OA-Ni significantly
reduces the degree of wear, while the area turns flat and smooth. The obvious distinction
between the pure greases and OA-Ni-doped greases is that OA-Ni enhances the abrasion
resistance of various greases. The distribution of key elements of the rubbing area lubricated
by the OA-Ni-doped LiG is shown in Figure 6i. It is evident that the worn scar is evenly
covered with N element and Ni element, which originate from the OA-Ni. This verifies the
existence of the deposited film [27]; moreover, considering the worn surfaces are washed
with PE before the analysis of the elements, the solid film formed by OA-Ni is stable.

The elemental and morphological characterization of the rubbing area confirmed the
filling and polishing effect of OA-Ni. OA-Ni is deposited in the contact surface grooves
to increase its smoothness and flatness and, then, form a solid physical layer with low
shear stress; meanwhile, the sphere-like OA-Ni converts sliding friction into rolling friction,
thus, preventing direct contact between the friction area and hindering the incidence of
extreme situations.

3.5. XPS Analysis of the Worn Surface

XPS analysis verifies the existence of chemical reaction film in the contact interface
and clarifies the chemical states. The XPS spectra of the worn scar lubricated with LiG and
OA-Ni-doped LiG are shown in Figure 7. The peak at 284.6 eV is indicative of C in the air.
The peak at 288.5 eV is indicative of C=0 [28]. The binding of Ols at 530.7 eV prove that
Fe30; is generated in the contact surface [29]. The peak of 529.6 eV and 557.7 are indicative
of NiO and Ni. The peak at 532.4 eV is indicative of the oxygen in the NO. The peaks of
Fe2p at 710.1 eV and 723.74 eV correspond to Fe3O4 and Fe, O3, respectively. The peak that
appears at 855.9 eV is attributed to NiO3 [30], while the peaks of other Ni2p all prove that
the chemical reaction occurred in the friction process of OA-Ni-doped LiG.

Considering the above discussion, it is confirmed that OA-Ni-doped greases generate
a surface protective film through tribochemical reactions, which are composed of Ni, NiO,
NiyOg, ferrites, and compounds containing C-O bonding.
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Figure 6. Characterization of worn scar and its edge: SEM images of (a) LiG, (b) OA-Ni-doped LiG;
(c) CaG, (d) OA-Ni-doped LiG; (e) C-CaG; (f) OA-Ni-doped C-CaG; (g) PuG, (h) OA-Ni-doped PuG;
and (i) EDS mapping images of the surfaces lubricated by OA-Ni-doped LiG.
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Figure 7. XPS spectra of (a) Fe2p; (b) Ols; (c) Cls; and (d) Ni2p on the worn scars of steel balls
lubricated by LiG and OA-Ni-doped LiG after four-ball tests.
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3.6. Possible Mechanism

The tribological data infer that OA-Ni produces a marked effect on the lubricating
properties of LiG, C-CaG, and PuG, but not on CaG. It is speculated that the tribological
behavior is related to the structural and physicochemical properties of the four greases.
The thickeners of LiG and C-CaG are composed of straight fibers with irregular staggered
distribution (Figure 3a,e), which provide countless gaps in the intersection. The added
OA-Ni is exposed through the gaps rather than be bound to the fibers (Figure 3b,f); thus,
it has the opportunity to function in a small contact area and form a lubricating film
(point-to-point contact, Figure 4a,b). The directionally growing fiber bundles are formed
in CaG (Figure 3c), which leads to an increased hardness of the grease (Table 1). It is
difficult for OA-NIi to function once it enters the thickener bundle; moreover, the decreased
hardness and the low binding capacity are produced by the thin fibers (Figure 3g) in PuG.
OA-Ni in the PuG is easily introduced into the friction interface with the release of base oil
(Figure 3h); thus, OA-Ni-doped PuG has the best lubrication performance under strong
shear (point-to-face contact, Figure 5a,b). In conclusion, the possible lubrication mechanism
of OA-Ni in diverse greases is speculated according to the above results (Figure 8):

|
|
|
(a) Physical solid film | (b) Chemical reaction film
|
|
|
|
|
~ | -
-~ ~ - -
~ -
~ -
-~ -
-~ -
S o . -
\‘-, Lubrication Mechanism \’l
(e) Mechanical polishing OA-Ni nanoparticles (c) Shearing of thickener fiber
Grease Thickener
[+ Friction interface -
Smooth interface
’\/\’] ,/ \\
U4 ~
’ N
V4 (d) "Micro bearing" ~

,/', WM’”/\’\““/\] \‘\
ij

Figure 8. Schematic of the lubrication mechanism of OA-Ni nanoparticles as an additive in
various greases.

1. Physically solid film (Figure 6). Attributed to the high specific surface, the nanoparticle
Ni with high adsorption capacity and OA organic chain is adsorbed in the boundary
lubrication zone and easily converted into adsorption film [31];

2. Chemical reaction film (Figures 6 and 7). The organic chain on OA-Ni reacts with
the friction material, while, to a certain extent, the high temperature promotes the
chemical reaction; this temperature originates from the thermal energy induced by
the friction. Accordingly, the chemical reaction film is formed on the contact area [32];

3. Shearing of the thickener fiber (Figure 3). The thickener structure is easily damaged
by the shearing of OA-Ni, thus, decreasing the ability to bind to the additive and base
oil. The released oil and additives form a continuous oil film and reaction film that
play a lubricating role [33];
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4. Micro bearing effect (Figure 6). The sphere-like OA-Ni converts the sliding friction
into rolling friction; in such a manner, direct contact is prevented during the friction
process, which is akin to “micro bearings” on the friction area [34];

5. Polishing effect (Figure 6). OA-Ni mechanically polishes the nanoscale protrusion of
the rough surface, while a smooth surface increases the friction area and, thus, avoids
severe wear.

4. Conclusions

In this paper, the comparative performance potential and lubrication mechanism of
various greases with oleylamine-modified Ni nanoparticle additives are studied experi-
mentally. Crucial conclusions are listed as follows:

(1) The introduction of OA-Ni has a constructive effect on all four types of greases. Under
point-to-point conduct, LiG and C-CaG exhibit the most sensitive response to OA-Ni.
In contrast, CaG and PuG samples demonstrate only insignificant responses. Under
point-to-face conduct, the tribological properties of PuG show the most obvious
improvement, while the performance of other greases is not significantly enhanced;

(2) The lubrication mechanism of OA-Ni offers the following benefits: it generates a
physically solid film and a chemical-reaction film, it shears the thickener fiber, and
it uses mechanical polishing as “micro bearing”. The synergy of these functions
greatly broadens working conditions and prolongs serving life in comparison with
pure grease.
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