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Preface

Over the past decade, both education and economic development have reached a new level,
and a series of breakthroughs have been made in lubricating materials. The current Special
Issue will present the state of the art of functional lubricating materials. It aims to display a
number of recent representative advances in basic and application research on lubricating base
oil, lubricant additives, liquid lubricating materials, solid lubricating materials, polymer-based
lubricating materials, intelligent lubricating materials, nanostructured functional polymers and
functional metal matrix composites.

In this Special Issue, the authors have dedicated their time, energy and expertise to exploring
and shedding light on various aspects of this subject, presenting insightful research, innovative
perspectives and thought-provoking analyses. We are grateful for the dedication and hard work of
each and every author who has contributed to this Special Issue, as well as the reviewers and editors
who have helped bring these papers to fruition. Their commitment to excellence and their passion
for their respective fields is truly commendable.

As we delve into the pages of this Special Issue, we invite readers to embark on a journey of
discovery, reflection and inspiration. May the papers within this reprint spark new ideas, ignite
curiosity and fuel further exploration and understanding of functional lubricating materials. It is our
hope that this Special Issue will serve as a catalyst for continued dialogue, collaboration and progress
in this vital area of study.

We are excited to present this collection of papers and eagerly look forward to the discussions
and discoveries that they will inspire. Thank you for joining us on this journey of exploration and

learning.

Jiusheng Li
Editor
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Abstract: With the increasingly demanding engine conditions and the implementation of “double
carbon” policies, the demand for high-quality lubricants that are cost-effective and environmentally
friendly is increasing. Additives, especially high-performance friction modifiers, play an important
role in boosting lubricant efficiency and fuel economy, so their developments are at the forefront of
lubrication technologies. In this study, 1,3-dioleoamide-2-propyloleate (DOAPO), which incorporates
polar amide, ester, and nonpolar alkyl chains, was synthesized from 1,3-diamino-2-propanol to give
an eco-friendly organic friction modifier. Nuclear magnetic resonance (NMR), high-resolution mass
spectrometry (HR-MS), Fourier-transform infrared spectroscopy (FT-IR), and thermogravimetric
analysis (TGA) were used to characterize the structure and thermal stability of DOAPO. Meanwhile,
the storage stability and tribological behaviors of DOAPO in synthetic base oil were studied and
compared with a commercial oleamide. The results show that DOAPO has better thermal stability
and better storage stability in synthetic base oil. Additionally, 0.5 wt.% of DOAPO could shorten the
running-in period and reduce the average friction coefficient (ave. COF) and wear scar diameter (ave.
WSD) by 8.2% and 16.2%, respectively. The worn surface analysis and theoretical calculation results
show that the ester bond in DOAPO breaks preferentially during friction, which can reduce the
interfacial shear force and easily react with metal surfaces to form iron oxide films, thus demonstrating
a better friction-reducing and anti-wear performance.

Keywords: sulfur- and phosphorus-free; amide-ester; tribological behavior; synthetic base oil

1. Introduction

In recent years, energy conservation and emission reduction have become one of the
most urgent challenges for the automobile industry. The pursuit of improved fuel efficiency
and “dual carbon” goals emphasizes the growing trend toward the use of low-viscosity
oils [1], which could minimize the shear resistance between friction counterparts [2—4].
However, the shift to low-viscosity lubricants carries a certain risk of wear resistance as the
lubrication regime changes from a favorable hydrodynamic lubrication to a less favorable
mixed or boundary lubrication for engines with more stringent operating conditions. Under
the boundary lubrication state, the lubricating films of low-viscosity oils are thin and lack
of strength, resulting in direct contact and making the films break during high-strength
engine operations, which would increase friction and wear [5]. Therefore, friction modifiers,
which can form thick boundary films under mixed or boundary lubrication regimes, were
applied to reduce or prevent direct friction solid—solid contact on friction pairs [6-8].

In general, the friction modifications used in engine oil are metal friction modifications
(such as didithiophosphate zinc (ZDDP), organic molybdenum [9,10], etc.) and non-metallic
friction modifications (such as oleamide [11], glycerol monooleate [3,12,13], etc.). Metal
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friction improvement agents are mostly metal or metal compounds containing sulfur and
phosphorus. Although they show excellent performance and are most widely used [14,15],
the metal they contain will increase the ash content of lubricating oil, and the metal
compounds containing sulfur and phosphorus can poison automobile catalysts used for
emission control, causing adverse effects on the engine and the environment. Therefore,
green non-metallic organic friction modifiers (OFMs) composed only of carbon, hydrogen,
oxygen, and nitrogen atoms are attracting increasing attention [5,16,17].

OFMs tend to have amphiphilic structures, in which polar groups could adsorb onto
metal surfaces, while nonpolar hydrocarbons arrange outward within the lubricant [18,19].
This arrangement establishes a hydrocarbon surface with low shear strength on metal
surfaces. At present, the developed OFMs incorporate various polar functional groups,
such as carboxyl [20-22], alcohol [23-25], amine [26,27], amide [5,28-30], and ester [31]
functionalities. Biresaw [31] synthesized seven lipoic acid esters using various alcohols,
and the study showed that the performance of thioic acid multifunctional additives in base
oils is related to its structure. When the addition is 5 wt.%, 2-ethylhexyl thiocticate and
dodecyl thiocticate with straight chains increased the kinematic viscosity at 40 °C from
40.8 mm?/s to 78.7 mm? /s and 69.5 mm? /s, kinematic viscosity at 100 °C from 8.7 mm?/s
to 18.2 mm? /s and 15.0 mm? /s, the viscosity index from 200 to 253 and 229, showing a
good viscosity improvement performance. Compared with the base oil, the addition of
20 wt.% lipoic acid ester makes the onset oxidation temperature and extreme pressure load
increase from 187.2 °C to 218.4-221.5 °C, and 120 kgf to 420-480 kgf, respectively, showing
a good anti-oxidation and extreme pressure performance.

Hou [5] prepared a novel organic friction modifier N-(2,2,6,6-tetramethyl-1-oxyl-4-
piperidyl) dodecenamide (C1 Amide-TEMPO) and found it can form a unique double-layer
boundary film on the iron oxide surface, i.e., the strong surface adsorption layer formed
by chemical interactions between amide oxygen, free radicals, and iron oxide surfaces, as
well as the interlayer hydrogen bond films formed by amide hydrogen and free radicals or
oxygen. Meanwhile, the combination of intra-layer and inter-layer hydrogen bonds also
increases the strength of the boundary film by enhancing cohesion, so C;; Amide-TEMPO is
better than the traditional glyceryl monooleate (GMO) and stearic acid in terms of bearing
capacity, friction reduction, and friction stability. Compared to GMO and stearic acid at an
effective load of 5.0 N, C1o Amide-TEMPO demonstrates a more stable instantaneous friction
coefficient (COF), with over 60% reduction in wear rate and surface roughness. The groove
width and wear rate of wear scar lubricated with Cy;Ester-TEMPO or C1, Amino-TEMPO
is 569.0 pum, 544.0 pm and 461.2 pm3/(N-mm), 196.9 um3/(N-mm), which is significantly
higher than 365.0 pm and 42.2 um?3/(N-mm) that lubricated with C;pAmide-TEMPO. This
indicates that C;;Amide-TEMPO with an amide-linked structure outperforms Cq,Ester-
TEMPO and Ci3 Amino-TEMPO in terms of friction-reducing and anti-wear properties.
However, the long-term stability and durability study of these OFMs remains limited.

The reported studies show that ester- or amide-based compounds exhibit good per-
formance in improving friction; however, the prepared additives are all individual esters
or amides. Compared to a single-functional group, molecules with multiple functional
groups would enhance adsorption strength through multi-site adsorption or chelation
effects, improving the stability and durability of tribofilms and demonstrating excellent
tribological performance. Additionally, most of the reported tribological properties were
evaluated in PAO6, whose viscosity is relatively higher (kinematic viscosity of ~5.80 cSt at
100 °C). With increasingly stringent global emission regulations, low-viscosity lubricant
technology has become a well-known trend in recent years [32], so the performance of
additives should be conducted in lower-viscosity oils, such as PAO4 (kinematic viscosity of
~3.90 cSt at 100 °C). In this study, we designed and synthesized an eco-friendly OFM with
a ternary structure based on amide, ester, and hydrocarbons. 1,3-diamino-2-propanol and
oleic acid (OA) were used to prepare the 1,3-dioleoamide-2-propyloleate (DOAPO), which
was characterized by NMR, HR-MS, FI-IR, and TGA. Meanwhile, the storage stability and
tribological behaviors of DOAPO were investigated in a low-viscosity synthetic base oil and
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compared with a commercial oleamide. Additionally, micro-IR, XPS, and DFT calculations
were applied to clarify its micro-lubrication mechanism.

2. Materials and Methods
2.1. Materials

1,3-diamino-2-propanol (98%) and 4-dimethylaminopyridine (DMAP, 99%) were ob-
tained from Beijing Innochem Co., Ltd. (Beijing, China). Oxalyl chloride (98%), N, N-
dimethylformamide (DMF, 99.5%), and triethylamine (TEA, 99%) were received from
Energy Chemical. Dichloromethane (DCM, Shanghai Titan Scientific Co., Ltd. (Shanghai,
China), 99.9%), oleic acid (OA, Alfa Aesar Chemical Co., Ltd. (Hangzhou, China), 99%),
and all other reagents were commercially obtained and used as received for the synthesis
of DOAPO.

Durasyn®164 (PAO4, INEOS, London, UK) and Priolube 3970 (3970, CRODA, Snaith,
UK) were separately purchased from Shanghai Qicheng Industrial Co., Ltd. (Shanghai,
China) and Hersbit Chemical Co., Ltd. (Shanghai, China), which were applied as base oils
for the tribological evaluation of DOAPO, and oleamide (Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan), 65%) was used as a commercial additive to compare with DOAPO.

2.2. Synthesis of 1,3-Dioleoamide-2-Propyloleate (DOAPO)

OA (12.55 g, 44.44 mmol), dry DCM (20 mL), and 2-3 drops of DMF were mixed in
a round-bottom flask under an Ar atmosphere, and oxalyl chloride (11.28 g, 88.88 mmol)
was slowly added dropwise into the mixture at 0 °C. After that, the reaction was stirred
at room temperature for 4 h until the OA was transformed completely. The excess oxalyl
chloride was removed by reduced pressure to yield the oily, colorless oleoyl chloride.
Subsequently, the prepared oleoyl chloride was dissolved with dry DCM (20 mL) and
added dropwise into a mixture of 1,3-diamino-2-propanol (1.00 g, 11.11 mmol), TEA (4.60 g,
45.55 mmol), DMAP (0.41 g, 3.33 mmol), and dry DCM (30 mL). The mixture was refluxed
at 50 °C for 2 h and quenched with water when 1,3-diamino-2-propanol was completely
consumed using TLC monitoring. The organic phase was extracted with DCM, washed
with saturated NaHCOj3 and NaCl solutions, and dried with anhydrous Na;SOy4. The
crude product was purified by column chromatography (eluent: V(pcan/Vivieon) = 30/1) to
obtain 1,3-dioleoamide-2-propyloleate as a pale-yellow liquid (6.20 g, yield: 63%), which
was recorded as DOAPO.

'H NMR (400 MHz, CDCl3) 6§ 6.22 (s, 2H), 5.34 (s, 6H), 4.83 (s, 1H), 3.49 (s, 2H), 3.30 (d,
J=14.1Hz, 2H),2.29 (t,] =7.5 Hz, 2H), 2.21 (t, ] = 7.5 Hz, 4H), 2.00 (d, ] = 5.5 Hz, 12H), 1.63
(s, 6H), 1.28 (d, ] = 14.2 Hz, 60H), 0.87 (t, ] = 6.3 Hz, 9H) (Figure Sla). 13C NMR (101 MHz,
CDCl3) 6 174.11, 173.18, 130.19, 130.15, 129.86, 129.82, 77.48, 77.16, 76.84, 71.21, 39.13, 36.94,
34.44, 33.95, 32.06, 29.92, 29.88, 29.68, 29.48, 29.42, 29.36, 29.31, 29.29, 27.39, 27.34, 25.88,
25.02,22.83, 14.24 (Figure S1b). HR-MS (ESI) calcd. for Cs;H;¢;N2O4 [M+H]*: 883.82254,
found: 883.82341 (Figure Slc). FT-IR (ATR): v = 3292.0, 3079.6, 2922.7, 2853.3, 1739.1, 1651.7,
1548.5, 1465.0, 1377.5, 1246.1, 1172.6, 1083.8, 722.6 cm ! (Figure S1d).

2.3. Characterization

The nuclear magnetic resonance (NMR) characterization, including 'H NMR and
13C NMR, was conducted on a 400-MR (Varian, Palo Alto, CA, USA) using CDClj as the
solution. High-resolution mass spectrometry (HR-MS) was carried out on J]MS-T100LP
AccuTOF LC-plus 4G (Nippon Electronics Corporation, Tokyo, Japan) using electrospray
ionization. Nicolet iN10MX (Thermo Fisher, Waltham, MA, USA) was applied to record
Fourier-transform infrared (FT-IR) and micro-infrared (micro-IR) spectroscopy by scanning
from 400 to 4000 cm~!. Thermogravimetric analysis (TGA) was performed on Q500 (TA,
Milford, MA, USA) under a N, atmosphere with a flow rate of 60 mL/min and a heating
rate of 10 °C/min from 25 to 600 °C. The morphology and elemental composition of metal
surfaces are analyzed by scanning electron microscope with energy dispersive spectrometer
(SEM-EDS) using QUANTAX (Bruker, San Jose, CA, USA). The chemical state of specific
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elements and potential tribochemical films formed on the frictional surface were analyzed
using X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA,
USA) with an Al-K« radiation source, and the obtained spectra were analyzed using the
Avantage 5.9931 software.

2.4. Oil Preparation

In this study, the synthetic hydrocarbon PAO4 (90 wt.%) and saturated polyol ester
3970 (10 wt.%), which are both low viscosity, were blended after heating and stirring at
60 °C for 2 h to obtain the base oil. Oil samples containing additives were prepared as
follows: 0.05~1.0 wt.% of self-prepared DOAPO or purchased oleamide, and the base oil
was mixed at 60 °C for 2 h.

2.5. Tribological Test

The tribological behaviors of DOAPO in base oil were evaluated on a Tenkey MS-
10A four-ball tester (Xiamen TenKey Automation Co., Ltd., Xiamen, China), which was
compared with that of commercially available oleamide. A picture of the four-ball tester
and its schematic are shown in Figure 1; all balls used are made of GCr15-bearing steel
with a diameter of 12.7 mm. According to the standard NB/SH/T 0189-2017 [33], the
tribological tests were operated at 75 °C for 1 h, where the rotational speed of the upper
steel ball was 1200 rpm, and the load was 392 N. Each test was conducted at least three
times to ensure the repeatability of the average friction coefficient (ave. COF) and average
wear scar diameter (ave. WSD).

Top ball turned by drive motor

Point-to-point contact

3 lower clamped balls

Heater
: : Thermocouple
3 ‘ Loading force

Figure 1. A picture of the MS-10A four-ball tester and its schematic.

3. Results and Discussion
3.1. Synthesis Route of DOAPO

At present, the synthesis of amides mainly includes direct amidation of carboxylic
acids and amines; amidation of acyl halogens, anhydrides, or esters; hydrolysis of amides by
oximes or nitriles; amidation of alcohol oxidation; and so on. Among them, the amidation
of acyl halogens, namely the Schotten-Baumann reaction, is the most convenient and
efficient method. Meanwhile, the reaction rate of carboxylic acid activated to acyl chloride
is fast, even for substrates with large site resistance. Therefore, oxalyl chloride is used to
activate OA to oleoyl chloride in this work, which can react simultaneously with the amine
and hydroxyl groups of 1,3-diamino-2-propanol to obtain DOAPO; the synthesis route
is shown in Scheme 1. NMR, HR-MS, and FT-IR were used to confirm the structure of
DOAPO, and the results can be seen in Section 2.2.
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Scheme 1. The synthesis route of DOAPO.

3.2. Thermal Stability of DOAPO

In general, high-quality lubricants such as engine oils, anti-wear hydraulic oils, com-
pressor oils, etc., all require a good high-temperature resistance. Although the thermal
stability of lubricants mainly depends on base oils, it is worth noting that many additives
with lower decomposition temperatures will adversely affect the overall stability of lubri-
cants, thus reducing their comprehensive performance and service life. So, thermal stability
is a key index to estimate the effectiveness of additives. The TG and DTG curves of 1,3-
diamino-2-propanol, DOAPO, and commercial oleamide are shown in Figure 2. Combing
the comparison data in Table S1, the initial and terminal decomposition temperatures of
1,3-diamino-2-propanol, DOAPO, and oleamide are 58.4 °C, 291.8 °C, and 273.4 °C and
188.9 °C, 495.0 °C, and 329.9 °C, respectively; their maximum decomposition temperatures
are 178.1 °C, 395.5 °C, and 307.8 °C, respectively. Meanwhile, the residual masses of 1,3-
diamino-2-propanol, DOAPO, and oleamide at 300 °C and 400 °C are 0.06%, 86.9%, and
33.9% and 0.02%, 20.1%, and 0.3%, respectively. The results show that the thermal stability
of the three can be ranked as DOAPO > oleamide > 1,3-diamino-2-propanol. Due to the
introduction of an oleacyl group with a long carbon chain, the thermal stability of DOAPO
is significantly improved compared with the raw material 1,3-diamino-2-propanol, even
better than that of commercial oleamide.

100 3.0

= 1,3-Diamino-2-] 1 b ——1,3-Diamino-2-propanol
(a) —DOA:Om e ( ) 307.8°C |——poaro
= Oleamide 25k —— Oleamide

80iF - 178.1°C
< o
S < 20}
g cof s
s 5 st
< @
=
Z 4t =
2 2 1of .
™ 2 395/51°C

gl /_/\

0S5 F /
0 1 L 1 L 0.0 n 1 M N N
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 2. (a) TG and (b) DTG curves of 1,3-diamino-2-propanol, DOAPO, and oleamide.

3.3. Storage Stability of DOAPQ in Synthetic Base Oil

Good storage stability is the basic requirement to ensure the performance of lubricants,
which is primarily determined by the stability of additives in base oils. Therefore, we
have investigated the storage stability of oils with different additions of DOAPO, as well
as the same addition of DOAPO and commercial oleamide. As shown in Figure 3a and
Table S1, after 30 days of storage at room temperature, the oil samples with 0.05~1.0 wt.%
DOAPO remained clear and bright without any precipitation (Figure 3a), while the bottom
of 0.5 wt.% oleamide appeared obvious precipitation (Figure 3b), indicating that the storage
stability of DOAPO in synthetic base oil is better than that of oleamide.
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Figure 3. Appearance of oil samples after 30 d: (a) different additions of DOAPO; (b) the same
addition (0.5 wt.%) of DOAPO or oleamide.

3.4. Tribological Properties of DOAPO
3.4.1. Different Additions of DOAPO

The performance of additives in base oils usually varies with different additions,
exhibiting better comprehensive properties within an optimal addition range [34]. Figure 4
displays the tribological performance of oil samples with different additions of DOAPO.
The friction profiles (Figure 4a) show that the running-in period of oil with a low DOAPO
addition, i.e., 0.05 wt.%, is much longer than that with 0.1~1.0 wt.% (600 s vs. 120 s),
which is similar to base oil. During the relative-stability period (600~3600 s), oil samples
with 0.05~1.0 wt.% DOAPO are much more stable compared to base oil, even the COF
of 0.05 wt.% DOAPO oil is high. It is worth noting that the COF of 0.1 wt% DOAPO
oil increases at the end of friction, which is maintained stable for 0.5 wt% DOAPO oil.
Nonetheless, the COF of 1.0 wt% DOAPO oil fluctuates slightly in the initial phase of the
relative-stability period. Overall, oils with 0.1~1.0 wt% DOAPO exhibit better tribological
properties, i.e., lower COF and smaller WSD, when compared to the base oil (Figure 4b).
However, the tribological performance of 0.05 wt.% DOAPO oil is slightly worse than
base oil, which may be related to the higher friction during the running-in period (see
the insertion in Figure 4a). Overall, the oil with 0.5 wt.% DOAPO shows the best friction-
reducing and anti-wear performance, namely reducing COF and WSD by 8.2% and 16.2%
compared to base oil, respectively.
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Figure 4. (a) Friction profiles and (b) ave. COF and ave. WSD of oil samples with different additions
of DOAPO.

3.4.2. Comparison with the Commercial Oleamide

The tribological performance of DOAPO was compared with the commercial oleamide
that has a similar structure, applying 0.5 wt% as the optimal addition. As demonstrated in
Figure 5a, both DOAPO and oleamide could shorten the running-in period to some extent
when compared to the base oil, but the friction of the oil containing DOAPO is more stable.
The ave. COF values during the running-in period of base 0il, 0.5 wt.% DOAPO oil, and
0.5 wt.% oleamide oil are 0.094, 0.080, and 0.082, respectively. The results in Figure 5b
show that oils with DOAPO and oleamide exhibit lower COF and smaller WSD than base
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oil, i.e., both of them have effectiveness in friction reduction and anti-wear. Specifically,
0.5 wt.% DOAPO decreases the COF and WSD by 8.2% and 16.2%, while 0.5 wt.% oleamide
decreases the COF and WSD by 2.6% and 12.0%, which indicates that the friction-reducing
and anti-wear properties of DOAPO are better.
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Figure 5. (a) Friction profiles and (b) ave. WSD and COF of oils with 0.5 wt.% of additives.

3.5. Micro-Lubrication Mechanism
3.5.1. Worn Surface Analysis

To investigate the micro-lubrication mechanism of the as-prepared amide—ester in
synthetic base oil, micro-IR, SEM-EDS, and XPS were applied to analyze the composition of
tribofilms on worn and non-worn surfaces lubricated with 0.5 wt.% DOAPO oil before and
after tribological tests (marked as DOAPO_Non-wear and DOAPO_Wear, respectively),
which were also compared to that with base oil (marked as Base oil_Wear). In Figure 6a,
DOAPO_Non-wear not only has the stretching vibrations at 3357 cm~! and 3177 cm™!
(un.H), bending vibration at 1632 cm ! (8x.11), and 8¢y at 722 cm ™! of long alkyl chains but
also has vc.o.c at 1058 em ™! and 1021 ecm ™! and c—c. at 892 em ™!, which is characteristic
for OA-based amide—ester. However, the vc.o.c at 1058 cm ™! and 1021 em ! and dc_c.iy
at 892 cm~! that are characteristic of OA-based ester disappeared for DOAPO_wear, which
is most likely caused by the breaking of long alkyl chain for ester in DOAPO during
friction. When compared to the Base oil_Wear (Figure 6b), it has a characteristic v(co)o-u
at 1696 cm™1, indicating an ester chain broken in ester 3970, which composed the base oil.
According to the micro-IR results, it can be speculated that the ester group in DOAPO is
more prone to be broken than the amide group when friction occurs.
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Figure 6. Micro-IR analysis of (a) worn and non-worn surfaces lubricated with 0.5 wt.% DOAPO oil
and (b) worn surfaces lubricated with 0.5 wt.% DOAPO oil and base oil.
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The morphology and elemental composition were analyzed by SEM-EDS, as shown
in Table S3. The SEM images show that the surface wear is significantly improved when
lubricated with 0.5 wt.% DOAPO. Compared with base oil, the surface lubricated with
0.5 wt.% DOAPO had lower C and slightly higher O and Fe before the tribological test, but
it had higher C and Fe and lower O after the tribological test, indicating that DOAPO is
involved in the formation of friction films. By further comparing the element composition
of wear and non-wear surfaces lubricated with 0.5 wt.% DOAPO and base oil, it can be seen
that the content of C and O for the wear surface is significantly higher than that of non-wear,
and C content of surface lubricated with 0.5 wt.% DOAPO increases more, indicating that
C is a key component of friction films.

XPS is mainly used to determine the binding energy of electrons. By comparing
the chemical composition, bond state, and surface state before and after friction, XPS is
beneficial for obtaining the chemical change information of the material surface during
friction [35]. The bonding states of C, O, Fe, and N elements on worn surfaces lubricated
with base oil and 0.5% DOAPO oil were further analyzed by XPS. After deconvolution (in
Figure 7 and Table S4), there are three major peaks in the Cls spectra for DOAPO_Wear,
i.e.,, C-C/C=C (284.80 eV, ~69.0%), C-O/C-N (285.94 eV, ~10.1%), and C=0 (288.58 eV,
~20.90%) [36,37], whose C=0 content is less than that of DOAPO_Wear. while there are
only C-C/C=C (~91.6%) and C=0O (~8.4%) for Base oil_Wear. In the O1s spectra, both of
them have peaks at 530.33 eV, 531.93 eV, and 532.86 eV, which are ascribed to Fe-O, C=0,
and C-O bonds, respectively [37,38]. In the Fe2p spectrum, the peaks at 707.32 eV (2p3/2)
and 719.87 eV (2p1/2) are attributed to iron atoms arising from the steel ball. Peaks at
724.21 eV (2p1/2),713.17 eV (2p3/2), and 710.81 eV (2p3/2) correspond to Fe?* (2p1/2),
Fe3t (2p3/2), and Fe?* (2p3/2), respectively, signifying that local high-temperature and
high-pressure during friction lead to chemical reactions between iron in the steel balls and
oxygen in the air [38,39]. Combining the Ols spectra, iron oxide films are formed for the
DOAPO_Wear during friction, which are potentially composed of Fe,O3, FeOOH, FeO,
and Fe3O4 [40]. In addition, the N1s spectrum of DOAPO_Wear exhibits peaks at 399.50 eV
and 402.63 eV, corresponding to C-N and N-O bonds, respectively, suggesting that there
are some amides turn into nitrogen oxides [41,42]. The results support that the tribofilm
formed by DOAPO is composed of organic oxides and iron oxides, which would improve
friction-reducing and anti-wear performance.

3.5.2. DFT Calculation

In order to reveal the influence of amide-only and amide—-ester structure on the tri-
bological properties as lubricating additives, DFT theoretical calculations of electrostatic
potential (ESP) were conducted using the Gaussian16 software. Geometric optimizations
were performed for both DOAPO and oleamide, applying the B3LYP hybrid exchange-
correlation function. The optimized structures were characterized by harmonic vibration
frequency with the minimum (Nimag = 0) or transition state (Nimag = 1) to analyze the
atomic ESPs of C, H, O, and N with a 6-31G (d) basis set. The ESPs of compound molecules
were calculated using Multiwfn based on the efficient algorithm, with reference to the van
der Waals surface, while the molecular surface was defined as an isosurface with electron
density r = 0.001 a.u.). Figure 8 reveals that the minimum and maximum ESP values
for oleamide and DOAPO are —0.0689, 0.0706 and —0.0656, 0.0710, respectively, which
suggests that oleamide has stronger adsorption to metal surfaces compared to DOAPO.
However, it is worth noting that DOAPO is superior to oleamide in friction-reducing
and anti-wear performance, which indicates that strong adsorption does not necessar-
ily demonstrate better tribological performance. According to the micro-IR analysis, the
ester group in DOAPO is more prone to be broken than the amide group when friction
occurs. It means that DOAPO could produce ester chain fractures during friction, which is
more convenient to react with metal surfaces to form metal-oxide films and achieve the
anti-wear effect. Meanwhile, the interfacial shear force is reduced when the ester bond is
broken, which improves friction-reducing performance. In general, DOAPO can not only
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form a strong adsorption film with metal surfaces through amide and ester groups but
also produce chain fractures during friction to reduce interfacial shear force, improving
tribological performance.
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Figure 7. Worn surface analysis of base oil and oil with 0.5 wt.% DOAPO by XPS spectra: (a) Cls;
(b) Fe2p; (c) Ols; (d) Nis.
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Figure 8. Theoretical electrostatic potential (ESP) calculation of (a) oleamide and (b) DOAPO.

Combining the DFT calculation and worn surface analysis, although the adsorption of
DOAPO on the metal surface is slightly weaker than that of commercial oleamide (ESP:
—0.0656 vs. —0.0689), ester-/amide-bonds in DOAPO are easier broken to produce polar
carboxyl groups and alkyl chains during friction, as illustrated in Figure 9. While the
broken chains reduce the interface shear force, and the carboxyl groups react with metal
surfaces to form iron oxide protective films, so DOAPO shows good friction-reducing and
anti-wear performance.
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Figure 9. Schematic diagram of the lubrication mechanism with DOAPO.

4. Conclusions

In this work, a new sulfur- and phosphorus-free amide—ester, DOAPO, containing
polar amide, ester, and nonpolar alkyl chains was synthesized from simple 1,3-diamino-2-
propanol and OA. Its structure and thermal stability were characterized by NMR, HR-MS,
FT-IR, and TGA. The tribological properties of DOAPO in synthetic base oil were studied
and compared with commercial oleamide, and the micro-lubrication mechanism was
disclosed by combining worn surface analysis and theoretical calculations. The following
conclusions were drawn from this study:

(1) The introduction and multi-structure of long alkyl chains make DOAPO exhibit
better storage stability in synthetic base oil and better thermal stability than that of
commercial oleamide, whose residual mass at 300 °C is 86.9% vs. 33.9%.

(2) The optimal addition of DOAPO in the selected synthetic base oil is 0.5 wt.%, which
can not only effectively shorten the running-in period compared to base oil (120 s vs.
600 s) but also reduce ave. COF and ave. WSD by 8.2% and 16.2%, respectively, which
is better than that of commercial oleamide.

(3) The worn surface analysis and DFT calculation show that although the adsorption
of DOAPO on metal surfaces is slightly weaker than oleamide (ESP: —0.0656 vs.
0.0689), its ester bond breaks preferentially during friction, which could reduce the
interfacial shear force and easily react with metal surfaces to form iron oxide films,
thus demonstrating better friction-reducing and anti-wear performance.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/lubricants12060196/s1, Figure S1: (a) 1H NMR, (b) 13C NMR,
(c) HR-MS and (d) FT-IR spectra of DOAPO. Table S1: Thermal stability comparison of 1,3-diamino-2-
propanol, DOAPO and oleamide. Table S2: Storage stability of oil samples with different additions of
DOAPO and the same addition (0.5 wt.%) of DOAPO or oleamide. Table S3: SEM-EDS analysis of
surfaces lubricated with oils before and after tribological tests. Table S4: Surface XPS analysis after
friction testing of base oils and oil samples supplemented with 0.5 wt.% DOAPO.

Author Contributions: Conceptualization, H.Y., X.S. and Y.T.; methodology, H.Y. and X.S.; validation,
H.Y.; formal analysis, H.Y. and X.X,; investigation, X.X. and EY.; calculation, Y.Z.; data curation, X.X.
and FY.; writing—original draft preparation, H.Y. and X.X.; writing—review and editing, H.Y. and
X.X.; supervision, H.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China Joint Fund
(Shanghai) project (Grant No. U23A2084) and the Ling Chuang Research Project of China National
Nuclear Corporation.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could influence the work reported in this paper.

1.  Wong, VW.; Tung, S.C. Overview of Automotive Engine Friction and Reduction Trends-Effects of Surface, Material, and
Lubricant-Additive Technologies. Friction 2016, 4, 1-28. [CrossRef]

10



Lubricants 2024, 12, 196

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

McQueen, ].S.; Gao, H.; Black, E.D.; Gangopadhyay, A.K.; Jensen, R.K. Friction and Wear of Tribofilms Formed by Zinc Dialkyl
Dithiophosphate Antiwear Additive in Low Viscosity Engine Oils. Tribol. Int. 2005, 38, 289—297. [CrossRef]

Spikes, H. Friction Modifier Additives. Tribol. Lett. 2015, 60, 5. [CrossRef]

Vaitkunaite, G.; Espejo, C.; Wang, C.; Thiébaut, B.; Charrin, C.; Neville, A.; Morina, A. MoS2 Tribofilm Distribution from Low
Viscosity Lubricants and Its Effect on Friction. Tribol. Int. 2020, 151, 106531. [CrossRef]

Hou, J.; Tsukamoto, M.; Hor, S.; Chen, X,; Yang, J.; Zhang, H.; Koga, N.; Yasuda, K.; Fukuzawa, K,; Itoh, S.; et al. Molecules with a
TEMPO-Based Head Group as High-Performance Organic Friction Modifiers. Friction 2023, 11, 316-332. [CrossRef]

Zhou, Y.; Qu, J. Ionic Liquids as Lubricant Additives: A Review. ACS Appl. Mater. Interfaces 2017, 9, 3209-3222. [CrossRef]
[PubMed]

Tang, Z.; Li, S. A Review of Recent Developments of Friction Modifiers for Liquid Lubricants (2007-Present). Curr. Opin. Solid
State Mater. Sci. 2014, 18, 119-139. [CrossRef]

Meng, Y,; Xu, J.; Jin, Z.; Prakash, B.; Hu, Y. A Review of Recent Advances in Tribology. Friction 2020, 8, 221-300. [CrossRef]
Peeters, S.; Restuccia, P.; Loehlé, S.; Thiebaut, B.; Righi, M.C. Tribochemical Reactions of MoDTC Lubricant Additives with Iron
by Quantum Mechanics/Molecular Mechanics Simulations. J. Phys. Chem. C 2020, 124, 13688-13694. [CrossRef]

Sarin, R.; Tuli, D.K.; Sureshbabu, A.V.; Misra, A.K.; Rai, M.M.; Bhatnagar, A.K. Molybdenum Dialkylphosphorodithioates:
Synthesis and Performance Evaluation as Multifunctional Additives for Lubricants. Tribol. Int. 1994, 27, 379-386. [CrossRef]
Casford, M.T.L.; Puhan, D.; Davies, P.B.; Bracchi, G.L.; Smith, T.D. Thermal Behaviour of Synovene and Oleamide in Oil Adsorbed
on Steel. Tribol. Lett. 2020, 68, 52. [CrossRef]

Shu, J.; Harris, K.; Munavirov, B.; Westbroek, R.; Leckner, J.; Glavatskih, S. Tribology of Polypropylene and Li-Complex Greases
with ZDDP and MoDTC Additives. Tribol. Int. 2018, 118, 189-195. [CrossRef]

Tsagkaropoulou, G.; Warrens, C.P.; Camp, PJ. Interactions between Friction Modifiers and Dispersants in Lubricants: The Case of
Glycerol Monooleate and Polyisobutylsuccinimide-Polyamine. ACS Appl. Mater. Interfaces 2019, 11, 28359-28369. [CrossRef]
[PubMed]

Zhang, Z.; Yamaguchi, E.S.; Kasrai, M.; Bancroft, G.M.; Liu, X.; Fleet, M.E. Tribofilms Generated from ZDDP and DDP on Steel
Surfaces: Part 2, Chemistry. Tribol. Lett. 2005, 19, 221-229. [CrossRef]

Zhang, Z.; Yamaguchi, E.S.; Kasrai, M.; Bancroft, G.M. Tribofilms Generated from ZDDP and DDP on Steel Surfaces: Part 1,
Growth, Wear and Morphology. Tribol. Lett. 2005, 19, 211-220. [CrossRef]

Li, W,; Kumara, C.; Meyer, HM.; Luo, H.; Qu, ]. Compatibility between Various lonic Liquids and an Organic Friction Modifier as
Lubricant Additives. Langmuir 2018, 34, 10711-10720. [CrossRef] [PubMed]

Ewen, ].P,; Gattinoni, C.; Morgan, N.; Spikes, H.A.; Dini, D. Nonequilibrium Molecular Dynamics Simulations of Organic Friction
Modifiers Adsorbed on Iron Oxide Surfaces. Langmuir 2016, 32, 4450-4463. [CrossRef]

Lundgren, S.M.; Persson, K.; Mueller, G.; Kronberg, B.; Clarke, J.; Chtaib, M.; Claesson, PM. Unsaturated Fatty Acids in Alkane
Solution: Adsorption to Steel Surfaces. Langmuir 2007, 23, 10598-10602. [CrossRef] [PubMed]

Ratoi, M.; Niste, V.B.; Alghawel, H.; Suen, Y.F.; Nelson, K. The Impact of Organic Friction Modifiers on Engine Oil Tribofilms.
RSC Adv. 2014, 4, 4278-4285. [CrossRef]

Khatri, PK.; Sadanandan, A.M.; Thakre, G.D.; Jain, S.L.; Singh, R.; Gupta, P. Tribo-Performance of the Ionic Liquids Derived from
Dicarboxylic Acids as Lubricant Additives for Reducing Wear and Friction. J. Mol. Lig. 2022, 364, 119941. [CrossRef]

Campen, S.; Green, ].H.; Lamb, G.D.; Spikes, H.A. In Situ Study of Model Organic Friction Modifiers Using Liquid Cell AFM;
Saturated and Mono-Unsaturated Carboxylic Acids. Tribol. Lett. 2015, 57, 18. [CrossRef]

Cyriac, F; Yamashita, N.; Hirayama, T.; Yi, T.X.; Poornachary, S.K.; Chow, P.S. Mechanistic Insights into the Effect of Structural
Factors on Film Formation and Tribological Performance of Organic Friction Modifiers. Tribol. Int. 2021, 164, 107243. [CrossRef]
Zhang, T; Liu, S.; Zhang, X.; Gao, J.; Yu, H,; Ye, Q; Liu, S.; Liu, W. Fabrication of Two-Dimensional Functional Covalent Organic
Frameworks via the Thiol-Ene “Click” Reaction as Lubricant Additives for Antiwear and Friction Reduction. ACS Appl. Mater.
Interfaces 2021, 13, 36213-36220. [CrossRef] [PubMed]

Kuwahara, T.; Romero, P.A.; Makowski, S.; Weihnacht, V.; Moras, G.; Moseler, M. Mechano-Chemical Decomposition of Organic
Friction Modifiers with Multiple Reactive Centres Induces Superlubricity of Ta-C. Nat. Commun. 2019, 10, 151. [CrossRef]
[PubMed]

Fry, B.M.; Chui, M.Y.; Moody, G.; Wong, ]J.S.S. Interactions between Organic Friction Modifier Additives. Tribol. Int. 2020,
151, 106438. [CrossRef]

Hu, W.; Xu, Y.; Zeng, X.; Li, ]. Alkyl-Ethylene Amines as Effective Organic Friction Modifiers for the Boundary Lubrication
Regime. Langmuir 2020, 36, 6716—-6727. [CrossRef] [PubMed]

Fry, B.M.; Moody, G.; Spikes, H.A.; Wong, ].S.S. Adsorption of Organic Friction Modifier Additives. Langmuir 2020, 36, 1147-1155.
[CrossRef] [PubMed]

Faujdar, E.; Singh, R K. Amide Polymers Based on N-phenyl-p-phenylenediamine with x-olefins-co-maleic Anhydride as
Multifunctional Additives for Lubricant Application. Polym. Adv. Techs 2022, 33, 2820-2834. [CrossRef]

Lee, J.; Kim, B.; Lee, ].W.; Hong, C.Y.; Kim, G.H.; Lee, S.J. Bioinspired Fatty Acid Amide-Based Slippery Oleogels for Shear-Stable
Lubrication. Adv. Sci. 2022, 9, 2105528. [CrossRef]

Faujdar, E.; Negi, H.; Bhonsle, A.; Atray, N.; Singh, R K. Efficiency of Dodecenylsuccinic Amide of n-Phenyl-p-Phenylenediammine
as Novel Multifunctional Lubricant Additive for Deposit Control and Lubricity. J. Surfactants Deterg. 2021, 24, 173-184. [CrossRef]

11



Lubricants 2024, 12, 196

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Biresaw, G.; Compton, D.; Evans, K.; Bantchev, G.B. Lipoate Ester Multifunctional Lubricant Additives. Ind. Eng. Chem. Res. 2016,
55,373-383. [CrossRef]

Tanaka, H.; Nagashima, T.; Sato, T.; Kawauchi, S. The Effect of 0W-20 Low Viscosity Engine Oil on Fuel Economy; No. 1999-01-3468;
SAE International: Warrendale, PA, USA, 1999. [CrossRef]

NB/SH/T 0189-2017; Standard Test Method for Wear Preventive Characteristics of Lubricating Fluid—Four-Ball Method. National
Energy Board: Beijing, China, 2017.

Wang, Y,; Lu, Q.; Xie, H,; Liu, S.; Ye, Q.; Zhou, E; Liu, W. In-Situ Formation of Nitrogen Doped Microporous Carbon Nanospheres
Derived from Polystyrene as Lubricant Additives for Anti-Wear and Friction Reduction. Friction 2023, 12, 439-451. [CrossRef]
De Barros, M.L; Bouchet, J.; Raoult, I.; Le Mogne, T.; Martin, ].M.; Kasrai, M.; Yamada, Y. Friction Reduction by Metal Sulfides in
Boundary Lubrication Studied by XPS and XANES Analyses. Wear 2003, 254, 863-870.

Fan, X.; Wang, L. High-Performance Lubricant Additives Based on Modified Graphene Oxide by Ionic Liquids. J. Colloid Interface
Sci. 2015, 452, 98-108. [CrossRef] [PubMed]

Zhang, R.; Liu, X.; Guo, Z.; Cai, M.; Shi, L. Effective Sugar-Derived Organic Gelator for Three Different Types of Lubricant Oils to
Improve Tribological Performance. Friction 2020, 8, 1025-1038. [CrossRef]

Huang, J.; Li, Y.; Jia, X.; Song, H. Preparation and Tribological Properties of Core-Shell Fe30,@C Microspheres. Tribol. Int. 2019,
129, 427-435. [CrossRef]

Hu, J.; Zhang, Y.; Yang, G.; Gao, C.; Song, N.; Zhang, S.; Zhang, P. In-Situ Formed Carbon Based Composite Tribo-Film with
Ultra-High Load Bearing Capacity. Tribol. Int. 2020, 152, 106577. [CrossRef]

Lee, A.Y,; Blakeslee, D.M.; Powell, C.J; John, R.; Rumble, ]. Development of the Web-Based NIST X-ray Photoelectron Spectroscopy
(XPS) Database. Data Sci. J. 2006, 1, 1. [CrossRef]

Otero, I; Lopez, E.R.; Reichelt, M.; Fernandez, J. Tribo-Chemical Reactions of Anion in Pyrrolidinium Salts for Steel-Steel Contact.
Tribol. Int. 2014, 77, 160-170. [CrossRef]

Lu, Q.; Wang, H.; Ye, C.; Liu, W.; Xue, Q. Room Temperature Ionic Liquid 1-Ethyl-3-Hexylimidazolium-Bis(Trifluoromethylsulfonyl)-
Imide as Lubricant for Steel-Steel Contact. Tribol. Int. 2004, 37, 547-552. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

12



lubricants

Article

An Evaluation of the Tribological Characteristics of Diaphragm
Plates for High-Pressure Hydrogen Gas
Compressor Applications

Sung-Jun Lee ', Yoonchul Sohn *¥, Dawit Zenebe Segu ! and Chang-Lae Kim /*

Citation: Lee, S.-].; Sohn, Y.; Segu,
D.Z.; Kim, C.-L. An Evaluation of the
Tribological Characteristics of
Diaphragm Plates for High-Pressure
Hydrogen Gas Compressor
Applications. Lubricants 2023, 11, 411.
https://doi.org/10.3390/
lubricants11090411

Received: 30 August 2023
Revised: 14 September 2023
Accepted: 18 September 2023
Published: 20 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Mechanical Engineering, Chosun University, Gwangju 61452, Republic of Korea
Department of Welding and Joining Science Engineering, Chosun University, Gwangju 61452,
Republic of Korea

*  Correspondence: kimcl@chosun.ac.kr

These authors contributed equally to this work.

Abstract: Diaphragm plates, a key part of high-pressure hydrogen gas compressors, are easily cracked
or broken due to repeated shape deformations caused by pressure, resulting in increasing difficulties
in maintenance. This study aimed to improve the durability of diaphragm plates. This investigation
focuses on the potential for friction and wear reduction through the application of surface polishing
and Teflon coating on two diaphragm plate materials, namely stainless steel 301 and Inconel 718. To
achieve this, various metal substrates with diverse surface morphologies were prepared and subjected
to comprehensive assessments of their surface, mechanical, and tribological properties. Research
findings revealed that the surface hardness and tensile strength of stainless steel 301 surpassed those
of Inconel 718. Through friction and wear analysis, it was observed that Teflon-coated diaphragm
plate material with a microstructure demonstrated superior friction performance. Furthermore, finite
element analysis was employed to investigate the stress behavior of stainless steel 301 under different
applied loads and conditions, offering valuable insights into the diaphragm’s performance. From
the results of this study, the excellence of the Teflon coating applied to the surface of stainless steel
301—the material of the hydrogen compressor diaphragm plate—was confirmed.

Keywords: friction; wear; solid lubricant; diaphragm; hydrogen gas compressor

1. Introduction

The rapid growth of global industries has presented significant challenges such as the
energy depletion crisis and environmental pollution [1]. Among pressing concerns, the
detrimental impact of greenhouse gas emissions on industrial development has become a
critical issue [2]. In response to industrial evolution witnessed since the twentieth century,
there is an urgent need for a transition toward greenhouse gas reduction and the adoption
of eco-friendly energy systems to sustain the continuous growth of national economies [3].

Recognizing the potential of water and hydrogen as renewable and sustainable re-
sources for eco-friendly energy conversion, hydrogen energy utilization has emerged as a
viable alternative to address environmental pollution and energy scarcity [4,5]. Hydrogen,
being a common element, constitutes over 70% of the universe’s mass and is a component
of water, which accounts for approximately 70% of the Earth’s mass [6]. In addition to
its abundance, hydrogen boasts low harmful gas emissions and renewability, rendering it
indispensable for the development of eco-friendly energy systems.

Hydrogen refueling stations, which form the core of hydrogen infrastructure, are
responsible for supplying fuel to vehicles and storage bases [7,8]. Hydrogen gas is com-
pressed at high pressure, reaching approximately 700 bar, and is stored in gas tanks at these
refueling stations [9]. Among the compression methods employed, diaphragm compressors
have garnered attention for their ability to produce high-purity gas without leakage under

Lubricants 2023, 11, 411. https://doi.org/10.3390/lubricants11090411 13

https:/ /www.mdpi.com/journal/lubricants



Lubricants 2023, 11,411

high pressure, making them advantageous for hydrogen gas production compared to other
compressor types [10].

The diaphragm compressor comprises essential components, including a driving part
for power generation and transmission, a head part responsible for gas compression, and
a diaphragm plate that isolates the gas from the actuating oil and facilitates gas com-
pression [11]. The diaphragm plate is a critical element consisting of three layers: an oil
diaphragm in contact with the actuating oil, a gas diaphragm in contact with the gas, and
a middle diaphragm positioned between these two layers. This unique triple structure
effectively isolates gas from the actuating oil, ensuring the production of high-purity gas,
thereby making it the preferred method for high-pressure hydrogen gas compression. De-
spite its advantages, diaphragm compressors are subject to certain limitations, particularly
with regard to flow capacity. To enhance gas production, it becomes necessary to expand
the area, leading to stress caused by plate sagging when it contacts the cavity surface,
ultimately causing fatigue failure.

In the field of diaphragm compressors for hydrogen gas production, several studies
have explored stress and deformation in the cylinder head under high-temperature and
high-pressure conditions, predicting the component’s lifespan based on thermal-structural
combined analysis [12]. Additionally, a work of research proposed a model to investigate
the fatigue characteristics of diaphragm plates under various load conditions, aiming to
verify their reliability [13]. Another research work revealed the significance of actuating oil
pressure and outlet hole diameters as factors affecting the fatigue life of the diaphragm [14].

While previous studies have primarily focused on the radius stress and cavity shape,
limited research has been dedicated to diaphragm plates, which play a pivotal role in
the fatigue life of diaphragm compressors. During compressor operation, diaphragm
plates experience elastic deformation within their limits. However, repeated deformation
processes may lead to micro-slipping scratches between diaphragm plates and plastic
deformation damage, potentially resulting in severe repercussions for gas production.
External forces from the piston deform the diaphragm plate, causing bending and tensile
stress. The type of stress experienced by the diaphragm plate determines the conversion of
bending stress into radial tensile stress from the plate center, resulting in impacts and micro-
friction between diaphragm plates. As such, the diaphragm plate emerges as the most
critical factor influencing gas compressibility and the lifespan performance of diaphragm
compressors. Therefore, it is imperative to investigate the characteristics of friction and
wear to prevent damage caused by micro-impacts and friction on the diaphragm plate and
to enhance its lifespan.

Improving the friction and wear characteristics of diaphragm plates necessitates ac-
companying surface treatments. Techniques such as coating and polishing enhance the wear
resistance of materials by reducing their adhesive properties or improving their mechanical
strength. Surface polishing can reduce unnecessary contact and friction during interactions
by eliminating irregularities or protrusions on the material’s surface [15]. Notably, a smooth
surface has the advantage of dispersing wear and reducing concentrated stress, thereby
mitigating temperature increases and wear due to friction. However, polishing demands
precise and consistent performance, typically involving complex processes.

Among numerous coating materials, Teflon is well known for its non-stick properties
and high-temperature resistance [16,17]. This suggests that when applied as a diaphragm
surface coating, Teflon exhibits low-friction characteristics that could potentially enhance its
lifespan. However, given that Teflon has lower strength compared to metal, it is essential to
investigate its friction and wear characteristics during contact sliding processes with metal.

This study aims to assess the durability of diaphragm plates, focusing on the impact
of surface treatment and material types. Specifically, we investigated the effects of surface
polishing and coating on the mechanical properties, friction, and wear characteristics
of diaphragm plates. Through a comprehensive evaluation, we analyzed the surface,
mechanical, and tribological properties of the diaphragm plate, further utilizing finite
element analysis simulation to examine stress distribution and deformation characteristics.
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By conducting a thorough investigation into diaphragm plate durability, this research
seeks to enhance the performance and reliability of hydrogen diaphragm compressors.
The outcomes hold the potential to drive advancements in hydrogen energy utilization,
significantly contributing to the addressing of environmental challenges and promoting
sustainable energy practices in industrial applications.

2. Materials and Methods
2.1. Materials

In this study, diaphragm materials, specifically stainless steel (SUS) 301 and Inconel 718,
were prepared to investigate the friction and wear characteristics of diaphragm plates, with
a focus on the influence of surface treatment. Changes in friction and wear characteristics
between thin film-coated and polished surfaces were thoroughly evaluated and compared.

For the thin film coating, Teflon, known for its excellent low friction properties, was
chosen and deposited onto the surface of stainless steel 301. The Teflon coating had an
approximate thickness of 50 um. In contrast, the surface of the Inconel 718 substrate
was subjected to a smooth polishing process using lapping. To serve as reference points,
untreated bare Inconel and bare stainless steel substrates were also prepared. All spec-
imens had a uniform thickness of approximately 0.4 mm and were precisely cut into
20 mm x 20 mm sizes to ensure consistency during testing.

As indicated in Table 1, the designations used for the specimens are as follows: the
untreated bare Inconel and bare stainless steel substrates are denoted as BI and BS, respec-
tively, while the polished Inconel and Teflon-coated stainless steel substrates are denoted
as Pl and TCS, respectively.

Table 1. Specimen names of bare Inconel 718, polished Inconel 718, stainless steel 301, and Teflon
coated stainless steel 301.

. . Surface Thickness Size
Specimen Name Material
Treatment [mm] [mm x mm]
BI Non 0.4
PI Inconel 718 Polishing 0.4 20 2
BS Stainless steel Non 0.4
TCS 301 Coating 0.45

2.2. Experiments

To determine the mechanical properties of the specimens, both hardness tests and
tensile tests were conducted. Hardness measurements were performed using a micro
hardness tester (TH712, Beijing TIME High Technology Ltd., Beijing, China) with a constant
load of 1 N. A load was applied for 10 s, and upon removing the indenter, the surface area
of the resulting indentation mark was calculated to determine the hardness.

Tensile tests were carried out employing a universal testing machine (SGA-E-20AD,
Shin Gang Precision Ind Co. Ltd., Seoul, Republic of Korea), equipped with mechanical
wedge grips and an extensometer capable of measuring a maximum axial force of 200 kN.
For the tests, two sets of metal specimens were prepared, each consisting of four identical
samples, which were precisely cut using a laser. The gauge length of the tensile specimens
was set at 50 mm, and the diameter was 12.5 mm. Tensile testing was performed at a
crosshead speed of 0.75 mm/min. The strain rate used for the tensile test was set at
25x107*s7 L

The surface characteristics of the fabricated specimens were analyzed by measuring
surface roughness and water droplet contact angles. Surface roughness of each specimen
was assessed using a 2D profiler (5V-2100M4, Mitutoyo Korea Corporation, Gunpo, Repub-
lic of Korea) with a load of 0.75 mN and a scanning speed of 1 mm/s. The profiler scanned
over a length of 4 mm to obtain the centerline average roughness value (Ra). The contact
angle was determined by carefully dropping 10 uL of deionized water onto the substrate
surface and measuring the angle formed by the water droplet on the substrate surface.
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To evaluate the friction and wear characteristics of diaphragm plate materials based
on different surface treatment conditions, a reciprocating sliding tribotester (RFW 160,
NEOPLUS, Co., Ltd., Daejeon, Republic of Korea) was employed. The tribotester operates
by converting the rotational motion of a motor into linear motion, enabling a repetitive
sliding of the stage. Experimental conditions were selected considering the operating
environment of the diaphragm compressor. The specific tribotest conditions are provided
in Table 2. For the counter tip material, stainless steel, commonly used for diaphragm plate
materials, was selected. The experiment was conducted by fixing the specimen on the stage
and horizontally leveling the counter tip. A normal load was then applied by raising the
weights, and the experiment was performed under these conditions. The test was conducted
for more than 5000 cycles with conditions of a load greater than 100 mN, a sliding stroke of
2 mm, and sliding speeds of 4 mm/s and 16 mm/s. Following the experiment, the wear
morphology of the specimen surface was examined using a microscope and a 2D profiler,
and the wear area was quantified.

Table 2. Tribotest conditions.

Tribotest (Reciprocating Type)

Tip material (diameter) Stainless steel ball (1 mm)
Normal load 100 mN, 200 mN
Sliding speed 4mm/s, 16 mm/s
Sliding stroke 2 mm
Sliding cycle 5000 cycles, 10,000 cycles

3. Results and Discussion

Figure 1a presents the Vickers hardness values of stainless steel 301 and Inconel 718,
measuring 457 HV and 303 HV, respectively. Notably, stainless steel 301 exhibits a higher
surface hardness value, approximately 50% greater than that of Inconel 718. Moving on to
Figure 1b, the stress—strain curve of Inconel 718 showcases a tensile strength of 916 MPa
and a yield strength of 536 MPa. The Inconel 718 demonstrated a maximum displacement
of 36.7 mm during the tensile test, with an elongation of 73.5% and an elastic modulus of
65 GPa. In contrast, stainless steel 301 exhibits higher tensile strength (1168 MPa) and yield
strength (716 MPa) compared to Inconel 718, with a smaller maximum displacement of
27 mm. The deformation of the stainless steel 301 specimen resulted in an elongation of
54.1%, and its elastic modulus slightly surpassed that of Inconel 718, measuring 67 GPa.
Upon analyzing the stress—strain curve, it becomes evident that stainless steel 301 possesses
higher tensile and yield strength, indicating superior resistance to deformation under
applied loads [18]. However, Inconel 718 showcases remarkable ductility and plastic
deformation properties, evident from its higher elongation and maximum displacement
values [19]. Moreover, the elastic modulus values indicate that the two materials have a
similar degree of stiffness.
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Figure 1. The mechanical properties of stainless steel 301 and Inconel 718: (a) Vickers hardness and
(b) tensile stress—strain curve.

The surface characteristics of the diaphragm materials were analyzed based on their
surface treatments using measurements of surface roughness and water droplet contact
angles. Figure 2a presents the surface roughness values of all specimens (BI, PI, BS, TCS),
which are 0.32 pm, 0.1 um, 0.13 pm, and 1.33 pum, respectively. The surface roughness of PI
is the smallest due to the surface polishing process, whereas TCS exhibits the highest value
owing to the presence of Teflon particles coated on its surface. Figure 2b displays the water
droplet contact angles of each specimen, with contact angles of 77°, 76°, 74°, and 96° for BI,
PI, BS, and TCS, respectively. Inconel 718 and stainless steel 301 are considered hydrophilic
materials, resulting in relatively small contact angles on the substrate surface due to their
high affinity with water at the interface when in contact [20,21]. However, Teflon exhibits a
higher contact angle compared to the other metal substrates due to its inherent hydrophobic
nature [22]. Although there is no significant difference in the water droplet contact angle
between the two metals, the contact angle increased with the application of the Teflon
coating. Figure 3 illustrates the surface morphologies of the specimens. Bl exhibits a very
rough surface morphology, while the surface of PI appears very smooth. On the other hand,
the surface of TCS displays an uneven distribution of rough particles, and BS exhibits a
surface morphology similar to that of PL
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Figure 2. The (a) surface roughness and (b) water droplet contact angle of each specimen.
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Figure 3. Optical microscope images of the specimen: (a) BI, (b) PI, (c) BS and (d) TCS.

In this study, the friction and wear characteristics of the specimens were evaluated
through tribotests conducted over 5000 cycles at a speed of 4 mm/s under a normal load
of 100 mN. Based on Hertzian contact theory, the contact pressures for Inconel 718 and
stainless steel 301 were calculated as 612 MPa and 613 MPa, respectively, while that of Teflon
was 34 MPa [23]. Figure 4a illustrates the friction coefficient history of each specimen during
the sliding cycles. For bare Inconel (BI), the friction coefficient started below 0.5 initially,
rapidly increased to over 0.9 within 500 cycles, and then remained relatively constant
with slight fluctuations throughout the entire sliding cycle. Bare stainless steel (BS) began
with a higher initial friction coefficient compared to BI, but after gradually increasing to
approximately 0.9, the value was sustained with severe fluctuations. Polished Inconel
(PI) began with a low friction coefficient of approximately 0.1, rapidly increased to 0.6
within the first 100 cycles, then decreased temporarily, followed by a gradual increase to
0.7 over hundreds of cycles. Subsequently, the friction coefficient remained constant, with
a sudden decrease occurring around 2300 cycles, after which it returned to the original
value and remained stable for the remainder of the test. Teflon-coated stainless steel
(TCS) maintained a constant friction coefficient of 0.08 throughout the entire test duration.
Figure 4b depicts the average friction coefficient values of each specimen. The average
friction coefficients for BI and BS, which are bare Inconel and stainless steel specimens
without surface treatment, were as high as 0.92 and 0.95, respectively. In contrast, the
average friction coefficient of polished Inconel (PI) decreased slightly to 0.73, while that of
TCS coated with Teflon on stainless steel was 0.08, representing the lowest average friction
coefficient with a 92% decrease compared to BS. Following the tribotests, the wear tracks
formed on the specimen surfaces were analyzed through a 2D profiler, and the wear rate
was calculated, as shown in Figure 4c. The wear rate (mm?/N-mm) was calculated by
dividing the wear volume obtained from measuring the wear width and depth of the wear
track by the normal load and total sliding distance [24,25]. The wear rates for BI, PI, BS, and
TCS were 0.92 x 107 mm?/N-mm, 0.34 x 107 mm®/N-mm, 0.40 x 10~7 mm®/N-mm,
and 0.46 x 10~7 mm?>/N-mm, respectively. The wear rate of BI was the highest, while PI
exhibited the smallest wear rate. The surface of BI, being bare Inconel without surface
treatment, displayed numerous patterns and protrusions, such as processing traces, leading
to a large surface roughness, thus resulting in a high friction coefficient and increased wear.
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In contrast, the smooth polished surface of PI significantly reduced surface roughness,
leading to a notable decrease in the wear rate, along with the decrease in the friction
coefficient [26]. The wear rate of BS, which is bare stainless steel without surface polishing,
is 52% smaller than that of BI, which is bare Inconel. This is considered to be because the
mechanical properties of BS are superior to those of BI. Compared to Bl, BS had a slightly
higher friction coefficient despite its smaller surface roughness, but significantly less wear
due to its excellent mechanical properties. As such, in the case of a bare surface without any
surface treatment, it was confirmed that the excellent mechanical properties of the material
can reduce the wear rate. Compared to Bl and BS, in the case of polished Inconel PI, the
wear rate was smaller because the surface roughness and friction coefficient were smaller.
In particular, from the fact that the wear rate of PI is lower than that of BS despite the
inferior mechanical properties of Inconel compared to stainless steel, it can be confirmed
that surface durability can be further improved through the control of surface roughness
rather than mechanical properties. However, although the surface roughness of TCS coated
with Teflon on stainless steel was much higher than that of other specimens, the friction
coefficient was the lowest, and the wear rate was smaller than BI but larger than PI and BS.
Since the water droplet contact angle of TCS is much larger than that of other specimens, it
is expected that the surface energy is relatively small. The smaller surface energy of TCS
explains why the friction coefficient is lower than that of other specimens. That is, Teflon
is a typical low-friction material, and even if the surface roughness of TCS is large, the
friction coefficient is low because it has low surface energy. However, since the mechanical
properties of the Teflon coating are weaker than those of the two metal materials, Inconel
and stainless steel, it can be easily damaged by stainless steel, the material of the counter
tip. In addition, the rough surface formed by the Teflon particles is easily peeled off by
repeated contact and sliding movements with the counter tip, and it is thought that the
wear of the Teflon coating was intensified due to worn-out wear particles [27].
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Figure 4. The friction and wear characteristics of the specimen under 100 mN at 4 mm/s during
5000 cycles: (a) friction coefficient history, (b) average friction coefficient, and (c) wear rate.

Figure 5 depicts optical microscope images illustrating the wear tracks that formed
on the surfaces of the specimens following the tribotesting procedure. The wear morphol-
ogy exhibited distinctive variations based on the specific contact conditions. With the
exception of TCS, the wear tracks observed on the specimens appeared broad and featured
numerous scratch marks. In contrast, the wear tracks on TCS demonstrated a relatively
narrower width yet exhibited the greatest wear depth. This phenomenon is attributed to
the likelihood of coating particles detaching from the surface [28,29].
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Figure 5. Optical microscope images of wear track of the specimen under 100 mN at 4 mm/s during
5000 cycles: (a) BI, (b) PI and (c) BS and (d) TCS.

To investigate the effect of sliding speed on friction and wear characteristics, an exper-
iment was conducted at the sliding speed of 16 mm /s, which was four times the original
sliding speed, while keeping other conditions constant. As illustrated in Figure 6a, the fric-
tion coefficients for all specimens were tracked across sliding cycles. Specifically, PI and BI
exhibited relatively elevated initial friction coefficients of 0.75 and 0.45, respectively, which
then stabilized at 0.6 after 1000 cycles. In contrast, BS (Bare Stainless Steel) commenced with
a low friction coefficient of less than 0.1 at the outset of sliding, gradually increased until
1000 cycles, and subsequently experienced a slight elevation, reaching 0.7. Remarkably;,
TCS (Teflon-Coated Stainless Steel) exhibited a constant friction coefficient of 0.08 at the
sliding speed of 16 mm /s, demonstrating no fluctuation in friction coefficient throughout
the entire sliding cycle. Figure 6b shows the average friction coefficient values for each
specimen, with BS registering the highest average friction coefficient at 0.64, followed by
BI, PI, and TCS with values of 0.61, 0.6, and 0.08, respectively. Notably, TCS exhibited
the lowest average friction coefficient of 0.08, representing an 88% reduction compared
to BS. Overall, the friction coefficients at the sliding speed of 16 mm/s were lower than
those at the sliding speed of 4 mm/s. As the sliding speed increased, the friction attributed
to adhesive bonds between contacting interfaces diminished, leading to a reduction in
friction coefficient owing to the augmented sliding speed [30]. Additionally, it is recognized
that friction coefficient declines as the contact area between the specimen and the counter
tip decreases with increased sliding speed [31]. Conversely, TCS exhibited consistent
friction coefficient values irrespective of sliding speed, attributed to its robust inherent
low-friction characteristics. Depicted in Figure 6c are the wear rates across all specimens.
BI exhibited the highest wear rate of 3.47 x 10~7 mm3/N-mm, whereas BS displayed
the lowest wear rate of 0.87 x 107 mm?®/N-mm. The wear rates for PI and TCS were
221 x 1077 mm3/N-mm and 1.04 x 107 mm?®/N-mm, respectively. Wear rates at the slid-
ing speed of 16 mm/s were higher than those at 4 mm/s. The trend in wear rate variation
with sliding speed exhibited an opposing aspect compared to the friction coefficient trend.
Generally, multiple factors contribute to an increase in wear rate as sliding speed escalates.
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Higher sliding speeds entail renewed contact sliding, generating greater frictional heat
residue from previous sliding contacts. Enhanced frictional heat leads to surface material
softening and accelerated wear [32]. Moreover, heightened sliding speed instantaneously
disrupts adhesive bonding between the two contacting surfaces, hindering a rise in friction
coefficient owing to adhesive forces. However, rapid collisions amid surface asperities can
induce significant stress within the material, prompting deformation and fatigue-induced
failure [33]. Repetitive loading cycles encountered by contact areas during successive
relative sliding at elevated speeds can induce microcracks, leading to surface fatigue and
consequent detachment of wear particles, thereby accelerating wear [34]. Consequently,
as depicted in Figure 7, a coarser wear pattern emerged at the sliding speed of 16 mm/s
compared to the 4 mm/s condition. All specimens exhibited broader wear widths with
numerous surface scratches. Notably, as the sliding speed increased, the friction coefficient
of PI experienced marginal change, while the wear rate surged approximately sevenfold;
for other specimens, friction coefficients decreased, and wear rates escalated by three to
four times. PI, polished Inconel, characterized by minimal surface roughness and smooth-
ness, showcased lower friction coefficients and wear rates than unpolished Bl and BS at
a relatively gradual sliding speed of 4 mm/s. However, at the accelerated sliding speed
of 16 mm/s, PI’s friction coefficient remained comparable, while the wear rate increased
significantly compared to BS. The smooth surface of PI is deemed significantly influenced
by sliding speed. Additionally, TCS exhibited markedly low friction coefficients compared
to other specimens, yet its wear rate was comparatively elevated. This discrepancy in TCS
wear rate was attributed to the peeling of the Teflon coating due to repeated sliding friction,
with the underlying stainless steel base material underneath the Teflon coating remaining
protected. The friction coefficient and wear rate of TCS were comparatively less affected
by the sliding speed change. During the tribotest spanning 5000 cycles, BI exhibited the
highest friction coefficient and wear rate. Consequently, an extended experiment involving
10,000 cycles was conducted to assess the durability of the specimens. This extended
experiment specifically included PI, BS, and TCS specimens, with the exclusion of BI for
comparison purposes.

(a) (b) (6)4 x 107

-
@&

I
1

g o =
= @ N
h
~ w
h 1

Friction coefficient

o
Wear rate (mmalN-mm)

Average friction coefficient

0.0

=)
o
o

1000 2000 3000 4000 5000 ’ BI Bl TCcs

Cycles

Figure 6. The friction and wear characteristics of the specimen under 100 mN at 16 mm/s during
5000 cycles: (a) friction coefficient history, (b) average friction coefficient, and (c) wear rate.
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Figure 7. Optical microscope images of wear track of the specimen under 100 mN at 16 mm/s during
5000 cycles: (a) BI, (b) PI, (c) BS and (d) TCS.

Figure 8a illustrates the average friction coefficients of the PI, BS, and TCS specimens
subjected to a tribotest over 10,000 cycles under a normal load of 100 mN at a sliding speed
of 16 mm/s. The TCS specimen demonstrated the lowest average friction coefficient of
0.08, whereas PI and BS exhibited friction coefficients of 0.59 and 0.74, respectively. The
friction coefficient of PI remained comparable to that observed in the 5000-cycle experiment,
whereas that of BS escalated by roughly 15%. As depicted in Figure 6a, PI commenced
with a low friction coefficient due to its meticulously polished surface but underwent rapid
elevation during the initial cycles due to wear. Subsequently, it tapered off, stabilizing
around 0.6 up to 5000 cycles. The experiments with extended sliding cycles displayed
analogous trends, maintaining a friction coefficient of 0.6 up to 10,000 cycles. This signified
that, following the initial rapid increase prompted by the impairment of PI’s smooth
surface and the emergence of scratches, no substantial fluctuations in the friction coefficient
occurred beyond 10,000 cycles following the surface conditioning process. Conversely, BS,
characterized by a relatively coarse surface as depicted in Figure 6a, commenced with a low
friction coefficient, which gradually ascended. PI exhibited an average friction coefficient
of 0.64, showing no notable deviation from that of PI. However, a pronounced fluctuation
and a gradual upward trajectory were evident after 3000 cycles. The upward trajectory
persisted in the experiment when extended to 10,000 cycles. In contrast, the augmented
sliding cycles on the TCS specimen exhibited minimal influence on friction coefficients due
to the inherent low-friction properties of Teflon. Figure 8b presents the wear rates of the
three specimens. PI exhibited the highest wear rate at 2.96 x 10~/ mm?3/N-mm, whereas BS
and TCS displayed wear rates of 0.88 x 107 and 0.65 x 10~7 mm?/N-mm, respectively. In
the 5000-cycle experiment, the relatively elevated wear rate was attributed to the inclusion
of Teflon coating thickness into the wear rate calculation, following its detachment from
TCS. However, a distinct trend emerged when the sliding cycle experiment was extended
to 10,000 cycles. With increasing sliding cycles, the Teflon particles that peeled off adhered
to the counter tip, leading to a shift in contact characteristics from hard contact mode
to soft contact mode [35]. Teflon-to-Teflon contact experiences lower contact pressure in

22



Lubricants 2023, 11,411

comparison to metals, and the stress dispersion due to the cushioning effect of Teflon
particles maintains low-friction/wear attributes [36]. Consequently, it is plausible that TCS
exhibited the lowest friction coefficient and wear rate. Figure 9 shows optical microscope
images of wear tracks formed on the specimens through tribotests under 100 mN at
16 mm/s during 10,000 cycles. In line with the wear rate findings, PI exhibited the widest
wear width, replete with numerous scratches at the center, and worn particles adhered
around the wear track. BS displayed a narrower wear width compared to PI, yet numerous
scratch-shaped morphologies were evident, and wear debris was adhered across the wear
track. Conversely, TCS exhibited the narrowest wear width, coupled with the peeling of
Teflon particles, with scratches only manifesting on select substrate parts.
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Figure 9. Microscope images of wear tracks under 100 mN at 16 mm/s during 10,000 cycles: (a) PI,
(b) BS, and (c) TCS.

Figure 10a depicts the average friction coefficient observed during the tribotest con-
ducted under a normal load of 200 mN at a sliding speed of 16 mm /s over 10,000 cycles.
Under the normal load of 200 mN, the contact pressures applied to PI, BS, and TCS were
772 MPa, 773 MPa, and 43.2 MPa, respectively. The average friction coefficients of PI and BS
were 0.61 and 0.66, respectively, significantly surpassing that of TCS (0.07). The mechanism
generating friction forces on each specimen in the high-pressure contact regime remained
consistent with that observed under low loads. The lack of a substantial divergence in the
friction coefficient in relation to the normal load suggests a direct proportionality between
friction force and normal load. Consequently, it can be anticipated that the friction force
resulting from a diaphragm micro-slip will escalate commensurate with applied pressure.
Notably, surface roughness significantly influenced the friction coefficient, with smoother
surfaces demonstrating lower friction coefficients. However, in the case of TCS, a consis-
tently low-friction characteristic was sustained irrespective of the applied normal load.
Furthermore, as depicted in Figure 10b, TCS demonstrated the most minimal wear rate of
0.41 x 107 mm3/N-mm. This underscores the potential of applying a Teflon coating to the
diaphragm plate surface to yield consistent frictional attributes. In contrast, PI (with a wear
rate of 1.64 x 10~7 mm?3/N-mm) and BS (with a wear rate of 0.63 x 10~/ mm?/N-mm)
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displayed reduced wear rates under high-load conditions (200 mN) compared to low-load
conditions (100 mN), signifying their superior wear resistance characteristics in elevated
load conditions. It is, however, worth noting that considering the lower wear rate of BS
in comparison to PI, and the minimal wear rate exhibited by TCS, the superior durability
of stainless steel 301 is evident. Consequently, stainless steel 301 and Teflon coating are
deemed more appropriate materials for diaphragm plates. As shown in Figure 11, the wear
morphology formed in each specimen under a load of 200 mN was found to be analogous
to that exhibited when only applying a normal load of 100 mN, while keeping the other
experimental conditions constant. While the size of the wear track slightly increased, there
were no significant differences in the damage morphology of the scratch marks caused by
the relative sliding motion.
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Figure 10. The friction and wear characteristics of PI, BS, and TCS under 200 mN at16 mm/s during
10,000 cycles: (a) average friction coefficient and (b) wear rate.

Figure 11. Microscope images of wear tracks under 200 mN at 16 mm/s during 10,000 cycles: (a) PI,
(b) BS, and (c) TCS.
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Finite element analysis (FEA) was conducted to assess the stress distribution within the
diaphragm in response to the internal pressure variations of the compressor. As depicted
in Figure 12, the model encompassed the head section of the diaphragm compressor, incor-
porating the triple diaphragm plates, diaphragm fixation section, and deformation-affected
chamber segment. The head cover possessed an inwardly curved surface, resulting in a
void between its inner surface and the diaphragm. The void space’s height, representing the
distance between the center point of the inner surface of the head cover and the diaphragm,
was modeled as 3 mm, reflecting the maximum degree of diaphragm deformation. The
diaphragm plates were simulated as circular plates with a diameter of 320 mm and a
thickness of 0.4 mm. The configuration of the diaphragm incorporated three overlapping
plates securely affixed through bolting. The triple diaphragm plates comprised the oil
diaphragm, gas diaphragm, and middle diaphragm. The oil diaphragm resided on the
side exposed to the actuating oil, the gas diaphragm was in contact with the gas, and
the middle diaphragm was situated between the oil and gas diaphragm plates. Material
properties derived from tensile testing were applied to the FEA simulation for both the
head cover and diaphragm plates. To minimize the error in interpretation, the mesh of
the diaphragm plate was densely constructed, and considering the circular shape of the
diaphragm plate, the mesh was formed into a rectangular structure. Considering the joint
between the head and diaphragm plate, it was fastened from the end of diaphragm plate
towards its center up to 5 mm. The contact conditions between the inside of the head and
diaphragm plate were determined using a surface-to-surface method, and pressure was
applied to the entire surface of the oil diaphragm while in a state where diaphragm plate
was fastened, inducing deformation in the diaphragm plate. The stress and deformation
profiles of the head cover and diaphragm were analyzed as pressure was incrementally
applied to reach 200 bar and 700 bar, respectively, followed by subsequent pressure release.
Figures 13 and 14 showcase the stress responses of the diaphragm and head cover under
pressure conditions of 200 and 700 bar. The maximum stress observed under both pressure
conditions ranged from 139 MPa to 163 MPa, with no notable distinction in maximum stress
contingent upon the diaphragm plate’s location or pressure condition. However, for both
pressure levels, the gas diaphragm experienced the highest stress, followed by the middle
diaphragm and the oil diaphragm. This phenomenon is likely attributable to the bending
of diaphragm plates in contact with each other under the pressure exerted on the oil di-
aphragm. Consequently, they convexly deformed toward the gas diaphragm and came into
contact with the inner portion of the head cover of the diaphragm compressor [37]. Under
the 200-bar pressure, stress gradually increased and subsequently decreased over the same
period of deformation. In contrast, under the 700-bar pressure, stress exhibited rapid initial
increase, followed by a period of constancy, and concluded with a decrease concurrent
with the pressure reduction. This discrepancy underscores the impact of pressure and
deformation time on the diaphragm’s response. As pressure on the diaphragm escalated,
the time required for stress increment shortened, leading to amplified contact pressure with
the head cover. Additionally, the maximum stress applied to the head cover substantially
rose with increasing pressure, reaching 70 MPa under 200 bar and 160 MPa under 700 bar.
The dimensions and radius of the head cover, which accommodated space for diaphragm
bending deformation, exerted notable influence on the extent of stress and deformation. As
the void’s size increased, stress and deformation levels augmented. Nevertheless, there
remained no marked variance in the degree of stress and deformation among diaphragms
within head covers sharing identical radii [12]. Consequently, the distribution of diaphragm
stress was intrinsically influenced by gas pressure and head cover radius, necessitating
post-treatment interventions to mitigate damage caused by contact with the head cover.
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Figure 12. The finite element analysis model of the diaphragm compressor in this study.
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Figure 13. The FEA simulation results of the diaphragm and head cover at 200- and 700-bar pressure.
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Figure 14. Stress variation curves: oil, middle and gas diaphragm plates (a) under 200 bar and
(b) under 700 bar, and (c) cavity under the different pressure conditions (200 bar, 700 bar).

In this study, the friction and wear characteristics of Teflon-coated stainless steel 301
were observed to be superior. To determine the optimal coating conditions that exhibit
the most favorable friction and wear characteristics, additional experiments considering
various factors such as the temperature dependence of Teflon and P-V diagrams will be
necessary. In particular, future research will likely require a comprehensive investigation
into chemical, physical, and durability changes caused by environmental changes within a
compressor during operation.

4. Conclusions

This paper presents a comprehensive assessment of friction characteristics pertinent
to diaphragm materials employed in high-pressure hydrogen gas compressor applications.
In this study, Inconel 718 and stainless steel 301 were identified as suitable diaphragm
materials, with stainless steel 301 exhibiting superior mechanical strength compared to
Inconel 718, as confirmed through hardness and tensile tests. Four distinctive conditions,
namely BI, PI, BS, and TCS, were examined through specimen preparation to scrutinize
their friction attributes. Notably, TCS demonstrated the most favorable friction and wear
characteristics among the assessed materials. Particularly noteworthy was the fact that the
friction coefficient of TCS was approximately 70% lower than that of the other specimens.
The study further explored the influence of sliding speed and applied load on friction and
wear characteristics. It was found that higher sliding speeds led to reduced friction coeffi-
cients but increased wear rates. Moreover, increasing the applied load resulted in higher
friction but improved wear resistance for polished Inconel (PI) and bare stainless steel
(BS). TCS maintained low-friction properties regardless of sliding speed or applied load.
Finite element analysis (FEA) simulations were conducted to analyze stress distribution
within the diaphragm under different pressure conditions. The results revealed that all
three diaphragm plates experienced maximum stress near their contact areas with each
other, with gas diaphragms experiencing the highest stress levels. Overall, this research
contributes to enhancing the performance and reliability of hydrogen diaphragm compres-
sors by providing insights into surface treatment techniques for improving friction and
wear characteristics of diaphragm plates. These findings have implications for advanc-
ing hydrogen energy utilization, addressing environmental challenges, and promoting
sustainable energy practices in industrial applications.
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Abstract: In order to more accurately characterize the effects of nanoparticles on lubricant viscosity,
the effects of copper dialkyl dithiophosphate (HDDP)-modified (CuDDP) nanoparticles on the
dynamic viscosity of mineral oils 150N, alkylated naphthalene (AN5), diisooctyl sebacate (DIOS), and
polyalphaolefins (PAO4, PAO6, PAO10, PAO40, and PAO100) were investigated at an experimental
temperature of 40 °C and additive mass fraction ranging from 0.5% to 2.5%. CuDDP exhibits a
viscosity-reducing effect on higher-viscosity base oils, such as PAO40 and PAO100, and a viscosity-
increasing effect on lower-viscosity base oils, namely, 150N, AN5, DIOS, PAO4, PAO6, and PAO10.
These effects can be attributed to the interfacial slip effect and the shear resistance of the nanoparticles.
The experimental dynamic viscosity of the eight base oils containing CuDDP was compared with that
calculated by the three classical formulae of nanofluid viscosity, The predicted viscosity values of the
formulae deviated greatly from the experimental viscosity values, with the maximum deviation being
7.9%. On this basis, the interface slip effect was introduced into Einstein’s formula, the interface effect
was quantified with the aniline point of the base oil, and a new equation was established to reflect
the influence of CuDDP nanoparticles on lubricating oil viscosity. It can better reflect the influence of
CuDDP on the viscosity of various base oils, and the deviation from the experimental data is less
than 1.7%.

Keywords: copper nanoparticle; dialkyl dithiophosphate; nanofluid; viscosity

1. Introduction

Lubricating oil has a significant impact on the working efficiency and service life of
mechanical equipment, since lubricants can reduce the friction and wear between moving
parts, as well as the energy loss in a mechanical movement. With the rapid development of
nanomaterials, researchers have recently conducted extensive studies on the application of
nanomaterials as lubricant additives. It has been found that nanomaterials with unique
characteristics (e.g., small dimensions, large surface area, and high surface activity) can im-
prove the friction-reducing and anti-wear abilities of lubricating oil [1-4]. Among various
nanomaterials, nano-copper with low shear strength and grain boundary slip effect might
be a promising multifunctional lubricant additive thanks to its synergistic friction reduction,
anti-wear, and self-repairing abilities [5-8]. This new nanoadditive can perform excellently,
providing more reliable support for the smooth operation of mechanical equipment. Con-
sidering energy and environmental perspectives, lubricating oil can effectively reduce
energy loss and improve the energy efficiency of mechanical equipment, thereby relieving
energy pressure to a certain extent. In addition, reducing friction and wear also helps to ex-
tend the service life of mechanical equipment and reduce resource consumption and waste
generation. Therefore, studying nanomaterials as lubricant additives holds significance for
the machinery industry. Nanoscale particles are dispersed in a conventional fluid medium
(e.g., water, oil, or glycol) to form a homogeneous and stable fluid medium known as a
nanofluid, in which the lubricating oil is used as a solvent known as a nanolubricant. In
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future developments, we can anticipate further optimization and broader application of
nanolubricants to meet mechanical equipment’s increasingly stringent performance and
environmental requirements. This advancement promises new possibilities for industrial
production. Consequently, in-depth investigation and application of nanolubricants possess
significant scientific and practical value.

Viscosity is a pivotal property of lubricating oil, acting as a crucial indicator of lu-
bricating oil fluidity and internal friction. Viscosity values that are either too high or too
low can detrimentally affect the lubricant’s performance: increased viscosity may lead to
heightened frictional forces during fluid lubrication, while reduced viscosity can decrease
the lubricant’s load-bearing capacity [9,10]. Breki et al. [11] integrated Einstein’s viscosity
equation with dynamic lubrication theory, elucidating the relationship between the friction
coefficient and the solid-phase volume fraction, underscoring the significance of viscosity
in fluid lubrication. This underscores the importance of investigating the influence of
nanoadditives on the viscosity of nanolubricants. However, the existing literature presents
divergent results and conclusions concerning the impact of nanoadditives on lubricant
viscosity [12-17]. Various experimental data show that the addition of nanomaterials may
cause complex changes in lubricating oil viscosity, and the specific effect may depend
on the type of nanoparticles, mass fraction, and operating conditions. For example, Ma
etal. [18] demonstrated that introducing ZnO nanoparticles enhances the viscosity of SAE50
lubricant, likely due to augmented resistance to lubricant flow induced by nanoparticle
agglomeration under van der Waals forces. Hemmat et al. [19] found that Al,O3 nanoaddi-
tives elevate the viscosity of 10W40 lubricant at 55 °C by 132%, noting that nanolubricant
viscosity initially increases and then diminishes with rising temperature, attributed to the
augmented shear thermal effect. They [20] further found that MgO nanoparticles reduce
the viscosity of 5W30 lubricant, with the spherical nanoparticles functioning as roller balls
between fluid layers. Mustafa et al. [21] observed that at low concentrations of TiO;-CuO
NPs, the mobility between nano-lubricating oil is facilitated, slightly reducing viscosity.
However, at higher concentrations, due to agglomeration or increased particle size, the
movement between oil layers is hindered, resulting in elevated viscosity. Sui et al. [22]
examined the viscosification effects of four types of SiO, on PAO100, noting that while
nanoparticles modified with different functional groups did not significantly impact PAO
at 100 °C, variations in nanoparticle size did affect PAO viscosity at this temperature.

In the realm of nanofluid viscosity, comprehensive research has elucidated the in-
fluence of nanomaterials on the viscosity attributes of fluids. The viscosity of nanofluids
is intricately linked to the nanomaterials” size, density, ultrasonic treatment time, and
interfacial interactions. For example, Abdelhalim et al. [23] observed an increase in the
viscosity of nanofluids with the incorporation of larger Au nanoparticles, reinforcing the
notion that nanoparticle size is a critical determinant of nanofluid viscosity. Dehghani
et al. [24] compared the viscosities of WO3 and Al,O3 nanoparticles dispersed in deion-
ized water and liquid paraffin, noting higher viscosities in the former, which may be
attributed to WOj3’s greater density and reduced Brownian motion velocity, underscoring
density’s role in influencing lubrication characteristics. Zhang et al. [25] conducted an
experimental investigation into the viscosity of hydrophilic TiO,—water and hydrophobic
TiO,—water nanofluids, discovering that hydrophilic nanoparticles form water-attracting
layers more swiftly than hydrophobic ones, leading to higher viscosities in nanofluids with
hydrophilic nanoparticles.

These investigations enhance our comprehension of how nanoparticles affect fluid
viscosity and offer empirical data elucidating the mechanisms by which nanoparticles
modulate viscosity. Nonetheless, a consolidated consensus on the impact of nanoparticles
on viscosity and the associated mechanisms remains elusive. Therefore, to gain a deeper
understanding of nanomaterials’ effects on lubricant viscosity, further research is imperative.
In this study, we examine the impact of dialkyl dithiophosphate (HDDP) and copper
HDDP-modified (CuDDP) nanoparticles on the kinematic viscosity of various base oils.
Diverging from prior research, we introduce the aniline point as a metric of lubricant
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polarity. By integrating the aniline point, we formulate a novel equation intended to
characterize the viscosity of base oils infused with nanoparticles across different volume
fractions. This innovative methodology offers a fresh lens through which to view the
impact of nanoparticles on lubricant viscosity. Through rigorous analysis of the correlations
between predicted dynamic viscosity and measured data, we aim to uncover regularity and
determinants. This endeavor enhances our understanding of how nanoparticles influence
lubricant viscosity. Finally, we undertake a thorough comparison of the experimental
outcomes with the computational results to validate the accuracy of the newly developed
formulae. This comparison is instrumental in ascertaining the practical applicability of our
theoretical model and establishes a groundwork for future inquiries.

2. Materials and Methods
2.1. Material Characterization

Fourier-transform infrared (FTIR) spectroscopy (Tensor II, Bruker, Billerica, MS, USA)
covering a wavelength range of 400 cm ! to 4000 cm~! was employed to ascertain the
composition of the modifier. The thermal stability and modifier content of the sample were
examined using a thermogravimetric analyzer (TGA /DSC3+, Mettler Toledo, Greifensee,
Switzerland). The thermal analysis was conducted in a nitrogen atmosphere, with a heating
rate of 10 °C per minute, spanning from 25 °C to 900 °C. To eliminate impurities, the sample
was maintained at 100 °C for 5 min before the analysis. Additionally, the morphology and
size of the CuDDP nanoparticles were characterized using transmission electron microscopy
(TEM, JEM-F200, JEOL, Tokyo, Japan). This technique provided detailed insights into the
nanostructure of CuDDP nanoparticles, which is crucial for understanding its interactions
and performance in lubricant applications.

2.2. Sample Preparation

In our experiments, oil-soluble copper nanoparticles (CulNPs) and CuNPs surface-
coated with oil-soluble dialkyl dithiophosphate (CuDDP) prepared by the Nanomaterials
Engineering and Technology Research Center of Henan University (Kaifeng, China) were
used as the nanoadditives. CuDDP nanoparticles were synthesized by means of a redox
surface modification technique [26]. They were dispersed in base oils 150N, alkylated
naphthalene (ANS), and diisooctyl sebacate (DIOS), as well as polyalphaolefins (PAO4,
PAO6, PAO10, PAO40, and PAO100) at mass fractions of 0.5%, 1.0%, 1.5%, 2.0% and
2.5%. HDPP was dispersed in base oils 150N, AN5, DIOS and PAO6 at mass fractions
of 0.5%, 1.0%, 1.5%, 2.0% and 2.5%, respectively. The eight base oils employed in the
experiment were obtained from Qingdao Lubemater Group (Shandong, China). The typical
physical properties of these oils are delineated in Table 1. The lubricant sample was mixed
ultrasonically for 15 min to achieve uniform dispersion of the nanoadditives CuDDP and
HDDP. CuDDP had good dispersion stability in the base oil used in the experiment, and no
samples showed obvious precipitation after standing for 7 days.

Table 1. Physical properties of HDDP and various base oils at 40 °C.

Substances Density (g/cm?) Kinematic Viscosity (mm?/s)

HDDP 0.9829 12.88
150N 0.8288 34.09
ANb5 0.8990 26.36
DIOS 0.9007 11.38
PAO4 0.8070 18.21
PAO6 0.8139 30.59
PAO10 0.8215 62.57
PAO40 0.8369 391.6
PAO100 0.8420 1010
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2.3. Viscosity and Density Tests

A viscometer (SVM3001, Anton Paar, Styria, Austria) was employed to determine the
kinematic viscosity of the lubricants. It uses the oscillating piston method to measure the
density and dynamic viscosity of the sample and can adjust the temperature and calculate
the kinematic viscosity automatically. At the end of the measurement, the measuring cell
was fully washed with petroleum ether and anhydrous ethanol and dried by blowing.
During the experimental procedure, the thermometer showed an expanded (k = 2) uncer-
tainty of 0.03 °C. Relative expanded (k = 2) uncertainty of 0.35% was estimated for the
kinematic viscosity.

The densities of CuDDP and PAO4 dispersions at various concentrations were quan-
tified employing SVM3001. Subsequently, the densities of CuDDP were extrapolated
utilizing the equations derived from curve fitting. The expanded (k = 2) uncertainty of
density measurements performed with the SVM3001 was 0.0005 g-cm 3.

2.4. Aniline Point Test

The aniline point of the eight base oils used in the experiment was tested with a
petroleum product aniline point tester (DZY-013A, Dalian Instruments and Meters Co., Ltd.,
Dalian, China), and details about the test method are described in GB/T262 “Determination
of Aniline Point of Petroleum Products”.

3. Results and Discussion
3.1. Characterization of CuDDP

Figure l1a presents the thermogravimetric analysis (TGA) curve of CuDDP, where
the weight loss observed below 100 °C is attributed to the removal of impurities. In the
temperature range of 100 °C to 900 °C, CuDDP exhibits a weight loss of approximately
72% (mass fraction), suggesting that the organic modifier constitutes around 72% of its
composition. Figure 1b illustrates the FTIR spectrum of CuDDP, with distinct C-H char-
acteristic peaks (including CHz and CHj) at 1380 cm~!. Pertinent to this study are two
pronounced absorption peaks near 1000 cm !, attributed to P-O-C at 636 cm ™! and P=S,
indicative of the HDDP modifier’s presence [27,28]. Figure 1c displays a TEM image and
particle size distribution of CuDDDP, revealing that the nanoparticles are spherical with
an average diameter of approximately 5 nm, as shown in Figure 1d. These observations
provide critical insights into the structural and compositional attributes of CuDDP, essential
for understanding its behavior and efficacy as a lubricant additive.

Table 2 enumerates the densities of the PAO4 and CuDDP mixtures. Figure 1e illus-
trates the dependency of the mixture density on the CuDDP mass fraction, which has been
subjected to a fitting procedure to derive Equation (1), where p,¢ represents the density
of the mixture, pyr denotes the density of the base oil, w symbolizes the mass fraction of
CuDDP, and k is the fitting factor. This equation exhibits a correlation coefficient R? exceed-
ing 0.99. Inserting a 100% mass fraction into Equation (1) results in a calculated density of
CuDDP of 1.171 g/m?, which is designated in this context the nanoparticle fitting density.
It is pertinent to highlight that the nanoparticle fitting density (NFD) is a conceptualized
density, formulated to precisely ascertain the volume fraction of nanoparticles within a
dispersion, and its applicability is confined to scenarios of low concentration.

Pnf = Puf + kw, 1)
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Figure 1. (a) TGA curves, (b) FTIR spectra of CuDDP, (c) TEM image of CuDDP, (d) and particle size
distribution of CuDDP. (e) Density of CuDDP and PAO4 mixture changes with CuDDP mass fraction.

Table 2. Density of PAO4 and CuDDP mixtures at 40 °C.

Mass Fraction (%) Density (g/cm?)
0 0.8070
0.5 0.8088
1 0.8106
1.5 0.8125
2 0.8143
2.5 0.8161

3.2. Kinematic Viscosity

In the study of lubricating oils, kinematic viscosity is a critical performance parameter
that significantly influences the efficacy of lubricating oil in mechanical systems. Arrhenius
proposed the following expression for calculating the viscosity of a mixed solution [29]:

lgvy = wilgyy + wolgry (2)

In the equation, v;, represents the kinematic viscosity of the oil blend, while v; and v,
denote the kinematic viscosities of component 1 and component 2 and w; and w; represent
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the mass fractions of component 1 and component 2. The kinematic viscosity of lubricating
oils containing HDDP and CuDDP was calculated using Equation (2) and compared with
experimental values. Table 3 shows the experimental kinematic viscosity of four base
oils containing HDDP. The empirical outcomes indicate that the discrepancy between the
measured kinematic viscosity of HDDP base oils and the theoretical values is minimal.
This deviation is ascribed to the lipophilic nature of HDDP, which does not significantly
affect the flow characteristics of the lubricating oil. Since HDDP and the base oil are merely
physically mixed without substantial interactions, the kinematic viscosity of the samples
with added HDDP closely align with the values predicted by Equation (2).

Table 3. Effect of HDDP on kinematic viscosity of four base oils at 40 °C: comparison of experimental
values with computed ones (frac., Exp., Calc., and Devi. refer to fraction, experimental, calculated,
and deviation).

Kinematic Viscosity

l\élrzsz 150N + HDDP ANS5 + HDDP DIOS + HDDP PAO6 + HDDP
(%) Exp. Calc. Devi. Exp. Calc. Devi. Exp. Calc. Devi. Exp. Calc. Devi.
(m?/s)  (m?/s) (%) (m?/s)  (m?/s) (%) (m?/s)  (m?/s) (%) (m?/s)  (m?/s) (%)

0 34.09 34.09 0 26.36 26.36 0.01 11.38 11.38 0 30.59 30.59 0
0.5 33.85 33.92 0.22 26.27 26.27 0.01 11.39 11.38 0.05 30.47 30.46 0.04
1 33.61 33.76 0.44 26.20 26.17 0.11 11.41 11.39 0.14 30.28 30.33 0.15
1.5 33.26 33.6 0.99 26.07 26.08 0.04 11.43 11.4 0.25 30.10 30.19 0.30
2 33.14 33.43 0.89 25.98 25.98 0.01 11.43 11.41 0.24 29.86 30.06 0.67
2.5 32.94 33.27 1.00 25.90 25.89 0.02 11.45 11.41 0.34 29.77 29.93 0.54

Furthermore, the data illustrate a declining trend in the kinematic viscosity of the
blend comprising HDDP and PAO6, 150N, and AN5 as the mass fraction of HDDP escalates,
as depicted in Figure 2. Conversely, under identical conditions, the kinematic viscosity
of DIOS exhibits an increasing trend. Thus, the addition of HDDP predictably influences
the kinematic viscosity of lubricating oils. This observation is logically consistent with the
fact that HDDP’s viscosity is lower than that of PAO6, 150N, and ANS5, but higher than
DIOS. In contrast, CuDDP is observed to increase the viscosity across all tested base oils,
attributable to its stronger shear resistance compared to an equivalent amount of HDDP.
This enhanced resistance significantly alters the lubricant’s fluidity, resulting in notable
viscosity increases in the base oils.

3.3. Dynamic Viscosity

In the investigation of nanofluid viscosity, the impact of nanoparticles on the fluid’s
viscosity is predominantly linked to the shear resistance associated with nanoparticle
volume. Consequently, the correlation between the volume fraction of nanoparticles and
the dynamic viscosity is frequently employed to illustrate how nanoparticles affect viscosity.
The mathematical expression for converting the mass fraction of nanoparticles to their
volume fraction is provided below:

mnp/Pnp
mnp/Pnp + mbf/be

¢ = ®)

In 1905, Einstein focused on elucidating the dimensions of atoms and molecules,
resulting in a seminal publication that delineated the relationship between the viscosity of
dispersions (including suspensions and colloids) or dilute mixtures consisting of a liquid
phase and small dispersed solid particles, and their volume concentration. This relationship

was established under the premise of rigid spherical particles moving in an incompressible
fluid, leading to the derivation of the subsequent equation [30]:

Hnf = Hpp(1+2.5¢) (4)
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Figure 2. Effects of CuDDP and HDDP on kinematic viscosity of different base oils at 40 °C: (a) 150N,
(b) ANB5, (c) DIOS, (d) PAOS.

Batchelor [31] refined Einstein’s equation integrating the influence of Brownian motion
and addressing the rotational dynamics of nanoparticles. This augmentation resulted in
the derivation of Equation (5):

Maf = Hpr(1+2.5¢ + 6.2¢%) (5)

Brinkman [32] developed an expression to characterize the viscosity of solutions and
suspensions at finite concentrations, considering the impact of solute molecule addition to
the solution and treating the system as a continuum, as shown in Equation (6):

Hof
(1-9)*°

In Equations (3)—(6), the symbol w represents the mass fraction, while ¢ denotes the
volume fraction, which is derived from Equation (3). The variables m,, and m,,s correspond
to the mass of nanoparticle and base oil, py is the density of nanoparticle, p,s signifies the
density of the nanolubricant, j, refers to the viscosity of the nanofluid, and yr denotes the
viscosity of the base fluid.

The theoretical viscosity values of different base oils with CuDDP were calculated
with Equations (4)-(6) and compared with the experimental values shown in Table 4.
Pronounced discrepancies were observed between the predicted viscosity values and those
obtained experimentally. Notably, the greatest deviations forecast by Einstein’s formula,
Batchelor’s formula, and Brinkman’s formula were 7.7%, 7.9%, and 7.9%, respectively.
As can be seen in Figure 3, the predicted viscosity values of different base oils tend to
increase with the increase in volume fraction of the nanomaterial. The experimental values
are lower than predicted ones, which implies that—aside from the shear resistance of the
nanoadditive—there are also other factors that cause decreased experimental viscosity
values of the lubricants. In addition, the nanoadditive CuDDP leads to increased viscosity
in low-viscosity base oils 150N, AN5, DIOS, PAO4, PAO6, and PAO10, as well as decreased
viscosity in high-viscosity base oils PAO40 and PAO100. The reason might lie in that the

Huf = (6)
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nanoadditive mainly affects the viscosity of the base oil by an anti-shear effect [30], which
is more significant in low-viscosity base oils. In high-viscosity base oils, the shear resistance
of CuDDP is relatively small, which corresponds to its reduced anti-shear effect and the
viscosity of the base oils.

Table 4. Effects of CuDDP on the dynamic viscosity of diverse base oils at 40 °C: experimental results.

Mass Fraction 150N + ANS5S + DIOS + PAO4 + PAO6 + PAO10 + PAO40 + PAO100 +

(%) CuDDP CuDDP CuDDP CuDDP CuDDP CuDDP CuDDP CuDDP

0 28.22 23.69 10.34 18.21 24.89 51.42 326.9 1009.8
0.5 28.27 23.81 10.38 18.29 25.03 51.55 326.2 1002.9

1 28.43 23.94 10.45 18.37 25.13 51.69 325.5 994.0
1.5 28.49 24.07 10.53 18.45 25.24 51.80 324.6 989.8

2 28.61 24.24 10.60 18.53 25.36 51.99 3239 987.5
25 28.78 24.37 10.67 18.61 25.45 52.13 323.2 979.7

3.4. Fitting Formula

To better understand the impact of CuDDP on the viscosity of base oils, we modified
the relationship between the dynamic viscosity of nanomaterial additives and their volume
fraction, based on Einstein’s viscosity equation, as follows:

Puf = Hpp(1+ag) )

In Equation (7), « is the fitting coefficient, and its value is presented in Table 5. The
discrepancy between the dynamic viscosity value derived from Equation (6) and the
empirically measured value is observed to be less than 0.5%, and the correlation coefficient
R? is greater than 0.99, which indicates that the fitting equation can better describe the
influence of CuDDP on the viscosity of the base oils. Furthermore, based on molecular
dynamic simulations and experimental studies, we also established a mechanistic model
to describe the solid-liquid interfacial slip behavior and shear viscosity of lubricants in
relation to nanomodulation [33]. With the assumption that a fluid is a Newtonian fluid
with constant viscosity, a rigid solid would not be deflected upon insertion into the liquid,
nor would it be subjected to any inertial force in the flow field. In this case, the shear
slip motion is only concentrated on the upper surface of the solid. As seen in Figure 4a,
the velocity of the upper shear plate is vy, and the lower shear plate is static. In a pure
liquid, the flow velocity distribution is V(z), the shear stress is Ty, and the viscosity is
#o. When no solid is added, the shear stress in the Zyg height range of the liquid would
be Th1 = ov1(Zno)/ Zno = HoVs1/ Zno, and the shear stress in its Zy height range would be
Tho = Hov0(Zno)/ Zno. When solids are added to the liquid in the absence of interface slip
(Figure 4b), both the upper-surface velocity and the lower-surface velocity of the solids
are V1. In this case, we have Vg > V(Zyg) and Ty > Tho, as well as a total stress of
T1 > T and a total viscosity of po < p1, which corresponds to the Einstein model. When
the interface slip effect is significant (Figure 4c), we would have vg < v9(Zpg) and a total
viscosity of py < pg, which corresponds to the experimental value in Figure 3a—f. When the
interface slip is less than the shear resistance caused by the solid (Figure 4d), we would
have vg1 > vg3 > v, a total stress of 71 > 73 > T, and a total viscosity of y1 > pz > g, which
corresponds to the experimental values in Figure 3g,h.
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Figure 3. Comparison of experimental and predicted values of dynamic viscosity of various base oils
with CuDDP.
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Table 5. Values of coefficient a for different base oils.

Base Oils Coefficient a
150N 0.98
ANb5 1.47
DIOS 1.66
PAO4 1.28
PAO6 1.34
PAO10 0.76
PAO40 —0.64
PAO100 —1.64
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Figure 4. The influence of solids on fluid viscosity of (a) pure liquid, (b) liquid-solid blend without
interface slip, (c) low-viscosity base oils containing CuDDP with a large interface slip, and (d) high-
viscosity base oils containing CuDDP with a weak interface slip.

The aniline point is the lowest temperature required for the oil and an equal volume
of aniline to dissolve into a single liquid phase with each other. It serves as a measure of
the aromatic content in oil and can also reflect the polarity of lubricating oils [34]. Here, we
use the aniline point to represent polarity and reflect the interfacial interactions. Table 6
displays the aniline point test outcomes for the analyzed base oils, and there are discernible
correlations between the viscosity of polyalphaolefins and their aniline points. Through
fitting the experimental data presented in Table 5 with the aniline point, the coefficient «
can be articulated as follows:

& = —0.0011 % €215 + 1.67 ®)

where A is the aniline point of the base oil and e is the natural logarithmic base. The
correlation coefficient is more than 0.98, which indicates that Equation (8) can be used to
accurately express the relationship between the base oil aniline point and the coefficient
«. When the aniline point is low (Figure 5), a basically remains unchanged with varying
polarity of the high-polarity base o0il, and in this case, the nanoadditive CuDDP would have
a weak interfacial slip as well as an enhanced viscosity-increasing effect therein. When
the base oil polarity decreases to a certain degree, « decreases dramatically therewith,
and in this case, the interfacial slip is enhanced, while the viscosity-increasing effect of
the nanoadditive would be negligible. When the base oil polarity decreases to a certain
degree, x decreases dramatically therewith, and in this case, the interfacial slip is enhanced,
while the viscosity-increasing effect of the nanoadditive would be negligible. When the
base oil polarity continues to decrease, & will drop to 0 and even become negative. In this
case, the viscosity-reduction effect caused by interfacial slip is greater than the viscosity-
enhancement effect caused by the anti-shear effect of the nanoparticles, and the overall
outcome would be a viscosity-reduction effect.
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Table 6. Aniline point of various base oils.

Base Oils Aniline Point (°C)
150N 126
DIOS —-29
ANb5 29
PAO4 123
PAO6 137
PAO10 140
PAO40 164
PAO100 172
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Figure 5. Variation in coefficient a of base oils with their aniline point.

By bringing Equation (8) into Equation (7), we have the final equation to describe the
effect of CuDDP on the viscosity of different base oils:

Hnf = Mg (1 + (—0.0011 N e 1.67) qo) )

Equation (9), which incorporates the viscosity and aniline point of the base oil, facili-
tates the computation of the viscosity for base oils infused with a specific concentration
of CuDDP nanoadditive at 40 °C, yielding an error margin of less than 1.7%. This level
of precision marks a notable enhancement over traditional nanofluid viscosity estimation
models. It is important to note that viscosity is influenced by additional parameters, such as
the surface polarity and geometric shape of the nanoparticles. Consequently, Equation (8)
is tailored specifically for the viscosity determination of CuDDP nanolubricants. further
investigative efforts are necessary to establish applicable predictive models.

4. Conclusions

Under the condition that the experimental temperature was 40 °C and the additive
mass fraction ranged from 0.5% to 2.5%, we studied the effects of dialkyl dithiophosphate
(HDDP) copper-modified (CuDDP) nanoparticles on the dynamic kinematic viscosity of
mineral oils 150N, alkylated naphthalene (AN5), diisooctyl sebacate (DIOS), and polyal-
phaolefins (PAO4, PAO6, PAO10, PAO40, and PAO100). Based on classical formulae and
experimental data, a novel equation was developed to quantify the interfacial interaction
between the nanoparticles and base oil using aniline points, elucidating the impact of
CuDDP nanoparticles on the viscosity of lubricating oil. The main findings are as follows.

CuDDP reduces the viscosity of higher-viscosity base oils, such as PAO40 and PAO100,
and can increase the viscosity of lower-viscosity base oils, such as 150N, AN5, DIOS, PAO4,
PAO6, and PAO10. The influence of CuDDP on the viscosity of base oils is governed by
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the interfacial slip effect and the nanoparticles’ shear resistance. When the interfacial slip
effect predominates, it can lead to a more significant decrease in viscosity compared to
the viscosity-increasing anti-shear effect of the nanoparticles. Conversely, when shear
resistance is more pronounced, an increase in viscosity occurs.

Experimental dynamic viscosity of eight base oils containing CuDDP was compared
with values calculated using three classical nanofluid viscosity formulae. A significant
deviation was observed between the predicted and experimental viscosity values, with the
maximum deviation reaching 7.9%. This discrepancy indicates that traditional nanofluid
viscosity equations cannot accurately characterize the effect of CuDDP on the viscosity of
base oils.

A modified equation was developed by incorporating specific interfacial effects into
Einstein’s viscosity formula and quantifying these effects using aniline points. This new
equation elucidates the relationship between the base 0il’s aniline points and the viscosity
of CuDDP nanoparticles, yielding more accurate viscosity predictions for nanolubricants.
The deviation in the predicted values from the experimental data is less than 1.7%, marking
a significant improvement over traditional nanofluid viscosity models.
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Nomenclature

Vi kinematic viscosity of oil blend (mm?/s)

V1 kinematic viscosity of oil component 1 (mm?/s)
% kinematic viscosity of oil component 2 (mm?/s)
w1 mass fraction of oil component 1

wy mass fraction of oil component 2

Q volume fraction

Myp mass of nanoparticle (g)

My mass of base oil (g)

Pnp density of nanoparticle (g/m3)

Onf density of nanoparticle (g/m3)

Huf nanofluid dynamic viscosity (mPa-s)

Hf base fluid dynamic viscosity (mPa-s)

Vy1 plate 1 speed (m/s)

U2 plate 2 speed (m/s)

Vo(z)  flow velocity (m/s)

Vi(z)  flow velocity (no interface slip) (m/s)
Va(z)  flow velocity (large interface slip) (m/s)
V3(z)  flow velocity (weak interface slip) (m/s)
Vs solid velocity (m/s)

To-T3 shear stress (Pa)

po—s  nanofluid dynamic viscosity (Pa-s)

A aniline point (°C)

it coefficient
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Abstract: Recently, environmentally friendly and sustainable materials are being developed, search-
ing for biocompatible and efficient materials which could be incorporated into diverse industries
and fields. Natural esters are investigated and have emerged as eco-friendly high-performance
alternatives to mineral fluids. This research shows the evaluations on thermal transport and tribo-
logical properties of halloysite nanotubular structures (HNS) reinforcing natural ester lubricant at
various filler fractions (0.01, 0.05, and 0.10 wt.%). Nanolubricant tribotestings were evaluated under
two configurations, block-on-ring, and 4-balls, to obtain the coefficient of friction (COF) and wear
scar diameter (WSD), respectively. Results indicated improvements, even at merely 0.01 wt.% HNS
concentration, where COF and WSD were reduced by ~66% and 8%, respectively, when compared to
pure natural ester. The maximum significant improvement was observed for the 0.05 wt.% concen-
tration, which resulted in a reduction of 87% in COF and 37% in WSD. Thermal conductivity was
analyzed under a temperature scan from room temperature up to 70 °C (343 K). Results indicate that
thermal conductivity is improved as the HNS concentration and testing temperature are increased.
Results revealed improvements for the nanolubricants in the range of 8-16% at 50 °C (323 K) and
reached a maximum of 30% at 70 °C (343 K). Therefore, this research suggests that natural ester/HNS
lubricants might be used in industrial applications as green lubricants.

Keywords: natural ester; halloysite; energy; wear; thermal conductivity

1. Introduction

For more than a century, the primary source of energy has been fossil fuels. Petroleum-
based fluids are used as lubricants and coolants in electronic or electrical equipment,
machinery, transportation fields, and power transmission systems, among others [1-5].
Research and industrial focus are on critical challenges to reduce pollution and mitigate
global warming and climate change, among others [6]. Due to their poor biodegradabil-
ity, eco-toxicity, and extremely likely carcinogenic characteristics, these materials exhibit
environmental concerns [7,8].

Among the diverse drawbacks to be resolved about these materials are how to properly
dispose of them and how to hinder products from impacting negatively on both health and
the environment [9-11]. Additionally, due to the forthcoming scarcity of petroleum reserves
and the rise in lubricant disposal costs, among other factors, the importance of incorporating
and applying renewable energies has grown significantly [12-14]. Consequently, interest in
natural lubricants has increased recently.

Technology is moving forward very fast with high efficiency, miniaturization, and
novel equipment requirements and developments. The increasing demand for higher-
performance of conventional fluids and lubricants has been crucial for diverse industrial
manufacturing processes. Energy applications such as power transmission systems, trans-
portation vehicles, and battery subsystems require materials which would be lighter but
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with much higher mechanical properties, which require higher processing loadings, need a
hefty lubrication regime due to higher wear and friction among base substrates and tooling.

Recently, several investigations have been performed by scientists and industry to
find sustainable and eco-friendly alternatives [15-19]. The usage of these materials has
been emerging and is more common in certain environmentally-sensitive fields [1-4,20-22].
Natural esters serve as an alternative solution against petroleum-based lubricants due to
their non-toxic attributes and specific characteristics as renewable and eco-friendly. Further-
more, these fluids have been proven to diminish hydrocarbon and CO, emission levels [23],
which is why their application in diverse systems and subsystems has recently increased
in the industry [24]. Natural esters also possess excellent lubricity [25,26], high thermal
conductivity [27,28], compatibility with additives, relatively low production costs [29],
biodegradability, and high fire and flash points [30,31], comparable to mineral lubricants
and fluids [26,32-34]. In general, these materials are defined as fatty acids, which contain an
extended aliphatic chain in addition to the ester function, which determines the mechanical
and chemical characteristics of the lubricants [35]. Unsaturated can display less viscous
performance but are more susceptible to oxidation [35,36], leading to an increase in viscosity
and degradation, therefore affecting the tribological, thermal, and other characteristics of
the lubricant [37].

Regardless of all the excellent attributes of natural esters, the application of stand-alone
material had hit their tribological and thermal transport limit. Advancements in science
and nanotechnology provide the potential to enhance the performance of fluids and lubri-
cants reinforced by nanostructures additives. Since the mid-1990s, the exploration of the
incorporation of myriad solid ultrafine particles within conventional fluids and lubricants
has been investigated [38]. These nanostructures possess superb characteristics compared
to base fluids and lubricants, and when they are homogenously dispersed or formulated
within conventional materials, there is a significant enhancement in their properties.

Lubricants play a paramount role in reducing the wear and friction of mechanical
pairs or contacts as well as in internal components and mechanisms of machinery and
devices. The most significant enhancements and advantages of applying nanoparticles
as reinforcement are the reduction of coefficient of friction (COF) and wear. Therefore,
reducing machining cutting forces and power consumption [39]. One more key feature is
the improvement of surface roughness or finishing of processed components and products,
having a significant impact on quality and secondary processing. An additional benefit for
tools and components of machinery by applying nanoreinforced fluids and lubricants is
that they also work as thermal dissipators of the heat generated by material interactions or
mechanisms working in contact [40-43].

For instance, Rapoport et al. results demonstrated that WS, nanostructures reduced
the COF of paraffin lubricant by 30% [44]. Kumar et al. [45] investigated natural oil blends
(sunflower oil:rice bran oil) reinforced with CuO nanostructures as an additive, and it
was observed that at 0.04 vol.% of nanoparticles resulted in the greatest improvements
of 6% and 10% in WSD and COF, respectively when compared to conventional material.
Omrani et al. [46] studied vegetable oil with the addition of nano-graphene by sliding
contact, observing improvements in COF of ~84%. Karthikeyan et al. [47] performed
pin-on-disk evaluations for olive- and castor-oil-based nanolubricants reinforced with
0.7 wt.% of molybdenum disulfide (Mo0S;). A wear reduction of 21% and 37% for these
vegetable nanolubricants, respectively. Potential uses for nanomaterials in the automotive
industry with natural-based lubricants from bio-lubricants and nanostructures as additives
were found by Yadav et al. [48]. Important wear scar and COF reductions in vegetable
nanolubricants were also observed by Lim et al. [49], Gupta et al. [50], and Taha et al. [51]

The importance of thermal management as heat transport in industrial and energy
segments is a key topic to work on with the aid of nanofluids. Since base fluids and lu-
bricants have very limited thermal conductivity, researchers endeavor to strengthen this
characteristic by incorporating diverse types, morphologies, and concentrations of nanos-
tructures into conventional materials and have shown good enhancements. Nevertheless, a
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crucial aspect that must be addressed to preserve their thermophysical characteristics after
production for an extended period is the stabilization of nanofluids and nanolubricants.

Jacob et al. [52] investigated the thermal conductivity of a natural ester (soybean
lubricant) by adding Al,O3 nanostructures. They observed an enhancement of 6.3% and
10.3% at 0.04 wt.% and 0.1 wt% filler fraction, respectively. Karthikeyan et al. [47] studied
MoS; nanostructure effects on vegetable lubricants (olive and castor oils). Both exhibited
an improvement of 28% and 21%, respectively, at 0.7 wt% filler fraction. Farade et al. [53]
developed cottonseed nanofluids with graphene oxide (GO) nanosheets at diverse con-
centrations varying from 0.01 wt.% to 0.05 wt.%. Thermal conductivity was improved at
each level of filler fraction, and the value increased up to 36.4% at 0.05 wt.%. In another
research on 2D nanostructures, Taha et al. [28] evaluated hexagonal boron nitride (h-BN),
MoS,, and their combination in a natural ester media. In their study, the improvement was
increased with the nanostructure’s filler fraction. The greatest improvement was at 323 K.
It was shown that the incorporation of 2D nanomaterials enhanced the thermal transport
performance in the 20% to 32% range. Similarly, Khan et al. [54] reported positive effects on
the thermal transport behavior of TiO, and GO nanostructures within natural and synthetic
ester lubricants.

Halloysite nanotubular structures (HNS) possess high modulus (140 GPa), allowing
a high loading resistance under extreme pressure conditions [55]. These nanostructures
are emerging as natural biocompatible minerals [56,57], readily available worldwide [58],
with low-cost (about USD 3000 per ton) [59,60], corrosion protection [61,62], non-toxic and
non-conductor resource as alternative “green” nanoreinforcement to improve tribological
and thermal transport properties of conventional fluids and lubricants. They have been
employed as mechanical reinforcing of polymer matrices and composites [63—65], improv-
ing tribological performance and other characteristics. Nevertheless, HNS has proven
beneficial in characteristics of diverse systems and media as reinforcement; scarcity of
research coupled with natural esters and lubricants has not been deeply explored.

For instance, for tribological studies, Ahmed et al. [66] studied the characteristics of
castor oil by incorporating HNS. They were able to observe maximum reductions of 21.3%
in wear scar diameter (WSD) and 28.2% in COF at 1 wt.% reinforcement. Qin et al. [67]
investigated the effects of halloysite employing a ball-on-disk tribometer. Interesting results
were shown where halloysite-containing lubricant exhibited good friction reduction of
34%, primarily attributed to a tribofilm formation of the nanostructures and also to the
halloysite rolling role in the contact surface of the specimens [68]. In a similar work on
pongamia lubricant, Suresha et al. [69] observed a wear and friction reduction of 10% and
14%, respectively, with the addition of 1.5 wt.% of HNS.

On the thermal aspect, Alberola et al. [70] evaluated the thermophysical behavior
of halloysite nanofluids, showing a thermal conductivity increase of 8% for the 5 vol.%
nanofluids at 80 °C. Similarly, Ba et al. [71] explored the effects on the thermal transport
performance of halloysite nanofluids, where an increase of 18% for 1.5 vol.% was observed
compared to the conventional fluid. In another investigation, Ba et al. [72] analyzed the
pool boiling heat transport behavior of nano halloysite / deionized water (DI) fluids. Their
findings revealed that increasing the reinforcement filler fraction leads to improved thermal
performance. At 0.05 vol.% nanofluid, a greater improvement of ~6% at moderate heat flux
(HF) was achieved, indicating that HNS is a promising material for applications that entail
heat transfer performance.

In this work, the tribological behavior of HNS reinforcing natural ester lubricant at
various filler fractions (by weight) is evaluated. Temperature-dependent measurements
over ranges up to 70 °C (343 K) were also analyzed.

2. Materials and Methods

Natural ester—Envirotemp® FR3™ (Cargill Industrial Specialties—Minneapolis, MN,
USA) (Table 1) served as base material to develop various nanolubricants reinforced with
hollow rod-shaped HNS (Sigma-Aldrich Co., St. Louis, MO, USA. CAS #: 1332-58-7)
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(Table 1) at various filler fractions: 0.01, 0.05, and 0.10 wt.%. Scanning electron microscopy
(Carl Zeiss, Sigma VP, NY, USA) was employed to examine the size and morphology of
HNS (Figure 1). From SEM images, it can be observed a tubular rod-type shape of the HNS.
The measured lengths of these nanostructures have a maximum of 589 nm and 120 nm as a
minimum. Average length was 302 nm with a standard deviation of 83 nm. The average
measured diameter was 61 nm + 18 nm, where the minimum and maximum diameters
were 28 nm and 96 nm, respectively.

Table 1. Material characteristics.

Materials Properties and Characteristics
Conventional Lubricant Density (20 °C) Kinetic Viscosity (mm?/s)
190 @0 °C; 32-34 @ 40 °C;
3 ’ y
Natural ester 092 g/cm 7783 @100 °C
Nanostructures Properties

Chemical formula: H4Al,OgySiy. 2H,O
Specific gravity: 2.57 g/cm3
Molecular weight: 294.19 g/mol
Size-Length: 302 nm + 83 nm; Diameter: 61 nm £ 18 nm

Halloysite (HNS)

EHT= 200kV WD=53mm  SignalA=InLens Mag= 4000 KX

EHT = 2.00kV WD=53mm  SignalA=InLens Mag= 20.00 KX

Figure 1. HNS morphology at (a) 20 KX, and (b) 40 KX magnifications.

Table 1 depicts the general properties and characteristics of the natural ester, nanos-
tructures, and specimens for the tribological tests.

Nanolubricants Preparation

Homogeneous nanolubricants were prepared by a two-step methodology dispersing
HNS within the natural ester lubricant. For each set of nanolubricants 42 mL glass con-
tainers were prepared at 0.01, 0.05, and 0.10 wt.%. Water bath ultrasonication (Branson
ultrasonic homogenizer model 5510—Danbury, CT, USA, 40 kHz) was used for extensive
time (8 h). According to the following methodology, a constant temperature (24 °C) was
kept in the sonicator water bath to prevent the nanostructures from clumping together,
causing fast sedimentation. All glass vials specimens were kept on a shelf for about
15 days without significant particle sedimentation (Supplementary Materials). Preliminary
sonication of each sample for 15 min was performed before the experimental testing.

3. Experimental Details
3.1. Tribological Evaluations

For tribological measurements, COF and WSD were analyzed with a tribotester in a
four-ball configuration based on the ASTM D 4172 methodology. This tribosystem employs
three fixed steel balls on a cylindrical container (fluid cup) and one more on top of them
(Figure 2), applying a load P = 40 kgf (392 N). A temperature of 75 °C was employed for the
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evaluated nanolubricants; the upper ball rotates at a specific rotational speed n = 1200 rpm
during 1200 s. An AISI 52100 steel is used for the ball’s material (60 HRC and 12.7 mm in
diameter). This tribotester configuration is widely applied to determine the wear properties
of lubricating fluids and oils in sliding metal-metal applications. The anti-wear performance
of nanolubricants was tested with the block-on-ring configuration at room temperature
(24 °C), 3000 N load, 200 rpms, and time of 1200 s. The evaluated nanolubricants were
deposited in a fluid pool, allowing constant lubrication while the test ring was rotating. For
these evaluations, the blocks used were AISI 1018 steel with 79 HRB hardness, and the rings
were AISI D2 tool steel with 61 HRC hardness. To obtain statistically significant results,
four replicas were measured for each set of nanolubricants. Worn scars of steel components
were analyzed by a 3D surface profiler microscope measurement system (Keyence Corp
Precision, Itasca, IL, USA) and a TescanVega 3SB Scanning Electron Microscope (SEM).

lP = Load

Figure 2. Schematic of tribotesting four-balls setup.

3.2. Thermal Conductivity Evaluations

Thermal conductivity evaluations of HNS nanolubricants were evaluated with a TEM-
POS thermal analyzer device and KS-3 sensor probe (METER GROUP, Inc., Pullman, WA,
USA) following the transient hot-wire (THW) methodology. A temperature-dependence
scan up to 70 °C (343 K) was performed. Before thermal measurements, 20 min ultra-
sonication was applied to the samples. Above room temperature evaluations, before
measurements, each set of specimens was maintained at least 12 min in thermal equilib-
rium. This procedure promotes the preparation of stable homogeneous nanolubricants,
which are then evaluated. The obtained thermal conductivity values were compared with
the conventional natural ester (ko). The effective thermal conductivity of the nanolubricants
is kefr. For each set of specimens, at least six measurements were obtained, reporting the
average values with error bars as standard deviation.

4. Results and Discussion
4.1. Tribological Performance

The tribological behavior of natural ester lubricant was analyzed with reinforcement
of HNS. Figure 3 depicts COF curves recorded during block-on-ring evaluations being
consistent with the testing conditions for all the samples. The tribotests were performed
under lubrication with natural ester and HNS nanolubricants. It was observed that the
addition of diverse filler fractions of HNS resulted in a profound effect of friction reduction
during the tribological evaluations.

The initial measured COF for evaluated lubricants was in the vicinity of 0.085. After
the first minutes of testing, the HNS nanolubricants showed a significant decrease in COF.
Lower COF represents less energy loss caused by contact pairs friction. At merely 0.01 wt.%
concentration, it was observed a COF value of 0.075, with maximum improvement for
0.05 wt.% of 0.029. As can be observed, after the complete run of experiments, the HNS
nanolubricants showed superb behavior, reaching the greatest improvement of 87% at
0.05 wt.%, compared to pure lubricant.
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Figure 3. Block-on-ring evaluation for HNS nanolubricants showing COF versus time.

Figure 4 shows the average COF values for nanolubricants. COF was reduced from
0.042 for the natural ester to 0.015 with 0.01 wt.% HNS. The best improvement was observed
at 0.05 wt.% concentration, where COF is 0.006. It is also shown an increase in these proper-
ties at higher filler fractions because, at higher concentrations and increasing temperature,
nanostructures tend to agglomerate, decreasing the lubrication performance [73,74]. The
lower improvement was shown at 0.10 wt.% filler fraction; this can be attributed to a higher
concentration of nanostructure agglomeration. Nanostructures deposit in the surface de-
pressions; hence, as smaller the size of the nanostructures, the more likely to creep into
those gaps, minimizing contact and friction is mend to reduce the roughness and also to
withstand higher loads [39]. Previous research of sunflower and soybean nanolubricants
with SiO, displayed a reduction in the COF of 10% and 26% in comparison. [34].

0.06

Coefficient of Friction (COF)

Natural Ester 0.01wt.% 0.05wt.% 0.10wt.
HNS concentration

Figure 4. Average COF results for natural ester reinforced with HNS nanostructures.

Figure 5 depicts SEM of the scars of worn steel balls for conventional natural ester
and HNS nanolubricants at various filler fractions. The average diameters of the three
bottom steel balls were used to calculate the WSD, as shown in Table 2. When HNS
were incorporated into natural ester, 188 um scar diameter was measured, showing a
decrease of 8.29%, with the highest reduction of 37.56% (128 um) at 0.05 wt.%. The highest
concentration, 0.10 wt.% of HNS, showed a reduction of 28.29%. This minor decrease in
the lubrication properties for higher nanostructure filler fraction could be attributed to the
tendency of agglomeration of nanostructures, as was also observed in the COF evaluations.
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In accordance with Wu et al. [75], the experimental temperature has a direct impact on the
lubricating mechanisms; higher evaluation temperatures result in a decrease in viscosity,
which could affect the formation of the lubricant tribofilm between contact surfaces.

Natural ester @ 0.01wt.% HNS @ 0.05wt.% HNS @ 0.10wt.% HNS
lubricant

Figure 5. SEM of steel ball wear for: (a) natural ester, and (b—d) HNS nanolubricants.

Table 2. WSD of HNS nanolubricants by ASTM D5183.

. WSD (um)
Lubricant (Reduction %)
Natural ester 205
@ 0.01 wt.% HNS 188 (8.29%)
@ 0.05 wt.% HNS 128 (37.56%)
@ 0.10 wt.% HNS 147 (28.29%)

For anti-wear conditions, tribological mechanisms for HNS play a paramount role in
the lubricant characteristics and properties. It must be mentioned that the characteristics
and performance of the lubricant are significantly influenced by these nanostructures. The
size and morphology of HNS have considerable effects on the properties and characteristics
of conventional lubricants, such as have been observed with other rod-type structures such
as single/multi-wall carbon nanotubes (CNTs). These peculiar structures act by rolling
and sliding under transversal sliding forces action, playing a bearing-like function among
contact components and pairs in friction, changing the sliding friction into rolling friction
and enhancing the anti-wear characteristics of the material. According to Zhang et al. [76],
friction reduction is not promoted by the action of the nanorods themselves working as
molecular bearings. Instead, a vortex structure is developed during the friction process,
causing the rolling friction behavior. In this case, HNS has a load-bearing mechanism
that promotes the reduction of wear and lowers COF [77,78]. Additionally, the smoothing
and mending effects of nanostructures after being deposited on contact areas (COF reduc-
tion [39]) and the rolling-sliding effect by rod-type nanostructures (decreasing WSD [79,80])
could affect the tribological performance.

4.2. Thermal Performance

The Brownian motion of nanostructures within a fluid or lubricant is mostly governed
by the nanofluid thermal transport properties (thermal conductivity). Shafi et al. [81]
described how the Brownian motion of nanostructures enhances the thermal transport
behavior of a fluid or lubricant; first, nanostructures collide and create a solid- -solid con-
duction mode of heat transfer (percolation channel formation). Then, thermal conductivity
is enhanced by a convective heat transfer mode.

Figure 6 depicts the temperature-scanning evaluations for the thermal conductivity of
HNS nanolubricants at various concentrations. The natural ester did not exhibit significant
affectation in thermal conductivity (only a 2.4% increase) as the temperature was raised up
to 70 °C (343 K), compared to room temperature. Moreover, the nanolubricant’s thermal
performance was observed to be gradually enhanced with the HNS concentration increase.
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Furthermore, as the filler fraction of nanofluids is increased and the testing temperature is
also elevated, the thermal conductivity improves, indicating the contribution of the thermal
transport characteristics. For instance, it can be observed that at room temperature, a slight
increase in thermal conductivity is shown for nanolubricants, achieving a maximum of 4%
at 0.10 wt.%. Elevating the test temperature to 50 °C (323 K) showed enhancements of §, 11,
and 16% for 0.01, 0.05, and 0.10 wt.%, respectively, compared to conventional natural ester.
The maximum evaluated temperature of 70 °C (343 K) showed a maximum enhancement
of 30% at 0.10 wt.%. It is important to mention that as the testing temperature is elevated,
there is more deviation from the data obtained. This is mainly due to the properties of the
lubricant and its interaction with the nanostructures.
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Figure 6. Temperature-dependence evaluation for thermal conductivity.

According to Guo et al. [82], it is suggested that due to the small quantity of concentra-
tion of nanostructures, the improvement in thermal conductivity is triggered by molecular
interactions between the natural ester and the HNS. Additionally, the percolation mecha-
nism, as well as the liquid layering interface at the nanostructures—lubricant also promotes
this enhancement [51,83,84]. The lubricant molecules interacting with the nanotubular
particles are prone to form a systematic layered structure around the nanostructures, which
is associated with improved lubricant thermal transport [81].

5. Conclusions

The lubrication and thermal transport performance of natural ester lubricant reinforced
with HNS were broadly addressed in this research. In general, HNS nanolubricants resulted
in a significant decrease in COF and WSD. Even at merely 0.01 wt.% concentration of HNS,
results showed a ~66% and 8% reduction, respectively, when compared to natural ester.
The maximum enhancement was shown for the 0.05 wt.% filler fraction, resulting in a
reduction of 87% in COF and 37% in WSD. Results indicate that at higher HNS concentration
(0.10 wt.%), a minor impact was observed, which could be attributed to the tendency of
agglomeration of nanostructures. The morphology and size of HNS promote the anti-
wear behavior of the nanolubricants, as load bearing and rolling-sliding mechanism of the
nanostructures, as well as the contribution from the smoothing and mending effects in the
contact areas, reduce WSD and COF.

Nanolubricants have a good effect on thermal conductivity as well. A temperature
scanning evaluation was performed. At room temperature, reinforcing HNS has a slight
impact on thermal conductivity, but as the temperature is elevated, the effect is more
significant. For instance, at 50 °C (323 K), thermal conductivity measurements resulted in
enhancements of 8%, 11%, and 16% for 0.01, 0.05, and 0.10 wt.%, respectively, compared
to conventional natural ester. Achieving the greatest improvement of 30% with 0.01 wt.%
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HNS concentration at 70 °C (343 K). This behavior, additionally from the Brownian motion
effect on the natural ester, is attributed to the percolation mechanism as well as the liquid
layering interface contributing to the enhancement in thermal transport characteristics.

A key driver is increasing environmental awareness of novel scientific and technolog-
ical developments. HNS has been demonstrated to be a good eco-friendly alternative to
petroleum-based fluids, mainly in sensitive industrial fields where these materials have the
potential to succeed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/lubricants11020065/s1. Figure S1. Observation of nanostructure’s
sedimentation after 15 days on the shelf.
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Abstract: In this study, willow catkins/MoS, nanoparticles (denoted as WCMSs) have been prepared
using a hydrothermal method. The WCMSs were modified with oleic acid (OA) to improve dispersion
in base oil. The friction and wear properties of WCMSs in liquid paraffin (LP) for steel balls were
investigated using a four-ball wear tester. The results have shown that at a high reaction temperature,
willow catkins (being used as a template) and urea (being used as a nitrogen resource) can effectively
decrease the wear scar diameters (WSDs) and coefficients of friction (COFs). At a concentration of
0.5 wt.%, the WSD and COF of steel balls, when lubricated using LP containing modified WCMS with
urea, decreased from 0.65 mm and 0.175 of pure LP to 0.46 mm and 0.09, respectively. The addition
of urea and hydroxylated catkins can generate a significant number of loose nano-sheets and even
graphene-like sheets. The weak van der Waals forces, decreasing the shear forces that the steel balls
must overcome, provide effective lubrication during rotation. On the other hand, the tribo-films
containing MoS,, FeS, azide, metal oxides and other compounds play important roles in reducing
friction and facilitating anti-wear properties.

Keywords: willow catkins; MoS,; hydrothermal; urea; wear

1. Introduction

Nanomaterials are widely studied because of their excellent properties with respect to
tribology, notably in reducing friction, enabling wear resistance, with significant implica-
tions for environmental protection [1-3]. Two-dimensional (2D) nanomaterials, including
BN, graphene, and MoS; exhibit superior tribological properties because of their distinct
layer structures and self-lubricating ability [3,4]. Weak van der Waals forces between the
adjacent lamellae decrease the shear stress during sliding [2]. Liquid exfoliation and hy-
drothermal reaction are two standard procedures in the fabrication of MoS; nanosheets [5,6].
Ion intercalation and exchange by sonication in solution are often used in exfoliation meth-
ods [5]. In the case of the hydrothermal route, the nature of the solution, temperature, and
hybrid elements can be adjusted to improve material properties [2,7,8]. With the objective
of improving the tribological properties of MoS,, composites including MoS, /carbon [7,9],
metal oxide/MoS; [10], and boron nitride/MoS; [1] have been investigated to tune possible
synergistic effects. Wu et al. [7] have synthesized a series of MoS,@carbon nanocompos-
ites using a hydrothermal method, and noted a synergism between the MoS; and carbon
nanocomposites that resulted in improved dispersibility and tribological properties relative
to the individual components. Furthermore, MoS; nanoparticles grown on carbon nan-
otubes, graphene, and fullerene C60 were executed using a simple solvothermal method.
On the other hand, surface functionalization and elemental doping of nanoparticles can
further improve the dispersion stability and chemical activity in base oil (mineral oil, such
as engine oil and/or liquid paraffin), and their tribological behaviors in lubricants can be
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enhanced due to the tribochemical reactions between these functional groups/doped atoms
and the friction surface [1,9]. Various dispersants and surface-active chemicals, including
alkylamines, alkanethiols, organic acid, and amine were used for the functionalization of
nanostructured and doped elements, respectively [9].

Willow catkins (denoted as WCs), the willow flowers in spring, are widely dispersed
by wind and cause damage to the environment due to their high specific surface area and
facile spontaneous combustion [11,12]. Direct combustion of catkins results in environ-
mental pollution with the release of CO, and NOx [11]. Many researchers have addressed
the practical use of renewable biomass materials, including catkins, celtuce leaves, and
seed shells [11,13,14]. The pyrolysis of these biomass materials generates carbon ma-
terials and the possible fabrication of composites represents a reuse of catkins [15-17].
Zhang et al. [18] generated N /S co-doped carbon micro-tubes by the pyrolysis of catkins
in an inert atmosphere. The resultant hybrids exhibited superior electrocatalytic prop-
erties when compared with commercial products. While this work offers a means of
reusing catkins in treating environmental pollution and water contamination, the associ-
ated energy consumption represents a challenge in terms of sustainability. So far, authors
did not find any research on the composites of willow catkins and MoS; being used as
lubricant additives.

In this study, willow catkins and urea have been used as matrix and nitrogen re-
source, respectively, to prepare nitrogen-doped willow catkins/MoS; nanocomposites
using hydrothermal methods. The composites have been modified with OA to enhance
the dispersibility in LP to evaluate tribological properties using a four-ball wear tester [19].
The wear mechanism of the composites has also been investigated.

2. Materials and Methods
2.1. Materials and Preparation

Sodium molybdate dihydrate, thioacetamide, oleic acid and NaOH were purchased
from the Aladdin Biochemical Technology Company (Shanghai, China) and used as sup-
plied. The LP (viscosity: 258.56 mm? /s (40 °C), flash point: 279 °C, pour point: —15 °C)
was obtained from Liaocheng Manxiandi lubricating oil company (Liaocheng, China) and
used without treatment. AISI-52100 steel balls (12.7 mm) were employed in the four-ball
wear tester. The willow catkins were collected from the campus of Liaocheng University.

The willow catkins were washed sequentially with tap water and deionized water,
transferred into a NaOH solution (2.0 wt.%) with vigorous stirring for 24 h, then centrifuged
and washed to achieve well-dispersed hydroxylated willow catkins solutions. Sodium
molybdate dihydrate (1 g) and thioacetamide (1 g) were added to the hydroxylated willow
catkins solution (30 mL) with stirring, then transferred into the hydrothermal reactor. The
solution was heated above 100 °C for 24 h to obtain the composites (WC3M;S;). For
the purposes of comparison, particles different percentages of molybdate dihydrate and
thioacetamide, with/without willow catkins and urea were also synthesized (see Table S1).

The modification and wear experiments using WCMSs have been outlined in previous
papers [19]. The LP containing OA-modified WCMSs (code as OAWCMSs and with
concentrations of 0.2, 0.5, 1.0, 1.5, and 2.0 wt%, respectively) were stable within 7 days
(see Figure S1). Wear experiments were conducted using a MRS-10A four-ball wear tester
of Jinan Shunmao Experimental Technology Company in China (392 N load, 1450 rpm,
and 30 min).

2.2. Characterization

The microstructure of the composites was assessed using a JEM-2100 high-resolution
transmission electron microscope (HRTEM) and a SIGMAS500/ VP field-emission scanning
electron microscope (FE-SEM) equipped with energy-dispersive X-ray analysis (EDXA,
Kevex Sigma, USA). The X-ray diffraction (XRD) patterns were collected on a Bruker D8
Advanced X-ray Diffractometer using Cu K« radiation in the 26 range between 10° and
80° with a scanning rate of 8° min~—!. The ESCA LAB Xi+ X-ray photoelectron spectrometer
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(XPS) and Bruck IFs66v spectrometer were used to collect X-ray photoelectron spectra
and Fourier transform infrared (FT-IR) spectra of the composites and/or worn surfaces,
respectively. Al-Ka radiation was used as the excitation source to determine the binding
energies of the target elements at a pass energy of 29.4 eV and a resolution of +0.2 eV.
The binding energy of Cls (284.5 eV) was used as the internal reference for XPS analysis.
Thermogravimetric analysis (TGA) was conducted using a NETZSCHSTA499 simultaneous
thermal analyzer, operating from room temperature to 800 °C at a heating rate of 10 °C/min
in Nz.

3. Results and Discussion
3.1. Results

Representative FE-SEM and TEM images of WCMSs produced at different hydrother-
mal temperatures are presented in Figure 1. It can be seen that the MoS, nano-sheets
increase in size and become closely clustered on raising the hydrothermal temperature
from 120 °C to 200 °C, where the thickness of the nano-sheets was less than 100 nm
(Figure 1a,b). The mapping images show that MoS; sheets are strongly attached on the
surfaces of willow catkins (Figure S2). The elliptic holes exhibit a major axis of 5 pm and
both sides of the entocoele are strongly attached with MoS, nano-sheets (Figure 1c). The
thickness of these nano-sheets is still less than 100 nm (Figure 1c,d). The TEM analysis has
established that the willow catkins were covered with MoS, and the interlayer spacing
between the nano-sheets was ca. 0.65 nm (Figure 1e,f).

Figure 1. Cont.
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)

Figure 1. FE-SEM images of WCyM,S; produced at a hydrothermal temperature of 120 °C (a) and
200 °C (b). FE-SEM (c,d) and TEM (e,f) images of WC,M;S; at a hydrothermal temperature of
200 °C.

The XRD patterns and Raman spectra of WC,M»S; generated at a hydrothermal
temperature of 120 °C and 200 °C, respectively, are presented in Figure 2. The diffrac-
tion peaks at 13.89°, 33.42°, 38.87°, 48.32°, and 58.91° can be attributed to (002), (100),
(103), (105), and (008) crystal planes, respectively, establishing a hexagonal MoS, structure
(card No. 37-1492) [20]. An increase in hydrothermal temperature is accompanied by
sharper diffraction peaks with increased intensity, indicating improved the growth of MoS,
crystals along (002) plane and (100) plane, respectively [21]. The Raman spectra presented
in Figure 2b—d were obtained using a laser irradiation wavelength of 532 nm. The peaks at
376.48 cm~! and 402.26 cm ! are attributed to the E!'2g and A'g modes of MoS,, suggest-
ing in-layer vibration of S and Mo atoms and outer layer vibration of S atoms along the
c axis, respectively [21,22]. Furthermore, the distance value of the E!2g and Alg peaks is
25.65 cm ™!, which is smaller than the value (26.3 cm™1) for bulk MoS, The lower E!2g and
Al g peak distances indicate a decrease in the number of layers [21], which results from
the use of willow catkins. The Raman peak at 819.88 cm ! is assigned to the vibration of
MoO3, possibly suggesting a transfer of MoO3 into MoS, as the hydrothermal temperature
was increased from 120 °C to 200 °C [20]. The D and G peaks of carbon (at 1380 cm ! and
1600 cm 1) were not observed after hydrothermal treatment [21].

1000
——200°C MoS

2500 (002) i 2 —— 200°C
120°C — 120°C

(100) 800

)

. 2000
' 600
1500
400

Intensity (a. u.
Intensity (a. u.)

1000
200

500

500 1000 1500 2000 2500
Raman shift (cm™)

(b)

Figure 2. Cont.

59



Lubricants 2023, 11, 524

1000 200
Ay ——200°C ——200°C

— 120°C —120°C
800 -

—
n
>

Ali.flﬂlill.l.hL.l |Lu.ﬂ.th.M“.h.|l 1.

Intensity (a. u.)
o
Intensity (a. u.)

—
=3
=

400 - ﬁ
TN ey e o

0 1 1 1 50 1 1 1 1 1 1 1
300 400 500 . 600 700 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm™) Raman shift (cm™)

(o) (d)

Figure 2. XRD patterns (a) and Raman spectra (b—d) for WC,M,S; produced at a hydrothermal
temperature of 120 °C and 200 °C, respectively.

The FT-IR spectrum of WC,M,S; (Figure 3a) shows a broad peak at ca. 3200 cm ™!,
attributed to -OH and/-NH, on the surface of willow catkins [23]. Peaks at ca. 1139 cm ™!
and 888 cm~! are assigned to Mo-O and S-S bonds, respectively [8]. The peaks at ca.
1017 cm~! and 1418 cm ! are due to C-O-C and -COO- groups, respectively [23]. A weak
peak at ca. 695 cm™~! is assigned to the Mo-S bond [24]. The peak at ca. 1611 cm™!,
attributed to C=N and/or C=C groups, suggests the presence of aromatic rings associated
with willow catkins [11]. The TGA curves (Figure 3b) have revealed weight losses for
WC;,M;S; before and after modification of 8.5% and 25.1%, respectively [19].
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Figure 3. (a) FT-IR spectrum of WC,;M,Sq, and (b) TGA curves of WC,M,S; before and after
modification.

The WSD-concentration and COF-concentration curves for LP containing OA modified
MSs (denoted as OAMSs) are presented in Figure 4 for different reaction temperatures
and percentages of sodium molybdate dihydrate and thioacetamide. Figure 4a,b show
the WSD-concentration and COF-concentration curves for steel balls with lubrication by
LP-OAMSs synthesized at different temperatures. In the case of the three lubricants, lower
WSDs and COFs were recorded relative to pure LP. Increasing the synthesis temperature to
200 °C resulted in a WSD decrease from 0.65 mm for pure LP to 0.48 mm, and a decrease in
COF from 0.178 to 0.121. The steel balls using lubricants containing additives synthesized
at 200 °C exhibit better anti-wear and friction reducing ability than observed at other
temperatures. Consequently, the synthesis temperature was fixed at 200 °C.
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Figure 4. (a) WSD concentration curves and (b) COF concentration curves of LP-OA-modified M;5;

at different reaction temperatures. (¢) WSD concentration curves and (d) COF concentration curves
of LP-OA-modified MS with different percentages at 200 °C.

The tribological behavior of MSs with different percentages of sodium molybdate
dihydrate and thioacetamide was investigated; the results are presented in Figure 4c,d.
As the weights of sodium molybdate dihydrate and thioacetamide were 2 g and 1 g,
respectively, the samples are denoted by M,S;. The steel balls lubricated with LP-OA-
modified M,S; exhibit less friction reduction and anti-wear capability than achieved with
the other two lubricants. At a concentration of 2.0 wt.%, a WSD of 0.46 mm was recorded
for LP-OAM,S;, which is lower than that for LP-M;S; (0.60 mm) and LP-M;S, (0.59 mm),
respectively. The weights of sodium molybdate dihydrate and thioacetamide were fixed at
2 gand 1 g, respectively. The non-linearity of COFs with concentrations might be attributed
to the changes of viscosity index, adsorption—desorption ability and/or the spread ability
of additives in base oil, respectively [25-27].

The WSD concentration curves and COF concentration curves presented in
Figure 5a and 5b, respectively, show the results generated for LP-OAWCM,S; using differ-
ent volumes of willow catkins solution. It can be seen that the steel balls exhibit smaller
WSDs for lubrication by LP-OAWC3M,5; with concentrations less than 1.5 wt.% relative to
samples without willow catkins. The WSD of steel balls lubricated with LP-OAWC3M,S; at
a concentration of 0.2 wt.% is 0.50 mm, which is much smaller than that with LP (0.65 mm)
and LP-OAWCyM,5; (0.60 mm). In the case of the COFs of steel balls with LP containing
the three additives, there is no marked dependence where use of LP containing the three
additives at a concentration of 1.0 wt.% resulted in a COF of 0.121, much lower than that
obtained with pure LP (0.178).
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Figure 5. (a) WSD concentration curves and (b) COF concentration curves of LP-OA-modified
WCM,S; with different volumes of Willow catkins solutions.

In a further investigation of the tribological properties of WC3M,S;, urea was added
to the solution during hydrothermal reaction (see Figure 6). When 8 g urea was included
in the hydrothermal solution, both the WSDs and COFs for the steel balls lubricated with
LP-OA modified WC3M;S; exhibited a marked drop. At a concentration of 0.5 wt.%, a
WSD of 0.46 mm was calculated for the balls lubricated with LP containing WCsM,S; and
urea (8 g), which is ca. 70% and 87% of that achieved with pure LP and LP containing
WC3M,S; without urea, respectively. In the case of samples with other amounts of urea
(12 g and 4 g), the measured WSDs showed no obvious differences relative to the addition
of 8 g urea. Furthermore, the COFs for the balls lubricated with LP containing WC3M,S;
with urea were much lower than lubrication without urea. For example, at a concentration
of 0.5 wt.%, a COF of 0.09 mm was recorded for the balls lubricated with LP containing
WC;3M,S; with urea (8 g), which is ca. 50% and 69% of that recorded for lubrication with
pure LP and LP containing WC3M,S; without urea, respectively. From an overview of the
results, WC3M,S; with 8 g urea exhibited the lowest coefficients of friction.

= - - Ogurea - .-
0.65 b 018 gg urea
—— 8gurea . A
0.60 — I2gurea 0161\ " i
T B
055
£ .
N’ . N
2 0.50 <. N
w it
2 0as| i \\‘I
0.40 | 0.08 1
0.35 . . . L 0.06 ! . ! L
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Concentration(wt.%) Concentration(wt.%)

(a) (b)

Figure 6. (a) WSD concentration and (b) COF concentration curves of LP-OA-modified WC3M,S;
with different volumes of urea.

3.2. Discussion

The above experiments serve to demonstrate that the combination of willow catkins
and urea can improve the tribological properties of MoS,. Generally speaking, the low
friction coefficient of MoS, was related to its easy sliding between layers under the shearing
force of weak van der Waals force between molecular layers. The possible lubrication
mechanisms were generally suggested as rolling, deformation, exfoliation-transferring and
easier interlayer sliding, and the related factors about improving lubrication performance
are also explored. Many reports also suggest that both weak Van der Waals forces between
the MoS; layers and the protective tribo-films containing Mo, S, Fe, C, O and other elements
can decrease friction forces and wear rate [7,9,28-31]. For example, Sun et al. synthesized N-
doped carbon quantum dots as lubricant additive to investigate the tribological behavior of
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MoS; nanofluid [9]. The tribo-films containing amorphous substances, ultrafine crystalline
nanoparticles, and self-lubricating FeSO,/Fep (SO4)3 were formed during rotation. Non-
equilibrium molecular dynamics simulation results indicated the interaction between S
atoms in MoS, as well as these O- and N-containing functional groups in nitrogen-doped
carbon quantum dots with steel surfaces enhanced the stability and strength of tribo-films.
Liu studied the tribological properties of coral-like MoS, as additives of liquid paraffin
using four-ball testing machine [30]. The results shows that MoS; sheets stack randomly
under weak Van der Waals force and large layer space can weaken the attractive force, and
the nanostructure will be easily distorted, exfoliated and even oxidized during friction.
On the other hand, the surface of the steel ball is formed by the boundary lubrication and
protective film formed by newly generated Fe-based compounds, molybdenum oxide and
other products. So the friction reduction and anti-wear mechanism were focused on the
tribo-films and /or the Van der Waals forces.

The morphologies and corresponding elemental analysis of worn surfaces are pre-
sented in Figure 7 for lubrication using LP and LP-OA-modified WC3M,S; with 8 g urea.
The WSD of the worn surface using LP-OA modified WC3M,S; with 8 g urea is 0.45 mm,
which is much smaller than the WSD (0.65 mm) using pure LP. The SEM and associated
EDXA have revealed that the worn surface of the steel balls lubricated with LP-OA mod-

ified WC3M,S; with urea is smooth with evidence of a Fe, C, O, Mo, S and N content.
It should be noted that the percentage of nitrogen on the worn surface increased from
0.06 at.% to 0.92 at.% when 8 g urea was included in the treatment.

.
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Figure 7. (a) Optical image of the steel ball wear scar following lubrication with LP. (b) Optical image,

(c) SEM image, (d-i) EDS element mapping, and (j) EDS spectrum of the steel ball wear scar following
lubrication with LP containing WC3M;S; with 8 g urea.

The XPS analysis of the worn surfaces following lubrication using LP-WC3zM,S;, with
and without urea, is presented in Figure 8. Peaks due to Cls at 283.1 eV, 284.7 eV, 286.0 eV,
and 288.1 eV can be attributed to carbide, carbon, carbon with N/S, and O-C=0, respectively
(see Figure 8a and 8g) [19,32]. A comparison of Figure 8g with Figure 8a reveals a greater
component of carbide and carbon with N /S on the worn surfaces, which must result from
the use of urea during composite treatment. The Ols peaks following lubrication with
LP-WC;3M;S; are assigned to metal oxides, carbonates, and sulfates [9,19,29]. The signals
generated for the worn sample with lubrication using WC3M,S; with urea may be attributed
to metal oxides, carbonates and nitrates (see Figure 8b,h) [9,19]. The occurrence of N1s peaks
has revealed the formation of nitrides, organic matrix, and azide on the worn surface [9,32]. A
consideration of Figure 8c,i suggests the presence of azide on the tribo-film for lubrication with
LP containing WC3M,S; with urea. A Mo3d peaks following lubrication with LP-WCsM,S;
are attributed to the MoO3 or FeMoOjy (232.2-235.4 eV), MoS, (229.1-232.3 eV), and oxysulfide
compound of type MoOxSy (230.7-233.8 eV), respectively (shown as: Figure 8d and 8j) [33].
Furthermore, the weak S2p signal at 161.70 eV and 169.15 eV are due to sulfide and sulfate,
respectively, suggesting the presence of FeS, MoS, and FeSO4 on the worn surfaces [7,34].
The Fe2p signal was deconvoluted into two peaks at 710.44 eV and 713.04 eV, which may
be ascribed to FeS and Fe,O3 on the worn surfaces, respectively [7,34]. The results indicate
that a tribo-film containing carbon, C-O/N/S, nitride, and sulfide was formed on the worn
surfaces during rotation. In the case of the samples lubricated with LP-WC3M;S; and urea,
the formation of surface azide, nitride, and FeS may help improve the friction reducing and
anti-wear capability of the steel balls.
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Figure 8. XPS spectra of the worn surfaces lubricated using LP-WC3M,S; with (a—f) and without
(g-1) urea.

In order to arrive at a relationship between the wear mechanism and structure of the
composites, XRD and the EDXA measurements were conducted for WC3M,5; with and
without urea, and the results are shown in Figure 9. Taking the WC3M;S; sample, the
XRD peaks at 14.10°, 33.32°, 59.02° are attributed to (002), (100), and (008) crystal planes,
respectively. In the case of the samples with urea, the 26 values associated with the (100)
and (008) planes were shifted to 32.38° and 57.26°, respectively. The peak due to (002) was
split into two peaks at 18.40° and 9.27°, which indicates that graphene-like MoS, formed
due to the inclusion of urea in the solution [35]. The FE-SEM analysis has revealed the
presence of loose MoS; nano-sheets on the samples of WC3M,S; with urea (Figure 9a).
Possibly, the large spaces of these sheets decreased the shearing force of weak van der
Waals force between molecular layers and friction coefficient of MoS, composites. The urea
in the solution may decrease the interaction between the solution and MoS; and increase
the inter-layer spacing of the MoS; nano-sheets [36]. The mapping analysis (shown in
Figure S3) and the EDXA spectrum (Figure 9b) have established that the composites
contain Mo, S, C, O, and N, where the ratio of Mo to S is 1:2, confirming that MoS, nano-
sheets covered the surfaces of willow catkins. The images and mapping suggest that the
MoS, filled the willow catkins cavity. The nitrogen content increased from 3.84 at.% to
5.5 at.% due to the addition of urea, which suggests that the hybrid of nitrogen with WCMS
was formed.
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Figure 9. (a) XRD pattern and (b) EDXA spectra of the WC3M,S; with and without urea.

The results of the XPS analysis of WC3M,S; with and without urea are presented in
Figure S4. The Cls peaks at ca. 285 eV and 286.1 eV are attributed to free carbon and
carbon bonded to nitrogen/oxygen/sulfur, respectively [19,24]. The weak N1s peaks at
407.1 eV, 404.8 eV, 403.7 eV, 400.9 eV, and 401.2 eV are assigned to nitrates, nitrites, the
organic matrix, C-NHj, and ammonium salt, respectively [24,31]. Comparing the nitrogen
signal for samples with and without urea, the ammonium salt was replaced by organic
compounds when urea was added to the solution. The Ols peaks at 533.7 eV, 532.1 eV,
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and 530.4 eV are attributed to N-O, S5-O, and Mo-O, respectively [24,31]. It is possible
that Mo and S on the surface of MoS, nano-sheets bonded with oxygen on the surface of
hydroxylated willow catkins [34]. Furthermore, the Mo3d and S2p curves have revealed
that MoS; and MoOj3; were formed, confirming the presence of Mo-O on the nanosheet
surface [24,31]. It can be deduced that the MoS; sheets were anchored to the hydroxide
of the hydroxylated catkins in alkaline solution with the formation of loose MoS, [37].
The N; adsorption/desorption isotherms (at 77 K) of M»S; and WC3M,S; (presented in
Figure S5) have established that the BET surface areas increased from 8.6236 m?/g to
15.3994 m? /g as willow catkins were transferred into the composites, which is consistent
with the formation of loose composites. Many researchers suggested that ultrathin MoS;
could significantly improve the lubrication property of oils, because they could be pene-
trated into the contact area easily [29,30].Notably, MoS; plays an important role in friction
reduction and abrasion resistance. Nano-scale MoS, possesses high specific surface area,
which is more advantageous to be adsorbed on the contact surface. In friction, the shedded
MoS, flakes can be replenished and updated immediately by other adsorbed MoS, film,
which plays an important role in lubrication function [30]. Research has shown that the
addition of urea to the precursor solution can influence nucleation and growth of crystalline
MoS;, and generate a greater number of loose nano-sheets [38]. These possess weak van
der Waals forces of the loose sheets, decreasing the shear forces that the steel balls must
overcome, providing effective lubrication during rotation [19].

The above analysis might give some clues of mechanism. First, the lager catkins
surface and the significant hydroxide can anchor the MoS, sheets with chemical bonds and
hinder aggregation of MoS, sheets. Second, the addition of urea can generate a significant
number of loose nano-sheets and even graphene-like sheets. The weak van der Waals forces
between the loose sheets decrease the shear forces of steel balls during rotation, providing
effective lubrication. Third, the tribo-film containing MoS;, FeS, azide, metal oxides and
other compounds plays an important role in reducing friction and the anti-wear properties
of the composites (see Figure 10).

O s @ Mo ®Cc © re @ 0 @ N EEEEEEEN Mos,
Figure 10. The growth and wear mechanism of WCMS with urea.

4. Conclusions

In this study, willow catkins/MoS, nanoparticles have been prepared using a hy-
drothermal method. By controlling the reaction temperature, the combination of willow
catkins and urea can effectively improve tribological properties. The WSD of steel balls
lubricated with LP-OAWC3M,S; at a concentration of 0.2 wt.% is 0.50 mm, which is much
smaller than that with LP (0.65 mm) and LP-OAWCyM,S; (0.60 mm), respectively. At
a concentration of 0.5 wt.%, the WSD and COF of steel balls when lubricated using LP
containing modified WC3M,S; with urea (8g) were 0.46 mm and 0.09, representing ca.
70% and 50% of that observed for lubrication with pure LP, respectively. The tribo-film
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contained MoS,, FeS, azide, metal oxides and other compounds that play an important
role in reducing friction and the anti-wear properties of the composites. The catkins sur-
face contains a significant hydroxide component that serves to anchor the MoS, sheets
and hinder aggregation of MoS, The addition of urea to the precursor solution can al-
ter the nucleation and growth of crystalline MoS;, generating a significant number of
loose nano-sheets and even graphene-like sheets. The weak van der Waals forces be-
tween the loose sheets decrease the shear forces of steel balls during rotation, providing
effective lubrication.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/lubricants11120524/s1. Figure S1. The stability of lubricants with
additives. Figure S2. The mapping analysis of the WC,;M,S¢s with the hydrothermal temperature of
200 °C. Figure S3. The mapping analysis of the WC;M,S;s with urea at a hydrothermal temperature
of 200 °C. Figure S4. The XPS spectra of the WC3M,S; with (a—e) and without (f—j) urea. Figure S5.
N, adsortion/desorption isotherms (77K) of M,S;s (A) and WC3M,;S;s (B), respectively. Table S1.
The catalogue and component content of the composites.
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Abstract: MoS, lithium-based grease is suitable for lubrication protection between bearings at high
temperatures and loads due to its excellent tribological properties. However, there is little research on
the influence of different addition methods of MoS, additive on its tribology and corrosion properties.
In this work, eco-friendly vegetable oil was selected as the base oil, with MoS, powder as the additive
to synthesize lithium-based grease. The effects of different adding modes of MoS; on the tribology
and corrosion properties of the grease were studied. The experimental results showed that adding
0.01 wt% MoS; before thickening (Method D) was more conducive to improving the tribological
properties of lithium grease. The average friction coefficient was reduced by 26.1%, and the average
wear scar diameter was reduced by 0.16 mm. After grinding and adding (Method B) 0.01 wt% MoS,,
the corrosion inhibition efficiency of the steel sheet was as high as 96.97%. The reason was that the
tribochemical reaction of MoS, evenly distributed throughout the grease during friction, forming a
thin friction film, reducing friction and wear. The protective film formed by MoS; and GCr15-bearing
steel improved the corrosion inhibition performance of the grease.

Keywords: MoS,; lithium-base grease; addition method; friction; corrosion

1. Introduction

Grease is a common lubricant composed of base oil and thickener and is widely used
in machinery lubrication due to its unique properties. It is often the lubricant of choice
for rolling bearings, plain bearings, slider bearings, gears, pivots, couplings, guides, pin
bushings, and sliding contacts [1]. Greases have a good sealing ability, are leak-resistant,
have corrosion resistance, and require little maintenance [2]. Grease occupies an important
position in the global economy and plays an important role in maintaining the normal
operation of various mechanical equipment, reducing friction and wear during operation,
and extending the service life of mechanical equipment [3].

At present, there are five main types of base oils for the production of biodegradable
fats and oils, highly unsaturated vegetable oil [4], low-viscosity polyalphaolefin, polyethy-
lene glycol, dibasic acid ester, and polyol ester. The main advantages of vegetable oil are
low toxicity, high biodegradation rate, low cost, and renewable [5].

In general, various types of greases can be used for bearing lubrication [6]. The low-
performance calcium and sodium grease is cheap [7], but the lubrication effect is not as
good as the high-performance grease, and the grease change cycle is short. Ball-bearing
grease can be used for equipment with general speed and heavy working load. Its mechan-
ical stability and colloidal stability are better than calcium and sodium base greases [8].
Compared with other soap-based greases, lithium-based greases can still exert excellent lu-
brication performance under extremely harsh operating conditions. Lithium-based greases
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improve the reliability and durability of mechanical components by improving lubrica-
tion performance, reducing friction, reducing wear on mating surfaces, and preventing
sintering [9-11].

MoS, is a two-dimensional layered structure formed by an S-Mo-S atomic covalent
bond; the layers are connected by weak van der Waals forces; the molecular layers are
easy to slide so that they show excellent frictional properties [12] and have been widely
used in the field of solid lubrication [13]. In addition, compared with other lubricants, a
series of lubricants containing MoS, displays tribological advantages. Research has found
that MoS; is prone to react with non-ferrous metals such as iron substrates, generating
friction films containing iron sulfide and its oxides, metal oxides, and disulfides [14], thus
exhibiting excellent low friction and wear resistance. Therefore, MoS, is commonly used
as an additive and is widely used in lubricating oils or greases to reduce friction and
wear [15,16].

In the field of lubrication engineering, the tribological behavior of grease is largely
determined by the performance of additives. The main function of additives in grease is to
improve and enhance the performance [17], and the addition of different additives will lead
to differences in the performance of the same grease. Additives are generally added during
the preparation of the grease [18] or are directly mixed with the additive. However, the
effect of additive adding method has not been reported. In this paper, the effects of trace
amounts of MoS, addition methods on the tribology and corrosion properties of lithium
grease were studied by us.

2. Experimental Part
2.1. Experimental Materials and Characterization

Thickening agent (lithium dodecyl stearate, white powder) purchased from Xinwang
Chemical Co., Ltd. (Huzhou, China). Longevity Flower corn oil (edible grade) purchased
from Samsung Corn Industry Technology Co., Ltd. (Binzhou, China) was employed as
a base oil. Petroleum Ether (60-90) and ethyl alcohol (AR) were purchased from Xilong
Science Co., Ltd. (Shantou, China).

MoS, powder (AR), produced by Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin,
China). The morphology of the samples was observed by Hitachi SU8010 scanning electron
microscope (SEM, HitachiHigh-Technologies Corporation, Tokyo, Japan). The powder
samples were ultrasonically dispersed on the silicon wafer with anhydrous ethanol, and
then gold was sprayed after drying. Figure 1 shows the SEM image of MoS; powder. It can
be seen from SEM that MoS5; is a lamellar structure. Because the layered structure of MoS;
is only affected by weak van der Waals forces between layers, it is prone to sliding. This
results in lubricants containing MoS; typically exhibiting good friction reduction and wear
resistance [19].

" Lamellar structure

Figure 1. SEM image of MoS, powder.
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2.2. Preparation of Grease

Based on the preparation method of He et al. [20], the specific preparation method of
grease is as follows: 150 g of corn oil was heated in an oil bath to 110 °C. In the atmosphere
of nitrogen, 25 g of thickening agent (12-hydroxystearate lithium) was gradually added to
corn oil for thickening treatment. After stirring the reactant for 1 h, the temperature was
raised to 180 °C for 1 h, and finally, the reaction temperature was raised to 210 °C until the
magnetic stirrer could not stir the grease, then mechanical stirring was used for 1 h. After
that, the reaction was cooled naturally in the oil bath. The cooled grease was then ground
5-10 times by a three-roll grinder (565, China Changzhou Caobao Machinery Co., Ltd.,
Changzhou, China) to obtain the samples of the greases used in the following experiments.
The additive concentration of MoS, were 0.01 wt%, 0.03 wt%, 0.05 wt% and 0.07 wt%.

In this study, MoS, additives with different mass fractions (w) were added to the
prepared grease samples in different ways. The addition methods were divided into the
following four types: (1) adding additives directly during the thickening process; the
method of adding additives was called “Method A”. (2) Additives were added during
three-roll grinding; this method was referred to as “Method B”. (3) After adding additives
during the thickening process, the sample was ground with three-rollers for 5-10 times; the
method of adding additives was labeled as “Method C”. (4) The MoS; additive was added
20 min before thickening, and the resulting grease was ground 5-10 times with a three-roll
grinder; this method was recorded as “Method D”.

2.3. Performance Test
2.3.1. Physical and Chemical Properties of Grease

Following the test method specified in the GB/T4929 standard [21], a drop point
tester (Shanghai Fine Analysis Instrument Manufacturing Co., Ltd., SYD-4929, Shanghai,
China) was used to determine the drop point of the prepared lithium greases. According
to the national standard GB/T269 [22], a cone penetration tester (Beijing Luchen Weiye
Instrument Equipment Co., Ltd., ZRD-3, Beijing, China) was used to measure the cone
penetration of the prepared lithium greases.

2.3.2. Tribological Properties

The tribological properties of MoS, in grease were investigated by a vertical universal
friction and wear testing machine (MMW-1B of Jinan Shunmao Instrument Co., Ltd., Jinan,
China). According to the national standard GB-T3142-1982 [23], the high-load and high-
speed test conditions of 392 N, 1450 rpm, and 60 min were adopted, and the friction
coefficient was measured and recorded by the mechanical sensor in the friction and wear
testing machine in real-time. The GCr15-bearing steel ball has a diameter of 10 mm and a
hardness of 62-65 HRC. Before the test, the steel ball and the oil box were ultrasonically
cleaned with petroleum ether for 30 min, and the test room temperature was 25 + 5 °C.
The experiment was repeated three times under the same conditions to ensure the accuracy
of the test results. After the friction experiment, the wear scar diameter was measured by
the optical microscope (M203, Aosiwei Optical Instrument Co., Ltd., Shenzhen, China).

2.4. Analysis of Wore Surfaces

The surface morphology of the steel ball was analyzed by scanning electron microscopy
(SEM) of Hitachi SU8010. Before the SEM examination, the test balls were ultrasonically
cleaned twice with petroleum ether for about 15 min each time. X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Scientific K-Alpha, Waltham, MA, USA) is a highly sensitive
ultramicroscopic surface analysis technology; it can be used to achieve a qualitative and
semi-quantitative analysis of the composition elements, chemical states, chemical bonds,
and charge distribution on the surface of samples according to the peak shape, position,
and intensity of different characteristic peaks in XPS spectra. Therefore, XPS was also used
for the analysis of worn surfaces in this study. The XPS excitation source used was Al Ka
rays (hv = 1486.68 eV), with a working voltage of 15 kV and a filament current of 10 mA.
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The signal was accumulated for 5-10 cycles. The test passing-energy was 50 eV, with a step
size of 0.05 eV, and the energy of Cls = 284.80 eV was used as the reference standard.

2.5. Corrosion Test

This study investigated the corrosion resistance of lubricating greases prepared by
adding different amounts of MoS; additives in different ways on iron sheets. The perfor-
mance of corrosion resistance was quantified by the weight loss of the steel plate.

Before the test, the 20 x 15 x 3 mm GCrl5-bearing steel plate was polished with 320#,
800#, 1000#, 1500# and 2000# sandpaper in turn. Then ultrasonic cleaning was carried out
with deionized water and anhydrous alcohol, respectively, to remove the iron filings on
the surface of the steel plate. After the steel plates were naturally air-dried, they were
buried in different greases. After 15 days, the steel plates were removed and cleaned with
petroleum ether and anhydrous ethanol and then dried in air. The front and back mass
of the steel plate was recorded, and the corrosion resistance of different greases can be
analyzed according to the quality difference of each steel plate. The corrosion surface of
GCr15 bearing steel sheet was evaluated via scanning electron microscopy (SEM) using a
Hitachi SU8010, and three-dimensional (3D) morphology was performed using equipment
from Zygo Corporation (ZGP OPTICAL PROFILER).

3. Results and Discussion
3.1. Physical and Chemical Properties of Grease

Table 1 shows the drop point and cone penetration of lithium grease after adding MoS;
additive with different mass fractions in different ways. It can be seen from the data in
Table 1 that after adding MoS, additives with different mass fractions (w) in different ways,
the drop point of the grease was improved. The coning degree of the prepared lithium
grease meets the coning degree requirements of No.4 greases (175~205). Table 1 shows
that when MoS, was added, the drop point and cone penetration of the grease changed,
indicating that the addition of MoS, may have a certain effect on the colloidal structure of
lithium grease [24].

Table 1. Dropping point and cone penetration of greases produced by different additional methods
of MoS; with different mass fractions (w).

Addition Method w (wt%)
0 0.01 0.03 0.05 0.07
Method A 197 197 202 202
Dropping point Method B 196.5 202 202 200 199
°O) Method C ’ 197 197.5 198 198
Method D 203 199 200 201
Method A 186.1 202.8 198.1 181.6
Cone penetration Method B 180.6 202.4 201.2 180 192.2
(0.1 mm) Method C ) 175.7 202.3 186.9 180.4
Method D 184.6 187.5 198.2 180.5

3.2. Tribological Properties
3.2.1. Friction Reduction Performance

Under the experimental conditions of 392 N, 1450 rpm, room temperature, and 60 min,
the friction reduction and anti-wear properties of MoS; greases prepared in different ways
were estimated. Figure 2 shows the friction coefficient relationship curve and average
friction coefficient of MoS, greases with different mass fractions prepared by different
addition methods. As can be seen from the friction coefficient curve of Figure 2a, when the
content of MoS, was 0.01% and 0.03%, the friction coefficient relationship curve changes
like a peak after a stable period, which may be because the additive content was small, and
cannot play the role of lubrication for a long time during the friction process. The friction
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coefficient curve corresponding to 0.05 wt% MoS, content begins to stabilize after about
500 s. And the average friction coefficient (Figure 3a) was the smallest, with an average
friction coefficient of 0.037, which decreases by 19.6% compared with the blank group. The
results showed that 0.05 wt% was the best content when MoS; was added by “Method A”.
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Figure 2. Friction coefficient curves and average friction coefficient of MoS; greases prepared by
different addition methods with variable amounts of MoS. (392 N, 1450 rpm, 60 min).
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Figure 3. Wear scar diameter of MoS, greases prepared by different addition methods with variable
amounts of MoS,. (392 N, 1450 rpm, 60 min).

Figure 2b shows that when MoS; was added via “Method B”, the average friction
coefficient of the prepared grease under experimental conditions first decreased and then
increased. By comparing the friction coefficient curves, it can be seen that the optimal
addition amount of MoS, additive in the grease prepared using this method was 0.03 wt%.
The average friction coefficient of MoS, grease at the optimal concentration is 0.040, which
decreases by 13.0%.

The above two methods can improve the anti-friction performance of grease, but
“Method B” requires less optimal additive content. The average friction coefficient cor-
responding to the optimal content of “Method A” is smaller than that of “Method B”.
Therefore, “Method C” combines the above two methods.

It can be seen in Figure 2c that the friction coefficient of MoS, grease prepared via
“Method C” was generally stable under experimental conditions, and gradually decreased
over time. The three-roll grinding process in “Method C” may help the MoS; to be more
evenly distributed in the grease, thereby reducing friction for longer. By comparing, it can
be found that the optimal MoS, additive content of MoS, grease prepared via “Method
C” was 0.05 wt%, and the corresponding average friction coefficient was 0.039. When
compared with the average friction coefficient of 0.046 in the blank group, it can be found
that the average friction coefficient was reduced by 15.2%.
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“Method C” and “Method D” are different in the addition time of additives. It can
be seen in Figure 2d that when MoS, was added via “Method D”, the friction coefficient
curves of MoS, grease with different mass fractions were stable, and the optimal content of
MoS; corresponding to this method was 0.01 wt%, and its average friction coefficient was
0.034. This was a 26.1% reduction compared to the blank group.

Compared with four different MoS, adding methods, it can be found that the friction
coefficient of grease obtained via “Method D” was the most stable, the average friction
coefficient was reduced the most, and the required optimal MoS, content was lowest. This
may be due to the longest reaction time between the additive and the base o0il, which was
more conducive to the uniform mixing of the additive in the grease so that the friction
reduction effect can be effectively achieved for a longer time. The lubricating grease
prepared by this method can achieve a good lubrication effect based on a very low additive
content of 0.01 wt%.

3.2.2. Anti-Wear Performance

Figure 3 shows the average wear scar diameter of MoS, greases with different mass
fractions prepared by different addition methods under the test conditions of 392 N and
1450 rpm. In Figure 3a, it can be seen that the average wear scar diameter corresponding
to the lubricating grease prepared via “Method A” shows that the optimal MoS, content
was 0.05 wt%, at which point the minimum average wear scar diameter was 0.50 mm. In
Figure 3b, it can be seen that the wear scar diameter caused by MoS; lubricating grease
prepared via “Method B” shows a trend of first decreasing and then increasing with the
increase of MoS, content, and the optimal content of additives required for the lubricating
grease prepared via this method was 0.03 wt%. From the average wear scar diameter in
Figure 3¢, it can be observed that the optimal amount of MoS, added to the lubricating
grease prepared via “Method C” was also 0.05 wt%. When the MoS, content was 0.01 wt%,
a small amount of MoS; could not effectively resist wear during the friction process. When
the amount of MoS, exceeded 0.03 wt%, due to the low surface tension and hydrophilic
properties of the MoS, sliding layer [25], MoS, particles may be unevenly dispersed in the
lubricating grease, resulting in a gradual increase in wear scar diameter. Figure 3d shows
the corresponding wear scar diameter of the lubricating grease prepared via “Method D”.
From Figure 3d, it can be seen that the lubricating grease configured with 0.01 wt% MoS,
exhibits the smallest average wear scar diameter, which was reduced by 0.16 mm compared
to the blank group without MoS,.

3.3. SEM Analysis of Worn Surfaces

Figure 4 shows the SEM images of worn surfaces corresponding to blank lubricating
grease and lubricating grease with the optimal mass fraction of MoS; added in different
ways. In Figure 4a, it can be seen that the worn surface corresponding to the blank
grease exhibits obvious wear scar tracks, with wide and large furrows on the wear scar
tracks. The wear scar tracks on the steel ball surface (Figure 4b—e) corresponding to the
lubricating grease containing the MoS, additive become relatively less obvious, and the
surface becomes smoother. This may be because MoS; has a layered structure that is easy
to slide, so it can form a stable film on the friction surface under friction conditions, thereby
achieving an anti-wear effect.

By comparing Figure 4b—e, it can be found that the wear scar tracks (300 um) of
“Method A” are relatively uniform. The wear scar tracks (300 um) of “Method B” are
concentrated. “Method C” and “Method D” have a similar range of wear scar tracks. The
wear scar tracks of steel balls become shallower in turn, and the MoS, grease prepared via
“Method D” shows the shallowest wear scar tracks and the smoothest grinding surface,
indicating that the grease prepared by this addition method has the best anti-wear effect.
This may be because the addition of MoS, before thickening allows MoS; and the base
oil to be in contact and mixed for a longer period, and may also have a longer chemical
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reaction. Moreover, this method adopted a three-roller grinder for grinding, which allows
MoS; to be more evenly distributed in the lubricating grease.

300pm 20pm

Figure 4. SEM images of worn surfaces: (a) blank group, (b) Method A with 0.05 wt% MoS;,
(c) Method B with 0.03 wt% MoS,, (d) Method C with 0.05 wt% MoS,, (e) Method D with 0.01 wt%
MoS;. (392 N, 1450 rpm, 60 min).

3.4. Soap Fiber Structure of Lithium Lipids

Figure 5 shows the SEM images of the soap fiber structure of blank grease and lithium-
based lubricating grease prepared by adding MoS, through “Method D” with the best
tribological performance under the friction test conditions of 392 N, 1450 r/min, and 60 min
before and after friction. By comparison, it can be found that the network structure of
soap fiber of blank lithium-based grease was sparse before and after the friction. The more
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compact the soap fiber structure, the higher the drop point of the grease, the better the
colloidal stability [26]. The soap base structure of “Method D” had small pores and strong
oil absorption capacity, so it can act on the friction pair for a long time and play a role in
reducing friction and anti-wear. The soap fiber structure of the blank grease and the grease
of “Method D” did not change between pre-friction and post-friction, respectively. This
shows that the performance of lithium-base grease is excellent, and the addition of MoS,
has no obvious effect on the structure of soap fiber.

Post-friction
(b) 0.01 wt% MoS2 by “Method D”

Figure 5. SEM image of soap fiber structure of blank grease and lithium grease with 0.01 wt% MoS,
via “Method D” before and after friction. (392 N, 1450 rpm, 60 min).

3.5. XPS Analysis of Worn Surfaces

In order to reveal the lubrication mechanism of MoS; as an additive in lithium grease,
the chemical state of elements on the surface of the wear scar was analyzed by XPS. Figure 6
shows the XPS spectra of Cls, Ols, Fe2p, S2p, and Mo3d on the worn surface of steel balls
caused by lithium-based grease with 0.01% MoS5,.

The peaks with binding energies of 284.8, 284.98 and 287.18 eV in the Cls spectra
(Figure 6b) correspond to C-C, C-O-C [27] and C=O [28] bonds, respectively. For the
O1s (Figure 6c) spectrogram, two photoelectron contribution are found at 529.37 eV and
531.81 eV, attributing to metal oxides (Fe;O3) and C-O bonds [29]. The binding energies
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of Fe2p (Figure 6d) at 706.30 and 711.76 eV peaks correspond to FeS, and Fe,O3, respec-
tively [30]. The 709.64 and 723.19 eV correspond to Fe 2p3,, and Fe 2pq s, of FeO. As for the
S2p-XPS spectra (Figure 6e), two peaks belonging to MoS; [31]/FeS; and metal sulfate are
found at 161.50 eV and 168.60 eV. The peaks at 232.68 and 235.83 eV in the Mo3d-XPS spec-
tra (Figure 6f) correspond to MoO, and MoOs3, respectively [32]. The appearance of MoO,
and MoOj indicates that the MoS; additive has been oxidized during the friction process;
that is, MoS; may have partially caused tribochemical reactions during the friction process.
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Figure 6. XPS spectra of the worn surface caused by 0.01 wt% MoS, lithium grease prepared via
“Method D”, (a) XPS survey spectrum, (b) C 1s, (c) O 1s, (d) Fe 2p, (e) S 2p, (f) Mo 3d.

3.6. Results of Corrosion Test

To explore the corrosion performance of MoS,-lithium grease on metal under natural
conditions, the corrosion test was conducted with the GCr15—bearing steel sheet. Table 2
shows the quality changes of the steel sheets before and after 15 days.

Table 2. Mass change (Am, g) of GCrl5-bearing steel plate after 15 days of exposure to MoS;
lubricating grease.

Addition Method Mass Change (Am, g)
w (wt%)
0 0.01 0.03 0.05 0.07
Method A 0.0198 0.0034 0.0109 0.0059 0.0040
Method B 0.0198 0.0006 0.0083 0.0034 0.0070
Method C 0.0198 0.0089 0.0032 0.0089 0.0017
Method D 0.0198 0.0161 0.0158 0.0167 0.0177

The corrosion rate of MoS, grease on bearing steel can be calculated according to the
following formula [33]:
_Am

)
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~ CRg—CR;
NwL = 7(?1{0

where Am represents weight loss, A is the surface area of the bearing steel, ¢ is the time of
the steel plate buried in the grease, CR represents the corrosion rate, CRy and CR; represent
the corrosion rate with and without additives, respectively.

Figure 7 shows the corrosion rate of GCr15—bearing steel sheets buried in MoS,
lubricating grease with different mass fractions prepared by different addition methods for
15 days. Compared with the blank group without MoS,, it can be found that the addition
of MoS, additive reduces the corrosion rate of bearing steel in the natural environment,
indicating that the addition of MoS, effectively slows down the corrosion process of
bearing steel.
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Figure 7. Corrosion rate and corrosion inhibition efficiency of GCr15—bearing steel plate buried in
MoS, greases with different mass fractions prepared by varying addition methods.

However, as the addition of additives changes, the content of MoS, with the best
corrosion inhibition efficiency also changes. The optimal corrosion inhibition efficiency of
MoS, via “Method A” was found at 0.01 wt% MoS, content. When MoS, was added via
“Method B”, the optimal corrosion inhibition efficiency occurred when the MoS; content
was 0.01 wt%. When MoS; was added via “Method C”, the optimal additive content for
corrosion inhibition efficiency was 0.07 wt%. When “Method D” was adopted to add MoS;,
0.03 wt% MoS, exhibited the best corrosion inhibition efficiency. This change may be due
to the varying degree of uniform distribution of MoS; in the lubricating grease when added
in different ways, resulting in different corrosion results. The data in Table 2 and Figure 7
both show that when “Method B” was used to add 0.01 wt% MoS,, the configured grease
had the lowest corrosion rate on the bearing steel; that is, the corresponding corrosion
inhibition efficiency was the highest, reaching 96.97%.

The SEM image of the GCr15—bearing steel sheet embedded in 0.01% MoS; lubri-
cating grease for 15 days is shown in Figure 8. Figure 8a shows that no obvious surface
coverings or corrosion pits were found on the surface of the original bearing steel sheet.
However, the surface of the bearing steel corresponding to the blank grease without MoS,
showed obvious corrosion, with an unsmooth surface and severe corrosion pits (Figure 8b).
Figure 8c is the SEM image of the surface of the steel sheet caused by 0.01 wt% MoS, grease
prepared via “Method A”. It can be seen that corrosion pits appear in a small part of the
surface of the steel sheet under such circumstances. When 0.01 wt% MoS, was added via
“Method B”, the resulting grease causes the slightest corrosion on the surface of the steel
sheet (Figure 8d). When 0.01 wt% MoS, grease was prepared via “Method C”, the corrosion
test results in uneven corrosion on the surface of the steel sheet, as shown in Figure 8e. As
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can be seen from Figure 8f, the grease prepared by adding MoS, additive via the process of
“Method D” will cause local corrosion on the surface of the steel sheet. From Figure 8c—f, it
can be found that MoS; grease has a certain corrosion effect on the steel surface, which may
be because the S element in MoS; can combine with the Fe element in the bearing steel to
produce iron sulfide and other products [14], so MoS; has a certain corrosion effect, and the
surface of the steel sheet was therefore pitted. However, by comparing Figures 8b and 8c—f,
it can be found that after the addition of MoS; additive, the corrosion phenomenon on the
surface of the bearing steel was slowed down in different forms, indicating that MoS; has a
certain corrosion inhibition effect.

. 20pm

Figure 8. SEM image of GCr15 steel sheet embedded with 0.01 wt% MoS, lubricating grease prepared
via different addition methods after 15 days: (a) original steel surface, (b) blank grease, (c) Method A,
(d) Method B, (e) Method C, (f) Method D.
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To better demonstrate the morphology and roughness of GCr15—bearing steel sheets
after corrosion experiments, three-dimensional (3D) morphology studies were also con-
ducted on the corroded steel sheets. Figure 9 shows the 3D morphology of the steel sheet
after being embedded in 0.01% MoS, grease for 15 days.

Figure 9. 3D morphology of GCr15—bearing steel sheet embedded in 0.01 wt% MoS, lubricating
grease prepared via different methods for 15 days: (a) original steel sheet, (b) blank lubricating grease
without MoS,, (¢) Method A, (d) Method B, (e) Method C, (f) Method D.
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In Figure 9a, it can be observed that the surface roughness of the original bearing steel
was 0.034 pm. After 15 days of embedding with blank lubricating grease without MoS,,
the surface roughness of the bearing steel was the highest, reaching 0.223 um (Figure 9b).
Figure 9c illustrates that the surface roughness of the corroded steel plate corresponding to
the lubricating grease prepared via “Method A” was 0.113 um. Figure 9d shows that the
roughness of the corroded steel surface corresponding to the lubricating grease prepared
via “Method B” was 0.047 pm. Figure 9e,f represent the 3D images of the corroded steel
surface corresponding to the lubricating grease prepared via “Method C” and “Method D”,
respectively, with a surface roughness of 0.193 um and 0.054 pm.

Comparing Figures 9b and 9c—f, it can be found that regardless of the method of
adding 0.01 wt% MoS;, the formulated lubricating grease will reduce the surface roughness
of bearing steel after corrosion. The adoption of the “Method B” resulted in the maximum
reduction of surface roughness (Figure 9d) by 0.176 um. The process of “Method C”
(Figure 9e) having the least reduction in surface roughness resulted in a reduction of only
0.03 um. The 3D morphology in Figure 9 is in good agreement with the SEM results in
Figure 8. This further indicates that adding MoS, additive can slow down the corrosion
rate of bearing steel and can protect the corrosion of the device for a long time under
natural conditions.

4. Conclusions

The effects of MoS; addition methods on the tribological and corrosion properties
of MoS,-containing lithium grease were investigated in this study. Based on the above
analysis, the following conclusions can be drawn:

1.  When MoS; was used as an additive in lithium-based greases, it exhibited ideal
friction reduction and anti-wear effects and corrosion inhibition performance;

2. The content of additive MoS, was 0.01%, the friction coefficient of “Method D” was
the most stable, the average friction coefficient was 0.034, and the average wear scar
diameter was reduced by 0.16 mm. “Method B” had the highest corrosion inhibition
efficiency (96.97%);

3. The soap base porosity of “Method D” is small, and the ability to wrap the base oil
and MoS; is strong, so that it can play the role of anti-friction and anti-wear for a long
time. In addition, MoS; is oxidized to MoO, and MoOj; during the friction process.
The tribochemical reaction occurred between MoS, and the rubbing pair, forming a
thin friction film, which reduces friction and wear;

4. MoS; lithium grease has good anti-corrosion properties, which maybe “Method B”
can evenly distribute MoS, on the surface of the grease, so that the protective film
formed by MoS; and GCr15—bearing steel can effectively slow down the corrosion
effect of lithium-based grease on steel.
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Abstract: In this study, nitrogen-doped carbon nanotube/Ag nanocomposites (denoted as N-C/Ag)
have been synthesized in a urea solution using a hydrothermal method. The carbon nanotubes,
AgNOj solution, urea and poly-dopamine (PDA) served as carbon, silver, nitrogen and carbon
sources, respectively. The results show that the diameter of the carbon tubes was about 30 nm, and
the Ag nanoparticles, with a diameter of ca. 10 nm, dispersed on the carbon tube surface. The Ag
particle size decreased with a lower degree of crystallinity at a high temperature in the presence
of urea. The friction and wear behavior of the oil acid (OA) modified N-C/Ag (OAN-C/Ag) as an
additive in liquid paraffin (LP) were studied using a four-ball friction and wear tester. The results
have shown that the coefficients of friction (COFs) and wear scar diameters (WSDs) of steel balls
lubricated with LP-OAN-C/Ag decreased by 27.3% and 25.3%, respectively, relative to pure LP.
Tribofilms containing Ag, carbon and nitride were formed on the worn steel ball surfaces. Details,
the carbon, Fe; O3, azides and nitride, Ag and alloy and other compounds on the wear scars may
improve tribological properties. The synergistic effect of carbon, Ag and urea plays a critical role
during sliding.

Keywords: N-doped carbon nanotube/Ag nanocomposites; polydopamine; hydrothermal; wear; friction

1. Introduction

In recent years, nanomaterials have been widely studied in many fields [1-4]. Carbon
nanomaterials, including fullerenes, carbon nanotubes (CNTs) and graphene, possess ex-
cellent mechanical properties, thermal properties and corrosion resistance [5]. In common
with graphene, CNTs are characterized by a special sp?>-hybridized structure, which has
been the subject of considerable attention in interfacial science and tribology. However,
CNTs exhibit shortcomings, notably aggregation and poor dispersion in matrices, which
have limited the range of applications. Functionalization and modification of CNTs and
associated composites can improve dispersion in base oil [6,7]. Hao et al. [6] synthesized a
brushlike polystyrene with a method of reversible addition—fragmentation chain transfer,
which was modified on the surfaces of hydroxylated CNTs. The results showed that the
dispersity of the CNT-polystyrene in base oil was outstandingly enhanced. The tribolog-
ical properties of the LP containing CNT-polystyrene were better than those of pure LP,
which were attributed to the synergistic effect of CNT and polystyrene and the improved
dispersibility in base oil. Jesis ACC et al. [7] investigated the tribological properties of
single-walled and muti-walled carbon nanotubes being treated with carboxylic acid and
strong acid, respectively, as additives of oil or water. The results showed that coefficients
of friction and mass losses of twin-disk pairs lubricated with oil or water containing addi-
tives were smaller than those lubricated with pure oil or water, respectively. The carbon
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tribofilms were formed on the worn surfaces of disks with lubricants of oil or water con-
taining carbon tubes and played an important role in reducing friction and wear resistance.
Diana-Luciana C et al. [1] synthesized single-wall CNTs at a temperature of 850 °C and a
pressure of 6 atm. The tribological properties of the CNTs as additives of mineral oil for
different pairs were executed. The results show that mineral oil containing CNTs possesses
a smaller coefficient of friction than pure base oil and oil with zinc dialkyldithiophosphates,
respectively. The synergistic effect of CNTs and zinc dialkyldithiophosphates occurred due
to the modification of zinc dialkyldithiophosphates on the surfaces of CNTs.

Furthermore, methods to improve the tribological properties of CNTs and composites
containing CNTs have been reported in much of the literature. Chen et al. [8] investigated
the tribological properties of a CNTs/ZnS hybrid in epoxy coatings and found that the
hybrid can enhance friction reduction and anti-wear capability. Researchers have proposed
that the micro-fluid characteristics of CNTs and synergistic effects in composites can endow
lubricant coatings with excellent tribological properties. Ramaprabhu [9] synthesized
Fe-carbon tube composites at 800 °C in a nitrogen atmosphere with the precursors of ferric
chloride hexahydrate and melamine, respectively. The composites were directly added to
different base oils (gearbox oil, vegetable oil and engine oil, respectively) to evaluate their
tribological properties. The results showed that the engine oil containing the additives
possessed better tribological properties than the other two base oils containing Fe-carbon
tube composites, which might be attributed to the formation of stable tribofilms during
rotation in engine oil containing additives. The Fe-carbon tube composites impeded the
formation of iron oxides and residues on the worn surfaces and entered into the furrow to
form tribofilms. Saeed Zeinali Heris [3] compared the physical and chemical properties of
titanium dioxide nanoparticles (TiO,) and muli-walled carbon nanotubes (MW-CNT) as
additives to oil. To obtain stable lubricants, TiO, and MW-CNT were modified with oleic
acid and triton 100, respectively. The depths of wear pins under the lubrication of base oil
containing TiO, and MW-CNT (0.1 wt.%) were about 40 and 30 um, respectively, which is
about one-fourth of the depth of pure base oil.

A number of papers have revealed that the use of elements (such as S, P and N) as
doped additives can result in enhanced tribological properties due to the formation of
tribo-chemical films and/or strong absorption of the additives on worn surfaces [10,11].
Pyrolysis and hydrothermal reactions are common procedures in doping nitrogen and/or
sulphur on carbon [10,12]. Sun et al. [10] investigated the tribological properties of nitrogen
hybridized carbon quantum dots and MoS, as additives of the lubricant glycerol. Nitrogen
hybridized carbon quantum dots were synthesized via the solvothermal method using
polydopamine as the carbon and nitrogen source. A chemical reaction between the nitrogen
hybridized carbon quantum dots and the metal disks was executed during rotation because
of the nitrogen and oxygen on the carbon quantum dots. On the other hand, the atoms of
sulfur in MoS, reacted with metal surfaces during sliding to protect the worn surfaces from
severe wear. Liu et al. [11] synthesized nitrogen/sulfur-doped porous carbon nanospheres
at high temperatures using melamine and thiourea as a nitrogen source and sulfur source,
respectively. The excellent tribological properties of the 500 SN-containing composites
were attributed to the protective tribofilms being formed between the N/S-doped carbon
nanosphere and substrates. In detail, the tribofilm containing iron oxides, iron sulfide and
carbonitride played an important role in anti-wear and reduced friction.

Soft metals (such as silver and copper) attract much attention because of their excellent
embeddability and deposition ability during running to form tribofilms. Song [13] synthe-
sized Cu/PDA/CNTs composites using NaH,PO,-H,O as a reducing agent at 80 °C. The
results showed that the Cu/PDA/CNTs markedly reduced the coefficients of friction and
wear track widths, which were attributed to the tribofilms and self-lubricating properties of
the composites. However, fabricating CNT composites in an eco-friendly manner remains
a challenge. Jia et al. [14] synthesized silver/polydopamine (Ag/PDA) composites in a
facile environment using Ag+ and dopamine as the Ag source and reductant, respectively.
The results show that the COFs and WSDs of steel balls lubricated with poly-alpha-olefin
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(PAO) containing oleic acid-modified Ag/PDA nanocomposites were lower than those
lubricated with pure PAO. A tribofilm containing iron oxides, silver oxides and PDA was
formed during rotation, which protected the steel balls from violent wear. Our team [15]
also synthesized hexagonal boron nitride/copper nanocomposites through the method
of ultrasonic exfoliation and in situ reduction. Steel balls lubricated with LP containing
the OA-modified BN /Cu nanocomposites possess lower COF and WSD than pure LP. On
the one hand, the tribofilm containing BN, oxides of boron, metal and carbon was formed
on the worn surfaces to avoid violent wear. On the other hand, increasing the reduction
time can enlarge the interplanar spaces and decrease the thickness of BN, which might
decrease the van der Waals forces between the layers and provide good friction reductions.
Waralorn Limbut et al. [2] synthesized a phosphor-doped carbon nanotube composited
with silver nanoparticles using NasP,Oy and AgNOs as the phosphor source and silver
source, respectively. N,N-dimethylformamide and NaBH4 were used as a solvent and a
reducing agent, respectively. Synthesizing composites in a facile way is still a challenge.

In this study, carbon nanotube/Ag nanocomposites have been synthesized with
dopamine (DA) as a reducing agent at room temperature. The N-doped C/Ag was obtained
using a hydrothermal method using urea as the nitrogen source. The OA-modified N-
CNT/Ag were dispersed in paraffin in order to investigate their friction and wear properties.
A possible wear mechanism has also been studied.

2. Experimental Procedures
2.1. Materials and Preparation

AgNO;3, DA hydrochloride, urea, hydroxylated multi-walled carbon nanotubes (HO-
MW-CNTs) and other agents were purchased from Aladdin Biochemical Technology Com-
pany (Shanghai, China) and used as supplied. LP, with a viscosity of 17.2 mm?/s (25 °C),
was employed as the base oil, and AISI-52100 steel balls (& 12.7 mm) were used in testing.

The AgNOj solution and Tris-buffer solution (pH = 8.5) were prepared following
procedures reported previously [14]. A sample (8 g) of urea powder and 0.04 g CNTs were
added to a 25 mL Tris-buffer solution and stirred for 30 min. Then, 4 mL AgNOj3 solution
and 0.4 g DA were added to the above solution and stirred for 24 h at room temperature.
The solution was transferred to the hydrothermal reactor at a temperature of 140 °C for
12 h to generate the target product (denoted as Ng-Cp 04/Ags). The composite product was
modified with OA (denoted as OANg-Cy 04/ Ags) as described previously [15]. Tests to
investigate tribological behavior were conducted using an MRS-10A four-ball tester (392 N,
1450 rpm, 30 min).

2.2. Characterization

The microstructure of the synthesized N-C/Ag was evaluated using a high-resolution
transmission electron microscope (JEM-2100, HRTEM), a field-emission scanning electron
microscope (SIGMA 500/VP, FE-SEM) equipped with energy-dispersive X-ray analysis
(SEM-EDXA, Kevex Sigma, St. Louis, MO, USA), a Horiba LabRam HR evolution spec-
trometer (with 532-nm laser) and a Bruker D8 Advanced X-ray Diffractometer. X-ray
photoelectron spectroscopy (XPS) was conducted using an ESCALAB Xi+ X-ray photoelec-
tron spectrometer to determine chemical bonding and surface structure. The FI-IR spectra
were obtained using a Bruck IFs66v spectrometer.

3. Results and Discussion
3.1. Characterization

The FE-SEM and EDXA analyses of the N-C/Ag have shown that the tubes, with
diameters of ca. 50 nm, were covered with a cracked coating (Figure 1a) that must represent
the PDA/Ag composite. The EDXA measurements have demonstrated the presence of
C, Ag, O and N, confirming the inclusion of silver on the carbon tubes (Figure 1b). The
TEM analysis has established that the diameter of the carbon tubes was ca. 30 nm, and
the Ag nanoparticles exhibited a diameter of ca. 10 nm dispersed on the carbon tube
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surface (Figure 1c). The high-resolution images of the composites illustrate the interlayer
spacing (0.63 nm) of the carbon nanotubes and the lattice spacing (0.218 nm) of the (111)
Ag plane [16]. Elemental mapping of the composites has revealed the presence of Ag, N
and O covering the tubes, confirming that the PDA/Ag composites form the observed
rough coating.
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Figure 1. FE-SEM (a) and EDXA spectra (b), TEM (c,d) and corresponding elemental mapping (e~h)
of the N-C/Ag.

The FT-IR spectrum of the OA-modified N-C/Ag is presented in Figure 2. The broad
peak stretching from 3150 to 3350 cm ! can be attributed to the asymmetry stretching
vibration of aromatic —OH and —NH; due to OA, poly-dopamine and hydroxylated
carbon nanotubes [14,17]. The peaks at ca. 2893 cm~! and 2827 cm~! are ascribed to the
—CHj and —CHj groups, respectively. The peak at ca. 2255 cm~! may be due to the
cumulene bond of PDA [14]. The broad peak from 1694 to 1280 cm s assigned to C=0
and C=C [14,17], and the broad peak from 1167 to 1160 cm ! is attributed to PDA quinoid
groups [18].

T%

4000 3500 3000 2500 2000 1500 1000
Wave number (cm'l)

Figure 2. FT-IR spectrum of the N-C/Ag modified with OA.

3.2. Friction and Wear Behaviors

The WSD-concentration and COF-concentration curves for steel balls lubricated with
LP-OANg-Cp04/Ags at different temperatures are presented in Figure 3a,b. The steel
balls lubricated with LP-OANg-Cq 04/ Ags exhibited lower COFs and WSDs than those
recorded using pure LP. Increasing the reaction temperature to 140 °C, the LP-OANg-
Co.04/ Agy decreased the COFs and WSDs from 0.195 and 0.745 mm for LP to 0.131 and
0.55 mm, respectively. A further increase to 160 °C resulted in equivalent WSDs to those
achieved with the samples synthesized at room temperature (RT). In contrast, the COFs
of lubricants containing additives synthesized at 160 °C with concentrations greater than
0.2 wt.% are smaller than those obtained for the room temperature sample. Accordingly, the
hydrothermal reaction temperature was fixed at 140 °C for subsequent tests. The effects of
varying the amounts of urea on the WSD-concentration and COF-concentration curves are
shown in Figure 3c,d. It is clear that the balls lubricated with LP-OANg-Cy 04/ Ags exhibited
lower WSDs than those recorded for other samples. The COFs of the balls lubricated with
LP-OAN-Cy o4/ Ags with different amounts of urea are smaller than those obtained with
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pure LP. However, there are no obvious differences in COFs of the balls lubricated using

samples with different amounts of urea. The amount of urea used was fixed at 8 g. The WSD-
concentration and COF-concentration curves for LP-Ng-C/Agy with different amounts

of carbon nanotubes were determined and are shown in Figure 4e,f. At a concentration

less than 0.5 wt.%, the WSDs of the balls lubricated with LP-OANg-C/Agy containing

nanotubes are lower than those without nanotubes. The steel ball WSDs for lubrication

using LP-Ng-C/Agys (0.2 wt.%) with 0.04 g and 0.08 g carbon tubes were ca. 0.56 mm,
which is lower than those for LP-Ng-C/Ag, without carbon tubes (0.61 mm) and pure LP

(0.75 mm). In the case of the COF—concentration curves for LP-Ng-C/Ag4 with different

amounts of carbon tubes, the steel ball COFs were much smaller than those measured

for the other lubricants. At a concentration of 0.2 wt.%, the average COF associated with

lubrication using LP containing Ng-Cy 0g/Ags was 0.125, lower than those of LP containing

Nsg-Cy/Aga (0.135) and Ng-Cp 04/ Ags (0.155). The amount of carbon nanotubes was then

fixed at 0.08 g.
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Figure 3. WSD-concentration and COF-concentration curves of LP-OANg-Cy g4/ Agy for different
synthesis temperatures (a,b), different amounts of urea (c,d) at 140 °C and different amounts of CNTs
(e,f).
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Figure 4. WSD—concentration (a) and COF—concentration (b) curves of LP-OANg-Cy o3/ Ag with
different volumes of AgNOj solution at 140 °C.

The effect of varying AgNOj3 solution volume on the WSD—-concentration and COF-
concentration curves for LP-OANg-Cy g/ Ag at 140 °C is presented in Figure 4. It can be
seen that the WSDs of the steel balls with the three lubricants are lower than those with LP.
For instance, at a concentration of 0.5 wt.%, the WSDs associated with the three lubricants
are ca 0.56 mm, which is approximately three-quarters of the WSD with LP lubrication. The
three WSD—concentration curves overlap with an increase in additive concentration. The
COF-concentration curves reveal that the LP-OANjg-Cy o3/ Ags possesses better friction-
reducing capability than the other samples. At a concentration of 0.2 wt.%, the COF of
steel balls lubricated with LP-OANg-Cq 03/ Ags is ca. 0.122, which is lower than those
obtained with LP-OAN3g-Cy 03/ Agp (0.142) and LP-OANg-C g3/ Age (0.138). The volume
of the AgNOj5 solution was fixed at 4 mL. Use of LP-OANg-Cy 93/ Agy resulted in smaller
COFs and WSDs than the samples without an AgNOj3 solution at almost all concentrations.
At a concentration of 0.2 wt.%, the COFs and WSDs of steel balls lubricated with LP-OANs-
Co.08/Agp are 0.14 and 0.58 mm, respectively, which are larger than those obtained with LP
containing OANg-Cp 03/ Agy (0.12 and 0.55 mm, respectively).

3.3. Discussion

Taking an overview of the results generated, tribological properties can be enhanced
through the combined use of a suitable temperature and the amount of carbon nanotubes,
AgNOj; solution and urea. This suggests a synergistic effect involving these process
variables. In order to account for this effect, an additional investigation has been conducted.

Optical images of worn surfaces lubricated with LP and LP-OANg-Cp 03/ Ags are
shown in Figure 5a,b, respectively. It is immediately evident that the worn surfaces
lubricated with LP-OAN-C/Ag are smaller and smoother than those with LP. The element
maps and EDXA spectrum of the worn surface lubricated with LP-OANg-Cy g/ Ags show
the presence of Fe, C, Ag, O and N, suggesting the formation of a tribofilm containing
these elements during rotation. The urea-treated C/Ag nanoparticles generated a tribofilm
containing a high percentage of C, O and N (Table 1).

Table 1. Percentage elemental content of the worn surfaces with lubrication using LP containing
Cop.08/ Ags with/without urea.

Fe (at.%) C (at.%) O (at.%) N (at.%) Ag (at.%)
Ns-Co.08/Agas 72.26 22.23 412 1.05 0.34
No-Co.08/Ags 86.68 11.15 1.21 0.19 0.77
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Figure 5. Optical images of worn surfaces lubricated with LP (a) and LP-OANg-Cy.08/Aga (b).
Elemental maps and EDXA spectrum of the worn surfaces lubricated with LP-OANg-Cg g/ Aga
(c-h).

The results of the XPS analysis of the worn steel ball surfaces are presented in Figure 6
for lubrication using LP-OAC/Ag with and without urea. The Cls signal was fitted to three
peaks with binding energies of 284.75 eV, 286.14 eV and 288.18 eV, which are attributed
to carbon, C-N and C-O, respectively [15,19,20]. The Ols signal was deconvoluted into
three peaks at 529.92 eV, 531.27 eV and 533.54 eV, which are assigned to metal oxides,
carbonates and nitrates, respectively [19]. Oxidation of Fe, C and N during rotation may
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have resulted in the formation of Fe;O3, carbonates and nitrates. The N1s signal was
deconvoluted into five peaks at 397.36 eV, 398.49 eV, 399.60 eV, 402.12 eV and 405.92 eV,
which are attributed to nitride, azide, organic matrix/cyanides, ammonium salt and nitrites,
respectively. Nitrogen may have reacted with the available metal, nitrogen, oxygen and
other elements to generate these surface species [15,20]. Comparing the N1s signal for the
worn surfaces using lubricants containing additives with/without urea, the peaks due to
nitrites and ammonium salt were less intense with the inclusion of urea. This suggests
that the nitride associated with the tribofilm improved the tribological properties of the
steel balls lubricated with LP-OAN-C/Ag [21,22]. The Fe2p peak at 710.92 eV is assigned
to Fe;O3 [15,19]. The weak Ag3d signal was deconvoluted into three peaks at 367.53 eV,
368.13 eV and 368.72 eV, which are attributed to oxides, Ag and alloys, respectively [20,23].
The results indicate that a tribofilm containing C, O, N, Fe and Ag was formed on the worn
surfaces of the steel balls. The presence of carbon, Fe;O3, azides and nitride, Ag and alloy
and other compounds associated with the wear scars may improve tribological properties.
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Figure 6. XPS analysis of the worn surfaces lubricated with LP-OANg-Cy 0g/Ags (a—e) and LP-OANj-
Co.8/ Aga ().

In order to establish the relationship between temperature/urea and tribological
properties, XRD analysis was conducted for samples with different temperatures and
amounts of urea, and the results are presented in Figure 7. The peaks with 20 values of
26.10°, 38.27°, 44.20°, 64.48°, 77.31° and 81.48° are assigned to (002), (111), (200), (220),
(311) and (222) crystalline planes, respectively [8,14]. The (002) peak for carbon nanotubes
was stable with increasing reaction temperature and/or added urea. The intensity of the
(111) and (200) peaks for Ag was reduced and shifted to lower 20 values as the reaction
temperature was increased from ambient to 140 °C, and the peak intensities were further
reduced with the addition of urea at high temperature. This indicates that Ag particle
size decreased with a lower degree of crystallinity at high temperatures in the presence
of urea [15]. Previous reports have suggested that “soft” Ag nanoparticles are deposited
on worn surfaces [24]. Our results suggest that a smaller Ag particle size and reduced
crystallinity may be beneficial to friction reduction and anti-wear properties.
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Figure 7. XRD patterns of samples with different reaction temperatures and urea inclusion (a) and
magnified peaks at different 20 values (b—d).

Structural analysis of the composites was also conducted to establish the tribological
mechanism. The XPS spectra with/without urea at room temperature and 140 °C are
presented in Figure 8. The C1s signals for the three samples were deconvoluted into peaks
ascribed to C-C at 284.71 eV, C=N/C=0 at 286.68 eV and carboxyl at 289.08 eV [14,25]. The
carboxyl peak intensity was reduced with increasing reaction temperature, which may be
attributed to a thermal-induced polymerization of dopamine [26]. The Ols peaks were
deconvoluted into Ag-O (529.92 eV), C-O (531.26 eV) and nitrates (533.13 eV) [14,25]. The
nitrogen component in PDA /urea may interact with the CNT and Ag nanoparticles to
generate nitrates. The N1s peaks were deconvoluted into four peaks at 397.97 eV, 400.17 eV,
401.59 eV and 402.82 eV, attributed to nitride, organic matrix, ammonium salt and azide
species, respectively [25,27]. An increase in reaction temperature from ambient to 140 °C
resulted in the formation of nitrides (CxNy), as shown in Figure 8c,j,k [25]. Moreover,
cyanide and nitride formation can be linked to the inclusion of urea during hydrothermal
treatment. The Ag3d signal was deconvoluted into two peaks at 367.71 eV and 368.56 eV,
which are ascribed to silver oxides and Ag metal, respectively [14]. Raman analysis was
also conducted, and the results are presented in Figure 9. The intensity ratios (Ip/Ig) of
the composites with urea at room temperature, without urea at 140 °C and with urea at
140 °C were 0.798, 0.905 and 0.957, respectively. The increased values of I /Ig may suggest
that new carbon and/or N-disrupted carbon were formed as a result of the solvothermal
method of doping [2]. Formation of CxNy at high temperature and pressure can improve the
tribological properties of the carbon nanotube/Ag nanocomposites, where urea promotes
the formation of cyanides and nitrides.
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4. Conclusions

Carbon nanotube/Ag nanocomposites have been synthesized in a urea solution using
a hydrothermal method. The analysis reveals that the diameter of the carbon tubes was
about 30 nm, and Ag nanoparticles with a diameter of ca. 10 nm covered the carbon tube
surface. The XRD analysis shows that the (002) peak for carbon nanotubes was stable,
and the intensity of the (111) and (200) peaks for Ag was reduced and shifted to lower 26
values as the temperature was increased with the addition of urea, which means that the
Ag particle size decreased with a lower degree of crystallinity at a high temperature in the
presence of urea. Steel balls under the lubrication of LP-OANg-Cy 04/ Ags exhibited lower
COFs and WSDs than those recorded using pure LP. Increasing the reaction temperature
from room temperature to 140 °C, the LP-OANg-Cg 04/ Ags decreased the WSDs from
0.745 mm for LP to 0.55 mm. It is obvious that the steel balls under the lubrication of
LP-OAN3g-Cp 04/ Ags exhibited lower WSDs than those recorded for other samples. The
COFs of the balls lubricated with LP-OAN-C o4/ Ags with different amounts of urea are
also smaller than those obtained with pure LP.

A synergism has been established between the preparation variables relating to the
quantity of carbon nanotubes, the volume of a AgNO; solution and urea at a reaction
temperature of 140 °C. A tribofilm containing Ag, carbon, nitride and other compounds was
formed on the worn surfaces during sliding. Ag particle size decreased with a lower degree
of crystallinity at a high temperature in the presence of urea; the smaller Ag particle size
and reduced crystallinity may be beneficial for friction reduction and anti-wear properties.
At a high temperature, the nitrogen component in PDA /urea may interact with the CNT
and Ag nanoparticles to generate nitrates. The nitride (CxNy), organic matrix, ammonium
salt and azide species were formed at high temperature. Moreover, urea promoted the
formation of N-doped carbon and/or carbon, which contributes to the improvement in
tribological properties.
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Abstract: Graphene carbon materials show good tribological properties due to their unique layered
structures. In this work, the tribological properties of graphene (GN) and fluorinated graphene (FGN)
were studied in two kinds of synthetic hydrocarbon base stocks at different working conditions.
Firstly, the structures of GN and FGN were characterized comparatively using FT-IR, Raman, XRD,
and TGA. Secondly, the tribological properties of GN and FGN as the lubrication additives both
in PAO6 and CTL6 were studied on a four-ball tester. Finally, the surfaces of friction counterparts,
before and after tribological tests, were analyzed to disclose the lubrication mechanism using UV,
micro-Raman, and EDS. The results show that GN and FGN can be stably dispersed in the selected
synthetic hydrocarbon base stocks with 1 wt.% T161 as the dispersant, and the optimal addition
of graphene additive is 100 ppm, which shows better friction reducing and anti-wear properties.
GN and FGN also show better tribological performance at a higher load (not less than 392 N), and
their compatibility with PAO6 is better. The worn surface analysis shows that the graphene additive
participates in the lubrication film formation during friction by frictional chemical reaction with
friction counterparts, which could improve the stability and tribological performance, resulting in an
increased application temperature of synthetic hydrocarbon base stock by at least 10 °C.

Keywords: tribological behavior; wear protection; graphene; fluorinated graphene; synthetic hydrocarbon

1. Introduction

Global industrial synthetic and semisynthetic use continues to grow, driven by mod-
ern equipment, advanced technology, and government regulations. Synthetics are now
required in many applications due to severe operating conditions or corrosive environ-
ments. Synthetic lubricants—formulated products consisting of synthetic base stocks plus
additives—have physical and chemical properties that are generally superior to those of
conventional mineral oil-based lubricants, including good thermal and oxidative stabil-
ity [1], low-temperature fluidity [2], low volatility, high viscosity indexes, and fire resistance.
As a result, synlubes are the lubricants of choice in applications with especially demanding
performance requirements [3]. According to his Markit, the global market for synthetic
base oils was 1.3 million metric tons in 2020, and polyalphaolefins (PAOs) dominated the
market with a share of 47% (volume), followed by esters (28%), and polyalkylene glycols
(PAG, 13%). Therefore, the compatibility of synthetic base stocks, especially synthetic
hydrocarbons and additives, has become the focus of researchers in recent years [4,5].

In the past few decades, various new two-dimensional materials, including MX-
enes [6,7], MoS, [8,9], WS, [10], as well as graphene [11], have become a hot topic in the
field of friction [12]. Among them, graphene has been widely considered by researchers due
to its low surface energy and unique tribological properties [13-15] caused by easy-sliding
multi-layer structures [16]. Omrani et al. [17] modified graphene using oleic acid and
found that 0.02 wt.% oleic acid-modified graphene could be well-dispersed in PAO9 and
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improve the friction-reducing and anti-wear properties effectively. Yin et al. [18] prepared
a boronized functional layer on the surface of bearing steel through an electrochemical
boronization process, which improved the adsorption of GO on the bearing steel. By
adding 1 wt.% GO nanosheets, an ultra-low friction state with a coefficient of friction (COF)
of 0.03 was achieved. Ismail et al. [19] achieved a high oil-soluble graphene oxide that
was modified through the copper-catalyzed cycloaddition, which reacted with an alkyne,
and applied the prepared modified graphene oxide as an additive; the results showed
that the modified graphene oxide could significantly improve the friction reducing and
anti-wear performance of the base oil when the addition was 0.01 wt.%. At present, the
dispersion stability of nanoparticle additives as liquid additives is particularly important.
Shi et al. [20] used molecular dynamics (MD) simulation and experiments to study the dis-
persion behavior and mechanism of the dispersant polyisobutylene succinimide polyamine
(PIB) concentration on soot aggregates under different pressures and temperatures and
established static, limiting, and shear models.

Fluorinated graphene (FGN) is a derivative of graphene wherein its hydrogen atoms
are partially or completely replaced by fluorine atoms [21]. Therefore, FGN not only in-
herits the sheet structure of graphene but also introduces fluorine atoms with a larger
radius, which can weaken the interactions between interlayers and enhance the lubricating
performance due to an easier shear capability [11]. Researchers found that FGN exhibited
better tribological performance compared to pristine graphene at the macroscale [22]. To
achieve better tribological properties, Fan et al. [23] prepared fluorinated graphene con-
taining different F concentrations through direct fluorination with Fp, which was added
to liquid paraffin oil as an additive. The results show that fluorination with a C/F ratio
of 1.0 could reduce friction and wear by 50.4% and 90.9%, respectively. They also [24] pre-
pared fluorinated graphene oxide with a relatively low F content under mild temperature
conditions, which could lead to a 47% and 31% lower wear rate compared to that with the
lubrication of pure water and GO water suspension when used as the additive, respectively.
With the assistance of microwave heating, Ma et al. [25] fulfiled the substitution of FGN
with NaOH at a quite mild reaction conditions to give a high fluorine content HOFG with
excellent water dispersibility. The study on the tribological behaviors of HOFGs showed
that the extreme-pressure and wear-resistance properties of pure water could be improved
to over 240% and up to 30%, respectively.

However, studies on the tribological properties of graphene additives at present mostly
focus on a single oil or water system, and the performance of graphene additives in different
base stocks with the same viscosity grade has not been explored. Meanwhile, the conditions
of tribological tests are mostly carried out at room temperature, and the adaptability of
graphene additives in different working conditions is not studied in detail. Therefore,
two synthetic hydrocarbon base stocks, that is, PAO6 and CTL6, with the same viscosity
grade were selected, and the high molecular weight polysuccinimide T161 was used as
a dispersant to study the tribological performance of GN and FGN under different test
conditions. The study of graphene additives in various synthetic hydrocarbon base stocks
under different tribological conditions is helpful in establishing the compatibility law of
graphene additives and synthetic base stocks and disclosing its lubrication mechanism
in synthetic hydrocarbon base stocks, which will provide theoretical guidance for the
subsequent formulation of research based on graphene additives.

2. Materials and Methods
2.1. Materials

Graphene (GN) and fluorinated graphene (FGN) were purchased from Hubei Zhuoxi
Fluorochemical Co., Ltd. (Yingcheng, China), and high molecular weight poly-(isobutylene
succinimide) (T161, ashless dispersant) was purchased from Wuxi South Petroleum Addi-
tives Co., Ltd. (Wuxi, China). PAO6 (Durasyn 166, Ineos, London, UK), as well as CTL6
(Coal to oil, Lu’an Chemical Group, Changzhi, China), were commercially obtained and
used as the synthetic hydrocarbon base stock.
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2.2. Preparation of Oils

In general, 0~5 wt.% of the dispersant T161 was first added to the selected synthetic
hydrocarbon base stock (PAO6 or CTL6) and stirred at 60 °C for 1 h to give the correspond-
ing base oil. Further, the graphene additive (GN or FGN) was subsequently added to the
prepared base oil with an addition of 0~200 ppm in mass percentage, and the mixture was
ultrasonically dispersed for 10 min in a 20 °C water bath.

2.3. Characterization

The contents of C and H in GN and FGN were determined by an automatic ele-
ment analyzer—Vario Micro Cube (Elementar Analysensysteme GmbH, Langenselbold,
Germany)—according to the general rules of analytical methods for the element analyzer
JY/T 017-2020. Additionally, the F content in FGN was determined by the oxygen bottle
combustion-chemical titration method using a 25 mL Titrette Automatic Liquid Microti-
trator (BRAND GMBH + CO KG, Wertheim, Germany) and a micro-analysis balance with
a minimum fraction value of 1 ug, according to the general rules in the Chinese Pharma-
copoeia (2020 edition)—oxygen bottle combustion method 0703. The detailed steps are
as follows: FGN was accurately weighed and wrapped into the filter paper, which was
decomposed using the oxygen bottle method, and 10 mL of deionized water was applied
as the absorption solution.

The micro-morphologies of GN and FGN were tested using scanning electron mi-
croscopy with an accelerating voltage of 5~10 kV (SEM, JEOL JSM-6390LV). The specific
surface area was achieved by the Brunauer-Emmett-Teller (BET) method, and the mea-
surement was performed according to the physical adsorption of N; via a fully automatic
surface area and porosity analyzer (ASAP 2020 HD88, Micromeritics, Norcross, GA, USA).

Fourier transform infrared spectroscopy (FI-IR, Thermo Fisher Nicolet iN 10) was
recorded by scanning from 500 to 4000 cm~! in the Attenuated Total Reflectance (ATR)
configuration. Raman spectroscopy (Thermo DXR) was detected with an excitation wave-
length of 532 nm. X-ray diffraction (XRD, PANalytical XPert PRO) was carried out with Cu
Ka radiation (A = 0.154 nm), and the diffraction data were recorded as 26 from 5~60° at a
speed of 4° min~!. Thermo gravimetric analysis (TGA, TA Q500) was performed under
an N; atmosphere with a flow rate of 60 mL/min and a heating rate of 10 °C/min from
25 to 950 °C. Ultraviolet-visible spectroscopy (UV-Vis, Shimadzu UV-2700) was applied to
analyze the chemical structure and composition changes of oils between, before, and after
tribological tests. An energy dispersive spectrometer (EDS, OXFORD x-act) was used to
analyze the components of the tribofilm after tribological tests.

2.4. Tribological Tests

The tribological behaviors of GN and FGN in the prepared oils were evaluated on a
Tenkey MS-10A four-ball tester (Xiamen TenKey Automation Co., Ltd., Xiamen, China).
The tribological tests were operated at 1200 rpm under different loads ranging from
96 to 490 N, the test duration was 30 min at varied temperatures (54~100 °C), the balls
used were made of GCr15 bearing steel with a diameter of 12.7 mm, and the upper limit
of COF was set to be 0.4. All tribological tests were performed at least three times to
ensure repeatability.

3. Results and Discussion
3.1. Characterization of Graphene Additives

The content analyses of C, H, and F in GN and FGN were carried out by elemental
analysis, as shown in Figure 1, and the O content in GN was obtained by subtraction of
the C and H content from 100%. For GN, the element content of C, O, and H was 94.13%,
5.46%, and 0.41%, respectively, and the atomic number ratio of C, O, and H was estimated
to be 19.13:0.83:1, indicating that GN contains a small amount of oxygen, which is likely
to have been reduced by graphene oxide. The element content of C, F, and H was 36.29%,
63.36%, and 0.35% for FGN, and the atomic number ratio of C, F, and H was estimated to
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be 8.64:9.53:1; that is, the F/C ratio in FGN was as high as 1.1:1, indicating that FGN has a
high degree of fluorination.
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Figure 1. The elemental analysis of GN and FGN.

The micro-morphologies of GN and FGN were conducted by SEM, and the results
are displayed in Figure 2. Both GN and FGN showed coiled-layered structures; however,
the layer spacing in GN was smaller than that in FGN, which can be seen in the circled
portion in Figure 2a,c. At the same time, the lamellar folds in FGN were weaker than that
in GN (see Figure 2b,d); this may be because the introduction of fluorine weakened the 7-7t
stacking between graphene layers.

Figure 2. SEM images: (a) 5 um and (b) 500 nm of GN; (¢) 5 um and (d) 500 nm of FGN.

The specific surface area (SSA) and pore-size characterization of GN and FGN were
further performed by N, adsorption-desorption experiments, and the results are shown
in Figure 3. Both GN and FGN are type IV isotherms according to the classification of
the International Union of Pure and Applied Chemistry (IUPAC) (Figure 3a), and the H3
type hysteresis loops were obvious at high relative pressure, indicating the existence of
mesoporous pores [26]. Meanwhile, the BET SSA of GN was higher than that of FGN, which
was 526.1 m?/g and 313.2 m? /g, respectively, indicating that GN has more pores than
FGN. The pore size in GN was bigger than that in FGN through the pore-size distribution
calculated by DFT in Figure 3b. The fluorination process could cause the collapse of the
porous structure, and the introduction of the F atom could significantly increase the weight
per unit volume, so the formation of a C-F bond could result in the reduction of SSA and
pore size [27].
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Figure 3. N, adsorption-desorption analysis of GN and FGN: (a) isotherm curves; (b) pore size
distribution curves.

The FT-IR spectra of GN and FGN are shown in Figure 4a. The strong absorption
peaks at 1213 and 1319 cm ™! in FGN are assigned to the stretching vibrations of cova-
lent C-F bonds on the nanosheet and at the edge of the nanosheet for high F/C ratio,
respectively [28,29], which is consistent with the result of the elemental analysis in Figure 1.
The wide band at 3400 cm ! in GN and FGN can be assigned to the O-H stretching vibration
due to moisture, and the hydrogen bonding between F and H,O causes the O-H stretching
vibration to be more significant in FGN [30]. Raman is widely used to characterize carbon
materials, where the D peak at ~1340 cm~! represents a defect of the carbon skeleton
caused by Csp?, and the G peak at ~1580 cm ™! represents the carbon skeleton structure
of Csp?, corresponding to the stretching vibration of C=C [31]. The calculated Ip/Ig can
refer to the content ratio of Csp®/Csp?, which could estimate the degree of the defects and
distinguish the disordered or ordered structure carbons [32]. The Raman results of GN and
FGN are shown in Figure 4b. The Ip/Ig of FGN (1.25) is significantly higher than that of
GN (1.01), indicating that the defects are increased after fluoridation in FGN. In addition,
the G peak of FGN is downshifted, indicating that the defect type for FGN is mainly a point
defect [33]. The layered structures of GN and FGN were further investigated by XRD, as
shown in Figure 4c. FGN shows an obvious broad peak at 26 = 12.3°, which is attributed to
the diffraction peak of the crystal surface of the hexagonal crystal system (001) with high
fluoride content, indicating that the regularity of FGN is high. The broad diffraction peak
associated with the (001) reflection also indicates a high exfoliation degree for FGN. Based
on Bragg’s law, the reduced value of 26 indicates a larger interplanar distance for FGN [34];
the interplanar distance is calculated to be 0.72 nm, which is two times that of GN (0.35 nm).
FGN has two more diffraction peaks located at 20 = 26.2° and 42.7°, which originated from
the (002) and (100) crystalline planes of graphite. The peak at 26.2° corresponds to the (002)
reflection of graphite, indicating the existence of Csp® due to the formation of C-F bonds in
the FGN interlayers. The peak at 42.7° is attributed to the (100) reflection and is associated
with the disorder induced by the fluorination in fully fluorinated graphene [35]. These data
clearly illustrate that fluorination would give rise to a large interplanar distance due to the
electrostatic repulsive force originating from the fluorine atom [36], which means an easier
shear capability and the enhanced lubricant performance of FGN [11].

The thermal stabilities of GN and FGN are displayed using TGA, as shown in
Figure 4d and Table 1. The initial weight loss temperature (T;) and the maximum weight
loss temperature (Tmax) of GN were 547 °C and 721 °C, respectively, which is much higher
than that of FGN (T; and Tmax was 347 °C and 551 °C, respectively). Meanwhile, the weight
loss at Tmax of GN and FGN were 10.5% and 68.5%, respectively. For FGN, it appears
that a sharp weight loss from 350 to 600 °C was caused by the defluorination process [37];
therefore, GN’s thermal stability is much better.
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Figure 4. Characterizations of GN and FGN: (a) FT-IR; (b) Raman; (c) XRD; and (d) TGA.

Table 1. TGA analysis of GN and FGN.

Initial Weight Loss Maximum Weight Loss . o
Temperature (T;), °C Temperature (Tiax), °C Weight Loss at Tmax, %
GN 547 721 10.5
FGN 347 551 68.5

3.2. Stability Monitoring of the Prepared Oils

According to the study reported by Kong et al. [4], high molecular weight poly-
(isobutylene succinimide) could improve the dispersibility of graphene in PAO4 effectively.
T161 is one high molecular weight poly-(isobutylene succinimide), and the images of the
GN or FGN dispersion oils with or without T161 are shown in Figure 5. The settlement of
GN could be observed in the dispersion oils, both in PAO6 and CTL6 without T161, after
1 day, and the settlement was almost complete after 7 days (in Figure 5a,e). Meanwhile, the
dispersion oils with 1 wt.% T161, shown in Figure 5¢,g, kept good dispersion after 7 days;
that is, T161 can effectively improve the dispersion stability of GN in the synthetic hydro-
carbon base stocks. For FGN, whether the oil was with or without T161, no significant FGN
settlement was observed over time (Figure 5b,d,f,h). Combined with the characterization
results of Raman and XRD, the introduction of F atoms in FGN could increase its interlayer
spacing, making it easier to be exfoliated and stably dispersed in oils. However, lacking
recognition of the gray-white FGN in dispersion oils may also cause settlement that was
not observed.

3.3. Tribological Performance
3.3.1. Tribological Performance of Graphene Additives at Different Additions

In order to select a suitable addition of graphene additive, GN dispersion oils at
various concentrations of 0 ppm, 50 ppm, 100 ppm, 150 ppm, and 200 ppm in mass
percentage were prepared separately using the base 0il PAO6 containing 1 wt.% T161. The
tribological behaviors of the prepared oils were compared with the base stock of PAQG,
and the results are shown in Figure 6. When the test temperature was 85 °C, and the load
was 392 N, PAO6 and 1%T161-PAO6 appeared as spikes in friction profiles (Figure 6b),
and the wear scars on the steel balls were irregular (Figure 6d). The spikes disappeared
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when adding different concentrations of GN, which would provide effective protection for
friction counterparts. When the GN concentration was 100 ppm, the friction profile was
more stable, and the average COF (ave. COF) and wear scar diameter (ave. WSD) were
smaller (Figure 6c,d); that is, lubrication performance was optimal at this time. Therefore,
all subsequent additions of graphene additives in this study used 100 ppm.
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Figure 5. Images of dispersion oils with 100 ppm of graphene additives over time: (a) GN, (b) FGN,
(c) GN-1%T161, and (d) FGN-1%T161 in PAO6; (e) GN, (f) FGN, (g) GN-1%T161, and (h) FGN-1%T161
in CTLe6.
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Figure 6. Tribological behaviors of dispersion oils with different additions of GN in PAO6: (a) the full
(0~1800 s) and (b) locally amplified (0~70 s) friction profiles; (c) ave. COF; (d) ave. WSD and wear
scars. All tests were run at 85 °C with a load of 392 N.

3.3.2. Tribological Performance of Graphene Additives under Different Test Loads

The tribological performance of graphene additives with increasing loads is displayed
in Figure 7, from which we can see that all the dispersion oils in PAO6, as well as CTL6,
cannot fulfill the tribological tests at 490 N. This means that their COFs exceed the set
upper limit of 0.4. Apart from 1%T161-100 ppm FGN in CTL6, the COF of the base stock,
1%T161, 1%T161-100 ppm GN, and 1%T161-100 ppm FGN, shows a trend of first reducing
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and then increasing with an increasing load (Figure 7a,b), which is in line with the Stribeck
curve [38]; that is, the thickness of the oil film decreases with the increasing load, and the
transition from mixed lubrication to boundary lubrication occurs. According to the wear
mechanism reported by J. F. Archard in 1953 [39], the wear is proportional to the positive
pressure, so the higher the load, the more serious the wear (see Figure 7c,d). In PAO6, T161
increased the friction, but it also stabilized the oil film against wear (Figure 7a,c). When
the test load was higher, such as at 392 N, the addition of GN and FGN could effectively
reduce friction and wear. However, when further increasing the load to 490 N, none of
the samples could operate stably. In CTL6, GN and FGN showed good friction-reducing
performance at low test loads (<392 N) and stabilized the oil film at high loads (490 N),
fulfilling the friction test that base stock cannot (Figure 7b,d).
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Figure 7. Tribological performance of dispersion oils when the test load varied from 98~490 N:
(a) ave. COF and (c) ave. WSD in PAO6; (b) ave. COF and (d) ave. WSD in CTL6. The tests were run
at 54 °C, where “x” represents that the tribological test cannot be successfully completed.

3.3.3. Tribological Performance of Graphene Additives at Different Test Temperatures

When the test temperature rises, the viscosity of base stocks will decrease to different
degrees, and the thickness and stability of the oil films are the key factors in determining
lubrication performance. In PAO6, the addition of T161 at 75~80 °C could stabilize the oil
film and reduce the COF and WSD (Figure 8a,c); however, when the temperature rose to
85 °C or higher, T161 also increased friction (see Figure 8a). Meanwhile, GN or FGN could
stabilize the oil film in time, which could relieve friction and wear effectively. In CTL6, the
application of T161 at 75~85 °C could stabilize the oil film (Figure 8b,d), but it increased
friction at 90 °C or higher temperatures (Figure 8b). At this time, GN or FGN could play
an important role in friction reduction and anti-wear, and FGN showed better tribological
performance. Overall, GN or FGN can increase the application temperature of PAO6 and
CTL6 by at least 10 °C at 1200 rpm with a load of 392 N.

3.3.4. Tribological Performances of Graphene Additives in Different Base Stocks

When studying the influence of test load and temperature on the tribological perfor-
mance of graphene additives, it was found that the performance in different base stocks
was quite different, and the further friction-reducing and anti-wear properties in PAO6
and CTL6 were compared, as shown in Figure 9. From the figure, it can be seen that
CTL6 shows a lower ave. COF and WSD compared to PAO6, meaning CTL6 has better
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friction-reducing and anti-wear properties. In PAO6, the ave. COF from low to high is
1%T161-100 ppm FGN~1%T161-100 ppm GN < 1%T161 < PAO6; namely, FGN and GN
have a comparable friction-reducing property in PAO6. However, the order of ave. COF in
CTL6 is 1%T161-100 ppm FGN < 1%T161-100 ppm GN~1%T161~CTL6; that is, the friction-
reducing performance of FGN is better than that of GN in CTL6. In PAO6, ave. WSD from
small to large is 1%T161-100 ppm GN~1%T161-100 ppm FGN < 1%T161 < PAO6; namely,
both GN and FGN have comparable anti-wear performance in PAO6. However, the order
of ave. WSD in CTL6 is 1%T161-100 ppm FGN~1%T161-100 ppm GN < 1%T161~CTL6;
that is, the anti-wear performance of FGN and GN in CTL6 is also comparable. Overall,
FGN shows a better tribological performance in both PAO6 and CTL6, combined with the

XRD characterization in Section 3.1, which may be attributed to the easier shear capability
after fluorination.
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Figure 8. Tribological performance of dispersion oils when the test temperature varied from
75~100 °C: (a) ave. COF and (c) ave. WSD in PAO®6; (b) ave. COF and (d) ave. WSD in CTLS6.

The tests were run with a load of 392 N, where “x” represents that the tribological test cannot be
successfully completed.
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Figure 9. Comparison of (a) friction reducing and (b) anti-wear performance of graphene additives
in PAO6 and CTL6. The tests were run at 75 °C with a load of 392 N.

3.3.5. The Lubrication Mechanism

To better understand the lubricating mechanism of the graphene additive in synthetic
base stock, UV-Vis, micro-Raman, and EDS were applied to analyze the friction counterparts
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of 1%T161-100 ppm GN in PAO6 before and after the tribological test, which was run at
85 °C with a load of 392 N, and the results are displayed in Figures 10 and 11.
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Figure 10. (a) UV-Vis spectra and (b) micro-Raman analysis of the friction counterparts.
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Figure 11. EDS analysis of the friction counterpart before and after the tribological tests.

Compared to the UV spectra before and after the tribological test in Figure 10a, there
is a wide peak at 223 nm that can be assigned to the absorption of the -7* transition on the
wear scar, which is probably caused by the 7-7* transition of C=C in the GN skeleton, indi-
cating that the tribofilm contains the GN skeleton. The lubricating film during friction may
be an adsorption film formed by simple physical adsorption or a reaction film generated by
the frictional chemical reaction. In order to distinguish the composition of the lubricating
film, a steel ball was soaked the oil and tested in an 85 °C oven for 0.5 h to form the thermal
adsorption film. The results are shown in Figure 10b; 1%1161-100 ppmGN_thermo and
1%T161-100 ppmGN_tribo represent the thermal adsorption and the tribofilms after the
tribological test, respectively. The weak Raman signal intensity of both thermal adsorption
and tribofilms compared to GN is due to the small addition of GN (only 100 ppm). The
Raman response of the thermal adsorption film is nearly the same as GN; that is, the D
peak at ~1340 cm~!, G peak at ~1580 cm ™!, 2D peak at ~2720 cm~!, and D + G peak at
~2940 cm~!. However, besides the D peak, G peak, and D + G peak, the peak that appeared
at ~600 cm ™! can be assigned to iron oxides, indicating that the lubrication film during
friction is formed by the frictional chemical reaction between GN and friction counterparts,
which is different from the thermal adsorption film.

In Figure 11, the surface of the friction counterpart before tribological tests is composed
of Fe (73.2%) and C (22.4%). However, the content of Fe and C became 28.4% and 67.1%
after tribological tests, respectively. The C content increased more than three times, and the
Fe content decreased by nearly 90%, while the O content was essentially unchanged. This
means that the tribofilm is mainly composed of C. Combining the analysis of the UV and
micro-Raman results, GN is involved in the formation of tribofilms, which improves the
tribological performance of the base stock.
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4. Conclusions

The study of graphene additives in various synthetic hydrocarbon base stocks at
different tribological conditions is helpful in establishing compatibility law. In this work,
the tribological properties of GN and FGN were studied in PAO6 and CTL6 under different
working conditions. The results show that GN and FGN can be stably dispersed in the
selected synthetic hydrocarbon base stocks with 1 wt.% T161 as the dispersant, and the
optimal addition of the graphene additive is 100 ppm, which shows better friction-reducing
and anti-wear properties. GN and FGN show better tribological performance at a higher
load (not less than 392 N), and their compatibility with PAQOG6 is better. The worn surface
analysis discloses that the graphene additive participates in the formation of lubrication
film during friction by a frictional chemical reaction with friction counterparts, which could
improve the stability and tribological performance, resulting in an increased application
temperature of synthetic hydrocarbon base stock by at least 10 °C. These results provide
theoretical guidance for the formulation of research based on graphene additives.
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Abstract: In this work, a chemical modification method was used to prepare silicone grease with high
thermal conductivity. We report two preparation methods for thermal conductive fillers, which are
hydroxylated boron nitride-grafted carboxylic silicone oil (h-BN-OH@CS) and amino boron nitride-
grafted carboxylic silicone oil (h-BN-NH,@CS). When h-BN-OH@CS and h-BN-NH,@CS were filled
with 30 wt% in the base grease, the thermal conductivity was 1.324 W m 1K 1and 0982 Wm 1K1,
which is 6.04 and 4.48 times that of the base grease (0.219 W m~! K1), respectively. The interfacial
thermal resistance is reduced from 11.699 °C W~ to 1.889 °C W' and 2.514 °C W1, respectively.
Inorganic filler h-BN and organic filler carboxylic silicone oil were chemically grafted to improve the
compatibility between h-BN and the base grease. The covalent bond between functionalized h-BN
and carboxylic silicone oil is stronger than the van der Waals force, which can reduce the viscosity of
the silicone grease.

Keywords: silicone grease; boron nitride; thermal conductivity; interfacial thermal resistance;
chemical modification

1. Introduction

Filling thermal interface materials (TIMs) between devices and heat sinks can reduce
the interface thermal resistance (IR) [1]. TIMs include silicone grease, silicone pad, thermally
conductive phase change materials, and so on [2]. Lubricating grease has been widely used
as a kind of TIM due to its easy processing and lightweight and excellent flexibility [3]. It is
mainly composed of the base silicone grease and the thermally conductive (TC) filler [4].
The base silicone grease itself has a low thermal and high heat resistance which limits the
application [5]. Therefore, the introduction of TC nano-fillers helps to reduce the IR [6-8].
Commonly used fillers for silicone greases include metal nanoparticles [9] and carbon black
materials [10], which can also be electrically conductive. However, the applications in
integrated circuits and high-power devices are hindered by the introduction of thermally
and electrically conductive fillers. Therefore, it is necessary to reduce the interface resistance
and form thermally conductive pathways in the base silicone grease [11].

Thermally conductive insulating fillers are mainly made of ceramic materials such
as alumina oxide, silicon oxide, and so on [12]. The h-BN has high thermal conductivity,
oxidation resistance, and electrical insulation [13]. Researchers have found that h-BN
can effectively increase the TC, and the thermal conductivity mainly depends on the filler
content, i.e., h-BN [14,15]. However, the high content of thermally conductive fillers tends to
agglomerate and reduce the strength of composite materials and correspondingly increase
the cost of manufacturing processes [16]. Therefore, in order to maximize the functionality
of the thermally conductive filler, different methods of modification of h-BN need to be
chosen [17]. It was found that h-BN modified with physical and chemical methods provides
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better thermal-conductivity enhancement than unmodified and agglomerated h-BN [18].
The h-BN plates were embedded in polycarbonate materials by Sun using a hot-press
alignment method, and the ordered arrangement of the BN plates provided a pathway for
phonon transport. When the h-BN content reaches 18.5 vol%, the composite was able to
achieve a maximum TC of 3.1 W m~! K~! along the orientation direction [19]. Luo prepared
vertically oriented, densely packed h-BN/epoxy resin composites by a vacuum filtration
and slicing method. The thermal conductivity of the composites was 9.0 Wm ! K1
when 44.0 vol% of h-BN was added [20]. Ahn modified the BN/polyvinyl butyral (PVB)
composites with ellagic acid hydrate to give a higher thermal conductivity than PVB with
pristine BN [21]. The BN surface is functionalized with octadecylamine and hyperbranched
aromatic polyamides by the Yu group, and the TC of the epoxy resin was significantly
improved [22]. Qian improved the thermal conductivity of BN nanosheet hybrids by copper
phthalocyanine-grafted BN, and the TC was up to 0.63 W m~! K~! when the addition of
the filler was 50 wt% [23]. Han polymerized PS-COOH on the surface of BN-OH. The TC of
the composite material containing 12 wt% BN-OH was 1.131 W m~! K~!, better than pure
PS (0.186 W m~—! K=1) and BN/PS (0.312 W m~! K~!) [24]. When 2-3 wt% of the hydroxyl-
and amino-functionalized BN nanotubes were added to epoxy resins, Young’s modulus,
strain at break, and thermal conductivity were improved [25]. Currently, h-BN is widely
used in polymers, but its application in greases needs to be further developed.

In this work, hydroxyl- and amino-functionalized h-BN were bonded with carboxyl
silicone oil (CS) by a chemical modification method. The thermal stability of silicone
grease with modified h-BN was analyzed using thermogravimetric curves. The effects of
modified h-BN-OH and h-BN-NH; on the viscosity and thermal conductivity of silicone
greases were compared. The results showed that the TC was improved by the addition
of the functionalized h-BN. The mechanism was investigated, and it is suggested that the
formed ester and amide bonds can bridge adjacent thermally conductive materials to form
thermally conductive pathways.

2. Experimental Section
2.1. Materials

SiO; (ca. 15 £ 5 nm) was purchased from Rohn Reagent Co., Ltd. (Shanghai, China).
Dimethyl silicone oil, CS (molecular weight ca. 2000) was purchased from Anhui Aiyota
Silicone Oil Co., Ltd. (Bengbu, China). h-BN (purity > 99.9%) with a particle size of 1-2 pm
was purchased from Aladdin Co., Ltd. (Shanghai, China). The chemical reagents were
purchased from commercial sources and, prior to usage, were not purified.

2.2. The Preparation of Functionalized BN
2.2.1. The Preparation of h-BN-OH and h-BN-NH,

We dispersed h-BN at 5 mg mL~! in a NaOH solution, then heated the h-BN dispersion
to 120 °C and stirred it magnetically at a speed of 350 r-min~! for 48 h. After cooling down,
the product was filtered, and the sample was washed with deionized water (DIW) until
neutral. It was then vacuum dried at 60 °C for 18 h to obtain h-BN-OH.

The h-BN-NH, was prepared by a one-step method. The h-BN powder (1.0 g) and urea
(4.0 g) were added into the isopropanol solution (25 mL), and the solution was premixed
and ball milled for 48 h at a rate of 300 r-min~!. After the ball mill operation, the mixture
was removed into a beaker and left to stand, and the upper suspension was injected into
an extraction flask. The washed sample was vacuum dried at 60 °C for 24 h to obtain
h-BN-NHo,.

2.2.2. The Preparation of h-BN-OH@CS

The preparation of h-BN-OH@CS is shown in Figure 1. Toluene (40 mL) was used as
the solvent, h-BN-OH (2 g) and CS (18 g) were added to a container, and we adjusted the
pH of the reaction system to 3 with concentrated sulphuric acid. The oil bath was heated
to 90 °C, and the pre-reaction was carried out for 1-1.5 h. The p-toluenesulfonic acid was
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added to the reaction flask as a catalyst and heated to 120 °C for 72 h. The crude product
after the reaction is washed with a 5 wt% NaOH solution. The upper solution was washed
with DIW to neutral and rotary evaporated to remove the solvent and dried for 24 h to
obtain h-BN-OH@CS (10 wt%).
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Figure 1. The preparation of h-BN-OH@CS.

2.2.3. The Preparation of h-BN-NH,@CS

The preparation of h-BN-NH,@CS was similar to that of h-BN-OH@CS.
N, N-dimethylformamide (40 mL) was used as a solvent, CS (9 g) and h-BN-NHj (1 g) were
added to the beaker, and dicyclohexylcarbodiimide (0.5 g) was used as a catalyst. After the
amidation process, h-BN-NH, (10 wt%) was grafted with CS to give h-BN-NH,@CS.

2.2.4. Preparation of Thermally Conductive Silicone Grease

The filler (30 wt%) was filled with the base silicone grease at room temperature, and
the mixed components were stirred in a three-roller mill at 150 r min~! for 20 min. Then
the grease was degassed by a vacuum-drying oven at room temperature under 0.01 MPa
for 2 h.

2.3. Characterization

Fourier-transform infrared spectra (FTIR) were collected by an infrared spectrometer
(Spectrum ONE, PerkinElmer, Waltham, MA, USA) in the range 500—4000 cm L. Micro-
scopic scanning electron micrographs (SEM) of thermally conductive fillers were analyzed
by a scanning electron microscope (Gemini 300, Zeiss, Tubingen, Germany). The thermally
conductive fillers were observed using transmission electron microscopy (TEM) (eol2100f,
JEOL, Tokyo, Japan) at 200 kV. Thermo gravimetric analysis (TGA) (HCT-4, Hengjiu, China)
reached 800 °C at a heating rate of 10 °C min ! in a nitrogen atmosphere. Thermal resistance
and thermal conductivity were carried out with a heat flow method thermal conductivity
tester (DRL-III, Xiangtan Xiangyi, Xiangtan, China) at an average temperature of 50 °C,
pressure 50 N, sample area 615 mm?, and deviation £-5%. The Rheometer (RheoStress 6000,
HAAKE, Germany) was used to test the viscosity of the sample. The apparent viscosity of
the sample was obtained at a shear rate of 1.25 s~!. The modified fillers were characterized
using an X-ray photoelectron spectrometer (XPS) (Thermo Scientific K-Alpha, Waltham,
MA, USA) at a chamber pressure of less than 2.0 x 1077 mbar. UV-Visible absorption
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Transmitance (%)

spectroscopy (UV-Vis) (Evolution 350, Thermo Fisher, Waltham, MA, USA) was used to

measure the absorbance of the samples. The X-ray diffraction instrument (XRD) (Ultima

IV, Rigaku, Tokyo, Japan) with a scanning angle range of 5-60° and a scanning speed of 2°
o1

min

3. Results and Discussions
3.1. FTIR Analysis

The FTIR analysis of h-BN, h-BN-OH, and h-BN-NH; is shown in Figure 2a. Due
to defects on the h-BN surface, a broad peak of hydroxyl groups at 3500 cm~!. In the
spectrum of h-BN-NH,, two peaks at 1100 cm~! and 1650 cm~! can be attributed to the
bending vibrations of the N-H bond. The peak at 3208-3433 cm ! in h-BN-NH, indicates
that the NH, group was grafted onto the h-BN surface after the amination process [26].
The FTIR analysis of h-BN-OH@CS and h-BN-NH,@CS is shown in Figure 2b. The peaks at
1737 cm~! and 1712 cm ! are attributed to the C=O double bond stretching vibrations in
the carboxyl group, and the peak at 986 cm ! is attributed to the C-O single bond stretching
vibrations. The grafted sample shows a methyl and methylene structure at 2966 cm~! and
a broad peak representing B-OH and -OH at 3000-3600 cm~!. The stretching vibration
peak at 1733 cm ™! is attributed to the ester group formed by the esterification reaction. The
presence of the ester group peaks demonstrated that h-BN-NH; and h-BN-OH were grafted
onto the CS [27]. Asis shown in FTIR curves of h-BN-NH,@CS, at peaks of 3500-3100 cm 1
1680-1630 cm !, 1655-1590 cm " and 1420-1400 cm ™, the vibrations correspond to N-H,
C=0, N-H, and C-N stretching vibration, respectively [28].
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Figure 2. FTIR analyses of (a) h-BN, h-BN-OH, and h-BN-NH,; (b) CS, h-BN-OH@CS, and h-BN-
NH,@CS.

3.2. SEM Analysis

The SEM-EDS analyses of h-BN, h-BN-OH, and h-BN-NH, are shown in Figure 3.
It can be seen in Figure 3a,b that a small amount of -OH can be found on the surface of
unmodified h-BN. The EDS mapping images of N and O elements in h-BN are shown in
Figure 3c,d, where the percentages of B, N, and O atoms are 51.48%, 46.41%, and 2.12%,
respectively. Figure 3e,f show the SEM analysis of h-BN exfoliated by NaOH. In the
presence of NaOH, more -OH can be found on the surface of h-BN. The EDS mapping
images of N and O elements in h-BN-OH are shown in Figure 3g,h, where the percentages
of B, N, and O atoms are 50.63%, 42.66%, and 6.71%, respectively. Figure 3i,j show the
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SEM analysis of h-BN-NHj, treated by the ball milling method. The EDS images of N and
O elements in h-BN-NH; are shown in Figure 3k,1, where the percentages of B, N, and O
atoms are 50.45%, 47.37%, and 2.18%, respectively. Therefore, the surface of the ball-ground
h-BN was loaded with a certain quantity of hydroxyl or amino groups.

. 'h-BN-OH

Figure 3. SEM images of (a,b) h-BN (e,f) h-BN-OH; (i,j) h-BN-NH; and EDS mapping images of the
corresponding distribution of (¢,g,k) N and (d,h,1) O element.

3.3. XRD Analysis

The XRD patterns of h-BN, h-BN-OH, and h-BN-NH; samples are shown in Figure 4.
According to the PDF card, functionalized h-BN exhibits a decrease in the (002) peak
intensity compared to pristine h-BN [29]. Additionally, the (002) peak of functionalized
h-BN shifts towards lower angles, with an increase in interlayer spacing for h-BN-OH
and h-BN-NH,. Chemical modification and ball milling disrupt the van der Waals forces
between h-BN layers, while the functional groups loaded onto h-BN increase the interlayer
distance, achieving the goal of exfoliation.

3.4. TEM Analysis

The TEM images of h-BN, h-BN-OH, and h-BN-NH; are shown in Figure 5. The crystal
plane spacing of unmodified h-BN is 0.341 nm (Figure 5a,b). After immersion in NaOH
solution, the h-BN surface is loaded with hydroxyl groups, the crystal plane spacing of
h-BN-OH is 0.344 nm (Figure 5¢,d), and the crystal plane spacing of h-BN-OH is slightly
greater than that of h-BN [30]. The TEM images of h-BN-NH; are shown in Figure 5e,f;
h-BN after being ball-milled, h-BN surface loaded with -NH, after ball-milling by urea,
and the crystal plane spacing of h-BN-NH; is 0.214 nm [31]. The relative thickness of
h-BN can be visually estimated through its transparency. In Figure 5a, the h-BN shows
low transparency and tends to stack with relatively thick layers. However, h-BN-OH and
h-BN-NH,; on the substrate tend to be transparent (Figure 5c,e), indicating the few-layer
structure of functionalized h-BN [32].
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Figure 4. XRD patterns of h-BN, h-BN-OH, and h-BN-NH,.

3.5. XPS Analysis

The XPS spectra of h-BN, h-BN-OH, and h-BN-NHj are shown in Figure 6. In Figure 6a,
the peaks of B 1s, N 1s, C 1s, and O 1s appear at 191 eV, 398.2 eV, 285 eV, and 532 eV,
respectively. The presence of carbon elements in the XPS spectra arises from adsorbed CO,
on the h-BN surface [33]. In the B 1s and N1s spectrum (Figure 6b,c), two peaks at 190.5
and 398.2 eV correspond to the B-N and N-B bonds. As shown in Figure 6d, the peak at
192.0 eV in the B 1s spectrum is attributed to the B-O bond, indicating hydroxylation at the
B site [34]. In the O 1s spectrum (Figure 6e), the main peak at 532.6 eV is caused by -OH, and
the smaller peak at 533.5 eV is possibly due to the O-B bond. In N 1s spectrum (Figure 6f),
the peak at 398.2 eV can be ascribed as the N-B bond in the N1s core-level spectrum, and
the result demonstrates that -OH was grafted on the h-BN surface. Figure 6g,h show the B
1s and N 1s spectra of h-BN-NH);, respectively. The peak at 190.5 eV in the B 1s spectrum
corresponds to the B-N bond in h-BN, and the peak at 191.5 eV is possibly due to the B-O
bond formed during ball milling. In the N 1s spectrum, the two peaks at 398.9 eV and
398.2 eV are attributed to the N-H and N-B bonds, respectively, indicating the loading of
-NH; on the h-BN surface [35].

(a)

Figure 5. Cont.
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(e) er—

Figure 5. TEM images of (a,b) h-BN, (c,d) h-BN-OH, and (e,f) h-BN-NHj.

3.6. UV-Visible Analysis

The UV-Vis spectra of h-BN, h-BN-OH, and h-BN-NH, samples are shown in Figure 7.
The three samples were dispersed in water to form a dispersion solution of 1 mg mL !,
which was then left to settle at room temperature for more than 48 h and centrifuged three
times (1500 rpm, 15 min each time). After centrifugation, the solution was left to stand
for 24 h to allow the insoluble substances to settle. By studying the UV-Visible spectra,
we investigated the difference between the UV-Visible spectra of h-BN-OH, h-BN-NH,,
and h-BN. The h-BN had poor dispersibility in water, but functionalized h-BN was found
to improve its solubility in water through UV-Visible spectroscopy [36]. The absorbance
values at a wavelength of 300 nm for h-BN, h-BN-OH, and h-BN-NH; were 0.458, 0.701, and
0.759, respectively. Thus, it can be concluded that under the same preparation and testing
conditions, the dispersion solubility of h-BN-OH and h-BN-NH; in water was higher than
that of h-BN [37].

119



Lubricants 2023, 11, 198

h-BN Bls 1-BN N1s
Nis
3| @ El 3
4 = £ BN
£ o B £ B-N &
& % g
= E E
E z z
600 500 400 300 200 100 0O 194 192 190 188 186 402 401 400 399 398 397 396 395 394
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(a) (b) (e)
h-BN-OH Bls h-BN-OH Ols h-BN-OH Nis
g £ = :
E z oH & ;B
g BO BN £ OB £
5 = =
194 193 192 191 190 189 188 187 186 536 534 532 30 528 102 400 398 396 394
Binding Energy (¢V) Binding Energy (¢V) Binding Energy (¢V)
(e) (f)
h-BN-NH, Bis h-BN-NH, Nis
- 3
3 B-N 3
s £
=y £
w =
£ BO =
i E
194 192 190 188 186 41 400 399 398 397 396 395 394
Binding Energy (eV) Binding Energy (eV)
(g) (h)

Figure 6. (a) XPS analysis of h-BN, h-BN-OH, and h-BN-NHp; (b) B 1s and (c) N 1s spectrum of h-BN-OH;
(d) B 1s (e) O 1s and (f) N 1s spectrum of h-BN-OH; (g) B 1s and (h) N 1s spectrum of h-BN-NH,.

3.7. Thermo Gravimetric Analysis

The thermogravimetric analysis of h-BN-OH, h-BN-NH,, and grafted products is
shown in Figure 8. The TG curve for h-BN-OH shows a slight decrease in the
0-800 °C range, with a total weight loss of approximately 5 wt%, which can be traced back
to the grafting of -OH on the h-BN surface because generally pure h-BN is highly thermal
and stable below 800 °C [38]. The base silicone decomposes rapidly at 300 °C, and the
decomposition rate slows down to a temperature of 600 °C. When h-BN-OH (20 wt%) was
grafted with the CS, no weight loss occurred between 130 and 200 °C for h-BN-OH@CS,
and no evaporation of carboxyl groups was present in the sample. As shown in the TG
curve, there is a mass loss in the range of 25-50 °C and 180200 °C for h-BN-NH;, with a
total weight loss of approximately 20 wt%, which was attributed to the grafting of the -NH,
on the h-BN surface. h-BN-NH, (20 wt%) grafted with CS resulted in a smaller mass loss in
the 0-200 °C range for h-BN-NH,@CS. The thermal stability of the silicone is improved by
the grafted hBN-NH,. Most significantly, the presence of h-BN-NHj significantly improved
the thermal stability of the CS and retarded the thermal decomposition process [39]. In
summary, the h-BN-grafted thermally conductive filler can effectively enhance the ther-
mal stability of the base silicone grease. h-BN-OH/h-BN-NH, has good compatibility
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with CS and forms closed chains in the matrix, limiting the thermal movement of the CS
segments [40].
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Figure 7. UV-Vis spectra of h-BN, h-BN-OH, and h-BN-NHj.
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Figure 8. TG curves of (a) h-BN-OH, (b) h-BN-NH,, (c) h-BN-NH,@CS, (d) h-BN-OH@CS, and
(e) silicone grease.

3.8. Viscosity Analysis

The variation of the viscosity of the silicone grease with the amount of filler is shown
in Figure 9. The viscosity of base silicone grease is 21,220 mPa s, h-BN (10-60 wt%) was
filled with the CS (h-BN@CS), and the viscosity is 27,980-73,460 mPa s when the amount
of 30 wt% h-BN @CS is in the base silicone grease. h-BN-OH (10-60 wt%) was grafted
with the CS (h-BN-OH@CS), and the viscosity is 25,180-63,400 mPa s when the amount
of 30 wt% h-BN-OH @CS is in the base silicone grease. Compared to the unmodified
h-BN, the h-BN modification reduced the viscosity of the silicone grease by 10.01-13.7%.
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A total of 10-60 wt% of h-BN-NH; was grafted with a CS to form a thermally conductive
filler h-BN-NH,@CS, and the viscosity was 24,180-62,180 mPa s when the amount of 30
wt% h-BN-NH,@CS was in the base silicone grease. This indicates that the viscosity of
the silicone grease is reduced by the modified h-BN, and h-BN-NH,@CS had a higher
viscosity reduction than h-BN-OH@CS. It can be due to the fact that the modified grafting
improved the IR of the silicone grease and increased the thermal conductivity of the base
silicone grease. h-BN or modified h-BN grafting products filled into the base silicone
grease showed a significant increase in viscosity, which can be due to the presence of the
filler significantly changing the rheology of the base silicone grease [41]. When loaded
with thermally conductive fillers, there are mutual frictional and chemical forces between
the h-BN particles that can cause rheological distortions in the base silicone grease, thus
increasing the viscosity of the base silicone grease [42]. The viscosity of the silicone grease
is reduced by the filling of the modified h-BN. This is mainly due to the covalent bonds
formed between the modified h-BN and the CS, and the forces of the covalent bonds are
larger than the van der Waals gravitational forces, making it easier for the h-BN particles
to be dispersed evenly in the base silicone grease, after which a reduction in IR can be
obtained [43].
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Figure 9. The viscosity of thermally conductive silicone grease varies with the h-BN@CS, h-BN-
OH@CS, and h-BN-NH,@CS loadings.

3.9. Thermal Conductivity and Interface Thermal Resistance

The TC and IR of h-BN@CS, h-BN-OH@CS, and h-BN-NH,@CS are shown in Figure 10.
The TC of the base silicone grease was 0.219 W m~! K=!, and 10-60 wt% of h-BN-OH was
grafted with CS to form a thermally conductive filler. After the modification, the TC of the
silicone grease was increased from 0.219 W m 1K 1t01.324 Wm~1 K1, and the IR was
reduced from 11.699 °C W~ to 1.889 °C W~1. When 10-60 wt% of h-BN-NH, was grafted
with a CS to form a thermally conductive filler that is filled in silicone grease, the TC of
the silicone grease was increased from 0.219 W m~! K1 t0 0.982 W m~! K, and the IR
was reduced from 11.699 °C W1 to 2.514 °C W~!. The TC of the modified grafted silicone
grease was improved, and the IR was reduced [44]. Notably, when 60 wt% of h-BN-OH
was grafted with CS, the TC of the nanocomposite reached 1.324 W m~! K~ which is
6.05 times that of the pure silicone grease, and the IR was reduced from 11.699 °C W~! to
1.889 °C WL, This can be attributed to the strong chemical bonding between the modified
thermally conductive filler, and h-BN can be evenly dispersed in silicone grease [45]. When
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the content of modified thermally conductive fillers in the silicone grease increases, the
thermal conductivity increases [46]. However, as the amount of h-BN filler increases, the
van der Waals forces between the h-BN and the matrix material become greater [47]. Being
filled directly with h-BN in thermally conductive silicone, the resulting silicone is unstable.
The ester and amide bonds are able to create thermally conductive channels in the silicone
grease, which is beneficial to heat transfer [48].
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Figure 10. (a) TC of silicone grease variations with h-BN@CS, h-BN-OH@CS, and h-BN-NH,@CS
loadings; (b) IR of silicone grease with h-BN@CS, h-BN-OH@CS, and h-BN-NH,@CS loadings.

The thermal conductivity of filled-high TC silicone grease is mainly influenced by
hydrodynamics, mutual friction between filler particles, and mutual attraction between
molecules [49]. Because of the hydrodynamic interaction between h-BN and silicone oil
molecules, the inorganic filler h-BN interferes with the silicone grease, which leads to the
distortion of the flow lines. Spherical fillers lead to less distortion of the flow lines than
flake fillers. Therefore, the grafting of h-BN results in a thermally conductive filler with
fewer angles and smoother edges. Furthermore, TC is also influenced by the viscosity of
the thermally conductive silicone grease and the forces between the thermally conductive
filler and the silicone grease molecules [50]. It was found that the formation of microscopic
routes that transport heat contributes to the filling of the materials [51]. At low content, the
thermally conductive filler spreads in the silicone grease, and the TC is not significantly
enhanced owing to the influence of the interfacial layer among the filler that is thermally
conductive and due to the heat transfer being weak [52]. When the quantity of filling
is raised to a specified limit, the thermally conductive fillers commence making contact,
forming a thermally conductive pathway or thermally conductive network chain. The
heat flow is transferred along the path with the lowest thermal resistance, resulting in a
substantial increase in the thermal conductivity of the silicone grease.

In summary, h-BN-OH and h-BN-NH,; at 10-60 wt% were chemically grafted with
CS, and h-BN-OH@CS and h-BN-NH,@CS were used as thermally conductive fillers.
When they were filled with 30 wt% into the base silicone, the TC of the silicone grease is
0.386-1.324 W m~! K~! and 0.364-0.982 W m~! K~!, respectively, which is higher than
the base silicone grease (0.219 W m~! K~!). The IR of the base silicone grease drops from
11.699 °C W~ to 1.889 °C W' and 2.514 °C W~!l. By analyzing the viscosity of the
lubricant, it was demonstrated that there is an interaction between the modified h-BN and
the base silicone grease molecules. The dispersion of the filler can be effectively improved,
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and thermal conductivity pathways can be formed. Then the IR was reduced, and the TC
of the silicone grease was improved.

4. Conclusions

In this work, two types of thermally conductive fillers were prepared by grafting
carboxylic acid silicone oil onto 10-60 wt% hydroxyl and amino-functionalized h-BN. The
effect of h-BN modification on the TC of the base grease was studied, and the thermal
mechanism of the thermally conductive fillers on the grease was explored. After thermal
stability testing, the modified thermally conductive fillers effectively enhanced the thermal
stability of base grease. The h-BN-OH@CS has better thermal stability than h-BN-NH,@CS.
The addition of h-BN or modified boron nitride graft products significantly increased the
viscosity of the silicone grease. When the modified thermal conductive filler was added
to the silicone grease, the viscosity was smaller than when unmodified h-BN particles
were directly added to the grease. The viscosity-reducing effect of the h-BN-NH,@CS
was more significant than that of the h-BN-OH@CS. The modified thermal conductive
fillers, h-BN-NH,@CS and h-BN-OH@CS, effectively improved the thermal conductivity
of the grease and reduced the IR. When there is less filling, the filling separates in the
grease, which is not conducive to heat transfer. As the content of the modified thermally
conductive filler increased, the thermal conductivity increased. However, with increasing
h-BN content, the formed grease became unstable and did not easily form thermal transfer
paths. By forming ester bonds and amide bonds, h-BN could form thermal conductivity
paths in the silicone grease, thereby promoting heat transfer.
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Abstract: Lightweight materials with a density less than 3 g/cm? as potential tribo-materials for
tribological applications (e.g., space tribology) are always desired. Al3BCj3 ceramic, a kind of ternary
material, is one of the lightweight materials. In this study, dense Al3BCs ceramic is prepared via a
reactive hot-pressing process in a vacuum furnace. Its tribological properties are investigated in two
unlubricated conditions (one is at elevated temperature up to 700 °C in air, and another is in a vacuum
chamber of back pressures from 10° Pa to 1072 Pa at room temperature) and lubricated conditions
(i.e., water and ethanol as low-viscosity fluids). At 400 °C and lower temperatures in air, as well
as in vacuum, the tribological property of Al3BCj3 ceramic is poor due to the fracture of grains and
formation of a mechanically mixed layer. The beneficial influence of adsorbed gas species on reducing
friction is very limited. Due to the formation of lubricious tribo-oxide at 600 °C and 700 °C, the
friction coefficient is reduced from ca. 0.9 at room temperature and 400 °C to ca. 0.4. In the presence of
low-viscosity fluids, a high friction coefficient and wear but a polished surface are observed in water,
while a low friction coefficient and wear occur in ethanol. A lubricious carbide-derived carbon (CDC)
coating on top of Al3BC3 ceramic through high-temperature chlorination can be fabricated and the
wear resistance of CDC can be improved by adjusting the chlorination parameters. The above results
suggest that Al3BC3 ceramic is a potential lubricating material for some tribological applications.

Keywords: Al3BC; ceramic; lightweight; wear and tribology; liquid lubrication; self-lubrication

1. Introduction

There is ongoing demand for light-weight lubricating materials for many tribologi-
cal applications (e.g., gyro for space tribology). Because of its low density (2.66 g/cm?)
and high elastic modulus (137 GPa), Al;BC; ceramic is an attractive material for light-
weight structural components [1-3]. From the viewpoint of tribology, lamellar Al3BC3
ceramic is also considered as an attractive candidate for tribological components under
both unlubricated and lubricated conditions. For example, based on the ratio of hardness
to Young’s modulus (Hv/E = 0.068), Al3sBCs ceramic is predicted to have excellent wear
resistance at room temperature [1]. In addition, the stiffness of Al3BC3 ceramic at 1600 °C
is 79%, as high as that at room temperature, which is much higher than that of Ti3SiC, [1].
This suggests that Al3BC3 ceramic is a candidate for the production of high-temperature
wear-resistant materials [1-4].

Up until now, there have been no published reports on the fundamental tribological
property of Al3BC3 ceramic under both unlubricated conditions (e.g., air bearings for gyro)
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and lubricated conditions (e.g., bearings and surface finishing). As a result, the application
of AI3BC3 ceramic is greatly hindered due to the lack of basic data of the tribological
property. Currently, a tentative exploration of the tribological properties of Al3BC3 seems
to be the first step.

The importance of the tribological properties in air at elevated temperatures and
in vacuum is highly valued due to the physical, chemical, and mechanical properties
of Al3BCj3 ceramic. In addition, technical solutions to obtain low friction of the Al3BCj
ceramic by liquid lubrication or solid lubrication are no doubt necessary in some cases.
It is well known that water and ethanol are environmentally friendly and efficient as a
lubricant and a polishing agent as well. A carbide-derived carbon coating on top of AlzBC3
ceramic is also expected to be an effective method of self-lubrication. In this connection,
the fundamental tribological property, as well as the liquid lubrication and self-lubrication
of Al3BCj ceramic are presented in this study.

2. Materials and Methods
2.1. Preparation of Al3BCz Ceramic and Carbide-Derived Carbon Coating

Lamellar AI3BC3 ceramic is prepared by reactive hot-pressing at 1800 °C and 15 MPa
starting from powders of Al, B4C, and graphite in a vacuum furnace. The powders of Al,
B4C, and graphite (—200 mesh) with a mole proportion of 3.2:0.25:2.30 are used to prepare
Al3BCj3 ceramic with low impurities. Al3BCj has a lamellar structure (see Figure 1). The
Al3BC3 ceramic for the tribological tests is dense with a porosity less than 2%. Some of
the physical and mechanical properties of Al3BC3 ceramic include a density of 2.56 g/cm?,
three-point bending strength of 175 MPa, microhardness (10 gf) of 12.1 GPa, and indentation
fracture toughness of 2.1 MPa-m!/2.

Figure 1. SEM micrograph of the edge of Al3BC3 grains.

Carbide-derived carbon (CDC) coating on top of Al3BCj ceramic is prepared via a
high-temperature chlorination process [5]. By varying the concentration of Cl, ina Cl, + Ar
mixture and the duration of chlorination, two CDC coatings are prepared. Schedule A
is prepared in 6.67% Cl, + Ar at 800 °C for 2 h and schedule B is a two-step process of
6.67% Cl, + Ar at 800 °C for 20 min and 3.33% Cl, + Ar at 800 °C for 1 hr. Dechlorination
is not conducted and residual adsorbed Cl, is not removed. The thickness of the CDC
coating is 20 to 30 pum. The advantage of CDC coating is its low internal stress [6]. The
microstructure of the CDC coating on top of the Al3BC3 ceramic is different from that
of the CDC coating on SiC and Ti3SiC, (see Figure 2). A possible chemical reaction for
high-temperature chlorination is as follows:

Al3BC;s(s) + Cly(g)—AlClI3(g) + BCly(g) + C(s), (1)

128



Lubricants 2023, 11, 492

Figure 2. (a) Microstructure of CDC coating under low magnification; (b) the white particles are
AICl3 (EDS spectrum in (b)).

2.2. Tribological Tests

Two kinds of tribo-meters are employed to conduct tribological tests. A CSM THT
tribo-meter with a ball-on-disk configuration is used for the evaluation of tribological
properties (1) at high temperature, (2) in liquid lubrication, and (3) in the presence of a CDC
coating. A home-made vacuum friction tester with a ball-on-disk configuration is used for
tribological tests in vacuum. A G3 grade SizNy ball with a diameter of 3.175 mm is used
for both tribo-meters. Fluctuation of the friction coefficient data of a given tribo-couple
is frequently observed in this study, and it depends on the materials and assembly of the
tribo-couple and sensitivity of the sensor to detect a friction force.

2.2.1. CSM THT Tribo-Meter with a Ball-on-Disk Configuration

A silicon nitride ball (3.175 mm in diameter) sliding on a bare Al3BC3 ceramic disk
or CDC on Al3BCj ceramic disk (25 mm in diameter and 3 mm in thickness) is used. For
liquid lubrication, the disk is immersed in either flooded distilled water or flooded ethanol.
Test conditions are 0.1 m/s for sliding speed, 5 N for normal load, temperature from 25 °C
(for liquid lubrication and CDC coating) to 400 °C, 600 °C, and 700 °C. The wear volume is
determined by a surface stylus profiler.

2.2.2. A Home-Made Tribo-Meter with a Ball-on-Disk Configuration

A silicon nitride ball (3.175 mm in diameter) sliding on a bare Al3BC3 ceramic disk
is used. The test begins at a back pressure of 10° Pa for 10 min. After evacuation to a
back pressure of 10* Pa, the test starts by using the same Si3Ny ball on the same wear
track. The same process is repeated for back pressures of 10% Pa, 10? Pa, 10! Pa, 100 Pa,
10~! Pa, and 10~2 Pa. The test conditions are 10 rpm rotation speed at a diameter of 12 mm,
2 N for normal load, and room temperature. The wear volume is determined by a surface
stylus profiler.

3. Results
3.1. Tribological Property at Elevated Temperatures and in Vacuum

At room temperature, a stage of low friction coefficient (SLFC, ca. 0.2 in vacuum test,
Figure 3a and ca. 0.4 in tests of high-temperature series, Figure 3b) before a stage of high
friction coefficient (SHFC) is observed. In Figure 3a, such a SLFC occurs at back pressures
of 10° Pa and 10* Pa, while no such SHFC occurs at back pressures of 10 Pa and lower.
This implies that the SLFC is associated with an adsorption and desorption mechanism
of gas species on the worn surface. In the vacuum test, a tribological test is begun at a
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Friction coefficient

back pressure of 10° Pa. After a ten-minute sliding test, the chamber is evacuated to a back
pressure of 10* Pa and the re-adsorption of gas species on the sliding surface occurs. This
enables a SLFC stage at 10* Pa. At back pressures of 10° Pa and lower, the time for the
re-adsorption of gas species might be too long to fulfill multi-layer adsorption. Therefore,
SHFC occurs at the very beginning of the sliding at back pressures of 10° Pa and lower.
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Figure 3. (a) Frictional trace of Al3BC3 ceramic in vacuum at room temperature; (b) average friction
coefficient and wear rate at elevated temperatures in air. The black dash line is the average friction
coefficient of PM304.

The SLFC is not observed due to the desorption of gas species at 400 °C together with
a lack of lubricious tribo-oxide, Figures 3b and 4. The low friction coefficients at 600 °C
and 700 °C are mainly attributed to tribo-oxides (B,O3). On one hand, the ionic potential of
B,03 is as high as 12, suggesting that B,O3 is a good high-temperature solid lubricant [7].
On the other hand, B,O3 is a glaze substance at 600 °C and 700 °C.
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Figure 4. Frictional traces of Al3BC3 ceramic disk in sliding against a Si3Ny ball at elevated temperatures.

In summary, the tribological property of Al3BC3 ceramic in sliding against a Si3Ny
ball is not plausible in vacuum at room temperature or in air at temperatures of 400 °C and
lower. At temperatures of 600 °C and 700 °C, the tribological property of Al3BC3 ceramic
is much better. Notably, the friction coefficients of Al3BC3 ceramic at 600 °C and 700 °C
are comparable to that of a high temperature self-lubricating composite PM304 at 630 °C
(Figure 3b, data from the authors’ laboratory). The frictional traces at elevated temperatures
in air can be found in Figure 4.

3.2. Lubrication in Water and Ethanol

It is clear that the high friction (Figure 5a) and severe wear (Figure 5b) of Al3BC3
ceramic and its counterpart material under an unlubricated condition can be reduced
by using either flooded water or flooded ethanol as a lubricant. Specifically, Figure 5a
suggests that under unlubricated conditions, a SLFC stage occurs (the same reason as
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the above-mentioned) and the friction coefficient increases gradually to a high friction
coefficient of 0.6. It is obvious that the fracture of grains and formation of a discontinuous
mechanically mixed layer (Figure 5c) are the two main characteristics of the worn surface
of Al3BC3 ceramic under unlubricated sliding. The fracture of grains and formation of
such a tribo-layer on Al3BC3 ceramic are commonly found in ceramics, including MAX
phase materials [8,9].
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Figure 5. (a) Frictional traces of Al3BC; ceramic under unlubricated and lubricated conditions;
(b) wear rates of Al3BCj3 ceramic and SizNy ceramic under unlubricated and lubricated conditions;
(c) SEM micrograph of the worn surfaces of Al3BCs ceramic under unlubricated conditions; (d) SEM
micrograph of the worn surfaces of Al3BC3 ceramic in water.

Although no such SLEC and friction coefficient are stably as high as ca. 0.5 in distilled
water, the worn surface is smooth as a result of a polishing effect. Water, at the least,
can be a good polishing agent for the planarization of Al3BCs ceramic. Additionally, it
is reasonable that a well-polished surface enables the application of self-lubricating film
(e.g., diamond-like carbon film and graphene film) in good quality.

Ethanol, as a good lubricant, significantly reduces the friction coefficient, which
is observed for many ceramics [9]. Some reports emphasize the role of tribo-chemical
products, while some focus on the role of the physical adsorption of ethanol on the sliding
surface in the lubricating behavior of ethanol. It is an interesting but also challenging topic.

It is well known that water and ethanol have almost identical viscosities at room
temperature. Therefore, the role of viscosity for the different tribological properties in water
and in ethanol is insignificant. The water dissolution of friction-induced fresh asperities
might be a good reason for the polished worn surface. A low and stable friction coefficient
suggests that the robust physical adsorption of ethanol on the sliding surface rather than
tribochemistry is the main reason. In case of friction dominated by tribochemistry, the
friction coefficient will decrease with sliding duration.
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3.3. Self-Lubrication by CDC Coating

As seen in Figure 6a, CDC coatings significantly reduce the friction coefficient to 0.3 or
even lower. The problem of the CDC coating is its relatively high wear rate (see Figure 6a).
Similar results are found for CDC coating on top of Ti3SiCy. The wear resistance of CDC
can be improved by adjusting the chlorination parameters (see Figure 6a). As seen in
Figure 6b, the two CDC coatings are composed of poly-crystalline graphite, similar to
Ti3SiCy [5]. In addition, schedule A produces a ‘thicker” CDC coating while schedule B
produces a ‘thinner” CDC coating. That might be the reason for the better wear resistance
by schedule B.
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Figure 6. (a) Friction coefficient and wear rate of CDC coatings prepared using different chlorination
schedules; (b) XRD patterns of Al3BC3 ceramic, CDC coating by schedule A, and CDC coating by
schedule B. < indicates the (002) peak of graphite. Small amount of graphite in Al3BC3 ceramic.

The CDC coating is a highly porous coating of low density. The porosity of CDC is
higher than 50% [5,6]. Therefore, it will not increase the density of the Al;BC3 ceramic. In
addition, the internal stress of the CDC coating is much lower than diamond-like carbon
film, which represents an advantage over the diamond-like carbon film. This means
that the thickness of the CDC coating can be as high as several millimeters without risk
of peeling [6].

4. Discussion

Al3BC3 ceramic behaves like brittle ceramics (i.e., fracture of grains rather than plastic
deformation) under tribological loading. AlzBCj3 ceramic is not a plausible lubricating
material in vacuum at room temperature as well as at temperatures lower than 600 °C. Tribo-
oxidation (glazed B,O3) in oxidizing atmosphere renders Al3BCj ceramic with reduced
friction and wear at 600 °C and 700 °C. Liquid lubrication by low-viscosity fluids and solid
lubrication by carbon coating suggest that Al3BC3 ceramic can be used as a tribological
component, either by liquid lubrication or by surface modification. The surface chemistry
of AlzBC3 ceramic in various atmospheres and liquids is the key to understanding its
tribological behavior. There are still many topics that deserve further investigation. For
example, Al3BCs ceramic with a low-friction coating (e.g., diamond-like carbon film) can
be a candidate material for fabricating gyro for space tribology.
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Abstract: In this paper, MoS, nanosheets with an ultrathin structure were fabricated using a solvother-
mal method and further added into PAO oil, which was further combined with W-DLC coating
to constitute a solid-liquid lubricating state. The influences of MoS, concentration, applied load
and counter surfaces on the lubricating of the solid-liquid hybrid lubricating system were explored
through a ball-on-disk tribometer. The friction results indicated that the steel /W-DLC and W-DLC/W-
DLC tribopairs lubricated with ultrathin MoS; possessed better friction reduction and wear resistance
behaviors in comparison to pure PAO oil. However, compared to the steel/steel couple case, the
prepared MoS; nanosheets exhibited a more efficient lubricating effect for the W-DLC/W-DLC couple.
The beneficial boundary lubricating impact of MoS; nanosheets on self-mated W-DLC coated rubbing
surfaces could be attributed to the tribochemical reaction between MoS; and doping W element
in DLC, resulting in a formation of a thin tribofilm at both counterparts. Meanwhile, the extent
of graphitization of W-DLC film induced by friction was alleviated because of the lubrication and
protection from the formation of MoS;-based tribofilm at both counterparts.

Keywords: W-DLC coating; ultrathin MoS, nanosheets; lubricating additive; solid-liquid composite

lubrication; friction; wear

1. Introduction

Solid-liquid composite lubricating systems have always been an important research
focus, because they can largely offer excellent tribological property and undertake serious
operating environments [1-3]. Diamond-like carbon (DLC) coating is a solid lubrication
material with outstanding worn resistance, low friction coefficient and high hardness,
which makes it suitable for protective films for multifarious mechanical parts [4,5]. Since
traditional lubricant additives have been developed and customized for lubricating metallic
surfaces, there was no consistent opinion concerning the lubrication efficacy of lubricating
additives on the DLC coated surfaces. Tannous et al. [6] have compared the tribological
properties of IF-MoS; in different tribopairs of steel /steel, alumina/alumina and DLC/DLC,
respectively. They have suggested that the friction reduction behavior of MoS, particles
was only achieved for steel surfaces, with no effect for other friction pairs of alumina or
DLC. Meanwhile, they have also pointed out that a MoS,-based tribofilm was merely
found on the rubbed ferrous surfaces due to the occurrence of a tribochemical reaction
between MoS; and the iron-based surfaces. However, Kalin et al. [7] have obtained a
positive lubrication effect for the self-mated DLC-coated surfaces through utilizing MoS,
nanotubes as oil additives. They have attributed this to the fact that MoS, flakes physically
attached to the DLC-coated surfaces, which contributed to a formation of thin tribofilm at
both counterparts. It can be seen that some conflicting opinions on the lubrication efficacy
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of DLC-coated friction surfaces lubricated with nanoparticle additivated oil. Accordingly,
more work is required for the successful application of DLC coating under the liquid-
lubricated case.

In recent decades, a huge amount of research has been directed to employing nanopar-
ticles as lubricant additives, including carbon [8], metals [9], sulfides [10], hydroxides [11],
borates [12], etc. Especially, MoS, nanoparticles have obtained impressing attention arising
from their particular layered structure [13]. The tribological response of MoS, nanoparticles
as lubricant additives for metal friction pairs has been extensively studied in previous
research. As is widely acknowledged, MoS; nanosheets are excellent solid lubricant addi-
tives for steel-based friction surfaces [14,15]. A latest tendency in the preparation of MoS,
lubricant additives is to synthesize MoS, nanosheets with ultrathin structure to facilitate
their entrance into the rubbing interfaces and accordingly optimizing the lubrication perfor-
mance of oils. For example, Yi et al. [16] recently reported that ultrathin MoS; nanosheets
could better enhance the tribological behavior of oils, as they were penetrated into the
rubbing surfaces easily. This stimulates to exploit MoS; nanosheets with an ultrathin
structure as lubricating additives for DLC-based solid-liquid composite lubrication. As
stated above, as compared to steel, DLC coating presents lower surface energy and higher
chemical inertness [17-19]. Whether DLC coatings are able to react with MoS; nanosheets
or play an inactive role remains mostly unknown. It is of importance to comprehend this
so as to engineering valid DLC-based solid-liquid compound lubrication system.

In this work, the friction property of solid-liquid compound lubricating system with
W-DLC coating was studied in the cases of lubricating by pure PAO oil and ultrathin
MoS, nanosheets additivated oils. W-DLC was selected as the coating material because the
W-DLC coating possess outstanding adhesion to substrate, low internal stress and excellent
mechanical properties, and is one of the most promising films for industrial applications.
In addition, the corresponding friction mechanism is discussed at the end.

2. Materials and Methods
2.1. Lubricants and Additives

Polyolefin oil (PAO 6, Shenzhen Huashengyuan Petroleum Technology Co., Ltd.,
Shenzhen, China) with the kinematic viscosity of 31.70 mm?/s at 40 °C and 5.95 mm?/s at
100 °C was used as the base oil. The MoS, nanosheets with an ultrathin structure applied
in this paper were synthesized through a solvothermal approach, as explained in our
previously published research [20].

2.2. Preparation and Characterization of W-DLC Coating

W-DLC film was deposited on the AISI 52,100 through the magnetron sputtering
method. The W-DLC film was fabricated according to the published literature [21]. Samples
in the shapes of balls and discs were applied as the substrates to deposit W-DLC coatings,
respectively. The steel ball had a diameter of 10 mm, a surface roughness of 50 nm and
a hardness of 61-63 HRC. The steel disc had a size of 24 mm in diameter and of 7.9 mm
in thickness. Before deposition, the discs were ground and burnished to get a surface
roughness of 50 nm. The thickness and cross-section image of the W-DLC film on the
disc was detected through scanning electron microscopy (SEM, Thermo Fisher Scientific,
Prague, Czech Republic). Prior to SEM observation, a small 5 x 5 x 7.9 piece was cut from
the middle of the W-DLC coated disc by wire electrical discharge machining method. Its
microhardness and elasticity modulus were tested by a nanoindentation tester (500-NHT3,
Anton Paar, Boudry, Switzerland) with a diamond Berkovich (trihedral pyramid) cusp, and
the test parameters were a load of 10 mN and a hold of 30 s. The surface roughness of the
coating was examined by an atomic force microscopy (AFM, Bruker, New York, NY, USA).
The chemical component of the as-deposited film was gauged through X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific, Prague, Czech Republic).
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2.3. Friction Test

The friction tests were performed on a ball-on-disk tribotester (UMT-3, Bruker, New
York, NY, USA). An oscillating frequency of 4 Hz and a stroke of 5 mm were utilized, giving
a sliding velocity of 0.04 m/s. Each friction test lasted for 30 min and was iterated at least
three times. During the friction, the ball was applied to slide against the W-DLC coated
disc. Prior to experiments, fabricated MoS, nanosheets were dispersed into PAO 6 oil by
ultrasonic agitation of 30 min. Then, the oil sample was dripped on the surface of the
W-DLC coated disc with an amount of about 0.05 mL by a pipette, completely covering the
rubbing surfaces. After friction tests, the disc was rinsed with acetone and the worn scar
depth, and wear volume was observed through a white light interferometer (GT-X, Bruker,
New York, NY, USA). The worn surface was also observed by SEM with energy-dispersive
X-ray spectroscopy (EDS). XPS and Raman analyses were also used to characterize the
worn surfaces.

3. Results and Discussion
3.1. Structure and Morphology

Figure 1a,b present the TEM morphology of fabricated MoS, nanosheets, from which
the ultrathin structure of MoS, nanosheets are observed. Meanwhile, the lateral size of the
fabricated MoS; is around 30 nm. The FTIR spectrum of the prepared MoS; is illustrated in
Figure 1c, in which the peaks at 2917, 2846, 1652, 1403 and 718 cm~1 could be assigned to
the bands belonging to oleylamine [16]. In addition, the peak at 470 cm ! can be assigned
to the Mo-S bond [22,23]. This illustrates that the surfaces of synthesized MoS, nanosheets
are attached by oleylamine molecules. Figure 1d is the Raman spectrum of the fabricated
MoS,, in which the peaks at 381.5 and 405.3 cm ! belong to the Eqpg and Az modes of
MoS,, respectively [24,25]. Figure 1e-h shows the XPS analysis results of the prepared
MoS,. As seen from Figure 1e, five elements of C, O, N, Mo, S are discovered, in which C
and N are derived from oleylamine molecules, and O elements are attributed to pollutants
adsorbed on the surface of MoS,. The two peaks in the Mo 3d spectrum at 227.52 and
230.68 eV could be distributed to Mo 3ds5,, and Mo 3d3,; of Mo** (Figure 1f). The S 2p
spectrum has two peaks at 160.28 and 161.42 eV, which can point to S 2p3,, and S 2py /»
of S>~ (Figure 1g). Meanwhile, the peak positions of Mo** and S?~ are very close to those
reported values for MoS; [26,27]. In addition, the peak located at the position of 398.83 eV
in the N 1s XPS spectrum can be attributed to N 1s (Figure 1h), which again confirms the
decoration of oleylamine on the surfaces of MoS;.
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Figure 1. (a,b) TEM image, (c) FTIR spectra, (d) Raman spectra, (e) XPS survey spectrum and
high-resolution XPS spectra of (f) Mo 3d, (g) S 2p, (h) N 1s for the fabricated MoS;.
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(c)

The cross-section of the W-DLC film on the steel disc is shown in Figure 2a,b. Obvi-
ously, the substrate surface is covered by a continuous layer of thin film. The thickness of
the film is controlled at about 2.2 um (Figure 2b). The Raman spectrum of the deposited
W-DLC film is shown in Figure 2c. Two strong peaks corresponding to the typical Raman
peaks of DLC films are observed at 1360 cm ! (D band) and 1560 cm ! (G band). Figure 2d
exhibits the AFM topography of the W-DLC coating. No sharp rough peaks are observed,
and the surface roughness of the W-DLC film is approximately 8.15 nm. Figure 2e shows
the nanoindentation curve of the W-DLC coating. Its hardness and elastic modulus were
gauged at 12.48 GPa and 125.8 GPa, respectively. As shown in Figure 2e, when the test load
is 10 mN, the maximum indentation depth is 216 nm, which is close to 10% of the W-DLC
coating thickness (2.2 um), and hence, the influence of the steel matrix on the mechanical
characters of W-DLC coating is avoided.
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Figure 2. (a,b) TEM images, (c) Raman spectrum, (d) AFM image, (e) nanoindentation load-
displacement curve of W-DLC coating.

Furthermore, the chemical component of the W-DLC coating was tested through XPS.
Figure 3a shows the full XPS spectrum, in which the C, O and W elements are detected,
with the corresponding atomic percentage present in Table 1. It shows that the W-DLC
film is composed of 84.34 at% of C, 15.56 at% of O and 0.1 at% of W, respectively. The O
element may have been introduced during the preparation of the film, or it is possible that
the W-DLC film is placed in the air before the experiment. The XPS spectra of C 1s and
W 4f are revealed in Figure 3b,c. The C 1s spectrum can be decomposed into five peaks,
namely, WC (283.31 eV), W,C (283.81 eV), sp>-C (284.6 eV), sp>-C (285.41 eV) and C-O
(286.57eV) [28,29] (Figure 3b). The W 4f spectrum is shown in Figure 3¢, and two states of
W-C (at 33.61 and 35.69 eV) and W-O (at 34.64 and 37.15 eV) are found. As stated above, the
oxygen element exists in the W-DLC coating as contaminants arising from external factors,
and therefore, the W-O bond is observed.

Table 1. The XPS atomic percentage of W-DLC coatings.

Elements C (@) \%Y
Content, % 83.34 15.56 0.1
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Figure 3. (a) XPS survey spectrum and high-resolution XPS spectra of (b) C 1s, (c) W 4f for W-
DLC coating.

3.2. Tribological Property

Before friction tests, the dispersible stability of the lubricating oils additivated with
MoS,; nanosheets was examined by the precipitation observation method. The prepared
MoS; were blended with the PAO oil at contents within a range of 1-5 wt%. Figure 4a
shows the photographs of the oil samples after sitting for 3 h. Obviously, the appearance
of the MoS,-containing oils stays black after standing 3 h. Furthermore, no significant
precipitation is found at the sample bottoms (Figure 4b). This illustrates the good dispersion
stability of synthesized MoS, nanosheets in the oils during the tribological tests.

I

Pure 1wt% 2wt?% 3wt% 4wt 5wit% Pure 1wt% 2wt% 3wt 4wt% 5wt
PAO6 MoS; MoS; MoS; MoS; MoS, PAO6 MoS; MoS; MoS; MoS; MoS,

Figure 4. The photographs of oil samples after standing for 3 h with (a) sample bottles stood upright,
(b) sample bottles upside down.

Figure 5 presents the tribological properties of steel/ W-DLC and W-DLC/W-DLC
tribopairs lubricated by the oils with different concentrations of fabricated MoS; (at the
load of 20 N). As Figure 5a illustrated, the friction coefficient (COF) first increases and
then decreases with increasing MoS; content in oils. A minimum COF value of 0.079 is
obtained when the oil additivated with 4 wt% MoS;. At most, the COFs are reduced by
12.79% (steel/W-DLC contact) and 14.78% (W-DLC/W-DLC contact) in comparison with
that lubricated by pure PAO oil. A promotion of the MoS; content from 4 wt% to 5 wt%
could lead to an increase in the COEF. This is attributed to the unavoidable agglomeration
and accumulation at a high concentration of MoS, nanosheets, resulting in a damage of
lubricant film. Figure 5b exhibits the worn scar diameters (WSDs) on the upper tribopairs
with the changes of the MoS; nanoparticles’ concentration. Obviously, the WSDs tend to be
parabolic with the MoS, additives’ concentration increasing, irrespective of pairs of friction
materials. This could be explained by the fact that the oils with a low content of MoS,
nanosheets could not offer a sufficient supply of lubricant additives in the late-stage of the
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friction tests. On the contrary, the irreversible agglomeration and abrasive effects rising
from the agglomeration of MoS, nanosheets at a high concentration greatly reduce the valid
volume of lubrication constituents. For the steel/W-DLC couples, the WSDs are reduced
by 3.08% and 0.84% after adding 3 wt% and 4 wt% into PAO oil, respectively, if compared
to the pure PAO 6 oil. After adding 4 wt% MoS; nanosheets to PAO oil, the WSDs for the
W-DLC/W-DLC tribopairs is reduced by 22.37%. As Figure 5 shows, the PAO oil with
4 wt% MoS, nanosheets exhibits a relatively better friction reduction and wear resistance
properties, irrespective of tribopairs. Therefore, the MoS; nanosheets concentration in PAO
6 oil is fixed at 4 wt% for subsequent tribological tests.
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Figure 5. (a) COF and (b) wear scar diameter as functions of MoS; content in oils.

Figure 6 illustrates the influence of loads on the lubrication property of the steel/W-
DLC and W-DLC/W-DLC contacts under different lubrication conditions. The experimen-
tal loads were set to 5N, 10 N, 20 N and 30 N, respectively. As Figure 6a shows, there is not
significant change in the COF as the function of the load. However, the MoS, additivated
oil exhibits a relatively smaller COF than that of the pure PAO oil. In the steel/W-DLC
couple, the average COF is calculated to be decreased by 10.83% after adding fabricated
MoS; into the PAO oil. With regard to the W-DLC/W-DLC couple, the introduction of
MoS; nanosheets into the PAO oil reduces the average COF by 15.44% compared to the pure
PAO oil. Figure 6b illustrates the maximum wear scar depth of the lower W-DLC discs with
the changes of applied load. Obviously, the maximum wear scar depth increases gradually
with the applied load, and there is a reduction in the maximum wear depth after adding
fabricated MoS, into PAO oil. Moreover, it is clear from Figure 6b that the worn scar depth
in the W-DLC/W-DLC couple is much shallower than that in the steel/W-DLC couple,
irrespective of lubricating oils. For example, when tested with pure PAO oil, the average
wear scar depth in the steel/W-DLC couple is 84.38% higher than that of W-DLC/W-DLC
couple. As the MoS,-containing oils used for lubrication, the average wear scar depth is
about 15.61% lower for the steel /W-DLC contact and this for the W-DLC/W-DLC contact is
about 41.09%, compared with that lubricated by pure PAO oil. From Figure 6, it is evident
that the lubricating effect of the MoS; in the W-DLC/W-DLC couple is more benefitting in
comparison with the steel /W-DLC couple.

The worn scars of the rubbed W-DLC film were analyzed using the white light inter-
ferometer, which also allows for the wear volume of scars to be measured. Figure 7 shows
a comparison between wear scars generated from the steel/W-DLC and W-DLC/W-DLC
tribopairs. As expected, the wear volume of scratches deepens with increased applied load.
As Figure 7a;—a4 show, deep furrows are found on the worn surface generated from the
steel /W-DLC contact lubricated by base PAO oil. For the W-DLC/W-DLC lubricated by
PAO oil, the wear scar is relatively flat, and very slight scratches occur on the rubbing
surfaces (Figure 7bi—by). As the MoSy-added oil used for lubrication, the wear scars in
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the steel/W-DLC couple turn much shallower in contrast to that lubricated by base PAO
oil, and corresponding wear volumes are reduced significantly (Figure 7c;—c4). This result
confirms the contribution of fabricated MoS, into improving the wear resistance prop-
erty of PAO oil. However, no scratches are visible on the friction surface derived from
W-DLC/W-DLC contact with an expectation at a high load of 30 N (Figure 7d;—d4).
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Figure 6. (a) COF and (b) maximum wear scare depth under different loads.
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Figure 7. Three-dimensional images of the wear tracks derived from steel/W-DLC contact lubricated
with (a;—ag) PAO oil or (c;—cg) M0S;-added oil and W-DLC/W-DLC contact lubricated with (b1—by)
PAO oil or (d1—d4) Mo0S;-added oil.
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3.3. Wear Surface Analysis

The topographies of the above wear surfaces were investigated using SEM, with the
results present in Figure 8. For the steel/W-DLC tribopairs, a lot of deep grooves are
observed on the wear surface lubrication with pure PAO oil (Figure 8a;—a4), consistent
with their 3D images, shown in Figure 7a;—a4. SEM images of worn surfaces for the W-
DLC/W-DLC couple lubricated with pure PAO oil show relatively smooth wear surfaces
only with some slight friction marks (Figure 8b1—by). In the cases of the MoS;-containing
oil for lubrication, the wear damage in the steel /W-DLC contact is significantly alleviated
compared to that tested with pure PAO oil (Figure 8c1—c4). At the load of 5 and 10 N, the
wear surfaces are covered a layer of tribofilm (Figure 8c;,c;). However, at a higher load of
20 N, it is found that a certain quantity of W-DLC coating is peeled off and delaminated
from the steel substrate, as evident in Figure 8c3. When the imposed load increases to 30 N,
the sign of grooves and plastic deformations are visible on the worn surface (Figure 8c4). As
for the W-DLC/W-DLC tribopairs, the worn regions tested with prepared MoS; nanosheets
exhibit quite smooth characteristics at 5 and 10 N, with the presence of a small amount of
pits (Figure 8d;,d;). Comparatively, in the tests at 20 N and 30 N, the wear surfaces show
quite smooth appearances without any evidence no sign of scratches (Figure 8d3,d4).

10N 20N 30N

Figure 8. SEM images of the wear tracks from steel /W-DLC contact lubricated with (aj—ag) PAO oil or
(c1—c4) M0Sy-added oil and W-DLC/W-DLC contact lubricated with (b1—bs) PAO oil or (d1—-d4) MoS,-
added oil.

To analyze the elemental distribution of the worn marks on the W-DLC film coated
discs tested in the presence of MoS; additives, EDS mapping was performed in the worn
surfaces (Figure 8c3,d3), with the results shown in Figure 9. In both cases, the Mo and S
elements appear on the worn scars. Prior to SEM analysis, the surfaces were ultrasonically
cleaned with acetone, which guarantees that physically absorbed MoS; into rubbing sur-
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faces can be removed. The remain of elements of Mo and S on worn surface, in spite of the
ultrasonic cleaning, suggests a tribochemical reaction between the MoS, nanosheets and
the W-DLC coating. Moreover, the worn scar derived from the W-DCL/W-DLC couple has
more transferred Mo and S elements, indicates clearly the formation of a strong protective
layer of MoS;-based tribofilm.

20 pm 20 pm

20 pm

20 pm

Figure 9. SEM images and the distribution of C, W, O, S, Mo and Fe elements on the wear tracks
lubricated with MoS, from (a) steel /W-DLC contact and (b)W-DLC/W-DLC contact.

In order to further confirm whether the occurrence of interaction between the MoS,
and the W-DLC coating, the worn scars on lower W-DLC specimens (Figure 8cp,d;) were
examined by XPS analysis (Figure 10). Table 2 illustrates the quantification of XPS collected
from the worn surface. The elements of C, W, O, Fe and Mo and S are discovered. The C, W
and O elements could originate from the expected composition of their deposited coating.
The minor Fe element could be derived from the steel substrate. Regardless of the type of
tribopairs, Mo and S elements are found in the worn scars, which could be derived from
the MoS; additives. In addition, a large concentration of O element, about 17-20 at%, is
detected at the surfaces of W-DLC film, indicating that the W-DLC film was oxidized in
the tribotest.

The XPS spectra of W 4f, Cls, Mo 3d and S 2p were collected from two mentioned
tribopairs (Figure 9a,b) and are displayed in Figure 11. As Figure 11 shows, the Mo 3d, C 1s,
W 4f and S 2p XPS spectra for the two tribopairs tested with MoS; nano-additives are similar.
The C1s spectrum can be assigned into WC,, WC, sp?-C, sp>-C and C-O bonding states,
respectively (Figure 11a;,b1). The W 4f spectrum exhibits six peaks, which correspond to
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three tungsten-bonding states, i.e., W-C, WS, and WQOg;, respectively (Figure 11ay,by). In
contrast to the as-received W-DLC coating (Figure 3c), the W present in the rubbed W-DLC
coating is transferred from WO; into the oxidized form of WO3. The Mo 3d5s,, spectrum
consists of the major peak belonging to MoS, and the minor peak arising from Mo-O
(Figure 11a3,bz). As to the S 2p3;, it consists of the S-W bond and MoS; (Figure 11a4,by).
The discovery of the S-W species in the Figure 11a4,bs indicates that the MoS; adhered
onto the W-DLC coating via the bonding of W-S. Presumably, the generation of a tribofilm
based on MoS, nanosheets is responsible for the worn resistance effect.
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Figure 10. XPS survey spectra for the wear tracks lubricated with MoS; from (a) steel/W-DLC contact
and (b) W-DLC/W-DLC contact.
Table 2. The XPS quantification for the steel/W-DLCW-DLC/W-DLC contacts.
Elements C, % 0O, % W, % S, % Mo, % Fe, %
steel/W-DLC 79.09 19.52 0.03 0.3 0.05 1.01
W-DLC/W-DLC 81.01 17.81 0.02 0.23 0.03 0.9
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Figure 11. XPS spectra of C 1s, W 4f, Mo 3d and S 2p for wear tracks lubricated with MoS, from
(a—ay) steel/W-DLC and (b1-bg) W-DLC/W-DLC contact.

Furthermore, the wear marks on the W-DLC-coated discs (Figure 9a,b) were analyzed
using Raman spectroscopy. As Figure 12 shows, the Raman spectra of the rubbed W-DLC
coatings show a peak around 1360 cm !, corresponding to the D band and a peak around
1560 cm ™! attributed to the G band. However, the two rubbed surfaces exhibit a significant
difference in the aspect of the peak ratio (Ip/Ig) of the D and G bands. It is well known that
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the peak ratio (Ip/Ig) value indicates the extent of graphitization of DLC coatings [30,31].
Moreover, the higher extent of graphitization is generally confirmed from the increase in
the peak ratio (Ip/Ig) of the D and G bonds. Through curve fitting, the rubbed W-DLC
coating generated from the steel/W-DLC contact present an I /I value of about 6.6, and
this for the W-DLC/W-DLC contact is 0.82. Obviously, the peak ratio (Ip/Ig) in the rubbed
W-DLC coating from the steel/W-DLC couple is significantly higher than that for the
W-DLC/W-DLC couple. This suggests that higher extent of graphitization occurred at
the rubbed W-DLC surface generated from the steel/W-DLC couple as compared to the
W-DLC/W-DLC couple. It is speculated that the microhardness of the W-DLC coating
decrease arising from the increased extent of graphitization under applied loads, and
therefore, induced the increase of wear rates of the W-DLC coating.
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Figure 12. Raman spectra for the wear tracks lubricated with MoS; from (a) steel/W-DLC contact
and (b) W-DLC/W-DLC contact.

Figure 13 illustrates the SEM images of the wear ball region derived from the steel/W-
DLC and W-DLC/W-DLC tribopairs experimented with MoS, (at 20 N). It is obvious that
compared to steel/W-DLC contact, the WSD of W-DLC/W-DLC is significantly reduced.
For the steel/W-DLC contact (Figure 13a), there are a few debris particles scattered at the
edge of the wear mark. Meanwhile, the Mo and S elements are mainly discovered at the
margin, which may result from the broken MoS; nanosheets or their hard oxides. C and W
elements are also observed on the worn ball surface. This can be interpreted as the W-DLC
film being transferred to the ball when the naked ball slides on the W-DLC coated surface.
With regard to the W-DLC/W-DLC couple (Figure 13b), some particle-like debris observed
on the wear mark. Elements including C, W, O, Fe, Mo and S exist on the worn surface.
In addition, there is an obvious distribution of Mo and S elements detected, indicating a
continuous MoS,-based tribofilm on the worn surface.

3.4. Discussion

In this paper, the tribological behaviors of steel /W-DLC and W-DLC/W-DLC contacts
were tested in the presence of base PAO 6 oil and ultrathin MoS,-containing oil. As seen
from Figures 6 and 7, the friction is generally lower when two contact regions were coated
with W-DLC than when only one counter-body was coated, which is observed in pure PAO
oil and MoS,-additivated PAO oil.
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Figure 13. SEM images of the wear ball surfaces and the distribution of C, W, O, S, Mo and Fe
elements, where tracks were lubricated with MoS, from (a) steel/W-DLC contact and (b) W-DLC/W-
DLC contact.

As well known, the lubrication region of a ball-disc point contact pair can be deter-
mined by the film thickness ratio A illustrated in Equation (1), which depends not only on
the oil film ply, but also on the roughness of the frictional surfaces [32]:

PUS (1)

2 2
Ral + RaZ

where R;1 and R, are the roughness of the two frictional surfaces, respectively, and / is
the oil film thickness. When A <1, two frictional surfaces are lubricated at the boundary
status; when 1 < A < 3, the mixed lubrication state occurred on two frictional pairs; when
A > 3, two frictional surfaces are absolutely separated with a lubricating film and stay in
the fluid lubricant state.

The relevant oil film thickness (i) in the central area can be calculated according to
the Hamrock-Dowson formula [32]:
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where /. is the oil film plying in the central area, « is the viscosity coefficient of the oil
(3.5 x 1078 m?/N), E’ is the equivalent elasticity modulus (172.28 Gpa), U is the entrain-
ment speed (0.02 m/s), 7o is the viscosity of the oil, R’ is the equivalent radius, W is the
applied load, and k is the ovality (1.03). According to the Equations (1)—(4), the results are
present in Table 3, in which the A value exhibits a value lower than 1, indicating that a
boundary lubrication regime occurs during the friction process.

Table 3. Thickness of oil film under different loads.

Lubrication Conditions Steel/W-DLC W-DLC/W-DLC
Load, N 10 20 30 10 20 30
Oil film thickness, nm 45.7 43.6 424 46.6 445 43.1
Composite roughness, nm 55.90 55.90 55.90 50.64 50.64 50.64
Ainitial 0.82 0.78 0.77 0.92 0.88 0.85

It is highly appreciated that an effective tribofilm exercise important influences on
the friction behavior of oils in the boundary lubricating regime. Generally, it has been
documented that the doping metal elements in DLC coating could provide reactive sites
for the coating-lubricant interactions of forming a tribofilm [33]. Such behavior has been
observed for the W-DLC coating in our paper, as confirmed by the XPS results shown in
Figure 11. However, the friction could also induce the graphitization of W-DLC film, which
resulted in local lamination of W-DLC films [34]. It is shown in Figure 13 that in contrast
to the steel/W-DLC couple, the graphitization extent of W-DLC film in the self-mated
W-DLC/W-DLC couple was significantly decreased. Two possible friction mechanisms
are schematically presented in Figure 14. For the steel/W-DLC contact (Figure 14a), the
pressure and temperature in the contact provoked the tribochemical reaction between MoS,
and the bare steel ball or the disc coated with W-DLC film forming a tribofilm separating
two reciprocating surfaces. However, the W-DLC film was largely graphitized and oxidized
under the friction conditions, resulting in the drop of its microhardness, and thus causing
local delamination of W-DLC films. In addition, the carbon atoms in the DLC coating could
be diffused into the ferrous surface because of the thermo-chemical interaction between
the DLC coating and steel surface, which accelerated W-DLC coatings” wear [35]. Thus,
the shift of W-DLC stuff from the lower W-DLC coated disc into the upper steel ball
was observed in Figure 12a. In addition, the MoS, nanosheets adhere onto the bare steel
surface, and later, those nanoparticles slid against the W-DLC film, which could accelerate
the wear of coated surface. As to the self-mated W-DLC/W-DLC couple, as shown in
Figure 14b, a rather thick layers of tribofilm adheres to the DLC-coated surface through the
tribochemical reaction between MoS, and the W element doped in W-DLC, which has been
demonstrated by an SEM observation in Figure 10. Furthermore, the tribofilm is formed
at both counterparts, and they may keep the contacting asperities separated. In this case,
the extent of graphitization of W-DLC film was alleviated because of the lubrication and
protection from the MoS;-based tribofilm on two friction surfaces, and a better lubrication
effect was obtained.
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Figure 14. Schematic diagram of friction mechanisms for (a) steel /W-DLC and (b) W-DLC/W-DLC
contact lubricated with MoS,.

4. Conclusions

The friction property of the steel/W-DLC and W-DLC/W-DLC tribopairs were inves-
tigated under the boundary lubrication regime with MoS,-containing oil for lubrication.
The introduction of ultrathin MoS, nanosheets into the PAO oil could importantly improve
the friction behavior for the steel/W-DLC and W-DLC/W-DLC couples. And best results
were gained for the W-DLC/W-DLC couple lubricated with ultrathin MoS; nanosheets, in
which the friction coefficient and wear were decreased by 13.98% and 41.09% respectively,
in comparison with the case of the W-DLC/W-DLC couple lubricated by pure PAO oil.
Meanwhile, the reductions in the friction coefficient and wear were 4.98% and 89.10%,
respectively, in contrast to the steel/W-DLC contact tested with ultrathin MoS, nanosheet
additivated oils. The reason of friction reduction is the formation of MoS,-based friction
film on rubbing regions. The tribofilm was formed by a tribochemical reaction between
MoS; and the doping W elements in the DLC coating. Meanwhile, the extent of graphiti-
zation of W-DLC film was alleviated because of the lubrication and protection from the
MoS,-based tribofilm. Wear marks were not obvious on the W-DLC/W-DLC couple, which
suggested that combined with the good friction reduction and wear resistance behaviors
of ultrathin MoS, additivated oil, the application of W-DLC coating prevented serious
wear damage taking place. It can be deduced that an incorporation of W-DLC/W-DLC
contact and MoS; nanosheets as oil additives provided an efficient solid-liquid composite
lubricating effect.
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Abstract: The tribological properties of ultra-high-molecular-weight polyethylene (UHMW-PE) play
a significant role in artificial joint materials. Graphite fluoride (GrF), a novel solid lubricant, was
incorporated into ultra-high-molecular-weight polyethylene (UHMW-PE) at different concentrations
via ball milling and heat pressing to prepare the GrF-UHMW-PE composites. The structure, hardness,
and tribological behavior of the composites were investigated using X-ray diffraction (XRD), Fourier-
transform infrared (FT-IR) spectrometry, ball indentation hardness, and a reciprocating ball-on-plane
friction tester, respectively. The results of FT-IR showed that hydrogen bonds (C-F---H-C) could be
formed between GrF and UHMW-PE. The hardness of the composites was significantly enhanced by
increasing the GrF concentrations. GrF in the composites displayed superior lubricant properties and
the coefficient of friction (COF) of the composites was significantly decreased at lower concentrations
of GrF viz. 0.1 and 0.5 wt%. The addition of GrF also significantly enhanced the anti-wear properties
of the composites, which was a combined effect of lubrication as well as hardness provided by GrF.
At 0.5 wt% GrF concentration, the COF and the wear rate were reduced by 34.76% and 47.72%,
respectively, when compared to UHMW-PE. As the concentration of GrF increased, the wear modes
of the composites transitioned from fatigue wear to abrasive wear. Our current work suggested that
GrF-UHMW-PE composites could be a suitable candidate for artificial joint materials.

Keywords: polymer composites; ultra-high-molecular-weight polyethylene (UHMW-PE); graphite
fluoride (GrF); hardness; wear mechanism

1. Introduction

Ultra-high-molecular-weight polyethylene (UHMW-PE) is considered a unique en-
gineering plastic with excellent performance [1]. Owing to its chemical inertness [2], low
friction coefficient [3], wear resistance [4], and good biocompatibility [5], UHMW-PE has
already been applied as a bearing surface for total hip replacements since the 1960s [6]
and is currently regarded as the gold standard material [7] used in this domain. However,
due to the prolonged use of hip prostheses, wear debris of UHMW-PE is generated and
can induce periprosthetic osteolysis [8], which may eventually lead to the failure of the
total hip arthroplasty. This causes patient suffering and increased financial burden. In
order to improve the longevity of total hip and alleviate the patient’s pain, it is important
to improve the anti-wear properties of UHMW-PE materials. Therefore, researchers have
developed numerous approaches [7,9,10] to enhance the wear resistance of UHMW-PE,
and one effective method has been the incorporation of reinforcing fillers.

Carbon-based materials, such as graphite [11], graphene nanoplatelets (GNPs) [12,13],
graphene oxide (GO) [14], carbon nanotubes (CNTs) [15], and carbon fiber (CFs) [16], have
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not only exceptional mechanical and tribological properties, but also excellent biocompati-
bility, which have been utilized in reinforcing fillers for polymers. Currently, much study
has already been conducted on this subject. Adding GO to UHMW-PE can significantly
improve the hardness [17],yield strength [18], and anti-wear resistance [19]. UHMW-PE-
filled CNTs [7] can efficiently enhance the tribological properties of UHMW-PE. As a
superior reinforcement material for UHMW-PE, graphene can improve the tensile and
creep-resistance properties of UHMW-PE [20]. And graphene-UHMW-PE composites have
also shown higher hardness and lower friction [21] than pure UHMW-PE. Furthermore,
Reddy K.S.N. et al. [22] also pointed out that UHMW-PE-filled graphite could significantly
improve its tribological behavior. According to the aforementioned research findings, it can
be inferred that UHMW-PE-filled carbon materials have the potential to extend the service
life of artificial joints.

Graphite fluoride (GrF) is an important derivative of graphite with the molecular
formula (CFx)n (0 < x < 1.25), which is obtained by the direct reaction of graphite with
fluoride gas at a controlled pressure and temperature. During the chemical reaction process,
fluorine atoms bind with carbon atoms to form covalent C-F bonds, which result in the
conversion of some C-C bonds from sp2 to sp3 hybridization [23]. The presence of F atoms
in graphite endows GrF with unique lubrication properties, excellent chemical stability,
extremely low surface energy, outstanding thermal conductivity, and stability. As a result,
GrF has gained substantial attention in recent years, and it has already been employed in a
variety of disciplines such as solar cells [24], batteries [25], sensors [26], supercapacitors [27],
hydrophobic coatings [28], and lubricants [29]. Among the various applications, GrF, a
well-known solid lubricant, has gained increasing attention. In comparison to graphite and
molybdenum disulfide (MoS2), GrF has demonstrated a superior lubrication performance
relative to conventional solid lubricants due to its expanded interlamellar space [30] and
its low surface energy [31]. Burnished GrF on stainless-steel disks showed lower friction
coefficients than MoS2 and graphite, and the wear lives of GrF film were also longer than
them at 400 °C [32]. At high temperature, polyimide-bonded GrF [33] showed a lower
friction and longer lifetime than polyimide-bonded MoS2. Comparing and analyzing the
tribological properties of polytetrafluoroethylene (PTFE)-GrF and PTFE-MoS, composites,
Yan et al. [34] found that GrF could considerably reduce the friction coefficient and enhance
the anti-wear performance of PTFE in comparison to MoS2. These experiments focused
primarily on the lubricant properties of GrF at a high temperature. However, the lubricative
property of GrF in polymer composites has been little-reported at room temperature, and
the anti-wear mechanism of GrF-polymer composites is ambiguous. In addition, the effect
of GrF addition content on their tribological properties remains unclear.

According to our knowledge, there have been few reports on GrF-UHMW-PE composites.
In this study, GrF is used as the solid lubricant additive and incorporated into a matrix of
UHMW-PE. GrF-UHMW-PE composites are prepared. The effect of the GrF content on the
mechanical and tribological properties of a UHMW-PE matrix was systematically investigated.

2. Materials and Methods
2.1. Materials

The Commercial UHMW-PE (GRU1050) powder was offered by Ticona/Celanese
(Dallas, TX, USA). GrF powder with a 52-60 wt% fluoride content was purchased from
Nanjing XFNANO Materials Technology Co., Ltd. (Nanjing, China). Other experimental
reagents were analytically pure.

2.2. Preparation of GrF-UHMW-PE Composites

The percentage of GrF added plays an important role in the properties of the polymer.
Sun et al. [35] reported that the incorporation of 0.5 wt% GrF into polyamide 6 made an
optimal enhancement to its tensile strength and elastic modulus. Moreover, they [36] added
0.5 wt% and 1.0 wt% of GrF to polyamide 66 and observed a significant improvement in its
tribological properties. In accordance with the aforementioned literature, the current study
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involved the incorporation of GrF at varying percentages: 0 wt%, 0.1 wt%, 0.5 wt%, and
1.0 wt%.

GrF-UHMW-PE composites were prepared as follows. Various amounts, i.e., 0 wt%,
0.1 wt%, 0.5 wt%, 1.0 wt% of GrF, were mixed with the UHMW-PE powder. The powder
mixture was firstly mixed evenly using mechanical ball milling, which was operated for
5 h at a rotation speed of 400 rpm at room temperature. Then, the uniformly dispersed
mixture was placed into a prefabricated metal mold and cold-pressed under 5 MPa for
15 min at room temperature. Immediately after, the mixture was transferred into a hot-air
oven and heated for 2 h at 200 °C. After the heating process, the sample was taken out into
air and pressed at 10 MPa until it cooled down to room temperature. According to the
process described above, GrF-UHMW-PE composites were finally obtained, and are shown
in Figure 1.

Figure 1. Photograph of GrF-UHMW-PE composites.

2.3. X-ray Diffraction (XRD) and Fourier-Transform