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Carbon-containing tribofilms have attracted significant interest in the lubrication research despite a scarcity of
information on their high-temperature performance under severe boundary conditions. In this study, high-
temperature lubrication of the carbon tribofilm produced from cyclopropane carboxylic acid (CPCa) and NiAl-
layered double hydroxide (LDH) nanoparticles was evaluated. NiAl-LDH nanoparticles significantly enhanced
the friction stability and antiwear performance of CPCa by over 90% at 50°C and 100°C, comparable to the

benchmark zinc dialkyldithiophosphates (ZDDPs). The highly graphitic amorphous carbon tribofilms and the
fine-grain intermediate tribolayer constructed by the thermal decomposition products of NiAl-LDH contributed
to such excellent lubrication performance. This study paves a pathway in developing functional anti-wear ad-
ditives for the durable and high-performance carbon-containing tribofilms at high temperatures.

1. Introduction

With the increase in transportation, the demand for efficiency in
energy consumption and environmental safety is becoming essential [1].
To alleviate the adverse effects of climate change, the introduction of
heavy-duty vehicles with electric or hybrid systems has been proposed
with many promising prospects [2-4]. The fully-integrated electrical
vehicles still require time to complete their full developing processes,
and improving the energy efficiency in the internal combustion engine
(ICE) still attracts significant attention. There are two approaches to
optimize energy efficiency by controlling the friction and wear including
the optimization of lubricant packages and the improvement of the
contact interface by surface texturing or by the application of functional
coatings [5]. Among these, enhancing engine oil performance is
considered the more practical approach [1]. The main target is to
formulate a new class of lubricants that can promote friction and wear
reduction produced from the contacting surfaces inside the engine.
Research of novel lubricant additives that not only improve the base oil
lubricity but also minimise harmful elements like Phosphorus or Sulphur

is essential [1,6,7].

To comply with the “green” requirements for efficiency contacting,
the use of Diamond-like Carbon (DLC) as the carbon-based coating has
emerged as a potential solution [1,2]. This kind of hard coating was first
investigated by Schmellenmeier et al.[8]. Since then, numerous types of
Carbon-based coatings have been further developed to adapt with the
engineering requirements within engine systems [9,10]. Despite the
proven lubricating functions, these coatings is still limited because of
their restricted thicknesses and easy-delamination characteristic that
will require re-deposition after a long time of operation [11]. To over-
come these issues, Erdemir et al. [12] has introduced a novel method to
promote in-situ Carbon-based tribolayer formation from base oil during
sliding. The key mechanism of this approach is the utilization of the flash
temperature and contact stresses to trigger the tribochemical reactions
between the hydrocarbon molecules to form the solid carbon films
[13-15]. By doping the hard sputtered coating with a metallic catalytic
agent, such tribochemical processes can be achieved which resulted in
excellent tribological performance, even superior compared to the zinc
dialkyl dithiophosphates (ZDDPs) tribofilm in some conditions.
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Following the concept of Erdemir et al. [12], a novel pathway to develop
functional coatings where several studies have been conducted to form
the Carbon-based tribofilm from different carbon precursors, ranging
from gas to liquid and to solid forms, by different metallic atoms with
catalytic nature [16-18].

Another approach to generate the carbon films at the sliding contacts
is by the use of lubricant additives, i.e. oil-soluble carbon-precursor
additives constructing from the highly strained cycloalkane moieties,
hydroxyl and/or carboxylic acid functional groups (e.g.) [19].
Compared to the hard catalytic coatings, this approach is more conve-
nient since it does not require the pre-treatment and re-deposition of the
coatings when the coatings are completely worn off. Cyclopropane
carboxylic acid (CPCa) has recently been recognized as a promising
candidate for this approach [20,21]. The carbon tribofilm is developed
during sliding via the dissociation and polymerization of the cyclopro-
pane moiety from this molecule [22,23] in conjunction with the ab-
sorption of the carboxylic group (-COOH) on the steel substrates [19,
24]. The formation of this in-situ Carbon-based tribofilm at room tem-
perature testing condition could improve remarkably the lubrication
performance of the PAO-4 oil by reducing the wear rate by 93% and the
friction by 18% [21]. However, an inferior anti-wear performance of
CPCa compared to ZDDP was found in the previous study under strict
boundary lubrication with limited supply of the lubricant during the test
[25]. It has been hypothesized that the polymeric carbon-based tribo-
film from CPCa could be rapidly sheared off under the boundary lubri-
cation and it could not be replenished under the limited presence of
CPCa when the testing duration was extended [21]. More importantly,
the lubrication performance of this Carbon-based tribolayers at high
temperatures has not yet been considered elsewhere.

Beyond the use of the carbon-precursor additives, current work done
by Wang et al. [26] has recognized the potential of the layered double
hydroxide (LDH) nanoparticles containing catalytically active metallic
elements, e.g. NiAl-LDH, in forming the carbon tribofilms. LDH is a new
class of layered materials that shows high potential in lubrication sci-
ence due to their controllable sizes, shapes and compositions [27,28].
The simple, low-cost [29,30], and environmentally friendly [31] syn-
thesis of LDH materials attracts significant interest for practical appli-
cations. Apart from their thin layered structure, which enables easy
access to the solid’s interfacing area and provides an excellent shearing
capability, their nanometer size can fill in rough surfaces and reduce
surface roughness, promote a tribofilm, and/or improve the fluid dy-
namics of the lubricant, which are the characteristic performances of the
layered materials [32]. From the initial study [26], the lubricating effect
of LDH nanoparticles was also attributed to the formation of the compact
tribolayer comprising the nano-crystalline NiO and NiAlyO4. Noticeably,
further research demonstrated the catalytic effect of the NiO phase
formed from the thermal decomposition of NiAl-LDH in transforming
the attached hydrocarbon molecules into solid carbonaceous materials
[33,34]. These carbon products had a graphitic-like carbon structure
that stayed around the NiO nanoparticles. From this perspective, cata-
lytically active LDH nanomaterials exhibit significant potential for
in-situ production of high-performance Carbon-based tribofilms.

In this study, we advanced the tribological performance of in-situ
Carbon-based tribofilms produced from CPCa by the addition of NiAl-
LDH nanoparticles. In particular, the friction and wear behaviour of
the lubricant containing CPCa at different temperatures were evaluated,
and the effect of NiAl-LDH nanoparticles in the enhancement of the
CPCa lubrication was investigated. The tribofilm structures were fully
investigated using advanced electron microscopy analysis to understand
the synergistic behaviour of the NiAl-LDH in improving the formation of
the high-performance of the Carbon-based tribofilms at the sliding
interface. The collected information will be used to elucidate the
lubrication mechanisms of the combination between LDHs and carbon-
precursor additives, thus, evaluating their potential application in
practical applications for wide temperature range.
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2. Experimental section
2.1. Chemicals

SpectraSynTM4 PAO-4, denoted as PAO-4, base stock has a kine-
matic viscosity of the PAO-4 oil is 19 ¢St at 40°C and 4.1 cSt at 100°C,
and it was provided by ExxonMobil. Cyclopropane carboxylic acid
(CPCa) and Zinc dialkyldithiophosphate (ZDDP) were purchased from
Sigma-Aldrich Corporation (NSW, Australia) and Luoyang Trunnano
Tech Co., Ltd. (Luoyang, China), respectively. Ni(NO3)2.6H20 was
provided from the Scharlab lab sourcing group (Barcelona, Spain), while
AI(NO3)3.9H,0, NayCO3, and NaOH were provided from Chem-Supply
Pty Ltd (SA, Australia). All the chemicals were used without further
purifications or modifications unless otherwise indicated.

2.2. Synthesis of NiAl-LDH nanoparticles

NiAl-CO3 LDH was synthesized by the co-precipitation method
described elsewhere [29]. Typically, 40 mL cation solution of [Ni%*] =
0.6 M and [AI3*] = 0.3 M was prepared by dissolving certain amounts of
Ni(NO3)2.6H20 and Al(NO3)3.9H20 powders in distilled water. It was
then added dropwise to a 20 mL anion solution of NazCO3 3 M. A stream
of 2 M NaOH, used as the basic agent, was added continuously to the
solution to maintain the pH value of the mixture at 10 + 0.5. The ob-
tained solution was magnetically stirred for at least half an hour before
being transferred into an autoclave for hydrothermal treatment for 15 h
at 100°C. The autoclave was naturally cooled to room temperature
before the Ni-Al-LDH precipitates were vacuum filtered from the sus-
pension, washed with distilled water and ethanol several times, and
dried for 12 h at 80°C. Finally, the dried cake was ground to a fine
powder. The obtained LDH nanoparticles have the formula
[Ni; _xAlx(OH)2](CO3)x,2.mH20 with x = 1/3 in this study, according to
the Ni/Al ratio equal to 2.

2.3. Formulating the lubricants

CPCa, an oil-soluble carbon tribofilm precursor additive, was
blended to PAO-4 via magnetic stirring for 30 min. The concentration of
CPCa in the base oil was kept at 2.5 wt% according to previous studies
[21,25]. Subsequently, certain amounts of the fine NiAl-LHD powders
were dispersed and ultra-sonicated in the formulated lubricant for 8 h
while the temperature was maintained at 30°C by the cooling water
bath. Prior to each test, the formulated lubricant was redispersed in an
ultrasonic bath for at least 30 min to minimize any potential settling and
agglomeration of the particles. Different amounts of Ni-Al-LDH added to
the lubricant mixture were examined to find the optimum concentration
of the LDH nanoparticles on the lubrication performance. The denota-
tion of tested lubricants are listed in the following table: (Table 1).

The lubricant containing only NiAl-LDH and PAO-4 with no addition
of CPCa did not form stable dispersions and was therefore not used for
tribological testing. The appearance of accumulated solid (Fig. 1) evi-
denced the poor dispersion of NiAl-LDH in PAO-4 without CPCa added.
A certain amount of NiAl-LDH (0.10 wt%) was ultra-sonicated in PAO-4
for at least 8 h with no additions of CPCa. The agglomeration and pre-
cipitation of the NiAl-LDH particles occurred rapidly after the ultra-
sonication ceased. This behavior could be strongly related to the

Table 1

Naming convention of the tested lubricants.
Test Lubricants Denotation
PAO-4 oil PAO-4
PAO-4 oil + 2.5 wt% CPCa CPCa
PAO-4 oil + 2.5 wt% CPCa + x wt% NiAl-CO3; LDH CPCa+x%LDH
PAO-4 oil + 2.5 wt% ZDDP ZDDP

x = 0.05, 0.07, 0.10, and 0.15
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Fig. 1. Dispersibility of the synthesized NiAl-CO3 LDH in PAO-4 oil with and without the presence of CPCa after 8-hour ultrasonication.

chemical structure of LDHs. In particular, the LDH crystal structure in-
cludes a layer of divalent and trivalent metal cations connected via
exchangeable anions [35]. In every layer, each cation combines with
-OH functional groups to form an octahedral structure where centred on
the cation [36]. The presence of a large number of -OH functional groups
on the cation layer of LDHs makes LDHs very hydrophilic, resulting in
poor dispersion in non-polar media such as PAO-4 (Fig. 1a). Meanwhile,
CPCa aids in dispersing the NiAl-LDH powder within the PAO-4 as the
CPCa molecule is ampiphilic, containing two moieties: a highly strained
cycloalkane and the surface-active -COOH functional group. Due to its
amphiphilic nature, CPCa provides hydrophobic termination for the
NiAl-LDH materials, supporting uniform dispersion in PAO-4. That is,
the active -COOH group of CPCa can connect to the -OH groups on the
LDH surfaces via chemical substitution (chemical bonding) or hydrogen
bonding (Fig. 1b). Such interactions resulted in the chemical and
physical adsorption of CPCa on the layers of LDHs with the cycloalkane
moieties pointing toward the oil phase (Fig. 1b). Since the cycloalkane
moieties are hydrophobic and are always dissolvable in oil, the
CPCa-adsorbed LDHs can be dispersed well in oil-based lubricants.

2.4. Tribological experiments

The tribo-tests were performed on a Bruker Universal Mechanical
Tester (UMT) instrument under unidirectional mode at a linear speed of
0.1 m/s with an applied constant load for an hour. A 6.35-mm diameter
GCrl5 (AISI 52100 grade) steel ball with 9.7 + 0.2 GPa hardness [37,
38] was held stationary to slide over a rotating 3 mm thick and 30 mm
diameter bearing steel disc (AISI 52100 grade). The testing temperature
was set at 25 °C, 50°C, and 100°C. Prior to the tribo-test, the rotating
disc, with a hardness of 10.9 + 1.3 GPa, was polished to the roughness
Ra = 252 + 41.5 nm. The composition of the experimental tribopair can
be found in Table 2:

Before the testing, the ball and disc were ultrasonically cleaned with
hexane, acetone, and ethanol, respectively to wash away any contami-
nants on the disc and ball surfaces. All the tests were performed at least
three times to ensure the repeatability and reproducibility of the friction
and wear results. Prior to the friction and wear test, the fixed amount of
lubricant (1 mL) was drop cast on the disc surfaces. There was no
addition of new lubricant during sliding to imitate the shortage-supply
conditions of lubricant additives. Different normal loads of 10 N,

20 N, and 30 N (corresponding to the Hertzian pressure of 1.26 GPa,
1.59 GPa, and 1.82 GPa, respectively) were tested to evaluate the load-
bearing capability of the tested lubricants. According to Dows-
on-Higginson equations [39], the boundary lubrication regime for all
tribo-tests was guaranteed. In particular, the minimum film thickness
and lambda (1) value for the selected conditions under 10 N normal load
are hpjp = 23.75 nm and 4 = 0.09. The boundary lubrication regime and
the shortage-supply conditions, which are together termed as severe
boundary conditions, were selected to evaluate the stability and dura-
bility of the carbon tribofilms resulting from the tested lubricants. After
the tribo-test, the ball and disc were cleaned with hexane, acetone and
ethanol to remove any residual oil on the surfaces. The Contour GT-K 3D
Optical Microscope was used to examine the wear loss volumes, and the
wear rate was calculated using the Eq. (1):

Wear Loss Volume(mm?)
Applied Normal Load(N) = Sliding Distance(m)

(€8]

Wear Rate =

2.5. Characterization

The crystal structure of NiAl-LDH was characterized by using a mini-
materials analyzer (MMA) X-Ray diffractometer. X-ray powder diffrac-
tion (XRD) patterns were acquired across a range of 5-70° range of 20
angle using a copper Ka X-ray source with a 1°/minute scan rate and
0.02° step size. A 35 kV-maximum voltage was used to generate a 28.4-
mA current. Scanning electron microscopy (SEM) was carried out using
a JSM6490LV (JEOL, Japan) operated at 15 kV and a working distance
of 10 mm and equipped with energy disperse spectroscopy (EDS) to
observe the morphologies and element distribution of the tribofilms on
the worn surfaces. Raman spectroscopy was performed using a
Renishaw Raman spectrometer (Woltton-under-Edge, UK) to analyze the
tribofilms on the wear surfaces, using a spot size of 10 ym and laser
wavelength of 539 nm. Meanwhile, the cross-section specimens of the
balls’ wear surfaces were prepared using a focused ion beam-scanning
electron microscope (FIB-SEM, Helios NanoLab G3 CX, Thermo Fisher
Scientific, USA) with a liquid Ga ion source operated at 30 kV and 96 pA.
Prior to the ion milling, the worn surfaces were deposited with protec-
tive layers of platinum and carbon, respectively to avoid milling-induced
damage to the surface/subsurface layers. Bight field scanning trans-
mission electron microscope (BF-STEM) and EDS elemental mapping
were carried out by scanning transmission electron microscope (STEM)

Table 2
Experimental tribopair compositions.
C Mn Si P S Cr Fe
Disc 0.93% 0.43% 0.24% 0.003% 0.008% 1.38% Rest
Ball 0.95-1.05% 0.35% 0.25% 0.025% 0.025% 1.40-1.65% Rest
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using JEOL ARM 200 F STEM microscope equipped with a Schottky field
emission gun source and operated at 200 kV. Electron energy loss
spectroscopy (EELS) was also carried out by the same instrument to
analyse the graphitic degree of the carbon-based tribofilms. High-
resolution TEM lattice imaging and selected area electron diffraction
(SAED) were performed by using Titan® Themis 300 (X-FEG source,
300 kV) to identify the compositions and phases of oxide interlayers,
respectively.

3. Results
3.1. Characterization of the obtained LDH powder

Fig. 2 shows the characterization results of synthesized NiAl-CO3
LDH material from SEM and XRD techniques. According to Fig. 2a, the
obtained Ni-Al-LDH exhibited a flake-like structure with their lateral
size mostly ranging within 40-60 nm. This observation indicates an
effective synthesis process that resulted in NiAl-CO3 LDH nanomaterial
with an acceptable homogeneity. Besides, XRD analysis in Fig. 2b re-
veals a prominent reflection of several peaks at the 260 of (003), (006),
(110) and (113) diffractions which are characteristic of the layered
structure of LDHs [40,41]. The sharp and narrow (003) and (006) peaks
at 11.78° and 23.62° indicate the high crystallinity of the sample. Ac-
cording to Bragg’s law [27], the interlayer d-spacing value was calcu-
lated as 0.752 nm for the obtained Ni-Al-LDH.

3.2. Tribological performance of the formulated lubricants at room
temperature

Fig. 3 shows the friction and wear results of the sliding test under the
normal load of 10 N at room temperature. According to Fig. 3a, PAO-4
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Fig. 2. Characterization of the synthesized NiAl-CO; LDH material: (a) SEM
image observation. An inset picture is the lateral size distribution of the Ni-Al-
LDH; (b) XRD pattern of the Ni-Al-LDH.
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has the highest coefficient of friction (COF) of 0.12 at the steady state.
The addition of 2.5 wt% CPCa to PAO oil reduced the friction and sta-
bilized the COF at 0.08 for the first 20 min of the testing, but the friction
showed a sharp increase to reach a steady-state friction value of PAO-4
in the last 40 min. This could indicate the rapid removal of the poly-
meric carbon-based tribofilm produced from CPCa under severe
boundary condition due to the unstable absorption of this tribofilm on
rough steel substrates [20,25]. Over the time, the CPCa was depleted
during sliding and the polymeric carbon-based tribofilm could not be
regenerated, thus, leading to an increase in friction.

Meanwhile, the combination between 2.5 wt% CPCa and 0.1 wt%
LDH not only further reduced the friction value of CPCa after 20 min of
sliding but also maintained a much lower friction outcome than PAO-4
until the tribotest ceased. The COF value at the steady state of this
formulated lubricant was around 0.08 which is 33.3% lower than PAO-
4. Moreover, this lubricant also produced the lowest ball wear rate of
1.4 x 10"® mm®3/Nm, while the results from the lubrication of CPCa and
PAO-4 are 2.7 x 10® mm®/Nm and 11.7 x 10® mm®/Nm, respectively
(Fig. 3b). It is in agreement with the reduced roughness variation in the
disc wear track lubricated by the CPCa+ 0.1%LDH compared to PAO-4
and CPCa (Table S2).

Besides, the tribotests with different NiAl-LDH concentrations in the
formulated lubricants have highlighted 0.10 wt% as the optimum con-
centration that delivered the best tribological outcomes (Fig. S1-52). The
addition of NiAl-LDH less than 0.1 wt% did not improve effectively the
friction and wear performances. A gradual increase in friction occurred,
and eventually reached the steady-state value of PAO-4 after around 25-
minute sliding which indicates the depletion of the tribofilms on the
wear surfaces (Fig. S1a). There is also no significant reduction in the ball
wear rate compared to CPCa when the concentration of NiAl-LDH was
kept below 0.1 wt% (Fig. S1b). Meanwhile, the addition of 0.15 wt% Ni-
Al-LDH reduced the friction outcome to 0.09 but this friction downtrend
period only lasted for over 20 min before a sudden increase occurred.
Compared to 0.1 wt% Ni-Al-LDH, the average wear rate with the 0.15 wt
% test is slightly higher (Fig. S1b). It is anticipated that the Ni-Al-LDH
started to agglomerate at 0.15 wt% leading to a decrease in lubrica-
tion performance. Thus, 0.10 wt% LDH was the optimum condition that
was selected for further tribotest experiments.

Fig. 4 shows the SEM and EDS results of the ball wear scars from the
tribotests of PAO-4, CPCa, and CPCa+ 0.1%LDH under 10 N load at
room temperature (25°C). SEM, using the secondary electron detector,
observation of the ball wear scar from PAO-4 reveals a flat wear surface
with the presence of some abrasive scars (Fig. 4a). According to the EDS
analysis, these scars are oxygen (O)-rich areas indicating a direct and
continuous contact of large asperity or third-body abrasive particles
during sliding. The flat wear surface on the ball could be due to the
severe wear abrasion between the disc and ball which delaminated fully
the rough tribo-oxide layer. Over the wear surface of the ball, the direct
asperities contact occurred which resulted in a wide oxidation area
under PAO-4 lubrication (Fig. 4a). The signal intensity of carbon (C) is
also found on the wear surface which could come from the oil decom-
position [25]. In the case of CPCa, the trace of carbon-based tribofilm
formation can be observed via the presence of some low-contrast and
carbon-rich clusters on the wear surface (Fig. 4b). The distribution of O
over the wear surface is not uniform compared to the one obtained from
the PAO-4 lubrication, suggesting the reduced oxidation degree at some
local areas on the wear surfaces. There is an appearance of some grooves
across the wear scar which indicates the presence of the third body wear
particles that dislodged the polymeric carbon tribofilm produced from
CPCa.

Intriguingly, the addition of NiAl-CO3 LDH into the CPCa lubricant at
the concentration of 0.1 wt% produced no abrasive wear marks or
scratches on the sliding surfaces (Fig. 4c). It has been demonstrated that
the formation of scratches and abrasive marks relates closely to the
morphology, size, and shape of the added solid lubricant particles [42].
From the SEM image in Fig. 2a, the NiAl-CO3 layered
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submicron-particles were rounded with no sharp edges which could not
damage the lubricated rubbing surfaces. Rather, these particles were
adsorbed and incorporated onto the sliding surface to play a protective
role. However, EDS analysis, both spectrum and mapping, does not show
the presence of aluminum (Al) and nickel (Ni) over the ball wear scar.
This could demonstrate that there was no compact tribofilm formation
at 25°C, and CPCa-modified NiAl-LDH nanoparticles presented between
the sliding surfaces to separate the direct asperity contacts. The
non-uniform distribution of O in the EDS mapping compared to that
obtained from PAO-4 and even CPCa suggests that NiAl-LDH nano-
particles and CPCa molecules co-absorbed and formed a temporarily
protective layer at some areas on the sliding surfaces which protected
the wear surfaces from oxidation. It is interesting to note that the
presence of NiAl-LDH could prolong the low-friction regime and further
reduced wear damages (Figs. 3a-3b). Further tribotests with higher
normal loads showed an outstanding load-carrying effect of such a
protective layer up to 20 N in terms of wear damage protection (Fig. S3
and S4). More discussion on the lubrication mechanism of this phys-
isorption protective layer at 25°C will be made in the discussion section.

According to Roberts et al. [43], the lubricant oil in a conventional
combustion engine usually operates in the temperature range of
100°C-110°C. Nevertheless, most of the friction and wear loss comes
from the initial warm-up stage where the temperature is around 20°C
[44,45]. Furthermore, nearly 33% of vehicle trips do not heat the
lubricant inside the system over 60°C [43,46]. As a result, when
developing a new lubricant for engine applications, it is critical to ensure
the lubricant can exhibit an acceptable performance under various
operating temperatures while not producing any harmful emissions to

Tribology International 184 (2023) 108476

the environment. The next sections dedicated to the investigation of the
high-temperature lubrication performance of the CPCa and CPCa
-+ 0.1 wt% NiAl-LDH additives in PAO-4 compared to the benchmark
ZDDP additive, which is well-known for its excellent anti-wear property
at high temperatures.

3.3. Dependence of tribological performance of the formulated lubricants
on temperature

Figs. 5a-5b describes the friction and wear results of the formulated
lubricants at 50°C. Accordingly, the friction curve from CPCa lubricant
experiences a sharp increase from ~0.12 to ~0.15 after only 15 min of
sliding. It then fluctuates around the steady-state average COF of ~0.14.
Meanwhile, the CPCa+ 0.1%LDH exhibits a more stable COF behaviour
around 0.125 after a mild variation in the first 25 min of sliding. The
presence of Ni-Al-LDH stabilized significantly the friction performance
of CPCa and reduced slightly the COF by 11.34%. The wear rate of
CPCa+ 0.1%LDH lubricant is about 0.519 x 10® mm?/Nm which is
94% lower than CPCa (8.68 x 10" mm®/Nm) (Fig. 5b). It agrees with
the disc wear surface after lubricating by CPCa lubricant showing a
higher roughness variation than the one lubricated by CPCa+ 0.1%LDH
lubricant at 50°C (Table S5). More interestingly, the combination of
CPCa+ 0.1%LDH also exhibited superior anti-wear performance (by
~49.2%) compared to ZDDP at this temperature while the friction was
also slightly lower.

At higher temperature (100°C), the CPCa+ 0.1%LDH lubricant still
demonstrated its outstanding lubrication under 10 N. Fig. 5c¢ shows the
loss in anti-friction property of CPCa at 100°C which is evidenced by its
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Fig. 5. Friction coefficient (a) and average wear rate (b) of CPCa, CPCa+ 0.1%LDH, and ZDDP lubricants under 10 N at 50°C. Friction coefficient (c) and average
wear rate (d) of CPCa, CPCa+ 0.1%LDH, and ZDDP lubricants under 10 N at 100°C.
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continuous increase with a high variation in the friction curve. The
average COF at the steady-state of CPCa is estimated at around 0.16.
With the presence of 0.1 wt% NiAl-LDH, the friction curve is more stable
with little variation. It reaches the steady-state value of ~0.14 after
15 min of sliding. In addition, the CPCa+ 0.1%LDH lubricant also
exhibited an outstanding anti-wear performance with a 96% lower wear
rate (~0.35 x 10 mm®3/Nm) compared to that produced from CPCa
lubricant (~9.15 x 10 mm?3/Nm) (Fig. 5d). It is in agreement with the
reduced roughness variation in the disc wear track lubricated by the
CPCa+ 0.1%LDH compared to CPCa (Table S6). Compared to the ZDDP
lubricant, the CPCa+ 0.1%LDH lubricant still produced a moderately
lower wear rate (by ~ 17.4%) with nearly equal friction behaviour at
100°C. These results demonstrated the outstanding lubricating function
of CPCa+ 0.1%LDH at a wide temperature range, being comparable to
the benchmark ZDDP additive.

Fig. 6 shows SEM and EDS results of the ball wear scar surfaces after
lubricating by CPCa-+ 0.1%LDH lubricant at 50°C and 100°C. Compared
to the room testing condition (Fig. 4c), the wear surfaces obtained from
the tribotests at 50°C show some scars. There are even various deep
scratches across the wear surfaces at 100°C testing condition. This was
due to the thinner lubricant at increasing temperatures which shifted the
lubrication process into the more severe boundary lubrication regime.
Under such a condition, the collision between the asperities becomes
more significant which generally generates abrasive wear patterns. The
wear scar produced at 50°C is rough with a wavy pattern where the
presence of a minor abrasion scar is observed (Fig. 6a). However, unlike
the results from room temperature, EDS mapping illustrates a uniform
distribution of Ni and Al elements across the worn surface. Their pres-
ence was confirmed by the EDS spectrum integrated from whole field of
view which shows distinguishable peaks of these elements compared to
the one from room temperature tribotest (Fig. 4c). The C, Fe and O
mapping also shows uniform distribution over the wear surfaces. The
EDS results suggest the formation of a compact tribofilm at 50°C which
could be constructed from the LDH elements, carbon film from CPCa,
and oxide layer. On the other hand, the EDS mapping of the ball wear
scar after testing at 100°C shows the local distribution of the Ni and Al as
well as C elements over the wear surfaces (Fig. 6b). It is interesting that
these elements with O distribute at the same areas over the worn surface
where Fe shows weak intensity on the mapping. The entire wear surface
shows the strong intensity of Ni, Al, C, and O which indicates that the
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compact tribofilm was formed over the wear surface during sliding at
100°C.

3.4. Raman examination of the wear surfaces at different temperatures

Raman analysis was used to characterize the chemical characteristic
of the balls’ wear surfaces lubricated by CPCa+ 0.1%LDH lubricant at
different temperatures (Fig. 7). The ball lubricated at 25°C shows a
strong intensity of the magnetite (Fe3O4) compared to hematite (FeoO3)
at 682 cm’! and ~1306 cm'l, respectively [47,48]. There are small
peaks at ~1440 cm™ and ~1660 cm™ for CH, vibration and C=C
stretching of the carboxylic acid and hydrocarbon [49], respectively,
which suggest the residues from oil and/or CPCa molecules. There is no
detection of the G band and D band from carbon tribofilm indicating that
there is no carbon tribofilm on the wear surface. It is in good agreement
with SEM-EDS analysis (Fig. 4c). On the other hand, the balls lubricated
by CPCa+ 0.1%LDH lubricant at 50°C and 100°C show the presence of
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Fig. 7. Raman analysis of wear surfaces lubricated by CPCa+ 0.1%LDH lubri-
cant under 10 N load at room temperature, 50°C, and 100°C.
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Fig. 6. SEM and EDS results of the ball wear scar surfaces lubricated by CPCa+ 0.1%LDH under 10 N at (a) 50°C and (b) 100°C. (The red rectangles in (a) and (b)

indicating the areas for FIB milling).
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the D band and G band in their Raman spectrum. In particular, the ball
tested at 100°C shows only the presence of the D band and G band with
the shape being similar to diamond-like carbon (DLC) in some areas.
There are no peaks of iron oxides in such areas which could suggest the
formation of a relatively thick tribofilm above the iron oxide layer.
However, a recent report has proved that Raman could give false in-
terpretations about the formation of the carbon tribofilm based on the
Raman analysis [23]. The presence of the D band and G band in the
Raman spectrum with a shape similar to DLC has been used widely to
conclude the formation of the carbon tribofilm, but such Raman features
of DLC can be formed by photochemical and thermochemical reactions
of the carbonaceous materials triggered by the Raman laser [50]. Thus,
further characterizations of the tribofilm, regarding both physical and
chemical structures, were conducted in the next sections by STEM
analysis.

3.5. Hierarchical structure of the tribofilms produced at different
temperatures

To characterize the structure of the tribofilms on the wear surfaces,
FIB milling was conducted to prepare thin lamellae for cross-sectional
examination of the ball wear scars (Fig. 6a, 6b). Fig. 8a shows the for-
mation of a bi-layer tribofilm on top of the steel substrate after testing at
50°C. An approximately 20 nm thick amorphous layer is found located
above a 100-nm thick compact layer of small grains. From the STEM-
EDS analysis (Fig. 8b), the amorphous superficial layer is carbona-
ceous material while the compact small grains layer shows the strong
intensity of Ni, Al, Fe, and O. The compact small grains layer could be
the mixed oxide tribolayer produced during testing by the oxidation of
NiAl-LDH followed by the compaction with iron oxides. Core-loss EELS
analysis was conducted at the top amorphous carbon film to reveal the
chemical bonding state of carbon in the matrix (Fig. 8c). A sharp peak
centring at 285.5 eV can be observed indicating the transitions to the
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7 * molecular orbital due to the presence of sp? bonding [51]. The sec-
ond, broader and more intense peak ranging between 290 and 292 eV, is
induced by transitions to ¢ * orbitals [51]. The EELS spectrum obtained
at three different regions, denoted as EELS1, EELS2, and EELS3, shows a
similar shape which is characteristic of the amorphous carbon. Further
calculation of the graphitization degree of the carbon tribofilm based on
the concentration of the sp? bonding was carried out by using the
integration window approach [48,52]. The calculation method was
based on the previous study where the sp? bonding fraction is calculated
ratio, obtained from the EELS spec-

by taking the division of the I,{,Iilm

trum in this study, over the =
graphite (HOPG) [51]. The ranges of energy window for sp? and sp?
—&-sp3 are from 282 eV to 288.5 eV and 297 eV, respectively. Accord-
ingly, the sp? fraction of the carbon tribofilms ranges between 66% and
72% for the spectra taken at three different areas (Fig. 8c). These values
are significantly higher than the sp? fraction of the amorphous carbon
film produced from oil decomposition [48] (c.a. 32%) which indicates
an increase in the graphitic degree attributable to the tribofilm forma-
tion itself.

The composition and structure of the mixed oxide tribolayer beneath
the carbon tribofilm are also of interest and this information was ob-
tained by combining the STEM-EDS (Fig. 8b) and selected area electron
diffraction (SAED) (Fig. 8e). Based on the chemical information in EDS
and the indexing of the diffraction rings in SAED, the presence of NiO,
Fe304, and FeyO3 phases can be found in the mixed oxide tribolayer
(Fig. 8b and 8d). The SAED pattern shows sharp diffraction rings char-
acteristic of polycrystalline material which indicate that the tribo-oxide
layer is the compaction of the fine grains. The faint halo ring pattern in
the SAED can be recognized and it could be from the amorphous phase
presenting in the tribo-oxide layer. From the previous study, the for-
mation of the NiO was recognized as the thermal decomposition of NiAl-
LDH nanoparticles under friction conditions at 50°C [26]. However, the
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Fig. 8. (a) STEM-BF image of the tribofilm hierarchical structure; (b) STEM-EDS of the hierarchical tribofilm; (c) Core-loss EELS C-K edge of the top amorphous
carbon layer; (d) Core-loss EELS C-K edge of the area in the mixed tribo-oxide layer; (e) SAED pattern of the mixed tribo-oxide layer; and (f) HR-TEM lattice imaging
of the interface between the carbon and mixed oxide tribolayer. The cross-sectioned tribofilm was taken from the ball lubricated by CPCa+ 0.1%LDH lubricant under
10 N load at 50°C.
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thermal decomposition process of NiAl-LDH also produces the AlyO3
phase which is amorphous [53]. Thus, the halo ring pattern of the
amorphous phase in SAED could be attributed to the AloO3 phase in the
tribo-oxide layer. It is interesting to note that the core-loss EELS C-K
edge taken in the tribo-oxide layer (Fig. 8d, EELS4) indicates a strong
presence of sharp n * peak ¢ * molecular orbital transition peaks which
is a characteristic of graphite. It is anticipated that when the LDH was
oxidized during sliding at 50°C, the NiO phase formed and catalytically
converted the disordered carbon on its surface, produced from the
chemisorbed CPCa molecules, into graphitic carbon. A high fraction of
sp? bonding in the top carbon tribofilm, 68%, could also be a result of
the catalytic effect from the NiO phases being entrapped within the
carbon film layer. High-resolution (HR)-TEM lattice imaging (Fig. 8f)
indeed shows the presence of some NiO nanoparticles, evidenced by the
FFT, in the carbon tribofilm, thus, further confirming the claim.

In the case of the tribofilm formed at 100°C, a slightly thinner su-
perficial tribolayer (~15 nm) can be observed (Fig. 9a). This thin layer is
wavy and is located above the fine-grain aggregate layer. The aggregate
layer obtained after the test at 100°C is not densely compacted but
rather loose compared to the one that resulted at 50°C. In addition, there
is the presence of some low contrast and poorly crystalline domains
within the aggregate layer. From the STEM-EDS (Fig. 9b), the top layer
shows the high intensity of carbon which confirms the formation of the
carbon tribofilm. Core-loss EELS analysis was also conducted in three
different areas, denoted as EELS1, EELS2, and EELS3, showing the
characteristic shape of amorphous carbon (Fig. 9¢). Interestingly, the sp?
fraction of this carbon tribofilm was calculated from the spectra taken at
these areas (Fig. 8c) showing values between 71% and 83%. The average
value of the sp? fraction in the carbon tribofilm obtained at 100°C is 79%
which indicates a higher degree of graphitization compared to the one
obtained at 50°C.

On the other hand, the fine grain aggregate tribo-layer beneath the
carbon tribofilm still shows the strong intensity of elements from NiAl-
LDH (Ni, Al, and O) and some intensity of Fe from steel (Fig. 9b).
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However, there is a different segregation of the elemental distribution
compared to the fine-grain aggregate layer obtained at 50 °C. The fine
grain aggregate layer comprises mostly Ni with some local areas of Al
and Fe. Intriguingly, the O intensity only concentrates on the local areas
of Al but not on Ni and Fe. It suggests that there were no or less oxides of
Ni and Fe formation, and pure metallic Ni or Fe nanoparticles could be
formed in the compacted tribo-layer. The SAED pattern of the fine-grain
aggregate tribolayer beneath the carbon tribofilm and above the steel
substrate shows powder diffraction ring patterns indexed to metallic Ni
(Fig. 9d) with Ni (111) strongly diffracted. Thus, it can be concluded that
the NiO was reduced into Ni during the friction test at 100 °C. Since Ni
metal has been well-known as an active substrate for the growth of high
graphitic carbon [54], the higher graphitic degree of the carbon tribo-
film is expected if there are some Ni nanoparticles being entrapped in
the carbon tribofilm. Indeed, the HR-TEM image indicates the presence
of several metallic Ni nanoparticles, as indexed in FFT (Fig. 9e), in the
carbon tribofilm. On the other hand, the Al- and O-rich areas shows
interesting feature when compared to the Ni-rich areas. These areas are
aluminium oxide and the diffraction contrast in the STEM-BF image
(Fig. 9a) suggests these areas are amorphous. HR-TEM lattice imaging at
the Al- and O-rich area shows a disordered and poorly crystalline
structure with the presence of small crystalline domains. FFT from one
small crystalline domain indicates the single crystalline of the a-Al;O3
phase. The in-situ chemical reduction of NiO into Ni during sliding and
the formation and segregation of the semicrystalline Al,O3 have not
been observed before and it will be discussed in detail in the following
section.

4. Discussion

Forming the lubricous carbon tribofilms at the sliding contact has
been recognized as a promising strategy to reduce friction and wear.
Previous studies have demonstrated the ability to generate the carbon
tribofilms during sliding by using the highly strained cycloalkane
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Fig. 9. (a) STEM-BF image of the tribofilm hierarchical structure; (b) STEM-EDS of the hierarchical tribofilm; (c) Core-loss EELS C-K edge of the top amorphous
carbon layer; (d) high-resolution STEM lattice imaging of the Ni nano-particulate aggregate layer; (e) high-resolution STEM lattice imaging of the semi-crystalline
Al,O3 area in the aggregate layer; and (f) high-resolution STEM lattice imaging at the interface between the aggregate layer and the steel substrate. The cross-
sectioned tribofilm was taken from the ball lubricated by CPCa+ 0.1%LDH lubricant under 10 N load at 100°C.
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carboxylic acids, e.g. CPCa, as the lubricant additive [21]. The carbon
tribofilms, generated from these molecules by tribochemical processes,
are polymeric and they can reduce friction and wear effectively at room
temperature. From the results in this study, CPCa exhibited good friction
reduction and anti-wear performance at 25°C, however, the
low-friction regime only retained for around 20 min. From the optical
images (Fig. S5a), the non-uniform ball wear surface after lubricated by
CPCa at 25 °C indicates the delamination of the tribofilm and the
beneath tribo-oxide layer. Particularly, the dark grey areas, which show
high Raman intensity of magnetite over hematite (Fig. S5b), are where
the carbon tribofilm retained during sliding. The carbon tribofilm is
expected to protect the sliding surfaces from oxidation and abrasive
wear [21], thus, limiting the delamination of the tribo-oxide layer.
Meanwhile, the white areas are where the carbon tribofilm was
depleted, and these areas subsequently experienced the abrasive wear
that delaminated the tribo-oxide layer to expose the pristine steel sub-
strate. The Raman spectrum at the white areas, i.e. the ploughing at the
white areas, shows higher intensity of hematite over magnetite
(Fig. S5b) which indicates higher oxidation degree, thus, confirming the
occurrence of more severe abrasive wear. The testing conditions in this
study were at extreme lubrication regime (4 = 0.08 << 1) while those in
the previous studies of CPCa were from moderate to mild boundary
lubrication regime (4 = 0.25-0.74 < 1) [21,23]. Hence, it suggests that
the polymeric carbon tribofilm produced from CPCa is not sufficiently
stable to accommodate the significant mechanical stresses and shearing
under severe boundary conditions.

4.1. Lubrication mechanism of the NiAl-LDH nanoparticles in synergy
with the carbon tribofilm produced from CPCa at room temperature

We recognized that the addition of NiAl-LDH nanoparticles signifi-
cantly improved the friction and wear performances of carbon tribofilm
produced from CPCa across a broad temperature range (Figs. 3 and 5)
under severe boundary conditions. At room temperature, the tribolog-
ical improvement was mainly attributed to the key properties of NiAl-
LDH as a typical layered 2D material. In particular, the initial reduc-
tion in friction during sliding (Fig. 3) could be attributed to the insertion
of the LDH nanoparticles between the sliding interfaces and the wide
cationic interlayer spacing (~0.75 nm) of the LDH (calculated from the
XRD pattern in Fig. 2). While the presence of the LDH at the sliding
interfaces prevented the direct asperities contact between the two sur-
faces, the wide interlayer spacing ensures the easy-exfoliation, thus,
delivering an easy-shearing and slippage to the contacting surfaces [32,
37]. It is expected that the LDH nanoparticles covered the entire con-
tacting surfaces and formed the protective layer by their stacking which
is characteristic of the layered materials at the sliding surfaces [55,56].
The CPCa molecules, initially physisorbed and chemisorbed on the LDH
surfaces, might undergo friction-induced dissociation and polymeriza-
tion to form the carbon tribofilm on top the protective LDH, i.e. the
carbon tribofilm formed around the LDH nanoparticles.

The maximum flash temperature rise at the interface was calculated
to be around 22.5°C for the testing conditions (see Supporting Infor-
mation) which indicates the maximum temperature could reach ~ 50°C
during sliding. This temperature is higher than the previous study
testing conditions [21] that gave the interfacial maximum temperature
up to 40°C (see Supporting Information). As the previous study could see
the formation of thin carbon tribofilm [21], it is expected that the for-
mation of the carbon tribofilm occurred in this study at 25°C. Therefore,
the protective layer formed in these testing could comprise the carbon
tribofilm on the LDH protective layer. Since both carbon tribofilms and
LDH protective layer have been demonstrated to provide good anti-wear
properties [30,57], the coverage of these films likle limits the abrasive
wear resulting from the direct asperities contact or the formation of the
third-body particles. The retaining of the magnetite-rich tribo-oxide
layer, as evidenced by optical images in Fig. S2c and Raman spectrum in
Fig. 7, confirms this assessment. This protective layer was able to
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support the load-carrying property up to 20 N which resulted in a
slightly lower ball wear rate (equivalent to 1.59 GPa Hertzian contact
pressure) (Fig. S3b). During sliding, this protective layer was sheared
and gradually exfoliated by the asperities on the sliding surfaces. may
explain the slight increase in the friction curve after approximately
35 min of sliding.

However, EDS analysis (Fig. 4c) suggests that this film did not absorb
strongly on the sliding surfaces. No intensity of Ni and Al was found
while there is a strong presence of O. The areas show no O signals in the
EDS mapping in Fig. 4c could indicate the location where the protective
layer presented predominantly during the friction test. Also, these areas
appear more uniformly across the wear surfaces than the one from the
CPCa tribotest (Fig. 4b), confirming the uniform distribution of the
protective layer across the entire wear scar. This highlights the sec-
ondary role of CPCa in avoiding the agglomeration of the NiAl-LDH
nanoparticles. We hypothesize that the disappearance of the protec-
tive layer was due to the deep cleaning process applied in this study. A
similar observation was reported before for NiAl-LDH nano-additives
when similar deep-cleaning processes of the ball samples were applied
[55]. The deep cleaning process could wash off the nanoparticles
physically lying on the wear scar. This removal processs by cleaning is
reasonable for the NiAl-LDH nanoaparticles where the lubrication pro-
cess at room temperature derives primarily from the layered structure
[58,59] rather than the formation of the compact tribofilms from tri-
bochemical reactions.

4.2. Lubrication mechanism of the NiAl-LDH nanoparticles in synergy
with the carbon tribofilm produced from CPCa at high temperatures

At higher testing temperatures (50°C and 100°C), the lubricant
became thinner which shifted the lubrication process into the more se-
vere boundary lubrication regime. In such a condition, the collision
between the asperities became more serious which generated more wear
losses. This change is seen in the significant increase in the wear rate of
the ball lubricated by CPCa at 50°C and 100 °C (Fig. 5b and 5d)
compared to that at 25°C (Fig. 3). Fig. S5¢, S5e show the relatively large
wear scars on the balls after lubricating by CPCa at 50°C and 100°C with
the presence of several ploughing and smearing areas. These observa-
tions indicate that severe abrasive wear occurred across the entire
sliding surfaces which suggests the loss of protective function from
carbon tribofilm produced from CPCa at these testing temperatures. We
note that the carbon tribofilms were still formed at these temperatures as
evidenced by the nano-scratch testing of the local areas on the wear
surfaces which shows the lower friction of the C-film area compared to
non C-film area (Fig. S6). A large variation in the friction curves at 50°C
and 100°C (Fig. 5a and 5c) of CPCa lubricant was a consequence of the
subsequent formation and removal of the carbon tribofilm during
sliding. Since the carbon tribofilm was removed rapidly, it could not
contribute the full protective effect and anti-friction property, thus,
leading to severe surface oxidation and abrasive wear across the entire
sliding surfaces.

Addition of 0.1 wt% NiAl-LDH markedly improved the friction and
anti-wear performance of the CPCa lubricant at high temperatures.
Along with the carbon film formation, the compact tribolayer formation
also significantly contributed to the stable and low friction of
CPCa+ 0.1%LDH lubricant compared to other additives. Local nano-
scratch testing in Fig. S6 evidenced the lowest friction of the carbon
tribofilm produced from this combination at two temperatures. The
lowest and least fluctuation nano-friction curves at the carbon film areas
of the CPCa+ 0.1%LDH is attributed to the higher degree of graphiti-
zation as demonstrated in Figs. 8c-d and 9c. More importantly, the
improvement in anti-wear performance by 94% and 96% was observed
at 50°C and 100°C, respectively which was comparable or even superior
to the benchmark ZDDP additive (Fig. 5). Imaging of the wear
morphology after nano-scratch testing (Table S7) also showed no
obvious scratch marks of the tribofilm areas of this combination.
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Notably, the wear rates of the balls lubricated by the CPCa+ 0.1%LDH
lubricant at two different temperatures (50°C and 100°C) are approxi-
mately equal (Fig. 5b and 5d) which suggests the excellent anti-wear
performance of this formulated package over the broad temperature
range. The synergy between NiAl-LDH nanoparticles and CPCa may
contribute to the outstanding lubrication results. According to the STEM
characterization of the cross-section tribofilm, different tribofilm
structures were observed, thus, indicating the different responses of
CPCa and NiAl-LDH via temperature. The lubrication mechanism of such
a combination can be understood by considering the thermal decom-
position reactions of the LDH nanoparticles. Generally, the thermal
decomposition of the NiAl-carbonate-LDH depends on the setting tem-
perature [60]:

. —250°C .
[Nis3Al 3 (OH); | (CO3), jgmH,0 —272 [Niy3 Al 3(OH), ] (CO3), 4

+ mH,0
(i

400-800°C

2[Nis Al 3 (OH), ] (CO3), 6 0% 4/3Ni041/3A1203 + 1/3co2 +2H,0

(i)

>850°C

2[Niz 5 Al 5(OH), ] (CO3), s 2O NiO + 1 / 3NIALO, + 1 / 3C0, + 2H,0

(iii)

4.2.1. 50°C tribo-test condition

SAED analysis of the cross-section tribofilm at 50°C demonstrated
the formation of the tribo-oxide layer comprising dominantly NiO and
Al;03 with minor presence of Fe;O3 and Fe3O4 (Fig. 8e). There is no
detection of the NiAl,04 phase in the SAED suggesting that the forma-
tion of this phase might not be formed at 50°C testing condition. As the
intensity of Ni and Al distributed uniformly and in similar areas in the
STEM-EDS mapping (Fig. 8b), we deduce that the thermal decomposi-
tion process of NiAl-LDH followed the chemical equation (ii). This
assessment suggests that the friction testing condition at 50°C produces
an effect equivalent to the static temperature heating at 400-800°C.
However, the interfacial flash temperature rise was calculated for the
testing conditions at 50°C (see Supporting Information) as 32°C, thus,
the maximum temperature at the sliding interface could only reach
82°C. This implies that the interfacial pressure and the mechanical ac-
tions, e.g. stress-shearing and intermixing, contributed a critical role to
the thermal decomposition of the NiAl-LDH nanoparticles [61].

In this case, previous work has demonstrated that Al,O3 phase both
forms as a support phase on the surface of the NiO or as a Ni-doped
separate phase surrounding the NiO [61]. A spinel-type NiAl;04 phase
could also be expected as a side product of the interaction between the
NiO phase and Al;03 support phase at high temperatures, but this phase
is very poorly crystalline at lower than 850°C [53]. The presence of the
NiAl;04 phase can hinder the reduction of NiO phase into Ni and protect
the alumina phase against the crystallization. However, the results at the
100°C friction test condition clearly demonstrate the formation of the Ni
phase and the crystallization of the AlyO3 (Fig. 9f), thus, confirming no
record of NiAl,O4 phase formation at either 50°C or 100°C testing
conditions.

We interpret these results to reflect that the NiAl-LDH nanomaterials
undergo thermal decomposition under the tribotest at 50°C, forming
nanoparticles of NiO and Al,Og at the sliding interface. During sliding,
these oxide nanoparticles intermix with oxide debris, produced from the
oxidation of the steel wear debris, and are compacted into the fine grain
layer on the sliding surfaces. According to the Hall-Petch behaviour, the
nanocrystalline layer provides a better yield strength which is a result of
the grain-boundary strengthening effect [62]. Under friction conditions,
the grain boundaries of the fine grain tribolayer can stop the propaga-
tion of cracks and dislocations while dissipating the frictional energy
resulted from the plastic deformation of the near-surface steel matrix.
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Ultimately, the formation of the fine-grain oxide tribo-layer on the
sliding surfaces could improve the tensile strength of the wear surfaces,
reduce the sticking between the sliding counterparts, resulting in a
stable friction regime with low wear damages [63]. The formation of the
amorphous carbon tribofilm as the top layer follows thereafter when the
tribo-oxide layer has already formed, attributable to the dissociation and
polymerization of the CPCa molecules that physically absorb on the LDH
nanoparticles. During sliding, these molecules easily detached from the
NiAl-LDH nanoparticles when the nanoparticles undergo thermal
decomposition and compaction into the tribo-oxide layer. Interfacial
flash heating (maximum at 82°C) simultaneously with significant me-
chanical forces could induce the cracking of the highly strained cyclo-
propane into the radical carbons. These radical carbons polymerize
under the support of the intermixing effect and stress-shearing energy to
form the solid polymeric carbon film at the sliding interface [23].

Meanwhile, the fraction of the CPCa molecules chemically absorbed
on the NiAl-LDH undergo chemical transformation into graphitic carbon
during the thermal decomposition LDH nanoparticles by a friction
process, as detected by EELS analysis in the tribo-oxide layer (Fig. 8d).
The formation of the graphitic carbon around a NiO phase by calcining
oleylamine-modified LDH at 300°C was observed previously and
explained due to the catalytic effect of NiO [33]. However, the graphitic
carbon formed on or around the NiO phase is not strongly crystalline
which was shown by the HR-TEM lattice fringe in the previous study
[33], suggesting that the structure of graphitic carbon was disordered
and contained several defect active sites. The NiO nanoparticles
emerging on the sliding surfaces may have disordered graphite around
them. We hypothesize that the polymeric carbon tribofilm chemically
connected to the oxide tribolayer via these defect active sites of the
graphitic carbon appears on the NiO surface. Besides, some NiO nano-
particles presented within the carbon tribofilm, as suggested by HR-TEM
lattice imaging and FFT (Fig. 8f), could catalytically graphitize part of
the carbon tribofilm resulting in the high sp? bonding fraction (68
+ 3%). The higher degree of graphitization of the amorphous carbon
film, the better the carbon film can accommodate shear-stress to reduce
friction and wear [64]. Thus, the formation of the NiO-rich nano-grain
tribo-oxide layer supports the formation of the stable and
high-performance carbon tribofilm as suggested by distinct stable fric-
tion response and low wear rate even outperforming ZDDP tribofilm
(Fig. 5a).

4.2.2. 100°C tribo-test condition

As the temperature increases to 100°C, the microstructure and
composition of the tribofilm changes significantly. The reduction of NiO
into Ni metallic nanoparticles across the tribofilm structure was
confirmed by STEM-EDS and SAED analysis (Figs. 9b and 9d). Similar
chemical reduction of the NiO into Ni was observed in the previous
study of Wang et al. [33] for the oleylamine-modified NiAl-LDH nano-
particles which attribute to the presence of disordered graphitic carbon
around the NiO phase. However, such a chemical reduction could only
be triggered when the particles were calcined at 600°C and under vac-
uum or argon protection environments, i.e. in a depleted oxygen envi-
ronment [33]. At the 100°C testing condition, the base lubricant
(PAO-4) became thinner than at 50°C. At 100°C the lubrication regime is
shifted toward the more severe boundary conditions where direct
collision between the asperities on two sliding surfaces become more
favourable. Consequently, the mechanical stresses and intermixing ef-
fect increase significantly and reduce the energy barrier for the chemical
reduction of NiO into Ni. Meanwhile, the oxidation protection effect of
the superficial carbon tribofilm produced from the tribo-induced
dissociation and polymerization of CPCa may limit oxygen infiltration
to the intermediate tribo-layer from surrounding air. Together, these
conditions lead to the favourable reduction of the NiO particles into Ni
nanoparticles by the disordered carbon around NiO and/or the Hj
generated from the dissociation of the CPCa molecules.

Owing to a high surface energy of the metallic nanoparticles [65,66],
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they tend to agglomerate and sinter at high temperatures to reduce the
surface area. The reduction of NiO into Ni followed by the aggregation of
the Ni nanoparticles may drive the phase segregation of amorphous
AlO3 as seen in the STEM analysis (Fig. 9). The structure of the inter-
mediate tribo-layer shows alternating Ni-rich nanoparticle aggregates
and AlyOs-rich areas. The Ni-rich nanoparticle aggregates are loosely
packed with the space between the Ni nanoparticles likely filled by
amorphous Al,O3 (BF-STEM and STEM-EDS in Fig. 9a and 9b). In the
large area of amorphous AlyO3, the formation of the nanocrystalline
Al,03 was observed (Fig. 9f), indicating a significant effect of the
interfacial pressure and mechanical stresses under this condition on the
tribo-chemical processes given that crystallization of amorphous Al;03
to a-Al,O3 occurs at 1000-1050°C under isothermal annealing condi-
tions [67].

In addition to the reduced thickness of the film at 100°C compared to
the film produced at 50°C, the waviness of the carbon tribofilm follows
the waviness of the Ni-rich fine-grain surface morphology (Fig. 9a). This
structure suggests the carbon tribofilm was subsequently worn out and
recovered following changes of the surface morphology. We hypothesize
that the carbon tribofilm is initially formed from CPCa, and this carbon
tribofilm contributes to the reduction of NiO to Ni as mentioned above.
The film is subsequently delaminated and replenished by hydrocarbon
from the PAO oil, due to the catalytic effect of pure metallic Ni nano-
particles [12] once CPCa is depleted. The high degree of graphitization
of the carbon-based tribofilm produced at 100°C compared to 50°C, as
calculated by the sp? bonding fraction, can be explained by the driving
factors to graphitic probability P(s) of the generated carbon soot with
large defects and sp® bonding according to the expression [68]:
—(E- GC))

kT 2

P(s) = exp(
where o represents the applied stress of the system, k is the Boltzmann
constant, C is a constant while E and T are the system’s energy barrier
and temperature, respectively. From this equation, increasing the tem-
perature and reducing the activation barrier will increase the graphitic
probability P(s) and result in a higher sp® bonding fraction in the carbon-
based tribofilm. The maximum interfacial flash temperature produced at
this tribo-test condition is 135°C (see Supporting Information). Mean-
while, the presence of Ni nanoparticles within the carbon tribofilm
(Fig. 9f) can reduce the activation energy for the graphitization process
[12]. The higher degree of graphitization of the carbon tribofilm can
accommodate significant mechanical stresses and shearing produced at
the 100°C testing conditions (Fig. 5) [69,70]. On the other hand, the
fine-grain structure of the Ni-rich intermediate tribo-layer with the
alternating presence of amorphous Al,O3 phase may also mitigate the
destructive effect of the sliding-induced shear strain [71]. The
amorphous-nanocrystalline structure exhibits improved strength and
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toughness properties, which avoids inhomogeneous structures appear-
ing on the worn subsurface caused by the plastic deformation of multiple
layers during the sliding process [71]. Taken together, the synergy be-
tween the highly graphitic carbon surface tribofilm and the
nano-composite structure of the subsurface tribolayer provide a model
for the astonishing stable friction and anti-wear performance compa-
rable to ZDDP under tribo-test at 100°C.

Fig. 10 summarizes the lubrication mechanisms of the CPCa+ 0.1%
LDH lubricant which results in the excellent anti-friction and anti-wear
properties across 50-100°C temperatures.

5. Conclusion

In summary, comprehensive experiments have been carried out to
evaluate the synergistic effect of layered double hydroxide in the
lubrication of CPCa at different conditions. It has been found that 0.1 wt
% addition of Ni-Al-LDH can improve remarkably the friction and wear
performance of in-situ Carbon-based tribofilm CPCa under broad tem-
perature range (25-100°C) under severe boundary lubrication condi-
tions. While the lubrication mechanism at 25°C was attributed to the
physical properties of LDH as 2D layered nanomaterial, the tribo-tests at
higher temperatures showed the compact tribofilm formations via the
tribochemical reactions. At 50°C, Ni-Al-LDH nanoparticles resulted in a
nanocrystalline intermediate tribolayer containing rich NiO.Al,O3 phase
that improved the mechanical properties of the sliding surfaces. As the
temperature increased to 100°C, there was a reduction of the NiO phase
into Ni nano-particulate along with the increase in graphitization of the
upper carbon tribolayers. These unique hierarchical tribofilm forma-
tions, adapting to temperature, resulted in the significant wear reduc-
tion (by over 90%), and much stable and lower friction compared to that
of pristine CPCa under severe boundary lubrication conditions. The anti-
wear performance of these carbon-containing tribofilms showed com-
parable performance to ZDDPs at high temperatures. It is believed that
this study will pave a pathway in the controlling the in-situ deposition of
the durable and high-performance carbon-based tribofilm for harsh
operation conditions in advanced engineering systems.
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