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Abstract

Synthetic MSH can solve the shortcomings of natural, self-repairing serpentine materials, but its tribological properties are
not ideal. Herein, Ni was selected as an accelerant to prepare MSH/Ni composite powder to obtain better friction performance.
The tribological performance of MSH/Ni was investigated using ball-disk wear tests, and the worn surfaces were character-
ized by SEM, EDS, WLI, and XPS. The results suggest that the tribological properties of the MSH/Ni composite are better
than those of MSH and Ni, and the base oil wear scar area can be reduced by 78.13%. The excellent friction performance
of MSH/Ni composite powder was attributed to the rolling bearing effect of Ni under low load, and the self-repairing effect
of MSH under high load. Surface analysis demonstrated that as a lubricant additive, MSH/Ni can form a smoother tribofilm
mainly composed of Fe;0,, FeEOOH, SiO,, and NiO. MSH forms a film mainly through a tribochemical reaction, while Ni
particles form a film through physical means of plastic flow. Additionally, compared with commercial lubricant additives,

MSH/Ni composite powder not only has better anti-wear properties but also does not corrode metal parts.

Keywords Magnesium silicate hydroxide - MSH/Ni composite - Lubricant additives - Tribological performance -

Synergistic effect

1 Introduction

Lubricant additives can improve the friction performance
of the base oil by changing the physical and chemical prop-
erties of the lubricating oil or the contact state between
the friction pairs [1, 2]. With the advancement of modern
industry, mechanical parts face more severe working condi-
tions and require better lubrication systems. Additionally,
due to environmental protection pressures, environmentally
friendly lubricant additives with excellent performance
must be found to replace dialkyl dithiophosphate [3], sulfide
alkylphenols [4], and other traditional additives. Natural
serpentine, which is a phyllosilicate mineral composed of
Mg¢(Si,0,()(OH)g, has attracted increasing attention due to
its low cost, specially layered molecular structure, and nano-
tubes morphology [5]. Many studies have shown that serpen-
tine can improve the wear resistance of parts by forming a
self-repairing layer containing iron oxide and silicon oxide
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on the worn surface [6—10]. However, natural serpentine
contains impurities, such as MgO and CaO, and the impurity
content of serpentine from different regions is different [11],
which will affect the friction performance. Natural serpen-
tine is highly biotoxic to human lungs, and its application is
restricted in many areas [12, 13].

To solve these problems [14—16], pure and nontoxic mag-
nesium silicate hydroxide (Mgg(Si,0,,)(OH)g, MSH) was
synthesized, and its friction properties as lubricant additives
have been studied [17, 18]. Wang et al. [19] synthesized
different types of MSH by controlling the reaction time and
temperature and found that the wear resistance of tubular
MSH was better than that of lamellate MSH. Gao et al. [20]
synthesized oleic-acid-modified MSH and found that it has
better tribological properties, mainly because it can form
a self-repairing layer on the friction surface. However, the
friction enhancing effect of synthetic MSH is not ideal, and
it is difficult to form a self-repairing layer with a micrometer
thickness. Furthermore, compared with nanoparticles, the
friction reduction performance of MSH is poor [19].

In recent years, many reports have confirmed the
excellent friction properties of various composite addi-
tives such as graphene oxide/Fe;0, [21], MoDTC/TiO,
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[22], and MWCNT/Ni [23]. The tribological properties
of phyllosilicate mineral composite additives have also
been extensively studied [24-34], as shown in Table 1.
Phyllosilicate composite additives often have better fric-
tion properties than single additives due to the synergis-
tic effect between the phyllosilicate and the accelerant.
Therefore, the preparation of the MSH composite additive
is considered to be an effective means to improve the
friction performance of MSH. Although there are many
reports about layered silicate composite additives, the
synergistic mechanism between layered silicate and other
particles remains to be further studied.

In this study, to improve the friction performance of
MSH, Ni particles were selected as the accelerant due
to their good friction performance [35, 36] and catalytic
effect [37], and the MSH/Ni composite powder was pre-
pared by mechanical ball milling. The tribological prop-
erties of MSH nanotube/Ni composites were studied by
rotating ball-disk wear tests. In addition, the worn sur-
faces were characterized by SEM, EDS, WLI, and XPS.
Finally, combining the tribological properties of MSH/
Ni composite powders under different loads, the syner-
gistic mechanism of MSH nanotubes and Ni particles was
discussed.

2 Experiment
2.1 Sample Preparation

Commercial MgO (99% purity) and Na,SiO5-9H,0 (99%
purity) were obtained from Cologne, China. They were
mixed in 800 ml aqueous NaOH (pH 13) at a certain propor-
tion (molar ratio 3:2). Then, the suspension was placed in a
1000-ml stainless steel autoclave to react at 280 °C for 24 h.
After the reaction, the suspension was cooled to room tem-
perature naturally and repeatedly washed with distilled water
to a pH of 7-8. Finally, the product was dried under vacuum
at 100 °C to obtain the pure magnesium silicate hydrox-
ide powder. Spherical Ni (>99.9 wt%) was purchased from
the China Metallurgical Research Institute. Then, the MSH
nanotubes and Ni powders were mixed (mass ratios 8:2) in
a high-energy planetary ball mill with a ZrO ball-to-powder
weight ratio of 4:1. The composite powder was obtained by
running the ball mill at 300 rpm for 8 h. The morphology of
the powder was analyzed by scanning electron microscope
(SEM), and the phase of the powder was analyzed by X-ray
diffraction (XRD).

For stable dispersal in lubricating oil, the powder must
be modified organically. The powders (MSH, Ni, and com-
posite) were added to an alcohol solution with 10 wt% oleic

Table 1 Reported literature on phyllosilicate mineral composites as additive

Author Year Particles Preparations

Findings

Du et al. [24] 2016 Muscovite/CeO,

Mechanical solid-state chemistry reaction

Compared to Mu, p|5.75%, WSD|; Ce had
a catalytic effect

Wang et al. [25] 2015 Muscovite/La,04 Ball-milling solid-state chemical reaction Compared to base oil, p|47.6%,
WSD|11.2%

Du et al. [26] 2017 Muscovite/Cu Liquid phase reduction Compared to NPs, pn|24.29%, Wv|28.1%
(estimated)

Zhao et al. [27] 2012 Serpentine/La(OH); Sol-gel method Compared to NPs,1|3.58%,WSD|31.15%;
La had a catalytic effect

Zhang et al. [28] 2013 Serpentine/La,0; / Compared to NPs, p|, WSD|

Zhang et al. [29] 2011 Serpentine/Cu Ball mill The composite powder containing 7.5wt%
Cu had the best friction performance
compared to NPs, p|, WSD|17.7%

Cheng et al. [30] 2018 Montmorillonite/MoS, Liquid precipitation Compared to NPs, p1|48.86%, Wv|76.2%

Feng et al. [31] 2018 Attapulgite/La,O5 Ball mill
Feng et al. [32] 2014 Attapulgite/Ni Ball mill
Wu et al. [33] 2018 Palygorskite/Cu

Mobasher, A et al. [34] 2020 MWCNTSs/Talc /

Liquid phase reduction

The composite powder containing 40wt%
La,05 had the best friction performance
compared to NPs, p|13.85%, WR|50.4%

‘When the mass ratio of AP and Ni was 5:1,
the composite had the best friction perfor-
mance. compared to NPs,u|14.3%,WR |3
4.9%(estimated)

Compared to palygorskite, P519.1%

Compared to basic grease, p|63.44,
WR80.62%

u friction coefficient, WSD wear scar diameter, WR wear rate, Wy wear volume, P, the maximal nonseizure load, NPs single-layered silicate

additive, estimate estimate after measuring the data in the article figure
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acid and ultrasonicated for 30 min. The resulting mixture
was then dried to obtain the modified powder. Then, 0.5
wt% of the modified powder was added to the base oil and
dispersed by ultrasonic dispersion for 30 min.

2.2 Tribological Tests

The tribological properties of these different additives
were evaluated using the MMW-1 ball-disk friction test.
The friction couple consists of three upper rotation balls
(AISI 52100 steel, diameter 12.7 mm, hardness 59-61 HRC,
and Ra<0.01 pm) and a fixed disk (GB 45# steel, hard-
ness 32-35 HRC, and Ra=0.25-0.35 pm). Polyalphaolefin
(PAO10, the viscosity was 10.1 ¢St at 100 °C) was selected
as the base oil, and the friction couple was completely
immersed in 80 ml of the lubricating oil. Before the test, the
friction couple was cleaned by ultrasonication for 10 min
to eliminate the surface oil. The tribological test was car-
ried out at room temperature for 10 h. The load was 100 N
(corresponding to a maximum pressure of 1.8 GPa), and
the rotation speed was 500 rpm (corresponding to a linear
speed of 1.204 m/s). To ensure the accuracy and reliability
of the results, each sample was repeated at least three times,

and the average value was obtained. After the friction test,
the friction coefficient was recorded by the computer, and
the wear scars were observed by optical microscope. Then,
the morphology and elemental distribution of the worn sur-
face were analyzed using a Phenom Pro scanning electron
microscope, a Bruker white light interferometer, and an
ESCALAB 250Xi X-ray photoelectron spectrometer.

3 Results and Discussion
3.1 Material Characterization

The SEM images of the synthesized MSH powder, the Ni
powder, and the composite powder acquired by ball mill-
ing are presented in Fig. 1. The synthesized MSH is visibly
tubular with a tube length of 1-3 pm, an outer tube diameter
of 20-50 nm, and an inner tube diameter of approximately
10 nm (Fig. 1a). All the Ni powders are nearly spherical
with a particle size of 0.1-1.5 pm (Fig. 1b). As shown in
Fig. lc, the MSH particles are fine and agglomerate in
composite powders after ball milling, while the Ni parti-
cles are almost unaffected and relatively dispersed. As seen
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Fig. 1 Morphologies of the a MSH powders, b Ni powders, and ¢ MSH/Ni powders; d XRD pattern and e particle size distribution of different

powders
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in Fig. 1d, the XRD patterns of the powders confirm that
the synthesized MSH has a standard monoclinic structure
(JCPDS Card No.10-0381). The XRD peaks of Ni at 44.51°,
51.85°, and 76.35° correspond to the (111), (200), and (220)
crystal planes, respectively. No new phases were formed in
the composite powder after ball milling. The particle size
distribution of the different powders in the base oil is shown
in Fig. le. The average particle sizes of the MSH, Ni, and
MSH/Ni powders are 1.437 pm, 1.702 pm, and 1.423 pm,
respectively. After standing for 10 h, the oil sample is well
dispersed without precipitation, which ensures the disper-
sion of additives in the friction test.

3.2 Friction and Wear Performance

Figure 2a shows the friction coefficient curves for different
oil samples. The FCs of the base oil fluctuate up and down
in the first 200 min and then decrease dramatically. This is
because, after the initial 200 min of severe wear, the increase
in the actual contact area will lead to a decrease in the con-
tact pressure, resulting in a decrease in the FC. In contrast,
the FC of the composite additive decreased rapidly in the ini-
tial 30 min, then stabilized, and fluctuated considerably after
200 min. Compared with MSH, the friction coefficient—time
curve for Ni is smoother and lower, which may be attributed
to the different friction mechanisms of the two particles, as
will be explored later. The average friction coefficient and
average wear scar area of different additives are shown in
Fig. 2b. The composite additive has the lowest average fric-
tion coefficient at 0.090 +0.004 and has the largest decrease
(15.1%) compared to the base oil. This result shows that
the MSH/Ni composite additive has a better friction reduc-
tion effect than the single additive. The average wear scar
area on the rotating balls for the oil samples with MSH,
MSH/Ni, and Ni are 0.40, 0.28, and 0.44 mm?, respectively.

0.18

Compared with the base oil (1.28 mm?), the WSA value is
reduced by 68.75%, 78.13%, and 65.63%, respectively. That
is, the presence of lubricant additives significantly reduces
the wear of the rotating ball. Notably, the composite powder
exhibits excellent friction properties, which is attributed to
the synergistic effect between the MSH nanotubes and the
spherical Ni.

3.3 Worn Surface Analysis

The worn surface of the rotation ball was characterized by
SEM and EDS, as shown in Fig. 3. For the base oil, the worn
surface exhibits deep furrows, which may be caused by wear
debris on the friction pair. The worn surfaces with MSH and
MSH/Ni additives look smoother, especially the surface with
MSH/Ni, which only has shallow furrows. The worn surface
with Ni has a low-stress abrasion state, which implies that
spherical Ni can be used as microbearings to convert sliding
friction into rolling friction. The EDS of the base oil shows
that there are Fe, Cr, O, and trace amounts of C. For the
MSH sample, the contents of characteristic elements Mg and
Si are 1.91 at% and 1.63 at%, respectively, which confirms
that a tribofilm was formed on the worn surface. For the rub-
bing surface lubricated by MSH/Ni, the contents of charac-
teristic elements Mg, Si, and Ni are 1.00 at%, 1.24 at%, and
1.71 at%, respectively. However, only a small amount of Ni
(0.39 at%) can be detected on the worn surface when only
Ni is added to the base oil, which indicates that Ni additive
can only play the role of microbearings on the surface of the
steel ball and cannot form a film.

To fully understand the “ball on disk” friction test pro-
cess, the worn surface of the fixed disk was also analyzed
by SEM, EDS, and optical profilometer techniques. Figure 4
shows that the worn surface lubricated with the additive is
much smoother than the surface with base oil. There are
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Fig.2 a FC curves for different oil samples; b Average FC and WSA for different oil samples
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Fig.3 SEM micrograph and EDS pattern of the worn surface of the rotation ball: a base oil; b MSH; ¢ MSH/Ni; and d Ni

many furrows, grooves, and some burrs on the surface with
base oil due to severe wear in the absence of a tribofilm. The
worn surface morphology of MSH shows fewer furrows and
burrs, and there are numerous micropores (a typical self-
repairing morphology [9]) in the flat area, indicating the
formation of the tribofilm on the surface. For the MSH/Ni
composite, the rubbing surface is still very smooth with few
shallow furrows. There are many pits on the worn surface
lubricated by Ni, which may be related to the incomplete
formation of a tribofilm. Figure 4a3—d3 shows the three-
dimensional morphologies of the rubbing surfaces with dif-
ferent lubricating oil additives. The worn surface with the
base oil has bumps and pits, and the worn surface is notably
smoother after adding additives. The surface roughness with
base oil, MSH, MSH/Ni, and Ni are 1.40+0.16, 0.66 +0.04,
0.45+0.02, and 0.54 +0.05 pm, respectively. The tribofilm
formed by the MSH/Ni composite powder is the smoothest
among all oil samples. The 3D images also provide a visual
representation of the wear volumes of the different disks.
Furthermore, according to the wear volume in this region,
the disk wear volumes with the base oil, MSH, MSH/Ni,

and Ni are estimated to be 0.83, 0.26, 0.22, and 0.28 mm?>,
respectively. The wear rate of the disk is observed to be
significantly reduced after adding additives to the base oil.

As seen from the EDS patterns (Fig. 4a2—d2), the worn
surface of the disk with the base oil lubrication contains
Fe, O, and C. Among them, O comes from air and C comes
from the cracking deposit of the base oil [38]. In addition,
after adding MSH, elemental Mg, Si, and O are detected on
the surface, and elemental O is significantly increased in
contrast with the base oil, which demonstrates that the worn
surface of the disk formed a tribofilm with the participation
of MSH. For the MSH/Ni, compared with MSH, the Mg and
Si elemental content decreases, and Ni is present. This result
indicates that Mg, Si, and Ni will participate in the forma-
tion of the film, and there may be a competitive relationship
between Ni and MSH in the composite powder. When only
Ni was added as a lubricant, 29.49 at% O and 7.26 at% Ni
are detected on the worn surface, indicating that a tribofilm
containing Ni and O is formed on the surface.

To further analyze the friction mechanism of the compos-
ite powder, the chemical bonding state of the worn surface of
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Fig.4 SEM micrograph, EDS pattern, and 3D morphologies of the worn surface of the fixed disk: a base oil; b MSH; ¢ MSH/Ni; and d Ni

the disk was detected by XPS. From the XPS full spectrum
of the worn surface (Fig. 5a), large amounts of C and O, as
well as small amounts of Fe and Si, are detected on the worn
surface, indicating that there is a carbon film containing iron
oxide and silicon oxide on the surface. Moreover, the C 1s
spectra (Fig. 5¢) are deconvoluted into three subpeaks at

@ Springer

284.87, 286.46, and 288.33 eV, which are assigned to C=C,
C-0, and C=0, respectively. The results suggest that the
carbon film on the worn surface comes from cracking and
deposition of the base oil. To explore the tribofilm contain-
ing Mg and Ni, we etched the surface for 40 s and stripped
approximately 20 nm from the surface. After etching, the



Tribology Letters (2021) 69:19

Page70f12 19

=z

() 5
z ” z
EZ 3 7
=0 & = 2 &

S [8) 7]
[~ Chemical composition (At.% 1 T Chemical composition (At.%) el
| Fe2p C1s O1s Mgls Si2p Ni2p ‘\{4- L Fe2p C1s O1s Mgls Si2p Ni2p
593 4158 499 0 2.58 0 20.24 11.54 59.16 2.27 421 258
1400 1200 1000 800 600 400 200 0 1400 1200 1000 800 600 400 200 0
Binding Energy(eV) Binding Energy(eV)
(c)C1s L(d)Fe2p
L 28487 723 710.10
b 23.58 :

L Fe;0,4
21 286.46 el =
&} co z =
& 7 &
z 288.33 5 z
O F = 23
| C=0 - =]

s L s L s L L L L L L L L
290 288 286 284 282 280 730 725 720 715 710 705 104 102 100 98 96
Binding Energv(eV) Binding Energy(eV) Binding Energy (eV)
Mgl Ni2
(HhMgls  (&)Ni2p s [ (h)O1s
| I304.3§ NiO
Mg/Fe),Si0, E -
= 880.25
e S No 873.03  g61.61 3
= 2 RO Ni,0; g
Z 2r ' =
=] SF 5}
a E E
. . . )

L L L L ) ! 1
1306 1304 1302 1300 1298 880 870

Binding Energy (eV)

L
1308 1296

Binding Energy (eV)

L L
860 850 532 530

Binding Energy (eV)

534 528

Fig.5 XPS spectra of the elements on the rubbing surface of disk before etching a the full spectra, ¢ C 1s and after etching: b the full spectra, d

Fe 2p, e Si2p, f Mg 1s, g Ni2p,and h O 1s

atomic content of the C 1s spectra dropped from 42.58 to
11.54%, and Mg and Ni appeared, indicating that the carbon
layer on the surface was slightly thicker than 20 nm.

In Fig. 5d, the subpeak at a higher binding energy (Fe2p
1/2) is attributed to Fe;O,, while the lower subpeak (Fe2p
3/2) is contributed by Fe;C, FeO, Fe;O,, and FeOOH. The
Si2p spectrum reveals that Si exists as SiO, and FeSi in the
tribofilm. The O 1s spectrum after etching is fitted into four
subpeaks at binding energy of 529.8 eV (NiO), 530.7 eV
(Fe;0,), 531.2 eV (FeOOH), and 532.55 eV (SiO,). It is
worth noting that the Mg 1s peak at 1304.36 eV corresponds
to (Mg/Fe),Si0,, which suggests that the MSH in the com-
posite powder undergoes a chemical reaction with the iron-
based surface. The formation mechanism of the MSH tribo-
film is closely related to the frictional thermodynamics and
its layered structure. When the friction progresses, the lay-
ered structure of MSH is destroyed under pressure, releasing

a large number of active oxygen atoms and free bonds (Si—O/
OH, Mg—0O/OH) [9, 20]. These released substances undergo
a tribochemical reaction with the metal matrix to form iron
oxide, silicon oxide, and magnesium iron compounds to
form a self-repairing layer. In contrast, Fig. 5g shows that
Ni only exists as NiO and Ni,O;, indicating that there is no
chemical reaction between Ni and the matrix. The reason
why the tribofilm contains Ni is that the plastic flow of the
friction surface causes nano-Ni to enter the matrix, which
is a physical process. This result is consistent with the EDS
results of disk and ball surfaces lubricated with Ni. The
hardness of the ball (62-64 HRC) restricts plastic flow, and
the hardness of the disk (32-35 HRC) easily produces plastic
flow, so a large amount of Ni can only be detected on the
surface of the disk. Combining the spectrum and elemental
content after etching, the tribofilm formed by the MSH/Ni
composite powder as an additive on the rubbing surface is
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observed to be mainly composed of Fe;0,, FeOOH, SiO,,
and NiO.

3.4 Synergistic Effect

These results suggest that the friction performance of the
composite powder is better than that of the single powder,
and this is attributed to the synergistic effect of MSH and Ni.
The MSH and Ni in the composite powders can form a tribo-
film on the surface in different ways. To further analyze the
synergistic mechanism, friction tests under different loads
(60 N, 140 N, and 180 N) were carried out for 2 h. The rota-
tion speed and additive content are the same as the previous
tests. As shown in Fig. 6a, when the load is 60 N and 140 N,
the composite powder has the best anti-friction performance,

[ MSH
I MSH/Ni
I Ni

o
-
D

- (@)

o
—
N T

Friction coefficient
o o
o o
D . [e5)

plastic flow

pAIITH

and the average friction coefficient with Ni is lower than
that with MSH. When the load is 180 N, the anti-friction
performance has the following order: MSH < MSH/Ni < Ni.
The friction coefficient of MSH is always the highest. This
is because MSH mainly forms a tribofilm to improve the
anti-wear performance of the mechanical parts, while Ni
converts sliding friction to rolling friction to reduce friction.
The order of the average WSA in Fig. 6b at 60 N and 140 N
is MSH/Ni > MSH > Ni, and the average WSA of MSH is
approximately twice that of MSH/Ni and Ni. When the load
is 180 N, MSH/Ni still has the best anti-wear performance,
but the WSA of Ni is larger than that of MSH. The opti-
cal images of the wear scar lubricated with MSH/Ni under
different loads are shown in Fig. 6c—e. When the load is
60 N and 140 N, the shape of the wear scar is elliptical.

_ B MSHNi

I Ni

&0.45

o
w
=]

Wear scar area(mm
o
o

20pm

Fig.6 The average friction coefficient (a) and average wear scar area (b) of different additives under different loads; Optical and SEM images of
the wear scars under different loads: ¢, f 60 N, d, g 140 N, and e, h 180 N
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This phenomenon indicates that the contact area in the slid-
ing direction is smaller than the contact area in the vertical
sliding direction, which is due to the wear of the disk in the
sliding direction [39] and the lubrication effect of the addi-
tive in the sliding direction. When the load is 180 N, the area
of wear scar increases obviously, and the shape is close to a
circle, which means that high load causes lubrication failure.

As shown in Fig. 6f-h, the MSH/Ni surface is very
smooth at 40 N, and obvious plastic flow marks appear on
the surface at 140 N. There are many furrows at 180 N, and
the surface morphology is completely different from that
under low load. The EDS results in Table 2 show that the
worn surface contains elemental Mg, Si, and Ni when the
load is 180 N, but does not contain Mg when the load is
140 N. When the load is 60 N, there is only elemental Fe,
O, and Ni on the worn surface, and the Ni content is lower
than that at 140 N. These results indicate that the synergistic
mechanism of MSH/Ni composite powder is affected by the
load. Combined with the EDS and XPS results in the 100-N
long-term test, the synergistic mechanism is summarized
in Fig. 7.

When the load is low (60-140 N), the spherical micro-
Ni in the composite powder mainly acts as microbearings,
converting the sliding friction between the friction pairs into
rolling friction, thereby reducing wear. Additionally, the tri-
bofilm containing Ni is formed under the action of surface
plastic flow, and the Ni content is positively correlated with

Table 2 Elemental composition of the worn surfaces under different
loads

Load Content (at%)

Fe (0] Mg Ni Si
60 N 65.90 33.39 0 0.71 0
140N 66.02 31.33 0 2.19 0.46
180 N 68.03 27.19 1.18 1.94 0.76

additive

load

load. Destroying the layered MSH structure is a necessary
condition for the formation of a tribofilm [40]. However,
under low load, micro-Ni disperses the pressure between the
friction pairs, which makes it difficult for small-sized MSH
to decompose to form a magnesium-containing tribofilm
during the initial stage of wear. As the friction and wear pro-
gress, micro-Ni will still exert pressure on MSH to destroy
its structure, allowing MSH to release free bonds (Si—~O/OH,
Mg—0O/OH) and chemically react with the substrate to form a
tribofilm. When the load is too large (180 N) and exceeds the
carrying capacity of the Ni particles, the spherical Ni loses
its function as microbearings and spreads on the friction
surface instead. At the same time, MSH breaks and releases
free bonds (Si—~O/OH, Mg—O/OH) under pressure, forming a
tribofilm containing FeOOH, Fe;0,, and SiO,. In short, the
MSH/Ni composite powder makes full use of the different
anti-wear mechanisms of MSH and Ni so that it has better
friction properties.

To further evaluate the tribological performance of
MSH/Ni composite powder, the commercial zinc dialkyl
dithiophosphate (ZDDP) and molybdenum dithiocarbamate
(MoDTC) lubricant additives were used to contrast with
composite powder. Figure 8a shows that MSH/Ni compos-
ite powder has the best anti-wear performance. The average
WSA of ZDDP is 0.659, which is 57.28% larger than that of
MSH/Ni, while the average WSA of MoDTC is only 1.91%
larger than the composite powder. However, ZDDP has the
best anti-friction performance, and the friction coefficient
vs. time curve is shown in Fig. 8b. There are many fluctua-
tion peaks in the FC curve of ZDDP, and the overall trend
of the friction coefficient is going upward, which indicates
that the lubrication effect of ZDDP often fails at 180 N, and
the wear is aggravated. The friction coefficients of MSH/Ni
and MoDTC have the same changing trend. First, the friction
curve jumps during the running-in period. As the running-in
period ends, the friction coefficient decreases, and then the
additive begins to form a tribofilm, which causes the friction

/Si-0/0OH, Mg-O/OH

Fig. 7 Formation mechanism of the tribofilm generated by the MSH/Ni composite under different loads
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Fig.8 a Average FC and WSA with different oil samples; b Friction coefficient curves and optical image of the balls

coefficient to increase and finally gradually decreases with
the formation of the tribofilm. Although commercial lubri-
cant additives also have good tribological properties, they
contain elements, such as S and P, which not only pollute the
environment but also corrode metals. Figure 8b shows the
optical images of the balls with different additives stored for
one week after the wear test. Obviously, the corrosion degree
of the steel balls is ZDDP > MoDTC > MSH/Ni. Therefore,
MSH/Ni composite powder is a green lubricating additive
with excellent anti-wear properties.

4 Conclusion

In this study, MSH/Ni composite was prepared by mechani-
cal ball milling, and its tribological properties as an oil-
based additive in steel-steel contact were investigated. The
MSH/Ni composite as a lubricant additive exhibits friction
reduction (15.1%) and superior anti-wear (78.13%) perfor-
mance compared to the MSH and Ni alone. During the fric-
tion process, MSH releases free bonds to generate a tribo-
chemical reaction with the matrix to form a tribofilm, while
Ni forms a tribofilm through surface plastic flow. Under the
synergistic effect of the MSH and Ni, the MSH/Ni composite
powder can form a smoother tribofilm mainly containing
Fe;0,, FeOOH, SiO,, and NiO on the surface. Furthermore,
the excellent friction performance of the MSH/Ni composite
powder is mainly attributed to the microbearing effect of Ni.
Furthermore, under heavy load (180 N), the excellent fric-
tion performance is due to the self-repairing effect of MSH.
Compared with ZDDP and MoDTC, MSH/Ni composite
powder exhibits better anti-wear performance and is more
friendly to the environment and to metal parts. The find-
ings in this paper provide a novel insight for the synergistic

@ Springer

effects of compound additions, and these results can be used
as a reference when designing composite materials.
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