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Abstract: To enhance the lubricating and extreme pressure (EP) performance of base oils, two types of oil-soluble
ionic liquids (ILs) with similar anion albeit dissimilar cations were synthesized. The physical properties of the
prepared ILs were measured. The anticorrosion properties of ILs were assessed by conducting corrosion tests on
steel discs and copper strips, which revealed the remarkable anticorrosion properties of the ILs in comparison
with those of the commercial additive zinc dialkyldithiophosphate (ZDDP). The tribological properties of the
two ILs as additives for poly-a-olefin-10 (PAO10) with various mass concentrations were investigated. The
tribological test results indicate that these ILs as additives are capable of reducing friction and wear of sliding
contacts remarkably as well as enhance the EP performance of blank PAO10. Under similar test conditions,
these IL additives exhibit higher lubricating and anti-wear (AW) performances than those of ZDDP based additive
package in PAO10. Subsequently, X-ray photoelectron spectroscopy (XPS) and energy dispersive spectrometer
(EDS) were conducted to study the lubricating mechanism of the two ILs. The results indicate that the formation
of tribochemical film plays the most crucial role in enhancing the lubricating and AW behavior of the mixture
lubricants.
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1 Introduction

In practical operational conditions, friction and wear
expend a large proportion of energy as well as damage
instrument and apparatus [1, 2]. Lubrication is the
essential means to reduce friction and wear. The
application of lubricants has been extensively employed
as the main method to decrease friction and wear,
which enables the mechanical equipment to operate
efficiently. However, traditional lubricating oils have
not exhibited the capability to satisfy the demands
for higher mechanical efficiency and more complex
service conditions. Therefore, a large number of
additives, such as anti-wear (AW), extreme pressure
(EP), dispersant, viscosity modifier, antioxidant, and
anticorrosion have been synthesized to enhance the

comprehensive performances of base oils and further
lengthen the service life of operating components [3-5].
Meanwhile, the critical factors of lubricants, namely
extreme pressure and lubricating performance, limit
the application range of machineries and equipment
in general [6]. Moreover, it is challenging to entirely
satisfy the pragmatic requirements of new machinery
and equipment, with traditional lubricating additives
[7]. Therefore, it is necessary to research and synthesize
new types of lubricant additives to satisfy the extreme
conditions.

Recently, ILs have attracted considerable attention
owing to their remarkable properties such as negligible
volatility, high thermostability, low-melting-point, and
regulated oil-solubility [7-10]. These remarkable
characteristics make ILs employable as high-performance
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lubricants or lubricant additives [11-15]. However,
ILs exhibit inadequate solubility in conventional non-
polar hydrocarbon oil owing to their higher polarity.
Accordingly, it is necessary to decrease the polarity of
IL molecules when they are used as lubricant additives.
Recently, a number of researchers have verified
that an increase in the number of alkyl chains and
enhancement of molecular symmetry can effectively
reduce the polarity of ILs [16-19]. Hence, oil-solubility
of ILs is enhanced significantly through the effective
design of molecular structures [20]. Meanwhile,
numerous studies have established that molecules
containing sulfur and phosphorus exhibit adequate
friction-reducing and AW performance, which is a
consequence of the tribochemical reaction between
the active elements (sulfur and phosphorus) and the
fresh surface of the metal substrate [21-24]. Therefore,
to further enhance the lubricating property of ILs, sulfur,
and phosphorus can be introduced into the molecular
structure by molecular design, and their percentage
can be conveniently regulated in addition [14].

Based on the abovementioned concept, two types
of quaternary ammonium and quaternary phosphonate
ILs with similar anions are synthesized. Next,
their tribological behavior as additives in PAO10 for
steel/steel contacts is investigated at room temperature
(RT). They exhibit more effective extreme pressure and
lubricating properties than the traditional lubricant
additive ZDDP (type: T204). Finally, the lubricating
mechanism of the new ILs is studied through the
chemical composition analysis of wear scars by XPS
and EDS.

2 Experimental details
2.1 Materials and synthesis

Trioctylamine, trioctylphosphine, 1-bromohexadecane,
and 2-chloroethyl ethyl sulfide were purchased
from Energy Chemical. O, O-diethyl dithiophosphate
ammonium salt was purchased from J&K, and PAO10
as the base oil was bought from ExxonMobil. All the
other chemical reagents used during the synthesis
were of AR grade. The experiment was conducted
according to the literature [25]. The product
[(CsHi7)sNCiHss] [C4H10O.PS,]™ (Nggsi65p) is a YeHOWiSh
fluid, and [(CsH;7);PC,H,SCH5C6Hs3] [CaH100,PS,]

(PggssSp) is a colorless and thick fluid. The molecular
structures of the two ILs are depicted in Fig. 1. The
cations of the two types of ILs exhibiting three-
dimensional quaternary structures can pair with
dithiophosphate containing long hydrocarbon chains,
and both the ions can generate high steric hindrance
so as to screen the charge of the ions. Therefore, the
polarity of ILs are significantly reduced. Consequently,
the two types of ILs exhibit higher oil solubility than
traditional imidazolium-based ILs such as 1-hexyl-3-
methylimidazolium tetrafluoroborate (LB106) and
1-butyl-3-methylimidazolium bis[(trifluoromethyl)sul-
fonyl]imide (LF104). Then, the two ILs were added in
PAOI10 at various mass concentrations (0.5%, 1.0%,
1.5%, and 2.0%) and stirred until the mixtures became

uniform and transparent.
2.2 Characterization

The lubricating performance of blank PAO10 and the
mixtures was tested by the ball-on-disc testing machine
Optimol SRV-1V oscillating reciprocating friction and
wear tester. Prior to the tests, the steel discs were wet
polished with emery papers of grades 400, 800, 1,200,
and 1,500 successively and finally polished with cloth
using a metallographic sample polishing machine.
The mixture was dropped into the ball-disk contact
area. The friction coefficients were automatically
recorded by the computer linked to the SRV machine.
After completion of the tests, the surfaces of the discs
are wiped several times with absorbent cotton balls
saturated in petroleum ether to thoroughly remove
the lubricants on the surfaces of discs in preparation
for conducting the subsequent test. Three repetitive
measurements were carried out for each friction test.
After all the tests were completed, the steel discs
are cleaned several times ultrasonically in baths of
petroleum ether. Then, the treated discs are removed
and dried at room temperature for subsequent

utilization.
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Fig.1 Experimental set-up.
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The diameter of the steel ball (type: AISI 52100) is
10 mm. The hardness of the stationary steel disk
(type: AISI 52100) is approximately 66-68 HRC. The
roughness of the steel ball and disc are approximately
0.02 pm and 0.2 pm, respectively. All the tribological
tests are conducted at room temperature. When the
loads are 300 N and 500 N, the maximum Hertzian
pressures are approximately 3.039 GPa and 3.603 GPa,
respectively. Sliding speeds (v) are determined by
amplitude (A) and frequency (f). Here, A is a con-
stant (1.0x107 m), and f is a specified value. Sliding
speeds of friction components at various frequencies
are provided in Table 1. MicroXAM 3D noncontact
surface mapping profiler was adopted to measure the
wear volumes of the lower discs. Scanning electron
microscope (SEM) (type: JSM-5600LV), XPS (type:
PHI-5702), and EDS were employed to analyze the
surface morphologies and chemical composition of
wear scars, respectively. The four-ball tester (type:
MRS-10A) was used to investigate the maximum
non-seizure loads (PB).

Time-of-flight mass spectrometry (TOFMS, type:
Bruker micrOTOF Q II) was adopted to investigate
the molecular weights of cations and anions of Ngss;6Sp
and PggssSp, as illustrated in Fig. 2. Thereinto, Figs. 2(a)
and 2(c) depict the molecular weights of cations of
Niss165p (579.6593) and PggssSp (459.4118), respectively,
and they are in accordance with the calculated values
(579.10 and 459.42, respectively). Figures 2(b) and
2(d) correspond to the anions of [SP]” (241.0631 and
241.0645), which are also consistent with the calculated
value (241.05). Meanwhile, no apparent impurity
peaks are observed in the mass spectrometry results.
The aforementioned results indicate that the molecular
structures of Nggg¢Sp and PgggsSp are correct and that
their purities are substantially high.

Ubbelohde viscometer was adopted to measure the
kinematic viscosities of ZDDP, Nggg16Sp, and PggssSp at
25, 40, and 100 °C, as illustrated in Table 2. It is observed
that the viscosity indexes of NgssisSp and PgggsSp are
approximately 144 and 128, respectively, which are
higher than that of ZDDP (104). The above results

Table 1 Sliding speeds of friction pairs at various frequencies.
Frequency (Hz) 15 20 25 30 35 40

sliding speed 30 40

(10 2 mJs) 50 6.0 70 8.0
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Fig. 2 Time-of-flight mass spectrometry of Ngggi6Sp and PgggsSp:
(a, c) describe the cations [Ngggie]” and [Pggss]” and (b, d) describe
the anions of [SP]".

Table 2 Kinematic viscosities (mm?%s) of ZDDP, Nggs6Sp, and
nggsSp at 25, 40, and 100 °C

) Kinematic viscosities (mm?/s) Viscosity
Lubricant i
25°C 40°C 100 °C index
ZDDP 503.3 207.8 19.2 104
Nsss165p 267.3 121.7 16.3 144
PggssSp 1,050.8 418.3 36.1 128

indicate that temperature exerts lesser influence on
the viscosities of the two ILs than it does on that of
ZDDP [26]. Therefore, the two ILs are suitable for use in
more stringent conditions such as varying temperature
and high temperature.

2.3 Corrosion and electrochemical measurements

Before the corrosion tests, the surfaces of the copper
pieces (dimensions: 10 mm x 10 mm x 3 mm) and
steel discs (AISI 52100, dimensions: 10 mm x 10 mm x
3 mm) were polished with emery papers (grades
400-600-800-1200-1500). The treated samples were
successively cleaned by ultrapure water and ethanol.
Then, the samples were dried and placed in the
weighing bottles (2.5 cm x 2.5 cm). The corresponding
lubricants (8 g) were added into the labeled bottles.
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The weighing bottles containing the samples and  described in Fig. 3. The COF of PAO10 increases up
corresponding lubricants were placed in an incubator ~ to approximately 0.63 at approximately 160 s and then
at 120 °C for 5 h. Finally, the treated copper pieces  rapidly reduces to approximately 0.25, indicating that
and steel discs were withdrawn from the bottles and ~ PAO10 exhibits inadequate lubricating performance
rinsed thoroughly with copious ethanol to remove  when the load is 300 N. The mixtures exhibit higher
the lubricants. performance and more stable lubricating behavior
Electrochemical tests were conducted by three- compared with the neat PAO10, and the values of
electrode system (type: VoltaLab 40) at RT, thereinto, =~ COFs are approximately 0.12 and 0.11 when Niss16SP
the saturated calomel electrode and platinum electrode ~ and PgsssSp, respectively, are used as the additive, as
were used as the reference electrode and counter  depicted in Figs. 3(a) and 3(b). Meanwhile, it is also
electrode, respectively. The rod of steel (type: Q235)  observed that the mixtures exhibit adequate lubricating
functioning as the electrode (the area of the working ~ performance notwithstanding low mass concentration
surface = 0.7 cm?) was embedded in PVC pipeline (0.5%), indicating that the two ILs as lubricant additives
with epoxy resin. The operating surface was polished ~ exhibit high-efficiency and reliability. The corresponding
with emery papers (grades 400-800-1200-1500). Then, =~ wear volumes are also measured to characterize the
the treated surface was cleaned by ultrasound in AW properties of neat PAO10 and the mixtures, as
water and in acetone successively. Before the tests, ~ described in Figs. 3(c) and 3(d). The wear volume of
the electrodes were immersed in ethanol at OCP (open ~ the wear scar lubricated by PAO10 is approximately
circuit potential) until a steady state was achieved. 23x10° um’, and it is remarkably decreased to appro-
ximately 1.7x10° um?® when employing the mixtures
. . as lubricants. The above results verify that the two
3 Results and discussion ILs as lubricant additives exhibit adequate friction-
3.1 Tribological tests and surface analysis reducing and AW properties, revealing that they
are suitable for employment as candidates for AW
Friction coefficient (COF) and wear volume can  lubricant additives.
intuitively reflect the friction-reducing and AW SEM as a powerful technique has been extensively
performance of lubricants [27-29]. Therefore, the  employed to investigate the surface morphologies of
tribological properties of neat PAO10 and the mixtures ~ wear scars and further identify the wear types [30].
with various mass concentrations of NggSp and Figure 4 depicts the SEM images of worn surfaces of
PggssSp are investigated at 300 N, 25 Hz, and RT, as steel discs lubricated by neat PAO10 and mixtures
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Fig. 3 Friction-reducing and anti-wear properties of (a, ¢) Nggg16Sp and (b, d) PggssSp at different mass concentration for steel/steel
contacts at 300 N, 25 Hz, and RT.
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Fig. 4 SEM images of worn surfaces of steel disks lubricated by (a, @', f, ') neat PAO10; mixtures with various mass concentrations of
(b—e, b'—e") Nggs16Sp and (g—j, g—j') PgsssSp: (b, b', g, g') 0.5 wt%, (c, ¢’, h, h') 1.0 wt%, (d, d', i, i") 1.5 wt% , (e, €', j, j') 2.0 wt%, test

conditions: 300 N, 25 Hz and RT.

with various mass concentrations of NggsisSp and PgggsSp.
It is apparent that the diameters of wear scars are
significantly decreased when the mixtures are adopted
as the lubricants. Meanwhile, the alteration of the
wear scar diameters is marginal with the increase of
mass concentrations of the ILs, which is in accordance
with their lubricating performance, as illustrated in
Fig. 3. Moreover, the wear types are correspondingly
altered as illustrated in Figs. 4(a’)—4(e") and Figs. 4(f')-
4(j"). The dominant wear forms are abrasion and fatigue
wear when employing neat PAO10 as the lubricant,
as depicted in Figs. 4(a") and 4(f'). Furthermore, for
the mixtures, the light abrasion wear becomes the
major wear type, as depicted in Figs. 4(b")—4(e) and
Figs. 4(g)-4(7).

3.2 Control tests
3.2.1 Normal and frequency ramp tests

Control tests were conducted to further assess the
lubricating properties of the two ILs compared with
the generally used lubricant additives. ZDDP as an
organic metal type additive has been extensively

applied in engine oils for more than 70 years owing
to their remarkable antioxidation and lubricating
property [31, 32]. Meanwhile, the mixtures have
exhibited adequate lubricating performance at low
mass concentrations; hence, the concentration of
1.0 wt% was selected during the control tests. The
corresponding results are illustrated in Fig. 5. The
mixtures containing similar mass concentrations of
ZDDP and Nggs:65p exhibit similar antifriction perfor-
mance, and the value of COFs are approximately 0.12.
Moreover, the mixture with PggsSp as the additive
exhibits the highest friction-reducing property, and
the corresponding value of COF is approximately 0.11.
The factor behind this is discussed in the following
section. The mixtures with Nggg1sSp and PgggsSp as the
additives also exhibit smaller wear volumes (appro-
ximately 1.75x10° um? and 1.6x10° um?, respectively)
than the one containing 1 wt% ZDDP (approximately
2.4x10° um?). The aforementioned results indicate
that the two ILs exhibit friction reduction property
comparable to that of the traditional lubricant additive
ZDDP; however, they exhibit higher AW performance
at 300 N.
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Fig. 5 Friction-reducing and anti-wear properties of ZDDP, Nggg16Sp, and PggssSp at similar mass concentrations of 1.0% for steel/steel

contacts at 300 N, 25 Hz, and RT.

The challenging conditions limit the application
range of lubricants and also reflect their qualities [6].
Therefore, the frequency ramp tests were conducted
to evaluate the lubricating performance of the two ILs
in comparison with ZDDP under harsh conditions,
as illustrated in Fig. 6. It is evident that the COF of
the mixture containing 1 wt% ZDDP increases with
increase in frequency, and the maximum value of COF
is approximately 0.13, as illustrated in Fig. 6(a). The
corresponding AW performance becomes inadequate,
and the wear volume is approximately 10.2x10° pm?,
which arises from the increase in friction and the
deterioration of lubricating property. Meanwhile,
for the mixtures containing ILs at similar mass con-
centration, the values of COFs decrease as time
elapses, and the final values are approximately 0.10.
Furthermore, the corresponding wear volumes are
approximately 5.5x10° pm® and 4.9x10° pm® when
Nggs16Sp and PggssSp, respectively, are adopted as the
additives, which represents marginal variations from
the ones at 25 Hz, as illustrated in Fig. 3. The above
results verify that the two types of ILs as lubricant
additives exhibit higher lubricating and AW perfor-
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W
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mances than ZDDP under harsh conditions at similar
mass concentration.

3.2.2  Extreme-pressure performance tests

To investigate the EP properties of the two ILs as
lubricant additives, the maximum non-seizure load
(PB) were measured by a four ball machine. The
experiment was conducted according to the national
standard GB/T3142-82, and the steel ball (GGr15) with
a diameter of 12.7 mm exhibits hardness of 61-65 HRC
[33]. The corresponding experimental results are
illustrated in Fig. 7. It is observed that the PB value of
the mixture with 1 wt% ZDDP is 94 kg, establishing
the adequate EP performance of ZDDP. Moreover, EP
property is remarkably enhanced when the ILs are
used as the additives, and the corresponding values
are 181 kg and 121 kg for the mixtures containing
Ngss16Sp and PggssSp, respectively. The above results
demonstrate that the two ILs as lubricant additives
exhibit higher EP property than that of ZDDP at similar
mass concentration. Meanwhile, PB as a critical
performance parameter of lubricants can reflect the
compressive strength of the adsorption film formed

— —
= ~
I

e
L

Wear volume (xl(lspmj)

1% Nsssi16Se

1% ZDDP 1% PysssSp

Fig. 6 Friction-reducing and anti-wear properties of ZDDP, Nggs16Sp, and PgggsSp at mass concentration of 1.0% for steel/steel contacts

at 300 N and 25 Hz when the frequency varies from 15 Hz to 40 Hz.
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Fig. 7 Maximum non-seizure loads of ZDDP, N88816SP, and
P888SSP at mass concentration of 1.0%.

1% PssssSp

by the lubricant on the metal surface [34]. Therefore,
the aforementioned results also establish that the two
ILs exhibit higher adsorption performance on the steel
surface than that exhibited by ZDDP.

3.3 Corrosion and electrochemical tests

In the process of friction, the lubricants are likely to
be contaminated and oxidized to certain extent,
which results in corrosion and wear of the rubbing
surfaces [4, 35]. ZDDP as corrosion inhibitor and
antioxidant has aroused scholars’ extensive interest
and been widely studied; it is the generally-used
lubricant additive [36]. Therefore, it is necessary to
study the corrosion property of the two ILs when they
are employed as lubricant additives. The accelerated
corrosion tests were carried out to compare the anti-
corrosion properties between the two ILs and ZDDP.
The pure copper pieces (dimensions: 10 mm x 10 mm x
3 mm) and steel discs (type: AISI 52100, dimensions:
10 mm x 10 mm x 3 mm) were incubated in neat PAO10,
ILs, and ZDDP at 120 °C for 5 h. The test results are
presented in Fig. 8. It is observed that the colors of
the steel disc and copper piece treated by neat PAO10

exhibit negligible variation indicating that PAO10
has little corrosion to the metal surfaces. Moreover,
the colors of the surfaces of the steel discs and copper
pieces become dark after being treated with ZDDP,
particularly the copper pieces, indicating that ZDDP
exhibits low corrosion resistance property at high
temperature. Meanwhile, for the steel discs and
copper pieces treated by the two ILs, the colors vary
marginally, implying that corrosion is significantly
reduced. The above results reveal that the two ILs
exhibit higher corrosion resistance properties than
that of ZDDP. Meanwhile, the reasonable corrosion
resistance property can partly reduce the wear in the
process of friction [37].

The polarization curves of Q235 carbon steel in
ethanol using 1wt% ZDDP, 1wt% Nggss16Sp, and
1 wt% PgsesSp as corrosion inhibitors were obtained to
further investigate their corrosion performance, as
illustrated in Fig. 9. All the electrochemical tests were
conducted after the immersion of the three electrodes
in ethanol for approximately 30 min at the OCP. The
potentiodynamic tests were carried out in the potential
range from -250 mV to +250 mV vs. the OCP, and the
scan rate is 10 mV/min. Electrochemical impedance
spectroscopy (EIS) was conducted at the OCPF, and the
frequency was in the range from 100 kHz to 10 mHz
with an amplitude signal of 5mV. When 1 wt% ZDDP
(OCP: -0.126 V), NgggisSp (OCP: -0.113 V), and 1 wt%
PgggsSp (OCP: -0.104 V) are used as the corrosion
inhibitors, the corrosion potentials are approximately
-0.129 'V, -0.044 V, and -0.068, respectively. Moreover,
the corresponding corrosion currents are obtained
through the linear extrapolation, and they are appro-
ximately 1.06x107 A, 4.51x10® A, and 5.36x10°® A,
respectively. The above results intuitively indicate that
the two types of ILs exhibit higher corrosion resistance
than that of ZDDP.

Material Steel Copper
Sample| PAO10 | ZDDP | NsssisSe | PssssSe | PAO10 | ZDDP | NsssisSe | PssssSe
Before
T gt
After - ~

Fig. 8 Photographs of steel discs and copper pieces before and after corrosion tests at 120 °C for 5 h.
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Fig. 9 Polarization curves of Q235 carbon steel in ethanol using
1 wt% ZDDP, 1 wt% Nggg]ﬁSp, and 1 wt% P88SSSP as the corrosion
inhibitors.

3.4 Compatibility with ZDDP

ZDDP as an effective lubricant additive can cause ash
deposits as a result of its thermal decomposition, and
the zinc in the molecules plays the dominant role
in poisoning the emission purification catalysts and
polluting the environment [38]. Accordingly, it is
necessary to develop high efficiency and alternative
additives to reduce the dosage of ZDDP. First, load
ramp-up tests were conducted when the mass con-
centration of ILs and ZDDP is 1%. The “ramp-up” tests
here signify that the tests were conducted at 300 N
and 500 N, and they were discontinuous. The test
conditions are 300 N, 25 Hz, and RT and 500 N, 25 Hz,
and RT, respectively. When the load shifts from 300 N
to 500 N, the COF of the mixture with 1 wt% ZDDP
increases remarkably, and the value is approximately
0.5 at 100 s, as illustrated in Fig. 10(a). Moreover, lasting
for approximately 150 s, the value of COF reduces to
approximately 0.15. Meanwhile, the corresponding wear
volume is obtained and is approximately 80x10° um?®.

Meanwhile, for the mixtures containing the ILs, the
COFs are approximately 0.11, and they are highly
smooth and stable in the whole process of friction;
furthermore, the wear volumes are approximately
5.0x10° pm? as illustrated in Fig. 10(b). The aforemen-
tioned results indicate that the two ILs as the additives
of PAO10 exhibit higher load-carrying capacity than
that of ZDDP when the load shifts from 300 N to 500 N.

Then, Nggs1cSp and PggesSp are added to ZDDP to
decrease its dose and further enhance its EP and
lubricating performance. To reduce the relative amount
of ZDDP, the mass concentrations of ILs is not to be
maintained at negligible values. Therefore, the mass
concentration of 0.5% was selected. No seizure is
observed at 500 N when the two ILs are mixed with
ZDDP in 1:1 mass ratio, as illustrated in Fig. 10(a).
Meanwhile, the COFs decrease from 0.15 to 0.12, and
the corresponding wear volumes are reduced from
80x10° um? to approximately 20x10° um?, as depicted
in Fig. 10(b). The above results indicate that Nggs;sSp
and PggsSp can remarkably enhance the EP and
lubricating behavior of ZDDP. Moreover, it has been
established that this phenomenon can be attributed
to the synergistic effects between ILs and ZDDP [39].
Therefore, it is feasible for the two ILs to partly or
completely replace ZDDP for practical use, and this
is highly likely to decrease the toxicity caused by zinc
to the catalyst system.

3.6 Study of the lubricating mechanism

3.6.1 XPS spectra of wear scar surfaces

XPS as an effective tool has been extensively utilized
to study element distribution and chemical states of
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wear scar surfaces [2,23]. To research the feasible

tribochemical reaction in the process of friction

and to investigate the lubricating mechanism of the
IL additives, the XPS spectra of neat ILs and the
corresponding worn surfaces are obtained. The XPS
spectra of Cls, Fe2p, S2p, P2p, Zn2p, and Nls of
worn steel surfaces lubricated by neat PAO10, and

the mixtures (the content of the additive: 1 wt%) are

obtained as depicted in Fig. 11. The binding energies
of Cls of ZDDP, Nggs165p, and PggssSp appear at 284.8 eV
corresponding to C-C, as illustrated in Fig. 11(a). For
the wear scars lubricated by ZDDP, PggssSp, and Ngssi6Sp,
the peaks of Cls are also approximately 284.8 eV,

Fig. 11 XPS spectra of (a) Cls, (b) Fe2p, (c) S2p, (d) P2p, (e) Zn2p, and (f) N1s of neat lubricants and corresponding wear scars

indicating the absence of cleavage of the C-C bond in
the process of friction. The peaks of Fe2p of wear
scars lubricated by neat lubricants appear at 711.3 eV
and 725.1 eV, as illustrated in Fig. 11(b), which is likely
to correspond to Fe,Os;, Fe(OH)O, and FeOOH [40].
The binding energies of S2p of ZDDP and Nigg¢Sp,
PgsssSp appear at 162.3 eV and 163.2 eV, respectively,
which are assigned to the sulfur organic compounds.
Furthermore, the peaks of wear scars lubricated by the
three lubricants are approximately 168.8 eV, which
can be ascribed to sulfate compounds [27]. The peak
of P2p of ZDDP shifts from 133.5eV to 133.3 eV
after the friction test, and it is assigned to phosphate
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compounds and organic phosphates, respectively [10].
Moreover, the binding energies of P2p of PggsSp and
Nggsi6Sp vary from 132.5eV and 133.1eV to 132.9eV
separately, which are ascribed to organic phosphates
and phosphate compounds. Meanwhile, the peaks of
Zn2p of ZDDP and the corresponding wear scar are
also detected, and it is determined that the binding
energies are approximately 1022.6 eV and 1023.6 eV,
as depicted in Fig. 8(e). The binding energy of N1s of
Nissg16Sp shifts from 399.8 eV to 402.2 eV, as illustrated
in Fig. 11(f), which corresponds to organic nitrogen
compounds and nitrides [7]. The above results indicate
that the active elements (such as S, P, Zn, and N) are
likely to react with the surfaces of sliding pairs to form
inorganic compounds of higher toughness. Numerous
studies have established that the lubricating mechanism
of ZDDP can be attributed to the formation of
tribochemical film by S, P, and Zn [4, 36, 41]. Therefore,
it is deduced that the effective lubricating performance
Of PggesSp and Nggsi6 can be attributed to the tribochemical
reactions in the process of friction.

50 pm

0 pm P Kal

S Kal

3.6.2 EDS analysis of wear scar surfaces

EDS as a powerful tool has been widely adopted to
investigate the accurate section-distribution of elements
of wear scar surfaces [29, 32, 42]. To further study
the lubricating mechanism, the section-distribution
of P, S, Zn, and N of wear scars lubricated by ZDDP,
PggssSp, and Ngsgi6Sp at 300 N and 25 Hz, as illustrated
in Fig.12 and Table 3. It is evident that the mass
contents of P, S, and Zn of wear scars lubricated by
ZDDP are approximately 0.66%, 0.43%, and 0.17%,
respectively, indicating the reaction of these active
elements with the steel surface. The formation of
tribochemical film in the sliding process plays the
key role in reducing friction and enhancing anti-wear
properties, which has been extensively researched
[31, 32, 36]. The mass contents of P and S increase
to 1.20%, 0.84% and 1.26%, 1.04%, respectively, when
employing PggssSp and NgggsSp as the lubricant additives.
Meanwhile, the results of elemental mapping images
intuitively reflect the increase in the masses of P
and S. Moreover, the presence of a certain amount of

> N Kol 2

Fig. 12 Section-distribution of wear scars lubricated by (a—) 1 wt% ZDDDP, (d, e) 1 wt% PgggsSp, and (f~h) 1 wt% Nggg16Sp at 300 N,

25 Hz, and RT.
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Table 3 Element mass content of wear scars lubricated by
1 wt% ZDDP, 1 Wt%, nggsSp, and 1 wt% Nggg]@Sp at 300 N, 25 HZ,
and RT.

Element C (0] P S Fe

ZDDP 491 3.69 0.66 0.43 90.14 Zn/0.17
PggesSp 4.84  3.79 120 1.26 88.91
NsgsieSp 475 3.86  0.84 1.04 89.28 N/0.23

nitrogen on the wear scar surface when using Nggsi65p
as the lubricant additive indicates that the nitrogen in
Nagss165p also participates in the tribochemical reaction
during the process of friction. According to the above
results, it could be concluded that the tribochemical
reaction between the active elements of PggsSp and
Nsss16Sp and the steel surface results in the effective
lubricating property of ILs. Furthermore, the higher
amount of phosphate and sulfate compounds generated
in the process of friction significantly enhances the
lubricating property, particularly the EP performance,
of PggesSp and Nigggi6Sp.

4 Conclusion

Two types of oil-soluble ILs containing phosphorus
and sulfur are synthesized, and as lubricant additives,
they exhibit higher lubricating performance than neat
PAO10. The comparison with the traditional lubricant
additive ZDDP reveals the mixtures containing ILs to
exhibit higher EP property and corrosion resistance
performance at similar mass concentration. Meanwhile,
the ILs as the lubricant additives exhibited higher
friction-reducing and AW performance than those of
ZDDP as revealed by the frequency and temperature
ramp tests; this indicates that the two types of ILs are
suitable for use in harsher operational environment.
To study the lubricating mechanism of the two ILs as
lubricant additives, XPS and EDS were adopted to
analyze the chemical compositions and mass contents
of the elements of the wear scar surfaces. It was
determined that the tribochemical reaction and the
higher amount of phosphate and sulfate compounds
generated in the process of friction, which significantly
enhance the lubricating behavior and EP performance
of Niss16Sp and PggssSp.
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