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Abstract

Ionic liquids (ILs) are being considered as novel lubricant additives to improve the friction and anti-wear characteristics of sliding
surfaces. Because ILs consist of only cations and anions, their physical and chemical properties can be easily tailored by modifying their
combination. These features enable to design of specific ILs for a given tribological system. However, there are few reports on the effect
of ILs used as lubricant additives on the friction and anti-wear characteristics of sliding surfaces. Moreover, it is necessary to investigate
the synergism between ILs and other lubricant additives to achieve high practical efficiency. Therefore, in this study, two ILs with
different cations but similar anions were used in combination with an anti-wear additive, zinc dialkyldithiophosphate (ZDDP), and the
resultant wear and friction characteristics of the worn surfaces were analyzed. We found that the tribological performance under steel/
steel sliding conditions was dependent on the chemical composition of the ILs. In addition, mixed ZDDP and IL solutions exhibited
lower friction and wear when compared to ZDDP alone. It is considered that the excellent lubrication and frictional performance
observed with the mixed lubricant solutions is due to the formation of tribofilms comprising of ZDDP and IL on the sliding surface.
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1 Introduction

Recent environmental issues across the world have
highlighted the importance of improving automobile fuel
efficiency [1-6]. The use of lower viscosity oils to reduce fluid
resistance under hydrodynamic lubrication is one way to
improve fuel efficiency in automotive engines [4]. However,
the lower viscosity of these oils may result in seizure and/
or increase wear under boundary and mixed lubrication
conditions. Therefore, it is necessary to study and optimize
lubricants to improve the performance and durability of sliding
machine elements [6].

In such a background, anti-wear additives play essential
roles in improving and extending the lifespan of engine
components. One of the typical anti-wear additives: zinc
dialkyldithiophosphate (ZDDP), which is a multifunctional
additive indispensable for lubricating oil due to its anti-
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oxidation, anti-seizure, and anti-wear properties, has been
used since the 1940s [7-13]. Excellent deal research has already
reported three main mechanisms of the anti-wear action on steel:
(i) a reduction effect of adhesion wear by forming a mechanically
protective film [8], (ii) a removal effect of corrosive peroxides
or peroxy radicals [9, 10] and (iii) a digesting effect of hard and
thus abrasive iron oxide particles [11, 12]. Under boundary
lubrication, anti-wear additives form a tribofilm during rubbing
to protect the surface from adhesive wear by preventing direct
metal/metal contacts [7]. ZDDP also forms rough, patchy, and
pad-like films with a thickness of about 100-150 nm and a width
of about 2-6 um [7, 8, 13]. The ZDDP tribofilms are composed
of three layers: a bottom layer of iron and zinc sulfide, a middle
layer of zinc and iron phosphates/polyphosphate, and a top layer
of mixed oxide/zinc sulfide layer [7, 14]. In the initial formation
of tribofilm, iron and zinc sulfides are produced on the rubbing
steel surface [15], and this has a protective effect at extreme
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pressure [16]. In the subsequent formation process, which is
under mild rubbing conditions, zinc phosphate/polyphosphate-
based tribofilms mainly form on top of these sulfides with
mixing it [15]. It has also been suggested that the anti-wear film
behaves like a cushion, reducing the stress caused by substrate
asperity peaks [17] and these layers. However, there are severe
issues using ZDDPs that cause catalyst poisoning, generating
sludge, and corroding copper-based alloy components.
Therefore, the combined use of ZDDP and other additives is
expected to reduce ZDDP concentration and improve friction
and anti-wear properties in lubricants [18-20].

ITonic liquids (ILs) are salts composed of cations and anions
in the liquid state. Recently, ILs are being considered for use as
new lubricant additives owing to their excellent characteristics
such as low vapor pressure, high thermal stability, high ionic
conductivity, and high chemical stability [21]. Because they are
composed of only cations and anions, their chemical structure
and resultant properties can be easily controlled [21]; these
features make it possible to design IL for a particular tribological
systems. In addition, ILs have exhibited the promising potential
to improve tribological properties as lubricant usage [22-
26]. Especially, fluorine-based ILs are frequently utilized as
lubricants [26]. These ILs exhibit a low friction coefficient due to
the formation of the tribofilms consisting of metallic fluoride [22,
27, 28].

Effective anti-wear and friction-reduction functionalities
have been observed when adding ILs into lubricating oils. Qu
et al. reported that when a phosphonium-based IL was used
as an additive, anti-wear IL-derived tribofilms were formed on
sliding surfaces, which led to a reduction in friction and wear
[18-20, 25]. Also, the anti-wear and frictional properties are
superior to ZDDP containing oil [18-20, 26]. In addition, from
these reports, it is believed that the ILs tribofilms have a layered
structure and cause the low shear strength by preventing
direct contact between two rubbing substances while ZDDP
form regid tribofilms [18-20, 26, 29]. On the other hunds, Cai
et al. reported that the frictional properties were improved
by increasing the additive amount of imidazolium IL from
0.5 to 5.0 mass% while the lowest wear volume was shown
when adding 1.0 mass% of ILs [30, 31]. However, commercial
engine lubricants contain several categories of additives such
as anti-wear, friction modifier, viscosity modifier, anti-oxidant,
detergent, and dispersant additives [7, 8]. Therefore, it is
essential to understand the synergistic effect of ILs and other
additives on friction and anti-wear properties by changing the
chemical structure of ILs to expand their application.

From these backgrounds, we focused on the combined
use of ILs and ZDDP to improve the friction and anti-wear
propeties while reducing the ZDDP concentration. Recently,
Qu et al. examined friction and anti-wear properties on the
combined use of ZDDP and phosphonium ILs and confirmed
synergistic effects between ZDDP and the ILs [32, 33]. In their
reports,chemistry and bonding states for each tribofilm were
examined in detail by atom probe tomography (APT), scanning
transmission electron microscopy (STEM) imaging, and electron
energy loss spectroscopy (EELS). They indicated that the
composition of the tribofilm formed by ZDDP and IL solution
is largely different from that of ZDDP alone solution [32, 33].
In addition, they proposed an anion exchange hypothesis
that a new compound, which is a zinc alkylphosphate
alkyldithiophosphate (ZOTP) composed of ZDDP and IL,
is generated in ZDDP + IL mixed solution and the ZOTP
improves the friction and anti-wear properties [32]. However,
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the relationship between the chemical structure of ILs and the
tribological properties of the tribofilm formed by ZDDP and ILs
solution has yet to be clarified.

In this study, the purpose is to investigate the synergistic
effect of ILs and ZDDP when using two types of ILs with
different chemical structures. Mainly, we focused on the effect
of physical properties on tribofilm formation by ZDDP and ILs
and investigated the friction and anti-wear properties using
a reciprocating sliding tester. In order to make the contrast
between the ILs, we used the ILs with the same anion and
different two cations. The friction and anti-wear characteristics
of the IL and ZDDP mixed solutions were investigated using a
reciprocating-type tribotester and the lubrication mechanism
was elucidated by atomic force microscopy (AFM), time-of-
flight secondary ion mass spectrometry (ToF-SIMS), and X-ray
photoelectron spectroscopy (XPS).

2 Experimental methods

2.1 Materials and lubricants

A bearing steel disk (¢ =24 mm and t =7.9 mm, AISI 52100
with a hardness of 700 HV and surface roughness (Ra of 0.01
um) and bearing steel cylinder (¢ = 15 mm and 1 =22 mm, AISI
52100 with a hardness of 700 HV and Ra of 0.04 pm) were used
for friction tests.

We used dioctyl sebacate (DOS) with a viscosity of 18
mPa-s at 25°C as the base oil. DOS was procured from Sanwa
Kasei Kogyo Co., Japan. The selection of base oils is important
for incorporating ILs as additives as most ILs exhibit minimal
solubility in non-polar hydrocarbon oils. Thus, DOS, which is
an ester-based oil is suitable because of its thermal stability and
good additive solubility [34,35]. Sanes et al. reported that ester-
based oils are more suitable as solvents for ILs when compared
to mineral oils or poly-alpha-olefins [24,36].

In addition to ZDDP (alkyl-structure: secondary C-3 &
C-6 mixed; ADEKA Co., Tokyo, Japan), two ILs, viz. 1-butyl-1-
methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate
([BMPL][FAP]) and 1-butyl-3-methylimidazolium
tris(pentafluoroethyl) trifluorophosphate ([BMIM][FAP]) were
used in this study. The two ILs were procured from Merck Co.,
Germany (>99% purity and water content < 100 ppm). These
two ILs, which contained the same [FAP] anion, were selected
because they were reported to be soluble in ester oils [37].
In order to design ILs with selective tribological properties,
it is necessary to understand the relationship between their
chemical structures and friction and anti-wear properties; thus,
we chose [BMPL][FAP] and [BMIM][FAP], which contained
the same anion but different cations, as ILs. By comparing
an imidazolium-based and a pyrrolidinium-based ionic ILs
having the same alkyl chain length, we investigated the effect of
physical properties induced by the difference in cation structure
on the friction properties. The viscosities of [BMPL][FAP] and
[BMIM][FAP] were 292 and 93 mPa-s, respectively. Table 1
shows the chemical structures of DOS, ZDDP, [BMIM][FAP],
and [BMPL][FAP].

The lubricant combinations used were DOS, DOS containing
0.67 mass% ZDDP (DOS + ZDDP), DOS containing 1.5 mass%
of each IL (DOS + [BMPL][FAP] and DOS + [BMIM][FAP]), and
DOS containing 0.465 mass% of ZDDP and 0.465 mass% of the
ILs (DOS + ZDDP + [BMPL][FAP] and DOS + ZDDP + [BMIM]
[FAP]). All the additive-containing lubricants were adjusted to
a phosphorus concentration of 800 ppm to apply for engine oil,
which concentration is the limit of engine oil limitation [38].
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Table 1 Chemical structures of the base oil and additives
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2.2 Sliding test

Tribological properties were evaluated using a
reciprocating-type cylinder-on-disk tribotester (SRV4, Optimol,
Germany). Figure 1 shows a schematic representation of the SRV
tribotester. Friction tests were conducted for 60 min on a steel/
steel tribo-pair at a load of 200 N (corresponding to a maximum
initial Hertzian contact pressure of 250 MPa), cylinder stroke of
1.0 mm, frequency of 50 Hz, and temperature of 80°C; 90 uL of
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the lubricant was applied on the sliding surfaces before testing.
The test condition was set for the lambda ratio to be lower than
1.0, and it was calculated to be 0.52. The system is considered to
be at the boundary lubrication condition during the sliding test.
Each wear volume was calculated from the width of the wear
tracks on the cylinder, which were evaluated by confocal laser
scanning microscopy (VK-X150, KEYENCE, Japan).
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2.3 Thermal stability of ILs

The thermal stabilities of the ILs were evaluated by
thermogravimetric analysis (TGA; TG-DTA2010SA, Bruker,
USA). The sample and reference pans were made of aluminum
and measurements were carried out in an inert N, environment.
The temperature programming rate was set at 10°C min™ and
tests were conducted in the range of 60-500°C. Al,O; was used
as the reference material. The combined mass of the IL and
reference materials was ~10 mg.

2.4 Surface analysis of wear tracks

Surface analysis was carried out on each wear track on
each disk specimen using AFM (S-image, Hitachi High-Tech
Corporation, Japan), ToF-SIMS (ULVAC TRIFT III, ULVAC
PHI, Inc., Japan), and XPS (AXIS Nova, Kratos Analytical, UK,
AlKoa X-ray source, scan area with diameter ¢ = 100 um). The
test specimens before surface analysis were cleaned by slowly
shaking them in 50 ml of n-hexane for 30 seconds.

2.4.1 AFM analysis

AFM was conducted in the contact mode to investigate
specimen surface characteristics after sliding tests; the observed
topographies (10 x 10 um®) can be used to determine the
structure of the composites [7, 8, 13, 39, 40]. A silicon probe
(SI-DF20, Hitachi High-Tech, Japan) with a nominal tip
radius of 10 nm and a spring constant of 14 N/m was used for
AFM measurements. Force-displacement (FD) curves were
obtained by nanoindentation using AFM and these curves
yield information on the nano-physical properties of the tested
surfaces [41-46].

2.4.2 ToF-SIMS analysis

A pulsed electron impact ion source (15 keV, 69 Ga+) was
used to generate primary ions for the analysis. The analysis area
on the sample was 100 um x 100 pm. Ion irradiation time was 5
min. Mass resolution was 500 at m/z = 27 (Al). Lateral resolution
was 2 pum.

2.4.3 XPS depth analysis

XPS survey spectra were recorded from -10 eV to 1300 eV
with a pass energy of 160 eV. Narrow scans were performed
on 8 chemical elements of Zn 2p, Fe 2p, O 1s, N 1s, C 1s, F 1s,
S 2p, and P 2p with a pass energy of 40 eV and the number of
scans was set to 16 for Zn 2p and Fe 2p, and 4 for O 1s, N 1s, C
1s, F 1s, S 2p, and P 2p. Each peak was calibrated with reference
to the binding energy (BE) of C 1s at 284.8 eV. To confirm the
chemical composition of the tribofilms formed by DOS + ZDDP,
DOS + ZDDP + [BMPL][FAP], and DOS + ZDDP + [BMIM]
[EAP], XPS depth analysis with Ar ion etching using an ion
gun (beam energy, 4 keV; diameter, 1 mm) was carried out on

Load
Cylinder

Reciprocating Lubricant

Disk

Fig.1 Schematic of the sliding tester
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each wear track on the disk specimen [47, 48]. This analysis
enables to evaluate tribofilm in a depth direction, hence useful
to understand the detailed chemical structure of tribofilm.
However, it has also been reported that chemical shifts may
occur due to sputtering [49, 50]. In this experiment, we used
steel specimens. ].B. Malherbe et al. reported that the chemical
shifts of iron oxide and zinc oxide are small by ion sputtering
[51]. Therefore, we consider that the influence of Ar sputtering
on iron composites and zinc composites is negligible.

3 Results

3.1 Friction and wear properties

Figure 2 illustrates the frictional behavior of each lubricant
solution as a function of sliding time. In the case of DOS, DOS +
[BMPL][FAP], and DOS + [BMIM][FAP] solutions, the observed
friction behavior was unstable throughout the test; furthermore,
the friction coefficients obtained with DOS + [BMPL][FAP] and
DOS + [BMIM] were higher than that obtained with pure DOS.
Meanwhile, the friction coefficients obtained with DOS + ZDDP,
DOS + ZDDP + [BMPL][FAP], and DOS + ZDDP + [BMIM][FAP]
decreased gradually and became constant. It is to be noted that
these values were lower than those obtained with pure DOS.

Figure 3 shows the average friction coefficient obtained
with each lubricant. Each friction test was conducted three times
and the obtained values were averaged. The average friction
coefficients obtained with DOS, DOS + [BMPL][FAP], and
DOS + [BMIM][FAP] were 0.155, 0.155, and 0.167, respectively.

—Dos

— DOS+ZDDP

— DOS+[BMPL][FAP]

0.20| — DOS+[BMIM][FAP]

— DOS+ZDDP+[BMPL][FAP]
~— DOS+ZDDP+[BMIM][FAP]

Friction coefficient

0 1200 2400 3600
Slinding time [s]

Fig.2 Friction behavior of different lubricant systems

0.20¢
r DOS

DOS+ZDDP
DOS+[BMPL][FAP]
DOS+BMIM][FAP]
DOS+ZDDP+[BMPL][FAP]
DOS+ZDDP+[BMIM][FAP]

OB WN =

0.18F

Average friction coefficient

1 2 3 4 5 6

Fig. 3 Average friction coefficients obtained with different
lubricant systems
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Meanwhile, the average friction coefficients obtained with DOS
+ ZDDP, DOS + ZDDP + [BMPL][FAP], and DOS + ZDDP +
[BMIM][FAP] were 0.143, 0.148, and 0.137, respectively. These
values were lower than those of pure DOS and while DOS +
ZDDP + [BMIM][FAP] resulted in a smaller friction coefficient
than DOS + ZDDP, DOS + ZDDP + [BMPL][FAP] resulted in a
higher friction coefficient. These results show that changing the
cation component in the IL (and thus its structure) resulted in
different friction characteristics in ZDDP + IL mixed solutions.

Figure 4 shows the average wear volume (from three
repeated tests) of steel cylinders lubricated with different
systems at the end of friction testing. Compared to pure DOS,
all other lubricants resulted in higher wear reduction. The
wear volume observed with all ZDDP-containing solutions
was smaller than that with pure DOS by ~60%. In particular,
DOS+ ZDDP + [BMIM][FAP] showed the lowest wear volume,
followed by DOS + ZDDP + [BMPL][FAP], and DOS + ZDDP.
DOS + ZDDP + [BMIM][FAP] resulted in a significant wear
reduction of 35% when compared to DOS+ ZDDP.

3.2 Thermal stability of ILs

The thermal stabilities of the ILs were evaluated by TGA;
Figure 5 shows their weight-loss behavior with respect to the
heating temperature. As shown in the figure, the decomposition
temperatures of [BMPL][FAP] and [BMIM][FAP], defined as

10.0

1 DOS

2 DOS+ZDDP

3 DOS+BMPL][FAP]

4 DOS+BMIM][FAP]

5 DOS+ZDDP+[BMPL][FAP]
6 DOS+ZDDP+[BMIM][FAP]

-3 3,
Wear volume [x10 " mm’]
(3,

o

0.0

1 2 3 4 5 6

Fig.4 Average wear volumes obtained with different lubricant
systems

(a)

(]

the temperature of 5% weight loss, were 346.9 and 341.5°C,
respectively.

3.3 Surface analysis of wear tracks
3.3.1 AFM analysis

Figure 6 shows the topographies of worn surfaces lubricated
with DOS + [BMPL][FAP], and DOS + [BMIM][FAP]. Figure 7
shows the topographies of worn surfaces lubricated with DOS
+ ZDDP, DOS + ZDDP + [BMPL][FAP], and DOS + ZDDP +
[BMIM][FAP]. In the case of lubricants containing IL alone, the
worn surfaces were the shape such as wear scar along with the
sliding direction. On the other hand, in the case of lubricants
containing ZDDP, the shapes were patchy and rough. These
results suggested that pad-like structures were formed on the
worn surfaces with each solution [7, 8, 13]. Feature heights in
the AFM images of surfaces lubricated with DOS + ZDDP, DOS
+ZDDP + [BMPL][FAP], and DOS + ZDDP + [BMIM][FAP] were
~150, 120, and 120 nm, respectively. These results suggest that
ZDDP formed the pad-like structures in the case of lubricants
containing ZDDP.

Figure 8 shows the FD curves of worn surfaces lubricated
with DOS + ZDDP, DOS + ZDDP + [BMPL][FAP], and DOS +
ZDDP + [BMIM][FAP]. These results show that DOS + ZDDP
+ IL solutions formed highly viscous films on the outermost
surfaces. In the case of the DOS + ZDDP lubricant (Fig. 8(a)),

100

S

"

4 — [BMPL][FAP]
f. s0f — [BMIM]FAP]
-

°

(]

=

R 200 400

Temperature [°C]

Fig.5 TGA thermograms of [BMPL][FAP] and [BMIM][FAP]

[sm)

Fig. 6 3D AFM topographies of sliding surfaces lubricated with (a) DOS + [BMPL][FAP], and (b) DOS + [BMIM][FAP]
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[pm)

Fig.7 3D AFM topographies of sliding surfaces lubricated with (a) DOS + ZDDP, (b) DOS + ZDDP + [BMPL][FAP], and

(c) DOS + ZDDP + [BMIM][FAP]

(a) (b)

(c)

200
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3
g o
[
w
-100
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Displacement [nm]
Fig.8 FD curves obtained with (a) DOS + ZDDP, (b) DOS + ZDDP + [BMPL][FAP], and (c) DOS + ZDDP + [BMIM][FAP]

the cantilever was suddenly attracted by an adhesive force
when it approached the surface. In the retraction process, the
cantilever was suddenly retracted from the surface. Meanwhile,
in the case of DOS + ZDDP + IL solutions (Fig. 8(b) and (c)), the
cantilever was attracted during the approach process owing to
long-range attractive interactions, which gradually increased.
In the retraction process, the cantilever did not instantly retract
from the surface, unlike the phenomenon observed with DOS
+ ZDDP. Instead, the adhesive force gradually decreased as the
piezo distance increased. This indicates the existence of a layer
with high viscosity. In the case of DOS + ZDDP +IL solutions,
highly viscous layer was formed on the outermost surface of the
worn specimen.

3.3.2 ToF-SIMS analysis

To investigate the chemical composition of the outermost
surface (depth of 2-3 nm) of worn specimens lubricated with
different solutions, ToF-SIMS was conducted [21, 52-58]. Figures
9 and 10 show the positive and negative spectra obtained from
the worn surfaces lubricated with DOS + ZDDP, DOS + ZDDP
+ [BMPL][FAP], and DOS + ZDDP + [BMIM][FAP]. In all the
positive spectra, Zn', which were derived from ZDDP, could
be detected. In the negative spectra, peaks corresponding to
S- could be observed in addition to those corresponding to
phosphoric acid [7, 8]. This implies that a ZDDP tribofilm was
formed on the worn surfaces lubricated with DOS + ZDDP,
DOS + ZDDP + [BMPL][FAP], and DOS + ZDDP + [BMIM][FAP].
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In addition, peaks corresponding to [BMPL]" and [BMIM]" were
detected in the positive spectra of DOS + ZDDP + [BMPL][FAP]
and DOS + ZDDP + [BMIM][FAP], respectively. F, C2F5’, and
[FAP] were also detected in the negative spectra of the ZDDP +
IL solutions, which indicates that mixed tribofilms were formed
on the test surfaces.

To analyze the chemical composition at the outermost
surface, the abundance ratios of ILs and ZDDP compounds
were compared on the worn surfaces. The count ratio, which
is defined as the ratio of the peak counts of each ion and the
total ion counts, was calculated as shown in Fig. 11 (Zn" counts/
total counts (positive ion), S’ counts/total counts (negative ion),
[BMIM]" or [BMPL]" counts/total counts (positive ion), and
[FAP] counts/total counts (negative ion)). These results show
that more ILs were detected than ZDDP-derived elements. This
indicates that the pure ILs exist at the outermost surface of the
tribofilms derived from DOS + ZDDP + [BMPL][FAP] and DOS
+ZDDP + [BMIM][FAP].

3.3.3 XPS analysis of the tribofilm surface

The amount of ZDDP-derived and IL-derived compounds
was estimated from the intensity area ratio of each XPS
spectrum and the sensitivity factor corresponding to each peak
area. Figures 12 and 13 map the abundance of Fe 2p, O 1s, C 1s,
and N 1s and P 2p, S 2p, and Zn 2p as functions of the etching
time, respectively. As shown in Fig. 12, as a function of etching
time, the abundance of Fe 2p increases, and the abundance of
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(a) DOS + ZDDP, (b) DOS + ZDDP + [BMPL][FAP], and (c) DOS + ZDDP + [BMIM][FAP].
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Fig. 13 Zn2p, P 2p, and S 2p XPS depth profiles of worn surfaces with different lubricants as functions of the etching time.
(a) DOS + ZDDP, (b) DOS + ZDDP + [BMPL][FAP], and (c) DOS + ZDDP + [BMIM][FAP].
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O 1s and C 1s decreases. This shows that the oxide layer and
tribofilms were removed by Ar etching. Zn, S, and P, which
were derived from ZDDP, were detected in the depth profile
obtained with DOS + ZDDP (Fig. 13). The ZDDP is widely
known to form iron/zinc polyphosphates [7, 8, 13]. P 2p peaks
of DOS + ZDDP, DOS + ZDDP + [BMPL][FAP], and DOS +
ZDDP + [BMIM][FAP] are placed at 133.5, 133.8, and 133.9
eV (Fig. 14), respectively. This result illustrates that a ZDDP
tribofilm is formed on the sliding surface since these peaks are
attributed to metal phosphates [58, 59]. In the case of DOS +
ZDDP + IL solutions, the tribofilm thickness varied depending
on the type of IL used. When DOS + ZDDP + [BMPL][FAP] was
used, the concentration of Zn, S, and P decreased dramatically
after an etching time of 25 s, whereas in the case of DOS +
ZDDP + [BMIM][FAP], they were detected up to 75, 25, and 50 s,
respectively. This observation suggests that the thickness of the
ZDDP-derived tribofilm obtained with DOS + ZDDP + [BMPL]
[FAP] was lower than that of the tribofilm obtained with DOS +
ZDDP + [BMIM][FAP].

Figure 15 shows the F 1s spectra obtained with DOS + ZDDP
+ [BMPL][FAP] and DOS + ZDDP + [BMIM][FAP] at an etching
time of 0 s. The results indicate that the ZDDP + IL mixed
tribofilms were composed of C-F, bonds and iron fluoride at the
outermost surface. In the case of DOS + ZDDP + [BMPL][FAP],
the F 1s spectrum exhibited four peaks at 682.9, 684.9, 686.6, and
688.0 eV. The peaks at 684.9, 686.6, and 688.0 eV are assigned to

iron fluoride, C-F; bond, and C-F, bonds [56, 57], respectively.
In the case of DOS + ZDDP + [BMIM][FAP], peaks were
observed at 682.6, 684.7, 686.8, and 688.1 eV. The peaks at 684.7,
686.8, and 688.1 eV are also assigned to iron fluoride, C-F; bond
and C-F, bond [56, 57], respectively. The chemical compounds
responsible for the peaks at 682.9 and 682.6 eV in DOS + ZDDP
+ [BMPL][FAP] and DOS + ZDDP + [BMIM][FAP], respectively,
could not be identified. The peaks corresponding to C-F, bonds
in these spectra suggest the existence of pure ILs. This result
corroborates with ToF-SIMS observations. Meanwhile, iron
fluoride was detected only by XPS. Therefore, it can be assumed
that the ILs also formed iron fluoride tribofilms on the sliding
surfaces. Finally, it can be inferred that both non-reacted and
reacted IL existed on the sliding surfaces. Figure 16 maps the
abundance of F 1s (iron fluoride and C-F, bonds) as functions
of the etching time, respectively. C-F, bonds could be detected
only at 0 s, whereas iron fluoride could be detected from 0 to
150 s. These results indicate that pure ILs were present only at
the outermost surface and iron fluoride formed thicker films
underneath it.

In summary, the ZDDP + [BMPL][FAP] tribofilm was
thinner and was composed of a single ZDDP layer, while the
DOS + ZDDP + [BMIM][FAP] tribofilm was comprised of three
distinct layers, viz. a top layer consisting of pure [BMIM][FAP],
middle layer with a ZDDP-derived tribofilm, and a bottom layer
containing iron fluoride.
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Fig. 16 F 1s XPS depth profiles of worn surfaces with different lubricants as functions of the etching time.
(a) DOS + ZDDP + [BMPL][FAP], and (b) DOS + ZDDP + [BMIM][FAP].

4 Discussion

4.1 Tribofilm models formed by ZDDP + IL mixed solutions

Figure 17 shows a schematic depicting the reaction by which
the DOS + ZDDP + [BMIM][FAP] system forms a tribofilm
on the sliding surface. Based on the results in Figs. 15 and 16,
we propose that these tribofilms were formed through three
reactions with iron fluoride being formed in the initial sliding
process (Fig. 17(b)), followed by the formation of a ZDDP
tribofilm (Fig. 17(c)) and finally, the formation of an IL layer
covering the ZDDP and iron fluoride tribofilms (Fig. 17(d)). As
described in Section 3, during XPS analysis, iron fluoride was
detected at the bottom of the tribofilm, indicating that the IL
(containing fluorine) in the lubricant was the first component to
undergo reaction with the steel surface (Fig. 17(b)). Note that if
ZDDP is the first to react, the bottom layer should be composed
of a sulfate/phosphate-based tribofilm.

The XPS results also showed that ZDDP-derived
components were detected in the middle part of the tribofilm,

which exhibited a pad-like structure (Fig. 7). Based on these
results, it is suggested that the chemical reaction between
ZDDP and the steel surface occurred after the formation of
iron fluoride, and a pad-like ZDDP tribofilm was formed on
top of the iron fluoride layer (Fig. 17(c)). ToF-SIMS and XPS
analyses indicate that ILs were the main components in the
outermost surface of the tribofilm; meanwhile, AFM confirmed
the presence of a highly viscous film on the outermost surface.
Together, these results suggest that the viscous IL layer
covered the ZDDP and iron fluoride tribofilms. Based on this
information, the tribo-process can be explained as follows. After
the growth of the iron fluoride and ZDDP tribofilms, the tribo-
reaction between ZDDP and the steel substrate slowed down as
an increase in the tribofilm content on the steel surface resulted
in a smaller exposed area of the steel surface. Consequently,
non-reacted IL was adsorbed on the tribofilm composed of iron
fluoride and ZDDP, which resulted in a highly viscous layer
(Fig. 17(d)).

A schematic depicting the reaction between DOS + ZDDP

Steel

(a)

Reaction

Steel

Iron fluoride Steel

ZDDP reaction film

L
C_AA

Iron fluoride Steel

(d) ZDDP reaction film  Steel

‘w’ B

IL layer

Iron fluoride Steel

Fig. 17 Schematic of the reaction between DOS + ZDDP + [BMIM][FAP] and the steel surface. (a) Before tribo-reaction, (b) in the
initial sliding phase, (c) after the formation of a ZDDP reaction film, and (d) after reaching stable friction conditions.
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+ [BMPL][FAP] and the steel surface is shown in Fig. 18 When
compared to the lubricant containing [BMIM][FAP], in this
case, the formation of the ZDDP tribofilm followed a different
process (Fig. 18(c)). The results of XPS (Fig. 13) analyses
indicated a thinner ZDDP tribofilm with [BMPL][FAP] than
with [BMIM][FAP]. In other words, the type of cation in the IL
greatly affected the formation and growth of ZDDP tribofilms
and this difference is expected to significantly affect the friction
and anti-wear performance of the lubricants.

4.2 Effect of cation type on tribofilm formation

In this section, we shall discuss the effect of IL cation type
on tribofilm formation. In this study, we hypothesized that
the difference in the thickness of the ZDDP layer between the
DOS + ZDDP + [BMPL][FAP] and DOS + ZDDP + [BMIM][FAP]
systems can be attributed to their different adsorption behavior
instead of the decomposition temperature.

It is known that the decomposition temperature largely
contributes to the formation of tribofilms [7, 22, 60]. Figure 5
shows that both [BMPL][FAP] and [BMIM][FAP] exhibited
similar decomposition temperatures in the range of 340-350°C,
while ZDDP decomposed in the range of 100-200°C [7, 8, 21].
These temperatures suggest that the reaction temperature
of ZDDP is lower than that of IL on the sliding surfaces.
Therefore, ZDDP can react more readily with the sliding
surface when compared to [BMIM][FAP] and [BMPL][FAP].
However, XPS depth analysis indicated the formation of iron
fluoride, which is a product of the reaction between the IL and
steel substrate; this, in turn, indicated that the steel substrate
reacted preferentially with the IL rather than ZDDP. Mori et
al. reported that the catalysis effects by generating the nascent
surface during friction cause the decomposition of ILs [60],
and ILs form the tribofilm at temperature by far lower than
onset at TGA. Therefore, it is considered that IL decomposes at
low temperatures influenced by the generation of the nascent
surface during friction, even when the ionic liquid is used as
additives. Also, we used the same anion IL in our experiments.
Therefore, catalysis effects of the nascent on tribofilm formation
are considered to be similar between [BMPL][FAP] and [BMIM]

[FAP]. Therefore, it might be inferred that the decomposition
temperature of each IL is not the driving factor for the tribofilm
formation of ZDDP. During ZDDP tribofilm formation,
ZDDP molecules firstly adsorb on the sliding surface and
subsequently react with the sliding surfaces [7]. Miklozic et al.
reported that friction modifiers, added to the base oil together
with ZDDP, suppressed the formation of ZDDP tribofilms
by blocking the adsorption of ZDDP on the surface [61].
Khanmohammadi et al. also reported that the [BMPL][FAP],
which has faster adsorption kinetic of IL compared to other two
ILs ((2-hydroxyethyl) trimethylammonium dimethylphosphate
and Tributylmethylphosphonium dimethylphosphate), shows
superior friction and anti-wear properties, and it is suggested
that the F element, which is composed of [FAP] anion, causes
the faster adsorption thus low friction [62].

Based on these reports, we hypothesized that ILs were
first adsorbed on the steel substrate, which favors the reaction
between ILs and the steel substrate; this reaction subsequently
resulted in the formation of iron fluoride by the existence
of nascent surface while the ILs have high thermal stability.
Therefore, the adsorption properties of the ILs and ZDDP
exerted a significant effect on the initial tribofilm formation
rather than the decomposition temperature. The subsequent
tribofilm formation by ZDDP was also affected by the
adsorption properties of ILs on the iron fluoride layer because
the growth of ZDDP tribofilms on the iron fluoride surface is
strongly dependent on the type of IL.

4.3 Friction mechanism of different lubricant systems

When DOS + ZDDP + [BMIM][FAP] was used as the
lubricant, a lower friction coefficient was observed when
compared to the case in which DOS + ZDDP + [BMPL][FAP]
was used; this difference may be attributed to the thicker
middle layer of ZDDP in the tribofilm produced by the former.
It is generally known that ZDDP tribofilms increase friction on
the steel substrates when using poly-alpha-olefins and mineral
oil as base oil [7, 61, 63, 64]. However, based on the results
described in Section 3, we hypothesize that the ZDDP tribofilm
reduced friction. In fact, DOS + ZDDP exhibited a lower friction
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: Steel
(c) ZDDP reaction film

I Fl
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Fig. 18 Schematic of the reaction between DOS + ZDDP + [BMPL][FAP] and the steel surface. (a) Before tribo-reaction, (b) in the
initial sliding phase, (c) after the formation of a ZDDP reaction film, and (d) after reaching stable friction conditions.
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coefficient than pure DOS. Guo et al. reported that ZDDP
reduces friction by using ester base oil diisooctylsebacate (DIOS)
[65]. Hence, we believe that ZDDP-derived tribofilms reduce
friction when used in combination with DOS, an ester-based
oil. Meanwhile, the friction coefficient observed with DOS +
ZDDP + [BMIM][FAP] was smaller than that obtained with
DOS + ZDDP; meanwhile, the latter resulted in a thicker ZDDP
tribofilm. Therefore, the presence of an IL in the outermost
layer and iron fluoride also contribute to friction reduction.
The AFM results shown in Fig. 8 indicate that the outermost IL
layer is viscous. However, no viscous layers were detected on
surfaces with DOS +ZDDP as the lubricant. Therefore, it may
be surmised that viscous IL layers decrease friction by reducing
adhesion through direct contact between the ZDDP-derived
film and iron fluoride. Regarding the effect of cations, DOS +
ZDDP + [BMPL][FAP] resulted in a higher friction coefficient
than DOS + ZDDP + [BMIM][FAP]. This is because thinner
ZDDP tribofilms are less defensive for direct contact, although
they form a highly viscous layer. These results also suggest
that a balance between ZDDP formation and the IL layer is
important to reduce friction.

4.4 Anti-wear mechanism of different lubricant systems

As shown in Fig. 3, ZDDP and IL-containing lubricants
resulted in a significant wear reduction. Mourhatch et al.
reported that fluorinated ZDDP exhibits significant anti-wear
properties by producing iron fluoride, which suggests that iron
fluoride enhances the anti-wear characteristics of a substrate
when ZDDP is combined with F. In our tribofilm model, in
the case of DOS + ZDDP + ILs (Figs. 17 and 18), the bottom
layer contains iron fluoride [64, 66]. This implies that chemical
reactions occur readily between fluorine and the steel surface,
resulting in a reduction in initial wear. In addition, DOS + ZDDP
+ [BMIM][FAP] showed the lowest wear volume, probably due
to the presence of a thick ZDDP layer in the tribofilm.

5 Conclusions

In summary, the synergism in the tribological properties
of ZDDP and ILs as lubricant additives was investigated by
changing the chemical composition of the IL used. Surface
analysis was conducted to examine the effect of IL structure
on the frictional and anti-wear properties of lubricated steel
surfaces and tribofilm formation. The major conclusions were as
follows:

(1) The combination of ZDDP and [BMIM][FAP] with the
base oil resulted in a very low friction coefficient and wear
volume. In addition, the mixed tribofilm thus produced
improved the friction and anti-wear properties of the
substrates.

(2) ZDDP and IL-mixed tribofilms consisted of a viscous pure
IL layer on top of the ZDDP tribofilm, which improved the
friction and anti-wear characteristics of the substrates under
boundary lubrication conditions.

(3) The chemical composition and thickness of tribofilms can
be influenced by changing the cation component in the
ILs used as lubricant additives together with ZDDP. The
chemical composition of the resultant mixed tribofilms is a
key factor in achieving both lower friction and wear.
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