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The development of low phosphorus engine oils is important to minimize

phosphorus-induced exhaust catalyst poisoning and resulting in harmful emissions. In

this study, low phosphorus oil formulations were prepared by using an ashless additive

mixture of borate ester (SB) with ionic liquid composed of a phosphonium cation and

phosphate anion (P_DEHP) at 350 and 700 ppm phosphorus. Tribological properties of

this binary additive system were evaluated using a reciprocating cylinder on a flat test

configuration. Favorable interaction between P_DEHP and SB resulted in a significant

reduction in friction coefficient and wear volume, in particular for P_DEHP(700P) + SB

oil blend. Time-scale analysis of tribofilm formation was determined by running the

tribological experiments for 5, 15, and 60min duration. Electrical contact resistance

(ECR) results revealed that the addition of P_DEHP at 350 ppm of phosphorus to SB at

500 ppm of boron can reduce the incubation time from 300 to 100 s for stable tribofilm

formation. X-ray absorption near-edge spectroscopy (XANES) analysis of tribofilms

indicates that the tribofilm mechanism for additive mixtures of P_DEHP and SB initially

involves the formation of boron oxide-based films, which later interact with phosphorus

to form boron phosphates in addition to iron phosphates. Incorporation of the high

amount of boron phosphates in addition to boron oxide/acid and iron phosphates in

the tribofilms contributed to the improved tribological performance of P_DEHP(700P)

+ SB oil. XANES results reveal that tribofilms formed due to the interaction of SB and

P_DEHP evolve to a cross-linked structure, wherein the chain length of polyphosphates

is increased with the increase in rubbing time.

Keywords: ionic liquids, XANES, borate esters, tribofilms, tribology, lubrication, surface science, wear

INTRODUCTION

The poisoning of automobile catalytic converters by volatile phosphorus species in the engine
oil has fueled the research to develop low phosphorus engine oils by reducing or replacing the
current phosphorus-containing additives (Williamson et al., 1985; Rokosz et al., 2001; Kröger
et al., 2006; Zhang et al., 2017; Khare et al., 2018; Sharma et al., 2019b; Vyavhare et al., 2021b).
Since 1988, the amount of phosphorus in engine oil is on a downward trajectory (Spikes, 2004),
and recently the international lubricant standardization and approval committee (ILSAC) has
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introduced the GF-6 performance standards which limits the
phosphorus concentration in engine oils to 800 ppm maximum
(Anand et al., 2015). The conventional lubricant anti-wear and
antioxidant additive, zinc dialkyl dithiophosphate (ZDDP) is the
main source of phosphorus in the engine oils and is known
to contaminate catalytic converters, reducing its performance
and service life, and increasing automotive emissions at the
tailpipe (Williamson et al., 1985; Angelidis and Sklavounos, 1995;
Forzatti and Lietti, 1999; Angove and Cant, 2000; Rokosz et al.,
2001; Spikes, 2004; Kröger et al., 2006; Buwono et al., 2015).
Additionally, ZDDP provides sulfur and zinc in the engine
oil contributing to elevated levels of ash deposits and sludge
formation. Considering the undesirable side-effects of existing
additive chemistries and current regulations on chemical limits of
phosphorus coupled with the overall objective to enhance engine
efficiency and fuel economy, significant research work has been
devoted to the development of novel environment-friendly (no
P, S, or Zn) high-performance additives. In recent years, metal-
free ashless additives, such as ionic liquids and boron-based
compounds have emerged as promising candidates to partially
or totally replace ZDDP without reducing the performance of
conventional engine oils (Deshmukh et al., 2005; Erdemir, 2008;
Lovell et al., 2010; Greco et al., 2011; Reeves et al., 2013; Shah
et al., 2013; Baş and Karabacak, 2014; García et al., 2014; Qu et al.,
2015; Sharma et al., 2015, 2016a,b, 2019a; González et al., 2016;
Bagi et al., 2018; Vyavhare and Aswath, 2019).

The use of ionic liquids (ILs) in the field of tribology was first
reported in 2001 (Ye et al., 2001) and since then an active line
of research has been focused on exploiting the potential of ILs
as the next generation green lubricants. ILs are synthetic molten
salts formed due to weak coordinating bonds between anion and
cation (Blanco et al., 2017). The unique properties of ILs like high
thermal stability, non-flammability, and low volatility make them
suitable for tribological applications involving severe working
conditions like higher speeds, higher working temperatures, and
higher mechanical stresses. Till date, ILs have been used as the
base lubricants (Lu et al., 2004; Mu et al., 2005, 2008; Jiménez
et al., 2006; Xia et al., 2006; Jiménez and Bermúdez, 2007; Weng
et al., 2007; Kondo et al., 2012) or lubricant additives (Phillips and
Zabinski, 2004; Jiménez et al., 2006; Weng et al., 2007; Jiménez
and Bermúdez, 2008; González et al., 2016; Sharma et al., 2016a,
2019a; Vyavhare and Aswath, 2019). However, the practical
tribological application of ILs is hindered due to problems of
corrosion and limited solubility in non-polar hydrocarbon oils.
In recent years, a new class of phosphonium based ILs was
discovered to overcome these disadvantages. Extensive studies
by Qu et al. (2012, 2014) and Yu et al. (2012) demonstrated
that phosphonium–phosphinate, and phosphonium–phosphate
ILs are non-corrosive, thermally stable, and oil miscible, and,
more importantly, possess excellent anti-wear and anti-friction
capability when used as lubricant additive in mineral base oils
and fully-formulated oils. They have also shown comparable
or even superior anti-wear and anti-scuffing properties of
phosphonium ILs in comparison with ZDDP in PAO base oils
at 1 wt.% concentration under room and elevated temperatures.
Anand et al. (2015) studied the tribological performance of
phosphonium ILs in engine aged fully formulated oils and
proposed that addition of ILs substantially improve the service

life of used oils by forming boundary films in the presence of
existing additives (like ZDDP) in the engine oil. Many studies
have attributed excellent tribological properties of ILs to their
tribofilm formation at the interacting metal surfaces.

Another class of environment-friendly additive is of boron
basedmaterials wherein compounds like hexagonal boron nitride
(Watanabe et al., 1991;Martin et al., 1992;Mosuang and Lowther,
2002; Koskilinna et al., 2006), organic borates (Zheng et al., 1998;
Philippon et al., 2011; Miller et al., 2012; Sharma et al., 2016b,
2019a), and boric acid (Erdemir et al., 1990, 1991; Erdemir,
1991; Liang and Jahanmir, 1995) are already used in lubricants
as friction modifiers, corrosion inhibitors, anti-oxidants, and
anti-wear additives. The excellent tribological behavior of boron
compounds could be due to their strong affinities for interacting
with different reactive elements. For example, boron interacts
with oxygen to form B2O3 which is highly lubricious and
provides low friction (Shah et al., 2013). In addition, boron
can react with interacting metal surfaces to form hard metal
borides which are known to minimize wear (Shah et al., 2013).
Other interesting alternative approaches to developing high-
performance green lubrication is to use additive mixtures like
ionic liquids with ashless dithiophosphates (Aswath et al., 2017),
ionic liquids with ZDDP (Qu et al., 2012, 2014, 2015; Anand
et al., 2015; Monge et al., 2015; Huang et al., 2017) or ionic
liquids with nanomaterials (Li et al., 2018; Sharma et al., 2018;
Vyavhare and Aswath, 2019). Considering the potential of such
additive mixtures to improve friction and wear behavior of oil
formulations, in this context, we have developed low phosphorus
oil blends using an additive mixture of phosphonium IL and
borate esters.

The present study is a significant extension of previously
reported work on anti-wear properties of the binary ashless
blend of phosphonium ILs and borate esters in group I mineral
base oil (Sharma et al., 2016b). In the prior study, it was
clearly demonstrated that oil formulations (with 1,000 ppm of
P) containing oil-miscible phosphonium ILs and borate esters
provided synergistic interaction when studied under boundary
lubrication conditions. Remarkable reductions in wear volume
values were observed as compared to oil containing ZDDP
(Sharma et al., 2016b). In the current study, a time-scale approach
is employed to understand the incubation time and mechanism
of tribofilm formation for low phosphorus oils (350 and 700 ppm
of P) containing phosphonium IL with borate ester. Studying
the evolvement of the chemistry of tribofilms with the increase
in sliding time would help to elucidate the wear mechanism
of anti-wear additives. For this purpose, tribofilm samples were
procured from the interaction of phosphonium IL and borate
ester for 5, 15, and 60min rubbing time and characterized
through electrical contact resistance (ECR) and X-ray absorption
near edge spectroscopy (XANES) techniques.

EXPERIMENTAL DETAILS

Chemistry of Anti-wear Additives and Test
Oil Formulations
Table 1 details the chemistry of all the anti-wear additives used in
this study. Low phosphorus test oils were formulated by mixing
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TABLE 1 | Molecular structure of anti-wear additives.

Coded name Chemical name Chemical structure Phosphorus or boron

concentration

P_DEHP Trihexyltetradecylphosphonium

bis(2-ethylhexyl)phosphate

Phosphorus (P):

7.69 wt.%

SB Trimethoxyboroxine Boron (B):

18.68 wt.%

trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate
(P_DEHP) IL with trimethoxyboroxine borate ester (SB) in
group I base oil. P_DEHP ionic liquid was purchased from
IOLITEC Ionic Liquids Technologies Inc., details of which are
available in Sharma et al. (2016a,b); Sharma et al. (2019a). SB
borate ester was provided from Argonne National Laboratory.
Group I base oil was purchased from a commercial vendor and
was a mixture of 60 wt.% solvent neutral 150W and 40 wt.%
bright stock 90W. The kinematic viscosity of the base oil was
10.1 mm2/s at 100◦C. The phosphorus concentration in the test
oils was kept at 700 and 350 ppm, while boron concentration was
maintained at 500 ppm boron treat rate. Details regarding the oil
formulations used in this study are shown in Table 2.

Tribological Test Procedure and
Characterization of Tribofilms
A High-frequency reciprocating cylinder on a flat surface test
setup was used to evaluate the tribological performance of the
different oils prepared in this study. The tribological testing
machine was built in-house at Argonne National Lab. The 52100
hardened steel flat (14mm × 14mm; HRc 60–61; Sa 8 nm) and
cylinder (4mm × 6mm; HRc 60–61) were used in this study.
The load was applied using a pneumatic pressure unit to exert
initial Hertzian contact pressure of 500 MPa. Experiments were
performed at 0.06 m/s reciprocation speed at 100◦C. The stroke
length was 6mm. To better understand tribofilm forming time
and mechanism due to interaction of ionic liquid and borate
ester at the interface, tribological tests were performed at different
durations of 5, 10, and 60min. Experiments were repeated
twice to ensure repeatability and consistency in the results.

TABLE 2 | Overview of low phosphorus test oil formulations prepared using

P_DEHP and SB anti-wear additives.

S. No. Coded name Details of test oil formulations

1 SB Group I base oil + SB (added at 500

ppm boron treat rate)

2 P_DEHP(350P) + SB Group I base oil + P_DEHP (added at

350 ppm phosphorus treat rate) + SB

(added at 500 ppm boron treat rate)

3 P_DEHP(700P) + SB Group I base oil + P_DEHP (added at

700 ppm phosphorus treat rate) + SB

(added at 500 ppm boron treat rate)

Tribometer was also equipped with electric contact resistance
(ECR) measurement circuit, wherein the potential of 100mV
was applied between counter steel surfaces of the cylinder and
flat. The voltage drop across the counter surfaces was collected
in-situ during the test to gain insight into the incubation time
for tribofilm formation at the tribological interfaces. All test
specimens were cleaned before the test using Stoddard solution
followed by isopropanol and acetone to completely remove any
oil and dust present on the surfaces. Tests were conducted by
using 15 µl of prepared oil formulations to lubricate the interface
between flat and cylinder test specimens. After the completion of
the test, specimens were cleaned with heptane and isopropanol
and then saved for characterization by submerging in additive-
free polyalphaolefin (PAO) oil.

Friction forces were recorded in-situ through strain gauge
load cell and coefficient of friction data was acquired using the
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DasyLab software. To conduct wear performance assessment,
wear surfaces developed on the cylinders were examined under
an optical microscope and a 3D optical interferometer. An optical
image of the cylindrical test specimen was used to measure
wear scar width at nine locations and an average of nine wear
width measurements was used to calculate the wear volume of
each cylinder. Wear surface (center/edge region) developed on
flat steel specimen was characterized using the surface-sensitive
technique, XANES spectroscopy to understand the chemical
nature of tribofilms formed in-situ at the sliding surfaces. XANES
spectra were obtained at the Canadian Light Source synchrotron
facility in Saskatoon Canada. The phosphorus L-edge (P L-edge)
and Boron K edge (B K-edge) spectra were collected at VLS-
PGM (variable line spacing plane grating monochromator) beam
station that operates at the energy range of 5.5–250 eV with a
photon resolution ofmore than 10,000 E/1E. All the spectra were
collected using a 100µm× 100µm photon beam spot size.

RESULTS AND DISCUSSION

Evaluation of Coefficient of Friction and
Wear Volume
The coefficient of friction (CoF) obtained for different oil blends
at 5min (black line), 15min (red line), and 60min (blue line)
tests are plotted in Figure 1. All three oil formulations show
overall stable frictional behavior. A small variance is observed
in the CoF value for 5min tests compared to 60min tests for
all oil formulations. This could be attributed to the original
surface roughness of the test specimen. In the initial stages of
the test, the frictional resistance between the counter surfaces
is dominated by the original surface roughness which could
vary a little while preparing the sample. Once the initial surface
asperities are removed and stable tribofilms form on the counter
surface, a stable friction response is observed. Additionally, CoF
values for initial 5min of 15 and 60min tests appear to be
similar suggesting the consistency in the additive performance.
A careful comparison of 60min COF profiles hints at almost
similar steady-state friction values for all three formulations.
An average coefficient of friction was calculated for 60min
tests and is plotted in Figure 2. Oil formulation containing
only SB exhibits the highest CoF value while binary additive
blends containing P_DEHP and SB results in lower CoF. In
addition, P_DEHP(700P)+SB exhibits lower CoF compared
to P_DEHP(350P)+SB.

Optical images of the wear scar developed on cylinders
and flat after 1-h tribological tests are shown in Figure 3.
Wear characteristics on both cylinder and flat lubricated
with P_DEHP(700P)+SB appears to be better than SB and
P_DEHP(350P)+SB oils. Worn surface lubricated with SB
exhibits deeper scratches in the direction of sliding and regions
of abrasive wear with high surface roughness covered with
small patches of tribofilms. The optical image obtained for
P_DEHP(350P)+SB lubricated wear surface shows signs of mild
polishing wear with several scratches aligned in the sliding
direction over the smooth surface and few regions covered
with small patches of protective tribofilms. The wear scar

FIGURE 1 | Coefficient of friction obtained for oil blends containing only SB,

P_DEHP(350P)+SB and P_DEHP(700P)+SB. Showing the friction response

of each oil blend for 5, 15, and 60min test.

generated on a flat specimen lubricated with P_DEHP(700P)+SB
appears to be smooth and exhibits the presence of patchy
protective tribofilms over the worn surface with mild scratching.
Importantly, the optical image of P_DEHP(700P)+SB wear scar
exhibits better tribofilm coverage with patch sizes that are larger
and continuous than what is seen in SB and P_DEHP(350P)+SB.
This indicates that P_DEHP(700P)+SB lubricant provided better
wear protection than SB and P_DEHP(350P)+SB through the
formation of protective tribofilms at the tribological interface.

Wear volume calculated for all oil formulations after 60min
is presented in Figure 4. Wear scar width for 5 and 15min test
was very low and precise measurements could not be made,
hence are not presented here. Error bars in Figure 4 represent
the standard deviation between wear volume measured for two
repeat tests. Borate ester when used by itself exhibits higher wear
volume compared to formulations containing additive mixtures
of P_DEHP and SB. Moreover, the effect of phosphorus content
in the oil blend can also be seen in Figure 4. The binary mixtures
of P_DEHP+SB exhibited improvement in the wear protection
when the phosphorus treat rate was increased from 350 to 700
ppm. The addition of phosphorus from P_DEHP to the SB at
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FIGURE 2 | A plot of average CoF for the 60min test of oils containing

additives, SB, P_DEHP(350P)+SB, and P_DEHP(700P)+SB.

FIGURE 3 | Optical micrographs of wear surfaces on the cylinder (left) and flat

(right) test specimens from 1h tribological tests with (A) SB, (B)

P_DEHP(350P)+SB, and (C) P_DEHP(700P)+SB oils.

350P ppm shows improvement in the wear protection which
is further increased by adding P_DEHP at 700P ppm to SB.
Figure 5 shows optical profilometry 2D images of the wear scar

FIGURE 4 | Wear volume obtained for oil formulations containing only SB,

P_DEHP(350P)+SB and P_DEHP(700P)+SB for a 60min test.

profile at the center of the cylinders and 3D images of the area
of contact on the cylinders after tribological tests. The cylinder
surface for SB reveals severe wear as the 2D profile is virtually
flat at the center. The improved wear protection with the additive
mixture of borate ester, SB, and P_DEHP ionic liquid at 700 ppm
of P is visually evident in the 3D profilometry images.

Analysis of Tribofilms Formation Using
ECR
ECR data acquired for all oil formulations during the 5min
(black), 15min (red), and 60min (blue) test is shown in Figure 6.
Graphs in Figure 6 represent voltage drop values measured as a
function of test time. Non-zero voltage drop value is indicative
of the formation of non-conductive glassy tribofilms and voltage
drop close to zero mV suggests no film formation between the
counter surfaces. Five minutes test with a formulation containing
only SB does not show potential build-up except the first point
which could originate due to separation of counter surfaces from
oil. Once the test started voltage drop value becomes near zero
suggesting no tribofilms were formed within 5min. Both 15 and
60min test shows the potential build-up to 100mV at ∼300 s
after the start of the test. These results indicate that the incubation
time for tribofilm formation for borate ester (SB) additive is
∼300 s. After ∼300 s, both 15 and 60min test show voltage
drop value which periodically vary between 0 and 100mV until
∼900 s test time. This corresponds to the film formation which
is sacrificial in nature. In this test duration (∼300 to ∼900 s),
the film formation rate is similar to the film removal rate under
constant shearing forces. After∼900 s, a more stable voltage drop
is observed, and the voltage drop value varies between ∼50 and
100mV till ∼2,700 s test time. In this test duration, most voltage
drop values remained close to 100mV indicating stable and
effective film formation. After ∼2,700 s voltage drop value starts
to decrease till the end of the test i.e., 3,600 s. ECR data acquired
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FIGURE 5 | Optical profilometry images of the cylinders represented in 2D (left) at the center region of the cylinder and the 3D representation of the wear scar

developed after 1 h (A) SB, (B) P_DEHP(350P)+SB, (C) P_DEHP(700P)+SB tribological tests.
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FIGURE 6 | ECR data acquired for SB, P_DEHP(350P)+SB and

P_DEHP(700P)+SB for 5min (black), 15min (red), and 60min (blue) tests.

for the test run under P_DEHP(350P)+SB lubrication shows a
relatively small incubation time for tribofilm formation. Voltage
drop starts to form as early as ∼100 s from the beginning of the
5, 15, and 60min tests. After ∼100 s, voltage drop values vary
between 50 and 100mV. These results indicate that the addition
of phosphorus from P_DEHP at 350P ppm to SB promotes
tribofilm formation in a very short time and once the films are
formed film formation rate is higher than film removal under
shearing, thus the voltage drop does not go back to 0mV and
stays between 50 and 100mV. In the case of P_DEHP(700P)+SB,

FIGURE 7 | Phosphorus L-edge TEY spectra of tribofilms (black lines) derived

at 5, 15, and 60min test for P_DEHP(350P)+SB and P_DEHP(700P)+SB

lubrication along with model compounds (green lines).

voltage drop starts to build up as early as the test starts however,
till ∼300 s of the test, the film removal rate is higher than film
formation hence the voltage drop varies between 0 and 50mV.
After ∼300 s, voltage drop value reached 100mV indicative of
stable film formation. The voltage drop value remains close to
100mV for the rest of the test duration except at few points where
voltage drop falls to 50mV. These observations suggest that the
interaction of phosphonium ionic liquid (P_DEHP) with borate
ester (SB) reduces the incubation time for tribofilm formation as
well as results in more stable and effective film formation. The
amount of phosphorus also determines the effectiveness of the
tribofilms. The addition of P_DEHP at 700P ppm to SB results in
more effective tribofilm formation than P_DEHP(350P)+SB.

Chemical Properties of Tribofilms Using
XANES
Phosphorus Characterization (P L2,3-Edge)
Phosphorus L-edge TEY and FY spectra of wear samples derived
from 5, 15, and 60min tests with low phosphorus oil blends
containing P_DEHP at 350P ppm/700P ppm and SB at 500B
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FIGURE 8 | Phosphorus L-edge FY spectra of tribofilms (black lines) derived

at 5, 15, and 60min test for P_DEHP(350P)+SB and P_DEHP(700P)+SB

lubrication along with model compounds (green lines).

ppm is illustrated in Figures 7, 8, respectively. Phosphorus L-
edge spectra are plotted in black lines and are compared with
model compounds plotted in green lines. Figure 7 shows the
P L-edge TEY spectra which offers chemical information of
local coordination of phosphorus from near-surface region i.e.,
∼5–10 nm (Suominen Fuller et al., 2000). The absorption peak
observed on P L-edge TEY spectra is labeled as peak a, b, c,
and d. Peak d is a characteristic shape resonance peak owing to
2p to 3d transitions (Li et al., 1994) and represents phosphate
coordination irrespective of the cation associated with it. The
presence of peak d in tribofilms spectra indicates that phosphorus
is primarily present as phosphate species in the tribofilms. In
addition, the photon energy of pre-edge shoulders peaks a and
b and a main absorption edge peak c from the tribofilms spectra
closely matches with FePO4 model compound spectra.

Similarly, the tribofilms P L-edge FY spectra (shown in
Figure 8) offer chemical information from the bulk of the sample
up to 50–60 nm (Suominen Fuller et al., 2000; Nicholls et al.,
2007) also exhibited spectral features matching with the FePO4

model compound. This confirms that tribofilms derived from

P_DEHP (350P/700P)+SB lubrication are primarily composed
of FePO4 chemistry. Themain absorption edge from the P L-edge
spectra of the BPO4 model compound was not clearly resolved in
the P L-edge spectra of tribofilms. Here, we can speculate that
since the availability of Fe cation (from the substrate) is much
higher than B (added at 500 ppm) at the tribological contacts,
the likelihood for FePO4 formation is much higher than BPO4 in
the tribofilms. Hence when probing the P L-edge, the tribofilms
spectra get influenced by the more dominantly present species
i.e., FePO4 chemistry which might result in the suppression of
spectral features of BPO4 chemistry. To effectively detect the
BPO4 chemistry in the tribofilms, B K-edge spectra were acquired
and discussed in the next section [Boron Characterization (B K-
Edge)].

In order to gain insight into the effect of rubbing time and
phosphorus concentration on the formation and composition
of tribofilms, the extent of phosphate film polymerization was
analyzed using the peak a to peak c ratio from P L-edge TEY
and FY spectra of tribofilms. Previous studies have suggested
that a/c ratio below 0.3 corresponds to short-chain phosphate
polymerization and a/c ratio above 0.6 indicate long-chain
phosphate formations (Yin et al., 1995; Li et al., 2007; Kim et al.,
2011; Vyavhare et al., 2019; Cebe et al., 2020). The a/c ratio of
tribofilms formed at 5, 15, and 60min test for oils containing
P_DEHP(350P)+SB and P_DEHP(700P)+SB is measured and
plotted in Figure 9. P L-edge TEY a/c ratio is presented as a
green bar and P L-edge FY a/c ratio in blue bars. The a/c
ratio acquired from TEY spectra exhibits a higher value in
comparison with FY for each test suggesting that at the near-
surface region, a higher degree of polymerization had occurred
than in the bulk of the tribofilms in all cases. In all cases, short-
chain phosphate film formation has been observed since the
maximum a/c ratio measured is 0.3 [P_DEHP(350P)+SB 60min
test and P_DEHP(700P)+SB 60min test]. The a/c ratio is found
to be increasing with increasing rubbing time/ test time. In the
case of P_DEHP(350P)+SB TEY/FY, the a/c ratio increases from
0.2/0.09 to 0.25/0.14 and 0.3/0.19 for 5, 15, and 60min test,
respectively. Similarly, P_DEHP(700P)+SB TEY/FY also shows
an increase in the a/c ratio with rubbing time both at near-
surface (TEY) and in the bulk (FY). These results indicate that
the tribofilms derived from P_DEHP(350P/700P)+SB results in
layered phosphate films where the surface (TEY) of the films is
composed of relatively longer chain phosphate films than the bulk
(FY) of the tribofilms.

Boron Characterization (B K-Edge)
B K-edge TEY and FY spectra of tribofilms derived from SB,
P_DEHP(350P)+SB, and P_DEHP(700P)+SB for 5, 15, and
60min test are plotted in Figures 10, 11, respectively. The local
coordination of boron in the tribofilms is identified by comparing
the acquired B K-edge spectra with model compounds, trigonal
boron (B2O3) and tetrahedral boron (BPO4). In Figures 10,
11, the trigonal boron peak for B2O3 is labeled as peak a

(194.1 eV) and the tetrahedral boron peak for BPO4 is identified
as peak b (198.4 eV). Zhang et al. (2004) reported that peak
a‘ originates from the p2s from phosphate structure. B K-
edge TEY and FY spectra of SB-derived tribofilms for 5,
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FIGURE 9 | P L-edge a/c ratio measured for tribofilms formed using P_DEHP(350P)+SB and P_DEHP(700P)+SB at 5, 15, and 60min test.

15, and 60min tests exhibit peak an indicating that boron
is primarily present as trigonal boron as B2O3. Detection of
an unresolved peak at a photon energy of 199 eV (close to
peak b) in both TEY and FY spectra indicates that under the
thermo-mechanical shearing partial transformation of trigonal
boron to tetrahedral boron may have occurred. In an earlier
study, Zhang et al. (2004) also reported transformation of
trigonal coordination to tetrahedral coordination in boron in the
tribofilms upon rubbing.

B K-edge TEY and FY spectra for P_DEHP(350P)+SB derived
tribofilms exhibit two absorption edges labeled as peak a and peak
b. Comparing with the model compound spectra, the presence
of peak a at a photon energy of 194.1 eV suggests that boron in
these tribofilms is trigonal boron species i.e., B2O3. In addition,
the presence of much-resolved peak b at 198.4 eV aligned with
peak b of the BPO4 model compound suggests that to some
extent boron is also present as boron phosphate. Peak a‘ at the
photon energy of 195.78 eV is present in the TEY spectra and
not in the FY spectra. Here, peak a‘ is attributed to the presence
of FePO4 films on the surface (TEY), which were also identified
through P L-edge results (in an earlier section). It is important
to note that in TEY spectra intensity of peak a‘ decreases while
the intensity of peak b increases with the increase in rubbing
time. This observation hints at the interaction of boron species
with already formed FePO4 films and/ or ionic liquid to form
more boron phosphate on the surface with the increase in
rubbing time. Similarly, in the case of P_DEHP(700P)+SB, for
5 and 15min rubbing time the boron is mostly present as
trigonal boron (B2O3) and to less extent as tetrahedral boron.

However, with the increase in rubbing time to 60min dominant
boron chemistry in the surface (TEY) appears to be associated
with tetrahedral boron, primarily as boron phosphate (exact
aligned peak b at 198.4 eV) and to small proportion as trigonal
boron (B2O3). Both FY spectra of P_DEHP(350P)+SB and
P_DEHP(700P)+SB indicate that boron is present as trigonal
boron (B2O3) and tetrahedral boron (BPO4) in the bulk of these
tribofilms. However, in this case, P_DEHP(350P)+SB blend with
60min rubbing time exhibits the strong intensity of peak an as
opposed to peak b, while P_DEHP(700P)+SB blend 60min test
shows the higher intensity of peak b than peak a. These results
suggest that high concentration of P_DEHP (700 ppm of P) in
the lubrication largely interacted with SB to form BPO4 films in
both bulk and surface of the tribofilms formed during 60min of
rubbing time.

Moreover, we can see the change in the ratio of boron
phosphate to boron oxide with the rubbing in Figure 12. The
peak intensity of peak b increases from 5 to 60min rubbing
time. The ratio of BPO4 to B2O3 is higher in TEY compared
to FY, suggesting the boron in the bulk of the tribofilms is
dominantly present as B2O3 while BPO4 contribution increases
at near-surface region. B K-edge TEY and FY spectra of
P_DEHP (700P)+SB for 60min test exhibit the highest ratio
of BPO4 to B2O3. We can hypothesize that during the
rubbing test boron from borate ester first arrive at counter
surfaces and forms B2O3 tribofilms which later interact with
phosphorus from P_DEHP ionic liquid and/ FePO4 films and
form BPO4 which enhances the crosslinking between phosphate
film networks.
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FIGURE 10 | Boron K-edge TEY spectra of tribofilms (black lines) derived at 5,

15, and 60min test for SB, P_DEHP(350P)+SB, and P_DEHP(700P)+SB

lubrication along with model compounds (green lines).

Tribofilm Formation and Anti-wear
Mechanism
Interfacial tribofilms primarily control the wear characteristics
of the sliding surfaces operating under mixed to boundary
lubrication regime. Extensive surface characterization techniques
have been used to study physical and chemical properties
of tribofilms formed from phosphorus-containing anti-wear
additives like ZDDP and IL. For example, Ramoun et al.
and Bohoon et al. used scanning electron microscopy (SEM)
with focused ion beam (FIB), Auger electron spectroscopy,
XANES, and nano-indentation techniques to evaluate chemical
and physical properties of ZDDP derived tribofilms (Mourhatch,
2009; Kim et al., 2010, 2011, 2017; Mourhatch and Aswath,
2011). They reported that 100–200 nm thick tribofilms are grown
from bottom to top on steel substrate in chemically varying
layered structures, wherein the top layer is enriched with zinc
and iron phosphates. Qu et al. and Zhou et al. using transmission
electron microscopy (TEM) and scanning tunneling electron
microscopy (STEM) studied nanostructure and compositional

FIGURE 11 | Boron K-edge FY spectra of tribofilms (black lines) derived at 5,

15, and 60min test for SB, P_DEHP(350P)+SB, and P_DEHP(700P)+SB

lubrication along with model compounds (green lines).

characteristics of IL tribofilms and proposed that ILs form
120–180 nm thick amorphous tribofilms via multi-step tribofilm
forming mechanism including thermally activated chemical
reactions at sheared metallic contacts (Qu et al., 2012; Zhou
et al., 2017). In this context, our previous study (Sharma et al.,
2016b, 2019a) with Group I mineral oil and fully formulated oil
containing phosphonium IL (P-DEHP) examined morphological
and topographical characteristics of tribofilms using scanning
probe microscopy (SPM) and SEM. 3D images of the wear
scar recorded using SPM revealed presence of ∼80 nm thick
tribofilms with patchy morphology.

This study using ECR and XANES confirms the ability of
borate esters to interact chemically with phosphonium IL to
form thick tribofilms and improve anti-wear performance under
boundary lubrication conditions. Here, ECR results exhibited
that the SB by itself forms tribofilms at a slower rate, however,
the addition of P_DEHP to SB accelerated the formation
of their tribofilms. It can be proposed that the additional
phosphorus chemistry provided through P_DEHP promoted the
stable formation of protective tribofilms at a relatively faster
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FIGURE 12 | BPO4/B2O3 ratio measured for tribofilms formed using P_DEHP(350P)+SB and P_DEHP(700P)+SB at 5, 15, and 60min test.

rate than SB. Furthermore, the presence of phosphorus and
boron chemistry in the case of P_DEHP(700P)+SB boosted
the thickness of tribofilm patches as illustrated in Figure 3.
Formation of stable and thick tribofilms at the early-stage of
sliding (∼100 s) could have aided to distribute applied contact
pressure and sacrificially cushion shear stresses at the tribological
interface to effectively prevent wear.

XANES results confirmed that the interaction between
P_DEHP and SB additives resulted in the formation of FePO4,
B2O3, and BPO4 tribochemical films on the rubbed surfaces. The
P L-edge spectra primarily exhibited FePO4 formation suggesting
that P_DEHP IL reacts with the nascent Fe surface to form
FePO4. B K-edge spectra identified the association of boron with
trigonal coordination as B2O3 and with tetrahedral coordination
as BPO4. The authors hypothesize that under the thermo-
mechanical shearing, borate esters (SB) form decomposition by-
products of B2O3 on the counter surfaces during the initial stage
of the test. However, since the tribological experiments were
run in ambient air (relative humidity ≈50%), B2O3 can also
hydrolyze to form boric acid (H3BO3). Erdemir et al. (1990)
studied the lubrication mechanism of boron chemistry and
reported that B2O3 transforms into H3BO3 at the tribological
contacts following the reaction (1).

1

2
B2O3 +

3

2
H2O → H3B O3 1H298 = − 45.1 kJmol−1 (1)

Additionally, B K-edge spectra of tribofilms do not show a
characteristic peak of FeB at a photon energy of around 191.5 eV

(Sharma et al., 2016b) and thus, confirm no interaction of boron
chemistry with the nascent Fe surface.

On the other hand, the tribochemical reaction of ionic liquids
and/or their decomposition products with the nascent Fe surfaces
and/or wear debris at the interface has resulted in the formation
of protective FePO4 films. The primary source of phosphorus
for physiochemical reaction can be from the phosphate anion
as it is easier for the phosphate anion to lose alkyls and react
with the nascent metal surface (Somers et al., 2013; Qu et al.,
2014; Zhou et al., 2014) to form iron phosphates in opposed to
the phosphonium cation. However, the contribution from the
phosphonium cation can’t be completely ruled out. Our previous
work on oil miscible phosphonium cation and non-phosphorus
anion-based ionic liquid has shown the formation of iron
phosphate films due to complex decomposition and/or oxidation
of phosphonium cations and reaction of these decomposition
products with the underlying nascent Fe substrate (Sharma
et al., 2016a). Besides these compounds, the B K-edge spectra
of the binary additive mixture P_DEHP+SB also exhibited the
formation of the BPO4 compound. From Figure 10, it was also
noticed that with rubbing time, BPO4 formation increases in the
tribofilms relative to B2O3. Thus, it can be postulated that under
the thermo-mechanical shearing, BPO4 forms at the expense
of B2O3 due to the availability of phosphorus either from the
original P_DEHP IL or from FePO4 films.

XANES P L-edge indicated that the tribofilms formed

with P_DEHP(350P/700P)+SB contains relatively longer chain-

length phosphates in the near-surface region than the bulk
of the tribofilms. Earlier studies have shown that longer
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chain phosphates yield better tribological properties and are
generally considered to be more beneficial (Bancroft et al.,
1997; Mosey et al., 2006; Sharma et al., 2015; Vyavhare
et al., 2021a,b,c, Vyavhare et al., 2021). Additionally, XANES
results indicated that the chain length of phosphates increases
with the rubbing time. It can be proposed that the high
pressure and temperature experienced due to extended rubbing
time from 5 to 60min could have induced cross-linking
of loosely interacting iron phosphates molecules into a
chemically connected network. Additionally, as discussed earlier
with increased rubbing, the concentration of BPO4 has also
increased in the tribofilm. Boron exhibits variable co-ordination
number, which allows it to act as both glass former and
cross-linking agent (Mosey et al., 2006), and therefore, here
increase in the formation of BPO4 might have contributed
to the increase in the overall chain length of phosphates
in the tribofilms. Overall, it is evident from this study that
the tribo-chemical reaction of SB and P_DEHP reduces the
incubation time to form protective tribofilms and promotes the
formation of cross-linked glassy phosphates with the increased
sliding time that lead to a corresponding improvement in
anti-wear properties.

CONCLUSIONS

Oils with additive mixtures of borate esters with phosphonium
IL at a phosphorus treat rate of 350 and 700 ppmwere developed.
Antiwear properties measured for these oil formulations
on a cylinder-on-flat contact under pure sliding revealed
noticeable improvement in wear protection for binary
additive mixtures of SB with P_DEHP compared to SB
alone. Phosphorus treat rate can also be combined with
the wear outcomes since P_DEHP(700P)+SB resulted in
the lowest wear volume compared to P_DEHP(350P)+SB,
while oil blend SB with no P exhibited the highest
wear volume.

ECR data indicated that a shorter incubation time for tribofilm
formation is achieved from the beneficial interaction of SB with
P_DEHP. The mechanism of tribofilm formation was examined
by running tribotests for 5, 15, and 60min followed by chemical
analysis of tribofilms. XANES analysis using P L-edge revealed
that phosphorus is primarily present as FePO4 and phosphate
chain polymerization increases with rubbing time (increase in P
L-edge a/c ratio from 5 to 60min test time). B K-edge spectra
revealed the formation of BPO4 enhanced B2O3 tribofilms for
P_DEHP+SB blends while SB alone forms B2O3 chemistry-based
tribofilms. Additionally, B K-edge spectra exhibited that BPO4

to B2O3 ratio increase with rubbing time suggesting that during
the thermo-mechanical shearing action, initial B2O3 tribofilms
formed from SB chemically interact with P_DEHP IL to form
BPO4 in addition to FePO4.
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