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Abstract

In this study, interaction of ionic liquid (IL) and borate esters (SBs) as antiwear (AW) additives with steel surfaces in tri-
bological contacts was examined using blends which contained no prior AW additives but all the other ingredients present
in a fully formulated engine oil. In detail, low phosphorus oil blends were prepared by adding trihexyltetradecylphospho-
nium bis(2-ethylhexyl)phosphate (P_DEHP) at 700 ppm phosphorus and 2-methoxy-4,4,6-trimethyl-1,3,2-dioxaborinane
or trimethoxyboroxine at 200 ppm boron treat rate to a partially formulated oil. The tribological properties of these novel
ionic liquid (IL) additive and IL 4+ SB additive mixtures were compared with those of zinc dialkyldithiophosphate (ZDDP)
at equal phosphorus levels in the oil blends. Tribological experiments with a reciprocating cylinder on flat contact revealed
that both P_DEHP and binary mixtures of P_DEHP + SB offer superior wear protection than ZDDP and the partially for-
mulated oil without AW additives, expressed by a wear reduction of minimum 50%. X-ray absorption near edge structure
spectroscopy (XANES) analysis revealed that tribologically formed films are primarily composed of calcium phosphate for
oils with AW additives. The interaction of P_DEHP with SB results in additional boron oxide/boric acid and to some extent

boron phosphate domains incorporated into the tribofilms.

Keywords Ionic liquids - Wear - Borate esters - XANES - Fully formulated oils

1 Introduction

Over the last decade, ionic liquids (ILs) have emerged as
a potential antiwear (AW) additive replacement for zinc
dialkyldithiophosphate (ZDDP). ILs are regarded as ash-
less “environmentally friendly” lubricant additives with
excellent tribological properties. Thereby, both cation and
anion are composed of organic moieties, typically alkyl side
chains with different lengths and branching. Besides their
high thermo-oxidative stability, low volatility, low flamma-
bility, ILs have also shown to possess good antiwear and
anti-friction properties [1-18].

ILs based on tetraalkylphosphonium dialkylphosphate
have been recently discovered as the most promising ionic
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liquid additives for AW applications [4, 8, 10, 19-21]. Barn-
hill et al. [4] studied the impact of structural modification
of the phosphonium cation in the ILs on their tribological
properties by designing various alkyl groups (short chain
and long chain, symmetric and asymmetric) while keeping
the anion structure identical. They reported that larger cation
size results in better lubrication properties that go along with
improved miscibility in non-polar base oil with critical mini-
mum alkyl chain length of six carbon atoms. Somers et al.
[2] confirmed that phosphonium ILs with long alkyl chains
on both anion and cation show better miscibility in non-polar
base oils. Qu et al. [10] studied the tribological properties of
phosphonium phosphate IL and reported comparable or even
superior antiwear and anti-scuffing properties than ZDDP in
base oil blends.

Interaction of phosphonium phosphate ILs with other
AW additives have also been studied. For example, Qu
et al. [22] reported that synergistic effects between phos-
phonium phosphate ILs and ZDDP results in a 30% reduc-
tion of friction and more than 70% reduction in wear. In
this context, our previous study [19] performed in group
1 mineral base oil, examined the interaction between
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trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate
(P_DEHP) IL and soluble borate esters (SBs). Aswath et al.
[23] found that addition of SBs to P_DEHP in base oil sig-
nificantly reduces the incubation time for tribofilm formation
which consequently results in superior wear protection than
ZDDP at equal phosphorus treat rate (i.e., 0.1 wt% phos-
phorus). X-ray absorption near edge structure spectroscopy
(XANEYS) has the unique capability to investigate the local
coordination of elements present on the surface (5-50 nm)
and in the bulk of the sample (up to several 100 nm). Chemi-
cal analysis of the tribofilms using XANES revealed that
exceptional antiwear properties of P_DEHP + SB blends are
a result of the formation of BPO, together with FePO, and
B,03/H;BO; tribofilms.

In this study, antiwear properties of blends of P_DEHP
IL and borate esters (SB) were evaluated in a partially for-
mulated oil (PFO) that did not contain any AW additives (no
zinc, no phosphorus). Low phosphorus oil blends were pre-
pared by blending the P_DEHP in partially formulated oil at
700 ppm phosphorus treat rate. Borate ester was blended at
200 ppm boron treat rate. This way, all interactions between
the diversity of additives occurring in engine oils could be
assessed. Antiwear performance of the now fully formulated
engine oils obtained has been determined using a recipro-
cating cylinder on flat contact operated under pure sliding.
Friction and wear properties were compared with those of a
reference oil which contained ZDDP at a 700 ppm phospho-
rus level. Surface topography and 3D profiling of the rubbed
surfaces were analyzed using scanning electron microscopy
(SEM) and scanning probe microscopy (SPM), respectively.
XANES was used to describe the chemical nature of the
tribofilms.

2 Experimental Details
2.1 Description of Additive and Oil Chemistries

Table 1 provides details of the additive chemistries used.
ZDDP selected in this research work, is a secondary alco-
hol derived ZDDP with approximately 70% neutral and
30% basic characteristics, details of which are available
in Parekh et al. [24]. IL trihexyltetradecylphosphonium
bis(2-ethylhexyl)phosphate (P_DEHP) and borate ester
2-methoxy-4,4,6-trimethyl-1,3,2-dioxaborinane (SB1) were
provided from AC2T research GmbH, Austria. Trimethoxy-
boroxine (SB2) was provided by Argonne National Labora-
tory, USA.

Oil blends were prepared with a partially formulated oil
(PFO) based on GF-5 engine oil specification that contained
all additives (detergents, dispersants, antioxidants, viscosity
index improvers, corrosion inhibitors, etc.) but no AW addi-
tives, thus neither zinc (Zn) nor phosphorus (P) as expected
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in ZDDP. This partially formulated oil was characterized by
a viscosity of 42 mm?%/s at 40 °C and 7.7 mm?/s at 100 °C
and a viscosity index of 156. Base reserve amounted to a
total base number of 7 mg KOH/g oil, which refers to a
calcium (Ca) content of about 2000 ppm.

Oil samples for tribological experiments were formu-
lated by blending ZDDP, IL and borate esters individually
or as mixtures of IL and SB1 or IL and SB2 in the partially
formulated oil. All blends were prepared by keeping the
P and boron (B) concentration at 700 ppm and 200 ppm,
respectively.

2.2 Tribological Experimental Details

Tribological experiments were conducted at Argonne
National Laboratory, Applied Materials Division. Tribologi-
cal experiments were performed using a cylinder on recipro-
cating flat contact testing machine [25]. Table 2 provides the
schematic of the contact configuration and highlights the tri-
bometrical parameters. Specimens were cleaned before each
experiment using Stoddard solution followed by isopropanol
and acetone to completely remove any oil and dust present
on the surfaces. The rubbed surfaces after the experiments
were cleaned with n-heptane and isopropanol and then saved
by submerging them in sulfur free base oil.

2.3 Characterization of Tribofilms

Wear scar width generated on the cylinder after rubbing was
measured using optical images obtained from an Olympus
metallographic microscope. Wear width was measured at
nine locations on each cylinder and each oil sample was
examined twice. Thus, wear width for each oil sample is an
average of 18 measurements. The surface topography of the
wear track and wear mechanism was examined by obtaining
secondary emission scanning electron microscopy (SEM)
images and three-dimensional (3D) images of the rubbed
surfaces using Hysitron Triboscope™ in scanning probe
microscopy (SPM) imaging mode.

XANES analysis has been used extensively in tribology
to examine the chemical composition of the tribofilms [1, 19,
26-37]. Thus in this work, chemical nature of the tribofilms
formed during tribological evaluation was also characterized
using XANES. XANES spectra were obtained at The Cana-
dian Light Source synchrotron facility at Saskatoon Can-
ada. The phosphorus L-edge (P L-edge) and boron K edge
(B K-edge) spectra were collected at variable line spacing
plane grating monochromator (VLS-PGM) beam station that
operates at the energy range of 5.5-250 eV with a photon
resolution of more than 10,000 E/AE. All the spectra were
collected using a 100 um x 100 um photon beam spot size.
The phosphorus K-edge, sulfur K-edge and calcium K-edge
spectra were obtained from soft X-ray micro characterization
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Table 1 Description of additive chemistries

Coded name Chemical name

Chemical structure

ZDDP Zinc dialkyldithiophosphate S
R—O s 7/ \ 0—R
> P < ~ Zn P <
R—O s7 N\ S/ 0—R
R = alkyl or aryl group
P_DEHP Trihexyltetradecylphosphonium bis(2-ethylhexyl) "\ _~"_-"\ P NN
phosphate
(o) o
N
//P AN
(o) (o)
SB 1 2-Methoxy-4,4,6-trimethyl-1,3,2-dioxaborinane
(0]
B
~N
o~ So
SB2 Trimethoxyboroxine N o
B
~N
o~ Yo
B B
™~ ~ ~
0~ “No” o

beam (SXRMB) line which operates at high energy ranging
from 1.7 to 10 keV with a photon resolution of 3.3x 10~
Insb (111). A 1 mm X2 mm spot size was chosen to collect
the spectra at the SXRMB line. In this study, XANES spec-
tra were acquired in both total electron yield (TEY) and fluo-
rescent yield (FY) signal detection mode. TEY spectra offer
more surface-sensitive information, whereas FY spectra pro-
vide information from the bulk of the sample. Typically, in
the case of Si L-edge the sampling depth in TEY and FY
mode is about 5 nm and 70 nm, respectively [23]. High flux
of high-energy soft/hard X-ray photons from a synchrotron
radiation source is used to excite core level electrons of an
atom. As a result, a vacancy (hole) is created in either K or
L levels which subsequently is filled with an electron from
higher energy shells followed by emission of a fluorescent
photon which is detected by the fluorescence detector inside

the main chamber and plotted as FY spectra. TEY spectra,
which provide near surface information, are collected by
measuring a neutralization current that is applied to the sam-
ple to balance the positive charge created on the sample as
X-ray photon absorption leads to the excitation of core level
electrons to continuum.

3 Results and Discussion

3.1 Coefficient of Friction and Wear Volume

The coefficients of friction (CoF) obtained from different
oil blends are plotted in Fig. 1. The partially formulated

oil without AW additive and its blends with AW addi-
tives, i.e., P_DEHP, P_DEHP + SB1 and P_DEHP + SB2,
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Table 2 Schematic of the contact configuration and details about tribometrical parameters
Tribological test Reciprocating cylinder on flat contact
Front view Side view

Oil matrix

Oil viscosity

Treat rate

Applied load

Initial Hertzian contact pressure
Temperature

Speed

Stroke length

Duration

Cylinder

Flat

Partially formulated oil (PFO contained no Zn, no P, but all the
other components of a GF-5 oil)

7.7 mm?%/s at 100 °C

Phosphorus: 700 ppm and boron: 200 ppm

82N

500 MPa

100 °C

Average 0.06 m/s at a frequency of 5 Hz

6 mm

lh

® 4 mmx 6 mm, 52100 steel, 60-61 HRc

12 mm X 12 mm X 8 mm, 52100 steel, 60-61 HRc

ZDDP PFO

P_DEHP+SB1 PFO

P_DEHP+SB2 PFO

P_DEHP PFO

PFO

rrRes

T T T T 1
1200 1800 2400 3000 3600

Time (sec)

T
0 600

Fig.1 Coefficient of friction (CoF) as a function of test duration
obtained for the partially formulated oil (PFO contained no Zn, no P,
but all the other components of a GF-5 oil) and its blends with AW
additives (ZDDP, P_DEHP, P_DEHP + SB1 and P_DEHP + SB2)

exhibit similar frictional response as a function of rub-
bing time. CoF decreases in the initial stages of the
tribological experiments (up to ~300 s), then slightly
increases (~300-900 s), and eventually remains consistent
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(CoF ~0.12) for the rest of the test duration. On the other
hand, ZDDP oil blend shows an increase in the CoF
in the initial state (up to ~300 s) and then is constant
(CoF ~0.14) for the remaining duration. These results
indicate that IL and borate ester AW chemistries do not
contribute to friction behavior that is different from that
of the partially formulated oil. However, the addition of
ZDDP to partially formulated oil leads to an increase in
the CoF value. All friction curves are characterized by
a smooth progress, hence do no indicate the presence of
severe adhesion due to direct metal-metal contacts.

The antiwear performance of P_DEHP and binary
additive mixtures of P_ DEHP with SB1 or SB2 in PFO
was benchmarked against that of partially formulated oil
without AW and with ZDDP. Wear volumes determined
on the cylinder specimens are shown in Fig. 2. The error
bars denote the standard deviations calculated from 18
individual measurements each. Partially formulated oil
exhibited the highest wear volume whereas the addition
of AW additives resulted in wear volume reduction. In
detail, ZDDP could only slightly reduce wear. Statistically,
wear by ZDDP in PFO (wear reduction of 9%) is in the
range of wear by PFO when used alone. On the other hand,
antiwear performance of PFO blended with P_DEHP as
well as with binary mixtures of P_DEHP + SB1 and P_
DEHP + SB2 was significantly improved. Oil blends with
P_DEHP resulted in the lowest wear volume (wear reduc-
tion of 66%) followed by P_DEHP + SB2 (wear reduction
of 60%) and P_DEHP + SB2 (wear reduction of 51%).
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Fig.2 Wear volumes meas- 4.0E-13
ured for the partially formu-
lated oil (PFO) and its blends 3.5E-13
with AW additives (ZDDP,
P_DEHP, P_DEHP +SB1 and — 01
P_DEHP + SB2) % 25613
£
3 2.0E-13
S
E 1.5E-13
s =
1.0E-13
5.0E-14
0.0E+00
P_DEHP +SB1 | P_DEHP +SB2
PFO ZDDP PFO P_DEHP PFO DFO FO
3.2 Wear Scars Characterized by SEM and SPM generated on the flat specimens are presented in Fig. 3.
Wear surfaces typically exhibit three features, i.e., bright
Tribofilms and topographical features derived on the mat-  region, darker region and region of material removal such as

ing surfaces after rubbing were examined using SEM and  scratches and metal pull-out. Bright regions were generated
SPM imaging techniques. SEM images of the wear tracks by mainly metallic surfaces (Fe surfaces) whereas darker

Fig. 3 SEM images of the wear
tracks generated on the flat
specimens with a PFO, b ZDDP
in PFO, ¢ P_DEHP in PFO,

d P_DEHP +SB1 in PFO and

e P_DEHP +SB2 in PFO

5um

P_DEHP PFO

(b) ZDDP PFO

(c)

(d) P_DEHP + SB1 PFO
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regions can be attributed to higher abundances of light ele-
ments that originate from the oil blends (tribofilms). Flat
specimen lubricated with PFO (Fig. 3a) exhibited a uniform
distribution of banded bright and dark areas, suggesting that
wear surfaces are covered with tribofilms to some extent. In
addition, regions of metal pull-out are also evident, indicat-
ing abrasive-type wear conditions. ZDDP in PFO (Fig. 3b)
derived wear surfaces that showed a few mild scratches in
addition to the bright and dark areas with a larger coverage
of tribofilms (dark areas) than PFO without AW additives.
Similarly, oil blends with P_DEHP (Fig. 3c), P_DEHP+SB1
(Fig. 3d) and P_DEHP + SB2 (Fig. 3e) have generated wear
surfaces with a few mild scratches together with regions of
tribofilm coverage characterized by dark areas of varying
shape and size. The comparison with ZDDP shows that oil

(a) PFO P AN
L _

fuau) wbey
B0
[+))
9

(c) P_DEHP PFO

g Wiy

blends with P_DEHP exhibited larger patches of tribofilms
with higher contrast that suggests thicker tribofilms.
Figure 4 shows the 3D profiles of the wear tracks found
on the flat specimen after rubbing acquired by SPM imag-
ing. The arrow next to the image Fig. 4a denotes the sliding
direction. SPM images were produced for 60 um X 60 pm
areas while keeping the z-axis same, i.e., +200 nm. Tribo-
films from PFO (Fig. 4a) exhibited small pad-like features
across the wear track. SPM image of tribofilms from ZDDP
in PFO (Fig. 4b) revealed island-type features that are typi-
cal of ZDDP tribofilms [25, 38]. These features were more
pronounced with ZDDP in PFO than with PFO when used
alone. In the case of oil blends with P_DEHP (Fig. 4c), sur-
face topography was similar to PFO. Wear track was con-
sistently covered with a tribofilm composed of island-type

2000°

7
68'20

6667
20089

Quuy wey

Fig.4 SPM images of the wear tracks generated on the flat specimens with a PFO, b ZDDP in PFO, ¢ P_DEHP in PFO, d P_DEHP +SB1 in

PFO and e P_DEHP + SB2 in PFO
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patches. Oil blends that contained P_DEHP + SB1 (Fig. 4d)
and P_DEHP + SB2 (Fig. 4e) produced island-type features
with larger pad sizes than observed for PFO and ZDDP in
PFO.

3.3 Chemical Characterization of Tribofilms Using
XANES

3.3.1 Phosphorus P L, ;-Edge XANES

Phosphorus species in the tribofilms were determined by
probing the P L-edge in both total electron yield (TEY) and
fluorescent yield (FY) detection modes to obtain the local
coordination of phosphorus near surface and in the bulk of
tribofilms, respectively. Figure Sa, b represent the P L-edge
TEY and FY spectra of the tribofilms derived from the oil
blends used in this study. P L-edge spectra of model com-
pounds are plotted in Fig. 5S¢ for fingerprint match analysis.
As expected, tribofilms from PFO did not exhibit P L-edge
TEY and FY spectra since the oil did not contain phospho-
rus. In contrast, P L-edge TEY and FY spectra of tribofilms
from oil blends with AW exhibited a main absorption edge at
peak ¢, pre-edge shoulder at peaks a and b, post-edge shoul-
der at peak ¢’ and a shape resonance at peak d. Comparing
the spectra of tribofilms with the model compounds’ spectra
(Fig. 5¢), peak d was present in all the phosphate structures
while the main absorption edge peak ¢ well aligned with
calcium phosphates ($-Ca;(PO,), and Ca,P,0,). The main
absorption edge energy for BPO, also closely matched with
peak ¢ while the main absorption edge energy for FePO,
and Zn;(PO,), were observed at higher photon energy than
peak c. Furthermore, the presence of a post-edge peak ¢’ in
the tribofilms’ spectra was found to be a characteristic peak
for calcium phosphate species and is commonly observed
in both B-Cas(PO,), and Ca,P,0,. The results indicated
that in tribofilms derived from oil blends containing ZDDP,
P_DEHP, P_DEHP + SB1 and P_DEHP + SB2, phos-
phorus was primarily present in calcium phosphates, i.e.,
B-Ca;(PO,), and Ca,P,0,. Model compound B-Ca;(PO,),
(orthophosphate structure) exhibited higher peak intensity
for peak ¢’ than model compound Ca,P,0, (pyrophosphate
structure). P L-edge FY spectra of P_DEHP, P_DEHP+ SB1
and P_DEHP + SB2 tribofilms showed higher intensities for
peak ¢’ than ZDDP tribofilm. Accordingly, it is suggested
that P_DEHP, P_DEHP+ SB1 and P_DEHP + SB2 contrib-
uted to the formation of higher amounts of f-Ca;(PO,),.

In our previous study, the same AW chemistries were
used but dissolved in a group I base oil [19]. There, ZDDP,
P_DEHP, P_DEHP + SB1 and P_DEHP + SB2 exhibited
the formation of zinc phosphate (in the case of ZDDP) and
iron phosphate (in the case of P_DEHP, P_DEHP + SB1
and P_DEHP + SB2). Partially formulated oil used in this
study contained among others detergents, hence differed

significantly from a neat base oil. Detergents, commonly
used, are CaCO; nanoparticles that are covered with an
anionic detergent, e.g., alkylbenzenesulfonate, to give a
micelle structure around calcium carbonate. This explains
why calcium-based detergents in the oil blends influenced
the phosphorus chemistry of tribofilms formed in all cases
where P was part of the AW chemistry. Sharma et al. [17,
39] also reported on the formation of calcium phosphate
in tribofilms from fully formulated oils containing ZDDP
and other IL structures while in base oil blends with
ZDDP tribofilms were composed of zinc phosphates and
IL tribofilms contained iron phosphates, respectively. In
accordance, Najman et al. [36] reported that antiwear films
formed from ashless AW additives incorporated calcium
phosphate instead of iron phosphate when calcium-based
detergents were added to the base oil blends. The stand-
ard free energy of formation AG® of the phosphate com-
pounds, which are close to tribofilm chemistries, include
— 1645 kJ for FePO,-2H,0, — 867 kJ for Zn,;(PO,),-4H,0,
—3861 kJ for Ca;(PO,), and — 6669 kI for Cas(PO,);OH.
The more negative energy of formation, the more stable
the compound is. Furthermore, the enthalpy of formation
AH? of — 1297 kJ for FePO,, —2891 kJ for Zn,(PO,), and
—4120 kJ for Ca;(PO,), indicates that Fe and Zn phos-
phates more likely form at an earlier stage of rubbing.
However, the higher stability of the Ca phosphates suggest
a cation exchange in the antiwear films where Ca replaces
Fe and Zn to eventually result in Ca phosphates in the
tribofilm [40—-42].

P L-edge TEY spectra were further analyzed for phos-
phate chain polymerization in the tribofilms. The phos-
phate chain polymerization was estimated by calculat-
ing the peak intensity ratio of peak a to peak c. Earlier
studies [32, 34, 43] suggested that a/c ratios below 0.3
correspond to short chain phosphates and above 0.6 to
long chain phosphates. The a/c ratios calculated from P
L-edge TEY spectra are shown in Fig. 5a for all oil blends
with AW additives. All AW additives used in this study
formed short chain phosphates at near surface of the tri-
bofilms (0.23-0.26). Kasrai et al. [42] reported that addi-
tion of calcium-based detergents inhibited the formation
of long-chain phosphates in ZDDP tribofilms. However,
we have recently discovered the formation of short chain
phosphates when using AW additives in base oil blends
without detergents [19]. Furthermore, Patel et al. also
demonstrated that polyphosphates formed under realistic
engine conditions (piston rings and cylinders in a Mack
T11 engine) were short-chain phosphates of Zn. Hence,
chain polymerization to give polyphosphates is less a
function of the presence of Ca but rather is largely driven
by the tribological conditions including contact load and
lubricant availability.
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Fig.5 aP L-edge TEY spectra a
of tribofilms derived from PFO
and its blends with ZDDP,
P_DEHP, P_DEHP +SB1 c °
and P_DEHP+SB2. b P a2 5
L-edge FY spectra of tri- :
bofilms derived from PFO
and its blends with ZDDP,
P_DEHP, P_DEHP +SB1 and
P_DEHP +SB2 alc=0.25
alc =0.23
alc =0.26
alc =0.26

Phosphorus L-edge TEY

d

Phosphorus L-edge FY

PFO

ZDDP PFO

ZDDP PFO

P_DEHP PFO

P_DEHP PFO

P_DEHP+SB1 PFO

P_DEHP+SB 1 PFO
P_DEHP+SB2 PFO

P_DEHP+SB 2 PFO

r T T
130 135 140

Photon energy (eV)

3.3.2 Boron B K-Edge XANES

The interaction of borate esters with P_DEHP in partially
formulated oil blends was examined by probing B K-edge
spectra of tribofilms. B K-edge TEY and FY spectra of tri-
bofilms formed from P_DEHP + SB1 and P_DEHP + SB2
(plotted in black line) are shown in Fig. 6a, b and com-
pared with model compounds (plotted in green lines). B

@ Springer
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140 145 150 155
Photon energy (eV)
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Phosphorus L-edge

B-Ca,(PO,),
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K-edge TEY probes the tribofilm surface (~6 nm) and FY
provides information about the tribofilm bulk (~ 100 nm)
[44]. Different boron species can be distinguished by
examining their characteristic absorption edge (discussed
in [19]). In Fig. 6a, b, three peaks were assigned to peak a,
peak b and peak c. Peak a and peak ¢ appeared at photon
energies of 194.0 eV and 202.9 eV, respectively, that were
attributed to trigonal coordination of boron species [44].
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Fig.6 aB K-edge TEY a
spectra of tribofilms derived
from P_DEHP+SB1 and
P_DEHP + SB2 in PFO (plotted
in black lines) and compared
with model compounds (plotted
in green lines). b B K-edge FY
spectra of tribofilms derived
from P_DEHP+SB1 and P_
DEHP + SB2 in PFO (plotted in
black lines) and compared with
model compounds (plotted in
green lines)

Boron K-edge TEY

b Boron K-edge FY

b

c BN

P_DEHP+SB1 PFO

P_DEHP+SB1 PFO

P_DEHP+SB2 PFO
P_DEHP+SB2 PFO

r v T d T d T
188 192 196 200

Photon energy (eV)

Peak b occurred at a photon energy of 198.4 eV that cor-
responded to tetrahedral coordination [44]. Peaks a and ¢
were commonly present in B,05 and H;BO;. BPO, exhib-
ited peak a, b and ¢ where peak ¢ was slightly shifted to
higher photon energy. Peak b from tetrahedral B was the
dominant peak, since the compound in its pure form has
boron in tetrahedral coordination. Relatively weak peaks
a and ¢ in BPO, spectra possibly originated from surface
modification [44]. The B K-edge TEY and FY spectra of
the tribofilms exhibited a strong absorption edge at peak
a but little intensities of peak b and ¢ which was slightly
shifted to higher photon energy (204 eV). B K-edge TEY
spectra revealed that boron at near surface (TEY) and in
the bulk (FY) of the tribofilms was dominantly present as
trigonal boron (B,0,/H;BO3). In addition to that, presence
of weak peaks a and ¢ suggested two possibilities: first,
the likelihood for the formation of BPO, in the tribofilms
due to the interaction of borate esters and P_DEHP and
second, a partially thermo-mechanical transformation of
boron from trigonal to tetrahedral coordination in the tri-
bofilms induced by shearing [45]. In the base oil study
(discussed in [19]), synergism between borate esters and
P_DEHP has shown a clear absorption edge at 198.4 eV
which could be attributed to the formation of BPO,. In this
study, it can be speculated that a preferential formation of
calcium phosphates occurred due to interaction between
calcium and phosphorus species that essentially inhibited
the formation of both FePO, and BPO,, which were evi-
dent in tribofilms formed in base oil blends.

T d T T 1 T T T T T T 1
204 208 212 188 192 196 200 204 208 212

Photon energy (eV)

3.3.3 Sulfur S L-Edge XANES

The primary source of sulfur in the tribofilms was the
detergent made up of overbased calcium sulfonate. In addi-
tion, ZDDP also contained sulfur in its original structure.
Sulfur species formed in the tribofilms using oil blends
from PFO with or without AW additives were probed by
acquiring the S L-edge spectra. The S L-edge spectra were
acquired in both TEY and FY mode to examine the sulfur
chemistries in the tribofilms as a function of film thickness
[23]. S L-edge spectra of the tribofilms are presented in
Fig. 7a, b and compared with model compound spectra in
Fig. 7c. Differences in the spectra of the model compounds
and their relative peak energies are detailed by Kim et al.
[30]. S L-edge TEY and FY spectra of the tribofilms
exhibited similar absorption signatures for each oil blend,
but the signal to noise ratio was reduced in FY spectra.
No significant changes were observed in the sulfur chem-
istries from the near-surface region towards the bulk of
the individual tribofilms besides the observation that over-
all sulfur contents were higher in the near-surface region
than in the bulk. But different sulfur species were found
in the tribofilms formed from PFO and its oil blends with
AW additives. By fingerprint match analysis of the tribo-
films from P_DEHP, P_DEHP + SB1 and P_DEHP + SB2
each in PFO with the model compounds, peaks in the S
L-edge spectra labeled as peak a’, b’, ¢/, d’ and e’ could
be assigned as follows: peak a’ and b’ referred to sulfide
(-2 oxidation state) species primarily in iron sulfides.
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Fig.7 a S L-edge TEY spectra a
of tribofilms derived from PFO
and its blends with ZDDP,
P_DEHP, P_DEHP+ SB1

and P_DEHP+SB2.b S
L-edge FY spectra of tri-
bofilms derived from PFO

and its blends with ZDDP,
P_DEHP, P_DEHP+ SB1 and
P_DEHP+SB2. ¢ S L-edge FY
spectra of model compounds

Sulfur L-edge TEY
ulfur L-edge o b

Sulfur L-edge FY
d'

PFO
PFO

ZDDP PFO
ZDDP PFO

P_DEHP PFO
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P_DEHP+SB1 PFO

P_DEHP+SB2 PFO
P_DEHP+SB2 PFO

T T T T
160 165 170 175

Photon energy (ev)

Peak e’ was commonly present in all the sulfate structures
which confirmed that sulfur was also present in sulfates
(+ 6 oxidation state). In addition, presence of peaks ¢’ and
d’ suggested that the sulfates were mainly bound in iron
sulfate since peak ¢’ represented the pre-edge shoulder of
the iron sulfate absorption edge denoted as peak d’. Since
Zn was not present in these tribofilms, we eliminated the
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possibility of ZnSO, whereas we could not completely
exclude the probability of the formation of CaSO,. In the
case of tribofilms from ZDDP in PFO, peaks a, b, ¢, d and
e aligned well with the ZnS spectra. Thus, tribofilms from
oil blends with ZDDP contained sulfur primarily in the
form of the sulfide (-2 oxidation state).
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3.3.4 Calcium Ca K-Edge XANES

Calcium K-edge spectra were also acquired to comple-
ment the results observed from P L-edge and S L-edges.
Ca K-edge TEY and FY spectra of the tribofilms are plot-
ted in Fig. 8a, b and compared with model compounds in
Fig. 8c. Three peaks were identified and labeled as peak a, b
and c. By fingerprint matching with model compounds, the

Fig.8 a Ca K-edge TEY spectra a
of tribofilms derived from PFO c
and its blends with ZDDP, :
P_DEHP, P_DEHP+ SB1

and P_DEHP+SB2. b Ca
K-edge FY spectra of tribo-
films derived from PFO and its
blends with ZDDP, P_DEHP,
P_DEHP+SB1 and P_
DEHP + SB2. ¢ Ca K-edge FY
spectra of model compounds

Calcium K-edge TEY b

presence of either or both calcium phosphate and calcium
sulfate was determined.

3.3.5 Discussion of XANES Findings
A detailed understanding of the mechanism of tribofilm

formation using P_DEHP and binary mixtures of P_DEHP
and borate esters SB1 and SB2 as AW additives could be
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(4
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developed. P L-edge spectra indicated that phosphorus was
mainly incorporated as calcium phosphates in the antiwear
films. The interaction of the calcium cation from the over-
based detergent with the phosphorus-containing AW addi-
tives ZDDP and P_DEHP offered the formation of stable
films in terms of free energy and enthalpy of formation,
which were preferred over phosphates with iron or zinc. B
K-edge spectra suggested that the addition of borate esters
to P_DEHP resulted in B,05/H;BOj; tribofilms enhanced by
BPO,. However, calcium phosphate formation was found
to be dominant during rubbing rather than the formation
of boron phosphate. As to sulfur, the kind of sulfur species
that contributed to the tribofilms was significantly depend-
ent on the sulfur chemistries available in the oil blends. For
oils with ZDDP, sulfur was largely present as zinc sulfide.
Oil blends with sulfonate detergent as major sulfur source,
i.e., PFO when used alone, P_DEHP, P_DEHP + SB1 and
P_DEHP + SB2 each in PFO, resulted in the formation of
mainly iron sulfates on the rubbed surfaces. Ca K-edge
spectra confirmed the formation of calcium phosphates on
the surfaces and hence complemented the findings from P
L-edge spectra.

4 Conclusions

The friction and wear behavior of fully formulated engine
oils with a phosphonium phosphate ionic liquid (P_DEHP)
and two borate esters (SB1 and SB2) were benchmarked
against oil blends without AW additives and with ZDDP.
Friction with ZDDP stabilized at ~0.14 whereas friction
was found at ~0.12 with all other oil blends. Results from
tribological experiments revealed significant improve-
ment in wear protection (50% and more) with P_DEHP
and the binary additive mixtures P_DEHP + SB1 and P_
DEHP + SB2 compared to the oil without AW additives and
the oil with ZDDP.

Tribofilms characterization by XANES indicated that
phosphorus was primarily present in the form of calcium
phosphates whenever phosphorus-based AW additives were
used. ZDDP resulted in the incorporation of sulfur primarily
in the form of zinc sulfides in the tribofilms. Partially for-
mulated oil (without AW additives) and oils with P_DEHP
and mixtures of P_ DEHP + SB1 and P_DEHP + SB2 formed
tribofilms that contained iron sulfates and iron sulfides and
to some extent calcium sulfates. Boron was primarily pre-
sent in the form of boric acid/boron oxide as well as boron
phosphate to a smaller extent. In summary, it can be said
the interplay of P_DEHP and SB resulted in tribofilms com-
posed calcium phosphates, calcium sulfates, iron sulfates,
iron sulfides and boron oxide/boric acid enhanced by boron
phosphate.

@ Springer

The formation of calcium phosphates could be observed,
which are chemically more stable than iron and zinc phos-
phates detected in tribofilms from AW additives in base oils
as recently reported. The findings in this study also demon-
strate the importance of the use of oil blends that represent
fully formulated oils to account for the interactions of AW
additives with other compounds, in particular overbased
detergents in the case of engine oils.
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