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There are electric vehicle configurations with the electric motor (EM) inside the transmission housing,
putting in contact the automatic transmission fluid (ATF) with the EM. In this case the ATF must fulfil sev-
eral requirements, such as electrical and material compatibilities, improved cooling performance, etc. The
use of ionic liquids (IL) as lubricant additive can impact on electrical conductivity (j) and tribological
behaviour of the ATF. This work analyses the influence of a phosphonium-based ionic liquid ([P6,6,6,14]
[BEHP]) used as additive at 1 and 3 wt% concentration on the abovementioned properties of a commercial
ATF. The addition of the IL increased the j of the ATF but it continues being dissipative; however, the
dielectric strength decreased drastically and further tests about this property should be performed.
The IL promotes the formation of a phosphorous-rich tribofilm, which is related to the improved antiwear
performance. This formulation including the IL could be used in electric vehicles.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

The electric vehicle (EV) is currently-one of the global mega-
trends due to the possibility of reducing the greenhouses gasses
emissions. This emissions reduction, in particular CO2, is close
related to the high efficiency of these vehicles [1]. Four EV types
can be found in the market: mild hybrid, full hybrid, plug-hybrid
and full EV. This classification is used taking into account the size
and the charging mode of the battery, and the size of the electric
motor (EM) used [2]. Among the hybrid electric vehicles (HEV),
there are configurations where the EM and the ATF are in contact
because the former is inside the transmission housing. This fact
requires that the ATF fulfils numerous requirements. These
requirements are: corrosion protection, magnetic compatibility,
thermal compatibility, avoiding of aeration and foaming at high
speeds, material compatibility, and electrical compatibility [3,4].

For achieving the abovementioned requirements, it is very
important to do a proper selection of base oils and additives, and
their concentration, for the formulation of the ATFs. Gao et al. [5]
described a lubricating oil for electric and hybrid vehicles, which
is composed by at least 80 wt% of a base oil and the rest of addi-
tives (e.g. detergent, antioxidant, antiwear, corrosion inhibitor, vis-
cosity modifier, dispersant, etc.). The proposed lubricating oils
should have an j at room temperature in the range 3000–20000
pS/m and a kinematic viscosity at 100 �C from 2 to 20 mm2/s.
The use of promoters and inhibitors of conductivity has to be bal-
anced for controlling the j in low viscosity ATFs.

The ILs have been studied in lubrication since 2001 [6], mainly
as an additive to a base oil, and currently continues being a hot
topic of research [7–10]. Qu et al. [11] compared the most common
antiwear additive (zinc dialkyldithiophosphate or ZDDP) and the
ionic liquid trihexyltetradecylphosphonium bis(2-ethylhexyl)
phosphate ([P6,6,6,14][DEHP] or [P6,6,6,14][BEHP]) as additive in a
polyalphaolefin (PAO 4). The concentration of both compounds
was limited to 1 wt% in order to fulfil the automotive engine oil
specification GF 5, which limits the phosphorous content to
0.8 wt%. The IL outperformed the ZDDP at 100 �C effectively pre-
venting the scuffing damage. On the other hand, the ionic liquid
tetraoctylphosphonium bis(2-ethylhexyl)phosphate ([P8,8,8,8]
[DEHP]) and ZDDP were used alone and in combination as additive,
limiting the phosphorous content to 0.8 wt%, and the results
showed that the reduction of friction and wear was higher when
the ZDDP + IL was used [12]. Similar results were obtained when
the ionic liquid [P6,6,6,14][DEHP] was used with the same approach
[10]. The [P6,6,6,14][DEHP] was also used as additive in fully-
formulated engine oil (5 W-30) and its compatibility with the
ZDDP-containing additive package was investigated [13]. While
the wear rates decreased approximately 70 %, small changes were
detected in friction values, which means a IL-antiwear package
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synergistic effect. The use of ILs as additive in fully-formulated
wind turbine gearbox oils were also studied resulting in wear
reductions [14] and in lower torque loss in rolling bearing tests
and lower power loss in FZG tests [15].

The use of ILs is reported as potential additives that can be
included in the formulation of ATFs for EVs in a preferred concen-
tration of 0.1–5 wt% [5]. Flores-Torres et al. [16] reported the ILs as
conductivity agents due to their polar nature and the capacity to
increase the j of a lubricating or working fluid by a tangible quan-
tity (e.g. +100 pS/m or more). So, the ILs can be used for adjusting
the j of the lubricant, and there are numerous suitable cations (e.g.
phosphonium, imidazolium, pyrrolidinium, etc.) that may be com-
bined with different anions to be used with this purpose. In addi-
tion, some other additives used in the ATFs formulation, such as
dispersant, detergent and antiwear (ZDDP) additives are also con-
sidered as conductivity agents. Taking into account the above facts,
the inclusion of the ILs as additive in the formulation of ATFs for
EVs has to consider the potential changes in the j of the lubricating
oil in order to avoid a change from dissipative to conductive behav-
ior under their operation temperature range and during their
lifetime.

Despite the abovementioned facts, the use of ILs as additive in
ATFs to be used in EVs and their simultaneous implications on tri-
bological and j behaviors have not been reported. This work aims
to analyze the influence of the use of the [P6,6,6,14][BEHP] ionic liq-
uid as additive at 1 and 3 wt% in a fully-formulated ATF on the j
and the tribological behavior.
2. Experimental details

2.1. Materials

A commercial automatic transmission fluid (ATF) was used as
reference oil and its properties are listed in Table 1. This ATF was
formulated with 89 wt% of a base fluid composed by two mineral
oils (YUBASE 3 and YUBASE 6) from API Group III and 11 wt% of
the HiTEC 3460 additive package. The trihexyltetradecylphospho-
nium bis(2-ethylhexyl)phosphate ([P6,6,6,14][BEHP]) IL was pro-
vided by IOLITEC GmbH (Table 2) and included as a
supplementary additive to the ATF at concentrations of 1 and
3 wt%, reducing the additive package concentration in the same
ratio and keeping the total additive concentration at 11 wt% in
all lubricant samples. The mixture of the ATF and the ionic liquid
was prepared by using a planetary centrifugal mixer (Kakuhunter
SK-300 SII) for 30 min at 1600 rpm.
2.2. Measurements of viscosity and electrical properties

The dynamic viscosity of the three lubricant samples was mea-
sured in a Stabinger SVM 3001 viscometer. This equipment has a
kinematic viscosity measurement range from 0.2 to 30000 mm2/s,
and a density measurement range from 0 to 3 g/cm3. The repeata-
bility is 0.1 % for viscosity and 0.00005 g/cm3 for density.
Table 1
Properties and additive elements of the automatic transmission fluid.

Properties Additive
elements

Density at 15 �C (g/cm3) 0.847 Ca (ppm) �
Kinematic Viscosity at 40 �C (mm2/s) 29.8 B (ppm) 59–88
Kinematic Viscosity at 100 �C (mm2/s) 5.8 P (ppm) 136–194
Viscosity Index (VI) 144 Zn (ppm) 20
Flash Point (�C) 216 S (%) 0.192
Pour Point (�C) �49 N (%) �
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The j of the abovementioned lubricant samples was measured
from 45 to 125 �C. In this case, a Digital Conductivity Meter (Emcee
Model 1153) was used. The measurement range of the conductivity
meter goes from 1 to 107 pS/m and at least three j measurements
were performed for each lubricant sample to ensure a typical devi-
ation lower than 10 %. The temperature range for measuring elec-
trical conductivity was selected considering the potential
temperatures that gears and main parts of the EM can reach inside
the transmission. These potential temperatures, related to the loca-
tion of the EM inside the transmission, have been reported in a
recent work [17].

The dielectric strength (breakdown voltage) was measured
according to the EN 60156 standard. The test was made at room
temperature (25 �C) using VDE electrodes at a distance of
2.5 mm and the voltage was increased at 2 kV/s ± 0.2 kV/s. The
uncertainty of the equipment (at a confidence level of 95 %) is
4.3 kV. The lubricant sample volume was around 400 mL and it
was mechanically agitated.

2.3. Tribological tests

In order to study friction behaviour of all lubricant samples, two
different tests were performed in a Mini Traction Machine-MTM2
tribometer (PCS Instruments). Firstly, the so-called Stribeck curve
were obtained through a sliding/rolling tests with the following
test conditions: entrainment speed from 2500 to 10 mm s�1, load
of 25 N (maximum contact pressure: 0.9 GPa), slide-to-roll ratio
(SRR) of 100 % and temperatures of 40, 60, 80 and 100 �C. Secondly,
traction tests were performed under the same values of load and
temperature than the Stribeck curve tests, at an entrainment speed
of 2000 mm s�1, load of 25 N and SRR values from 0 to 100 %. The
entrainment speed and the SRR are defined by Eqs. (1) and (2),
respectively. The uball and the udisc are the tangential speed of the
ball and the disc at the point of contact, respectively. The lubricant
volume used for both tests was 10 mL. The balls (9.525 mm-radius,
hardness of 800–920 HV30) and discs (hardness of 720–780 HV30)
used in these tests are manufactured from AISI 52100 steel and has
a surface roughness less than 0.020 lm.

Vs ¼ udisc � uball ð1Þ

SRR ¼ 2 � j udisc � uballð Þj
ðudisc þ uballÞ � 100% ð2Þ

The reciprocating friction and wear tests of all the lubricant
samples were performed in a CETR UMT-3 tribometer. The speci-
mens used in these tribological tests are both manufactured from
AISI 52100 steel and have the following main properties: ball
(6 mm-diameter, 58–66 HRC of hardness, and 0.05 lm Ra of sur-
face roughness) and disc (10 mm-diameter, 190–210 HV30 of hard-
ness, and 0.018 lm Ra of surface roughness). The lubricant volume
used was 0.6 mL and test conditions were: 15 Hz of frequency,
4 mm of stroke length, 60 min-duration, temperature of 100 �C
and loads of 5, 10, 15, 20 and 30 N (corresponding to maximum
contact pressures of 1.13, 1.43, 1.63, 1.8 and 2.06 GPa). During
the tribological tests the coefficient of friction (COF) was calculated
and recorded, and each test was performed at least two times with
a fresh lubricant sample resulting in a deviation lower than 1 %.

Before and after all tribological tests, the specimens were
cleaned with heptane in an ultrasound bath for 10 min, rinsed in
ethanol, and then dried with hot air.

2.4. Worn surface characterization

The disc wear volume was measured by confocal microscopy
(Leica DCM 3D microscope). In addition, the wear mechanism
and composition of the worn surface were analyzed by scanning



Table 2
Physicochemical properties of the IL.

IL Cation Anion

Trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate
[P6,6,6,14][BEHP]

Trihexyltetradecylphosphonium Bis(2-ethylhexyl)phosphate

Empirical formula: C48H102O4P2
Purity: 98 %
Molecular weight: 805.29

Kinematic Viscosity at 40 �C (mm2/s) 528
Kinematic Viscosity at 100 �C (mm2/s) 59
Viscosity Index 181
Electrical Conductivity at 27 �C (lS/cm) 0.19
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electron microscopy and energy dispersive spectroscopy (SEM/
EDS), respectively, with a JEOL JSM-5600 equipment which oper-
ated at 15 and 20 kV. Later, the surface-lubricant chemical interac-
tion was studied with a Raman confocal microscope (Model: WITec
ALPHA300R+) using a laser with a wavenumber of 532 nm and a
power in the range of 2.750–2.850 mW. A Zeiss EC Epiplan-
Neofluar DIC Objective was used at 100x magnification. Spectra
were taken in at least 6 points located at the central area of the
wear scar. The number of accumulations for each spectrum was
100 and the integration period was 3 s.
Fig. 2. Walden plot of the lubricant samples.
3. Results and discussion

3.1. Viscosity and electrical properties

Fig. 1 (left) shows how the j of the ATF and its mixtures with
the IL increased with temperature (due to the decrease of viscos-
ity), which ease the migration of the charge carrier through the
fluid. However, the j of the ATF differs from that of the IL-
containing mixtures even having similar viscosity, Fig. 1 (right).
The [P6,6,6,14][BEHP] can be classified as a conductive compound
considering its j reported by Hernandez Battez et al. [18], mean-
while the ATF and the mixtures with the ionic liquid are dissipative
fluids considering the classification of the ATFs depending on their
j found in Rodríguez et al. [17]. In addition, the ionicity of the ATF
and its mixtures with the IL was evaluated through the Walden
plot (Fig. 2), where the dotted line represents the so-called ‘‘good
ionic” liquids. The results located far away from that line and at
Fig. 1. Electrical conductivity and dynamic viscosit
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the lower side means that all the lubricant samples can be consid-
ered ‘‘non-ionic” liquids.

The differences in j among the lubricant samples can be consid-
ered small because in general they do not exceed one order of mag-
nitude. The dissipative and non-ionic characters of these ATF-IL
mixtures are important from the perspective of the electric vehicle
y versus temperature of the lubricant samples.



Fig. 3. Stribeck curves of the lubricant samples.

Fig. 4. Traction curves of the lubricant samples.
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configuration incorporating the electric motor in the transmission
housing.

Regarding the dielectric strength, the lubricant sample without
IL showed a breakdown voltage of 46.2 kV for a water content of
164.2 ppm. However, it was not possible to determine this prop-
erty in the remaining samples with a water content of
187.4 ppm and 219.4 ppm for the 1 % IL- and 3 % IL-containing
samples, respectively. The presence of the IL could contribute to
a higher water content and a huge decrease of dielectric break-
down voltage which is outside the detection limit of the test equip-
ment. This great reduction of dielectric breakdown voltage due to
the presence of impurities such as water or lubricant additives
was also reported by Chen et al. [19]. However, even considering
this breakdown voltage reduction, the lubricant sample could still
be suitable for EVs because the maximum voltage in this applica-
tion is under 1 kV.
Fig. 6. Wear volume after the reciprocating tests.
3.2. Tribological tests

The tribological tests at variable entrainment speeds shows that
the lubricant samples led to a similar coefficient of friction at the
highest speeds, which coincides with the elastohydrodynamic
lubrication (EHL) regime, Fig. 3. The ionic liquid-containing mix-
tures began to show higher coefficient of friction at decreasing
entrainment speeds. This increase of friction with the mixtures
begins first at higher temperatures when the lubricant film thick-
ness become thinner, and the asperities contact lead to the forma-
tion of a thicker tribofilm due to the addition of the ionic liquid.
Fig. 5. Average COF and deviations

5

This behaviour was explained by Spikes [20] regarding the action
mechanism of ZDDP as an antiwear additive under mild-wear or
mixed lubrication regime. The lubricant samples containing the
ionic liquid performed mainly under mixed (ML) and boundary
(BL) lubrication regimes; meanwhile, the lubricant sample without
ionic liquid performed under ML regime. The friction coefficient
value taken as indicative of changing from mixed to boundary
during the reciprocating tests.



Fig. 7. SEM images of the worn surface after the friction and wear tests.
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lubrication regime was 0.1. The higher friction values resulting
from the tribofilm formed due to the presence of the IL are gener-
ally undesirable but is a sought-after characteristic for a fluid to be
used in continuously variable transmissions [21].

The high entrainment speed, and the lower load and SRR values
than in the Stribeck curve tests, lead the traction tests to be per-
formed under elastohydrodynamic and hydrodynamic lubrication
6

conditions, Fig. 4. All the lubricant samples behaved similar at 40
and 60 �C because under these lubrication regimes (thicker lubri-
cant films) friction is controlled by the lubricant viscosity, which
is similar in all lubricant samples, Fig. 1. This no differentiation
of the traction curves at low temperatures was also reported by
Costello [22]. At higher temperatures (80 and 100 �C), friction
was reduced because of the thinner lubricant film, and the differ-
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entiation among the lubricant samples could be attributed to lower
friction modifier content with the increase of the IL concentration.

Fig. 5 reports the average COF resulting of the reciprocating
tests. In general, the friction values were similar for all the lubri-
cant samples and a decreasing behaviour was observed at increas-
ing loads. The decrease in friction with load below a friction
coefficient value of 0.1, which is considered the virtual limit
between the mixed and boundary lubrication regimes, could be
connected to a stronger lubricant-surface chemical interaction
due to a thinner lubricant film. The quick increase of friction under
5 N-load tests with the IL-containing lubricant samples could be
related to the formation of an enhanced tribofilm due to the pres-
ence of the IL. This effect was no longer seen under higher loads
probably because they also contributed to the wear of the
tribofilm.

3.3. Worn surface characterization

On the contrary, the increasing load resulted in a higher wear
for all the lubricant samples, Fig. 6. However, in general the addi-
tion of the IL reduced wear regarding the reference ATF, and its
mixture containing 3 % of IL behaved better.

Fig. 7 shows the SEM images of the worn surface after the fric-
tion and wear tests and it can be observed that the wear mecha-
nism was adhesive type. The wear increase with load was can be
also verified through these images, as well as the plastic deforma-
tion at the edges of the wear scar.

Table 3 shows the EDS analysis of the worn surface on the
discs and can be observed that the phosphorous concentration
increased when the ionic liquids were added to the reference
oil. The EDS technique has a depth of detection in order of
microns, so the higher concentration of phosphorous found sug-
gested the chemical interaction and the presence of this element
on the worn surface. This fact was expected due to the P-
containing cation and anion in the IL. Phosphorous also come
from the typical antiwear additive ZDDP, which is prone to react
with the metallic surface under mixed lubrication regime form-
ing a boundary film. R. McDonald [23] analysed the tribofilm for-
mation of P-containing antiwear and extreme pressure additives,
ZDDPs in this case, and reported that this tribofilm is mainly
formed by phosphates and can be as thinner as 20 nm and as
thicker as 1 lm. On the other hand, Qu et al. [13] reported that
the ionic nature of the IL leads to a more efficient tribofilm for-
mation than that of the ZDDP, resulting in a thicker tribofilm.
When [P6,6,6,14][BEHP] + ZDDP was used as antiwear additive in
an engine oil, the tribofilm thickness formed was more than
Table 3
EDS analysis from the wear scar on the disc.

Oil Load (N) Concentration of chemic

C O Si

ATF 5 7.43 10.03 0.19
10 6.82 10.43 0.16
15 6.95 11.83 0.38
20 6.99 12.08 0.10
30 6.97 11.35 0.18

ATF + 1 % IL 5 7.13 10.70 0.12
10 6.70 11.86 0.20
15 6.90 12.86 0.28
20 7.13 13.65 0.21
30 6.67 11.45 0.36

ATF + 3 % IL 5 6.77 10.72 0.29
10 7.14 11.07 0.11
15 8.44 10.35 0.23
20 7.34 11.60 0.22
30 6.94 10.41 0.24
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the sum of the two formed separately. Considering this fact,
the tribofilm thickness expected in the case of the ATF + [P6,6,6,14]
[BEHP] could be greater than 1 lm and be easily detected by the
EDS as shown in Table 3.

When fully formulated oils (FFO) are used, the numerous addi-
tives included in their formulation can show either synergistic or
antagonistic effects [12]. The addition of a P-containing ionic liquid
to a FFO can lead to the formation polyphosphates of Fe, while the
presence the ZDDP can result in the formation of a mixture
polyphosphates, sulphates and sulphides of Zn/Fe in the tribofilm.
In this case, the P and S found with the EDS technique suggest the
formation of phosphate, sulphate and/or sulphide of Fe at the
detection limit of this technique. However, higher concentration
and other compounds can be detected on the surface by using
other techniques (e.g. XPS, Raman, etc.).

Raman analyses, as shown in Fig. 8, revealed the presence of
iron oxides in the wear scar. Particularly, a characteristic Fe-O
(Fe3O4) stretch vibration peak appears at approximately
667 cm�1 [24–26] and at 540 cm�1 [26] also, although with less
intensity. In addition, characteristic peaks of Fe2O3 are observed
at 220, 290, 410, 613 and 1318 cm�1 [24,26,27].

Raman spectra also show other several peaks in the 100–
530 cm�1 region. PO�

2 and PO�
4 bending vibration peaks were

observed at 110, 126, 168, 442 and 525 cm�1 [24,28]. Peaks at 220
and 272 cm�1 are assigned to Fe-S vibrations and various polysulfide
species [29]. SAS stretching peaks at 460–480 cm�1 and a Zn-S peak
at 350 cm�1 were also observed [24]. Likewise, in almost all the
spectra two characteristic peaks appear at 1340 cm�1 and
1580 cm�1 corresponding to the D and G bands of carbon materials
[25,30]. The asymmetry in the intensities of the D and G bands of the
spectra, as well as the width of the peaks, suggests that the carbon
analyzed in the wear scar is structurally amorphous graphite [27].

On the other hand, in the 930–1100 cm�1 spectral region, most
of the peaks are assigned to phosphate compounds [31] (mainly
iron polyphosphates [28,32] and Zn polyphosphates [26,32]). In
addition, the lower intensity peaks that appear at 1020, 1090 and
1195 cm�1 are assigned to sulphate compounds (mainly ZnSO4)
[33].

As can be seen in the Raman spectra (Fig. 8), the peaks assigned
to phosphorus compounds located in the spectral regions 100–
530 cm�1 (vending vibration peaks) and 930–1100 cm�1 (stretch-
ing vibration peaks) increase considerably its intensity when the
concentration of the IL is higher. These results are in agreement
with the higher concentration of phosphorus that is also observed
in the EDS analysis when increasing the concentration of IL, and for
all loads (Table 3). This suggests that the addition of IL improves
al elements (wt%)

P S Cr Mn Fe

0.04 0.83 3.02 0.83 77.64
0 0.73 2.91 0.64 78.25
0.02 0.88 2.17 0.51 77.26
0.06 1.54 4.20 0.74 74.09
0.20 1.30 3.11 0.58 76.17

0.46 0.21 0.73 0.65 77.89
0.58 0.47 2.94 0.59 76.57
0.27 0.49 2.11 0.30 76.68
0.31 0.50 1.93 0.59 75.48
0.32 0.57 2.37 0.50 77.69

0.48 0.30 2.51 0.64 78.07
0.61 0.26 2.85 0.53 77.39
0.54 0.19 2.76 0.47 76.95
0.49 0.28 2.22 0.56 77.29
0.88 0.12 2.27 0.57 78.48



Fig. 8. Raman spectra from wear scar after friction and wear tests.
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the kinetics of the phosphorus-enriched tribofilm formation, which
acts as a protective film against wear [32].
4. Conclusions

The electrical compatibility, as well as improved tribological
behaviour, are important requirements for the ATFs to be used in
electrical vehicles which include the electric motor in the trans-
mission housing. Both requirements are dependent on the addi-
tives type and concentration. The use of ionic liquids has been
recommended as conductivity agents in the formulation of ATFs
but they also affect tribological behaviour. The influence of the
addition of the trihexyltetradecylphosphonium bis(2-ethylhexyl)
8

phosphate ([P6,6,6,14][BEHP]) ionic liquid on the j and tribological
behaviour of a fully-formulated ATF was studied in this work.

From the obtained results can be drawn the following
conclusions:

� The addition of the ionic liquid did not change the ‘‘non-ionic”
property of the ATF and it remains being classified as dissipa-
tive; however, the dielectric strength decreased drastically
and further tests about this property should be performed.

� The presence of the IL increased traction probably due to the
decrease of the friction modifier content with the increase of
the IL concentration and the thinner lubricant film at higher
temperatures.
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� The tribofilm formation hardly changed friction under pure slid-
ing motion but decreased wear, outperforming the tribological
behavior of the commercial ATF used as reference oil.
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