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Hybrid electric and electric vehicles have represented a small portion of the
automotive market for many years and mainly use current lubricants, typically
automatic transmission fluids (ATFs). However, regulatory compliance to limit
greenhouse gases and increased consumer demand have resulted in a rapid
global transition to electrified vehicles. This has prompted the need for new
advances in vehicle technology to improve efficiency and thereby increase
range. Enabling and optimizing such advances requires a new generation of
driveline lubricants. Incorporating an electric motor in a transmission or axle,
where the motor is exposed to the gear box lubricant, creates new challenges
that focus attention on lubricant characteristics that were previously not
differentiating features, for example, electrical and thermal properties.
Additionally, lubricants must now also be compatible with the constituents
used in electric motors which include new polymeric materials and, in some
cases, exposed copper. Compatibility tests of these polymers vary within the
industry and the risk of copper corrosion in these applications is not always
properly assessed by current specification tests. In this paper we will begin with a
brief history of electric vehicles, highlight how driveline lubricants, specifically
ATFs, have evolved over the years to meet new hardware requirements and then
describe the performance requirements expected of lubricants specifically
designed for vehicles with electric drive units (EDUs). Our primary goal,
however, is to summarize the recent literature that illustrates the changing
importance of various lubricant performance properties, new proposed test
methods and offer some insight into future e-lubricant evolution.
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e-lubricant electrical properties, EV leakage current, e-lubricant corrosion tests,
e-lubricant thermal properties, low viscosity e-lubricants, bespoke e-lubricants, SAE
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1 Introduction

The early development of self-powered vehicles saw all types of propulsion: steam,
gasoline, kerosine, coal gas, hydrogen/oxygen mixtures and electric power (ThoughtCo,
2021a). At the turn of the 20th century gasoline internal combustion engines (ICEs) were
dominant but electric vehicles (EVs) remained a viable option and even a hybrid electric
vehicle (HEV) was available. During this time driving was primarily local due to poor road
conditions between municipalities and EV range anxiety was not a concern. Electric cars had
several advantages over gasoline powered vehicles as they were quiet, did not exude
unpleasant exhaust and did not require manual changing of gears or a hand crank to
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start (United States Department of Energy, 2014). Electric cars could
be recharged at public garages, though home chargers were also
available (General Electric Company, 1913).

However, as the roads connecting cities improved, demand for
longer range vehicles grew. The introduction of the conveyor belt-
based assembly line, by Henry Ford in 1913, enabled the mass
production of gasoline powered cars, and along with the
production of inexpensive gasoline made abundant by the
Texas oil boom, gasoline vehicles became the best economic
choice (ThoughtCo, 2021b). At the start of 1913, there were
131 different gasoline powered vehicle choices compared with
25EV choices. The least expensive electric cars cost ~$2,000
Kéler, 1913a) while
gasoline cars started at ~$600 (~$16,000 in today’s currency)
(von Kéler, 1913b). EVs were essentially gone by 1935, making

(~$56,000 in today’s currency) (von

only a minor resurgence in the 1970s as a response to the oil
embargo (United States Department of Energy, 2014).

Driveline fluids have always evolved to meet new hardware
needs. When automatic transmissions were first introduced into the
market, they were originally lubricated with engine oil. However, it
soon became apparent that this was not the best approach and
specialized fluids began to emerge. In 1949, General Motors
introduced the first specification, Type A, for mineral oils used in
automatic transmissions (Newcomb et al., 2007). Since that time,
transmission hardware continued to evolve, driving a stream of ever
advancing fluid specifications. From the late 1950s through the mid-
1970s, improvements were made to enhance ATF resistance to
oxidation and to improve low temperature fluidity through the
reduction of low temperature viscosity. The focus on reducing low
temperature viscosity continued through to the 1990s, along with
some further improvements in wear and oxidation resistance, and
the optimization of friction characteristics (Newcomb et al., 2007).
Starting in the mid-1990s, the desire to improve corporate average
fuel economy (CAFE) led to the use of new hardware capable of
using low viscosity fluids. These lower viscosity lubricants however
were still required to protect hardware and maintain other
performance attributes, and to accomplish this, the lubricant
chemistry was further advanced. Today, most ATFs have a 100°C
kinematic viscosity near 6.0 cSt, but some are as low as 4.5 ¢St and
3.5 cSt. In general, the fluid specifications followed new hardware
development, though recently there have been examples of hardware
and fluids being developed simultaneously (Masuda et al., 2018;
Tada et al.,, 2022; Tokozakura et al., 2022).

The requirement to reduce greenhouse gases has accelerated the
incorporation of electric motors into the automobile drivetrain.
When Toyota introduced the Prius HEV in 1997, the EDU had
been developed with the ATF lubricant of the time, and many
current EDUs use present day transmission fluids (Canter, 2022).
Today, efforts are underway to understand how automotive
lubricants in contact with an electric motor can enable more
advanced performance.

A broad review of new lubricant performance needs for electric
and hybrid vehicles was published recently (Chen et al.,, 2020) and
includes both academic studies as well as industrial development.
This paper focusses primarily on recent industry published work,
but also complements the previous review by highlighting some less
recent but relevant work.
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2 New driveline fluid characteristics
unique to EVs with wet motors

2.1 Electrical characteristics

The incorporation of an e-motor into the drivetrain introduces
new safety concerns not applicable to ICE vehicles. One concern is
whether the lubricant could provide a path for the electrical current
powering the electric motor to leak through to the drivetrain
housing, creating a shock hazard. This has focused attention on
the lubricant’s electrical characteristics. Beyer et al. (2019), in
addition to corrosion, heat transfer and material compatibility,
also shared work measuring the impact of lubricant electrical
conductivity on an HEV driveline unit. Three lubricants covering
a wide range of electrical conductivities were used in the study and
the leakage current was determined by measuring the case resistance
from the energized motor to the unit housing following a modified
ISO 6469-3 procedure (International Standard Organization, 2011).
It was found that case resistance is linear with respect to lubricant
resistivity (inverse conductivity). The HEV driveline unit cell
constant was determined from the slope of this curve and could
then be used to predict the lubricant conductivity that would result
in a shock hazard. A more detailed presentation of this work,
detailing the impact of lubricant conductivity on three different
EDUs was presented at two SAE meetings (Hunt et al, 2019).
Though the lubricants involved were not sufficiently conductive
to create a shock hazard with these particular EDUs, the differences
illustrated did establish that understanding the impact of lubricant
electrical conductivity on specific hardware is crucial.

McFadden et al. (2016) published a comprehensive study on the
factors that impact lubricant electrical conductivity of new and used
ATFs. The electrical conductivity of new lubricants primarily
depended on the amount and type of additive chemistry
contained within the lubricant, and secondarily on the lubricant
viscosity. The electrical conductivity of hydrocarbon base oils,
typically used in ATFs, was so low as to be insignificant.
However, used ATFs were found to possess higher conductivity
than new, and it was determined that this was a consequence of
oxidation. The study also established that the contribution from
wear metals, whether as suspended particles or solubilized metal,
was insignificant. Though this study did not include the impact of
water, this was later measured and presented (Newcomb, 2018). The
addition of 2000 ppm water to a new ATF resulted in increased
conductivity, but once the water was thermally removed the
conductivity returned to its nominal value.

Rodriguez et al. (2022) further investigated the effect of
oxidation on lubricant conductivity using an 8-element full-
factorial experimental design (2°) with air flow, time, and
temperature as the independent variables. These conditions were
applied to three different lubricants and resulted in somewhat
different models and through principal component analysis the
authors were able to classify different oxidation/degradation states.

The Coordinating Research Council (CRC) (Coordinating
Research  Council, 2022) has recently released a report on
thermal and electrical properties of 29 base oils, which includes a
description of the base oil types. This provides data for a wider range
of base oils than previously reported.
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Several original equipment manufacturers (OEMs) now specify
both new and aged lubricant electrical conductivity/resistivity as
part of their specifications for EDU lubricants.

2.2 Corrosion characteristics

The automotive industry, like many others, has relied on the
copper strip test, described in test procedures such as the ASTM
D130, to anticipate copper corrosion problems and adjust lubricant
chemistry to mitigate them. However, the test results are qualitative
and subject to variation. Electric motor burn out, initiated by copper
corrosion, has occurred even though the lubricant in use passed
previously established copper strip test criteria (Hunt & Prengaman,
2020). This has prompted the industry to develop two new corrosion
tests; a wire corrosion test (WCT) developed at the Lubrizol
Corporation and introduced in 2016 (Gahagan & Hunt, 2016),
and a conductive deposit test (CDT) developed at IFAS (Institute
for Fluid Power Drives and Systems) at RWTH Aachen University.
Both test methods have gained broad acceptance among groups
developing future EDU lubricants (Canter, 2022; Hunt et al., 2023).
In particular, much has been published on the WCT (Hunt, 2017;
Hunt et al., 2017; Hunt, 2018), including its application to other
metals (Bares et al., 2020). Both tests are recommended in the SAE
J3200™  report (SAE
International, 2022), and are currently under review by ASTM

on fluids for electrified drivetrains

and other standard organizations for adoption.

2.3 Material compatibility

In addition to the copper windings, the electric motor introduces
several different polymers in the form of magnetic wire insulation,
flexible sheets and elastic bindings. Hard plastics are also becoming
more common, replacing metal parts such as bearing cages, to
reduce weight. There is currently no standard method agreed
upon to test such parts, in particular the magnet wire insulation
which can be quite complex (Hitachi Metals, 2019). Different
approaches have been reported with some involving thermal
shock tests with water contaminated lubricant (Canter, 2022),
and others involving isothermal soak tests in pure lubricant
(Gahagan, 2017). The current state of testing is discussed in SAE
J3200 (SAE International, 2022).

2.4 Thermal characteristics

ATFs have always acted as a cooling medium, a standard
lubricant function. In conventional transmissions the cooling
characteristics of all ATFs have been considered both adequate
and equivalent. However, effective cooling of the electric motor
can improve vehicle efficiency as resistance of the copper wires
increases with temperature. Additionally, high temperatures can
cause demagnetization of permanent magnets.

The four lubricant properties that affect heat transfer are density,
p, viscosity, v, thermal conductivity, K, and specific heat capacity, C.
These properties are primarily related to the specific base oils and
not the additive chemistry. The heat transfer ability can be
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quantified using a “Figure of Merit” or Mouromtseff number, 6,
which is related to these properties by the expression:

Pa Kbcc

6=-E=

where a, b, ¢, and d, are constants that are dependent on the nature of
the lubricant flow regime (Le Pera & Oswald, 1974; Yu & Liu, 2013).

Mineral oils possess similar thermal conductivity (though the
API group IV tend to have somewhat higher values), heat capacity
and density. Additionally, the flow regimes expected and, in some
cases determined (Newcomb et al., 2020), are primarily turbulent. In
such situations, the heat transfer is mainly driven by viscosity, the
lower the viscosity, the greater the heat transfer. However, to
understand the possible impact base oils exert on heat transfer
their thermal properties must be known. In 2019, both Kwak et al.
(2019) and Narita & Takekawa, (2019) published lists of base oils
with their respective thermal properties at a single temperature
point. The base oils listed in these papers were also coded with
limited information on their exact nature. In contrast, the CRC
report, published in 2022, identifies the specific 29 base oils whose
properties were measured and provides temperature dependent
information on their thermal properties (Coordinating Research
Council, 2022). These data are very useful to those studying the
impact of base oil thermal properties on heat transfer. Work is also
underway to measure the heat transfer using rigs (Richenderfer,
2021; Canter, 2022) created to mimic various flow regimes and in
actual EDU hardware (Whitticar, 2022).

2.5 Other lubricant characteristics

The higher rotational speeds possible with electric motors has
raised concerns about air entrainment and high-speed wear. Though
no new industrial standards have been proposed, there is ongoing
work to explore if this is needed (Canter, 2022; Peerzada, 2022;
Pellkofer, 2022; SAE International, 2022; Woydt, 2022).

Thermal spikes, due to the heat generated by the electric motor,
have led to concerns that e-lubricants may require greater oxidation
resistance and therefore new evaluation methods. Though under
investigation, at this time current oxidation tests are considered
adequate and there is no need to develop new oxidation tests (SAE
International, 2022).

3 Future evolution of lubricants for
electrified vehicles

3.1 Further reduction of viscosity

Gupta (2012), in his Master’s Thesis, investigated the impact of
lubricant viscosity on the powertrain of a Toyota Prius modified to run
in EV, HEV or Plugin Hybrid Electric Vehicle (PHEV) modes. In part,
he found that the efficiency of the system was more sensitive to viscosity
while in EV mode due to the lower unit operating temperature. He
reasoned that since electric motors were generally three times more
efficient than ICEs, any viscosity related efficiency gains would be three
times greater. Lower viscosity lubricants would therefore have a greater
efficiency impact on EVs than their corresponding ICE counterparts.

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2023.1139385

Newcomb

Lowering lubricant viscosity is also an assured method to
improve heat transfer and thus reduce resistive losses in the
electric motor, improving efficiency and therefore range.

Though lower viscosity fluids introduce potential problems with
hardware protection, low temperature sealing and volatility, efforts are
underway to address these challenges. For example, Tokozakura et al.
(2022) has discussed countermeasures to these potential problems
which include improved additive chemistry to counter wear and
fatigue, and the redesign of seals for proper function at low
temperatures. Shamszad et al. (2015) presented bench test and
vehicle field test results that demonstrated properly formulated low
viscosity ATFs were effective at protecting hardware designed for higher
viscosity lubricants. Canter (2022), Lotfi (2021) has described work at
ExxonMobil to manufacture low viscosity PAOs that are less volatile
than today’s PAOs of similar viscosity.

3.2 Increased co-development of bespoke
e-lubricants with EV hardware

EDU hardware continues to evolve rapidly to improve efficiency
and thereby vehicle range. The time frame is such that optimizing the
lubricant to the hardware or limiting the hardware design due to
performance of the current lubricant is no longer a viable strategy. At
the 2022 SAE International Powertrain Fuels & Lubricants meeting,
Tokozakura et al. (2022) and Tada et al. (2022) described in two related
papers how Toyota and ENEOS worked together to create Toyota’s
newest e-transaxle lubricant. It is expected that this type of co-
development will become more commonplace.
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4 Summary

The field of lubricants for electrified vehicles is evolving at a
rapid pace, and new learnings are frequently published. Though
this review is not comprehensive, we hope that the material
latest

summarized here will aid in disseminating the

e-lubricant developments.
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