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Abstract: Increasing automotive powertrain electrification is impacting drivetrain complexity and
the profiles of the fluids needed. Since the millennium, drivetrain fluid viscosities have been reduced
for better efficiency, but this new challenge is driving them to unprecedented low levels. This paper
assesses some of the potential implications of ultra-low viscosity fluids on drivetrain functionality
and durability. Model formulations have been prepared from a variety of base fluids combined with
additive packages. These have been evaluated in typical automotive drivetrain rig tests, as well as
with some selected functional tests. In addition, the thermo-oxidative stability and electrical and
thermal properties of the fluids were compared. Based on the results, the impact of low viscosity
fluids on drivetrain functionality and durability varies depending on the performance parameter
evaluated. For example, gear scuffing and bearing wear is highly dependent on additives, whilst
gear and bearing fatigue is mainly affected by fluid viscosity. However, by carefully balancing base
fluids and additives, acceptable component and fluid durability can be achieved. With respect to
new electric drivetrain performance needs, the thermal properties of the finished fluid are essentially
dependent on the base fluid composition, whilst its electrical properties are more influenced by
additive chemistry, with some secondary impact from base fluid composition.

Keywords: electric vehicle; transmission; lubrication; lubricant; friction

1. Introduction

Automotive powertrains are undergoing a major transformation, posing significant
challenges for drivetrain component and fluid manufacturers alike.

Most importantly, there is a continuous desire for the lowest lubricant viscosity possi-
ble to enhance powertrain efficiency. Specifically for drivetrain fluids, recent changes to
the SAE J306 Automotive Gear Lubricant Viscosity Classification [1] are a good reflection
of this trend. With its most recent revision from 2019, new lower viscosity classifications
have been introduced. It is to be noted though, that ongoing drivetrain development
projects include ultra-low viscosity (ULV) fluids with even lower viscosity levels than
defined in SAE J306. Balancing this trend without compromising other fluid properties
such as anti-wear protection, volatility or flash point remains a continuous challenge for
both drivetrain component designers and fluid formulators. The effect and suitability of
low viscous oil formulations in view of efficiency and durability in principle were shown
by Mayer [2] and Wittek [3] in 2014.

On the other hand, increasing powertrain electrification adds new requirements to
fluid performance profiles, as also described in [4,5]. The fluid’s electrical properties can
have a significant impact on drivetrain component functionality and durability, as well as
the fluid service life. In addition, electric powertrains by design generate heat, potentially
exposing fluids and components to significantly higher temperatures than previously
observed in conventional drivetrain applications. Whilst the higher temperatures generated
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cause greater thermal stress on the fluid and components, improved cooling capabilities of
the fluid can help disperse the heat and minimize damage due to overheating.

In a joint effort, Schaeffler Technologies and ExxonMobil have set up a project address-
ing the described challenges, evaluating some implications for future drivetrain design and
fluid formulations, and identifying potential solutions to mitigate any detrimental impacts.

Some of the results and insights generated in this project are discussed in this paper.
First, some generic fluid properties and performance aspects were evaluated using industry
testing standards:

e  Pitting and scuffing resistance
e  Thermo-oxidative stability and copper compatibility
e  Thermo-dynamic and electrical properties

Based on the general fluid performance data, test candidates were selected for the
next stage of testing, to evaluate the reduced fluid viscosity impact on the functionality
and durability of some transmission components:

e  Synchronizer units
e Rolling bearings

2. Materials and Methods
2.1. Materials
2.1.1. Base Fluids

Depending on their design and applications, contemporary drivetrain lubricants can
include a wide range of base fluids provided by the mineral oil and chemical industry.
For the purposes of this study, considering the targeted viscosity levels and other limiting
parameters such as flash point, only base fluids of API Group IV (polyalphaolefins) and
Group V (esters of various types and alkylated naphthalene) [6] have been used to reduce
the variability of the test results;

e  Produced by the chemical industry, these base fluids are typically well defined in their
molecular structure, with a very narrow molecular distribution.

e  More specifically, variation in volatility and related properties, such as flash point,
are kept at an acceptable minimum even at the lowest viscosity levels evaluated in
this study.

2.1.2. Additives
Three additive packages have been used for this study:

e GO-Add is a general market additive package for automotive drivetrain applications,
designed to meet API GL-4 or GL-5 [7] performance levels at the appropriate treat
rate. For the purposes of this study, a treat rate of 7.5%, equivalent to the API GL-5
performance level, was selected.

e EV-Add1 and EV-Add2 are additive packages from two different suppliers specifically
designed to meet the needs of automotive electric powertrains. Following supplier
recommendations, treat rates of 6.0 and 3.5%, respectively, were applied.

2.1.3. Finished Fluids

e  While more than 30 model formulations have been blended covering a wide range
of fluid/additive combinations, a full in-depth analysis of all test data and results
would go beyond the scope of this paper. The insights and conclusions shared and
discussed in this paper are based on the fluids shown in the following Table 1. The
key product development aspects discussed have been evaluated based on 3 additive
packages, 3 different types of base fluid chemistry, and finished fluid viscosities
between 1.4 mm? /s and 4.4 mm? /s at 100 °C. Fluid SYN is a Schaeffler Technologies
internal reference fluid, used for synchronizer testing only.

e  All others are model fluids blended by ExxonMobil.
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Table 1. Basefluid / Additive combinations.
Fluid Base Fluid Additive Viscosity, mm?/s Flash Point
Code API Class Package 40°C 100 °C °C
SYN Unknown Unknown 27.6 6.25 >200
B Group Vb GO-Add 3.74 1.56 >150
C Group IV/Vb GO-Add 6.09 2.02 >150
D Group IV/Vb EV-Add1l 6.23 1.87 >150
E Group IV/Vb EV-Add2 5.70 1.78 >150
F Group IV/Vb EV-Add2 10.3 2.83 >150
G Group IV/Vb EV-Add2 492 1.45 >150
H Group Vb EV-Add2 5.32 1.45 >150
J Group IV/Vb EV-Add1l 4.96 1.71 >140
K Group Vb EV-Add1l 4.33 1.54 >140
L Group IV EV-Add2 10.6 2.87 >150
M Group IV EV-Add2 19.7 4.34 >200
N Group IV EV-Add2 10.8 2.88 >180
X Group IV /Va EV-Add2 10.8 2.89 >180
Y Group IV/Va EV-Add2 10.8 2.85 >180
Z Group IV/Va EV-Add2 10.4 2.84 >180

2.2. Test Methods

A wide variety of laboratory, bench, and rig tests are available to specify fluid perfor-
mance requirements. While these are often specific to the respective drivetrain designs and
materials, some testing standards are commonly required in most drivetrain fluid specifica-
tions. The test standards and conditions listed in Table 2 have been used to characterize the
performance of the test fluids discussed in this paper and to preselect candidates for final
component testing. More details on the test procedures are shown in respective paragraphs.

Table 2. Test standards.

Performance Aspect Test Method Test Conditions
Scuffing Resistance CEC L-084-02 [8] (modified) FZG A10/16.6R/90
Pitting Resistance FVA 2/1V 1997 [9] FZG PT-C/8.3/LS9/90
Thermo-Oxidative Stability CEC L-048-00 B [10] 170 °C, 5 L/hour air, 192 h

- ASTM D130 [11] o
Copper Compatibility (modified) 160 °C, 70 h

2.2.1. Scuffing Resistance

Gear scuffing is a severe form of wear occurring in highly loaded contacts, causing
transfer of metal from one tooth surface to another. The FZG scuffing test is the most
widely used rig test to assess a fluid’s scuffing resistance. Gears of defined geometry are
run under predefined conditions of load, speed and temperature. Load is increased at
defined intervals until scuffing occurs; the lowest load step at which scuffing is observed
is reported as the fail load stage. Some selected test results are shown in the following
Figure 1.

Clearly, anti-scuffing performance is predominantly driven by additive chemistry.
Fluid B based on a general market gear oil package achieves the best performance even at
very low viscosity levels. On the other hand, for Group V base fluids, a noticeable impact
of base fluid chemistry was also observed.
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Figure 1. FZG Scuffing A10/16.6R/90, fail load stage. Fluid labels on the category axis include
viscosity at 100 °C in mm? /s and base fluid composition.

HIGHER

2.2.2. Pitting Resistance

Pitting is a form of surface-near material fatigue, which is the prime failure mechanism
for gears and rolling bearings, limiting their service life. The FZG pitting test is widely
used to assess the gear pitting resistance of a fluid. Gears of defined geometry are run
under predefined conditions of load, speed, and temperature until pitting occurs. Due to
time limitations, only some selected fluids based on the same additive packages have been
run in this test—the results are shown in the following Figure 2.
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Figure 2. FZG Pitting PT-C/8.3/LS9/90, operating hours. Fluid labels on the category axis include
viscosity at 100 °C in mm?/s.

Evidently when it comes to gear pitting resistance, base fluid composition can be an
important tool for the fluid formulator in various ways.

e  Fluids E/F and M/N, respectively, are based on identical base fluid components, with
relative proportions only adjusted to meet the target viscosity level. In both cases, a
higher viscosity is beneficial for pitting resistance.

e  However, base fluid impact goes beyond viscosity considerations. Fluid L uses the
same principal base fluid chemistry as Fluid M, but uses a very different balance of
constituting base fluid viscosities to achieve the desired viscosity level, resulting in a
significant enhancement to pitting resistance.
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2.2.3. Thermo-Oxidative Stability

Oxidation testing is commonly used in various forms to predict fluid service life; the
CEC L-048 method is typically preferred by European OEMs and transmission manufactur-
ers. The test oil is blown with air under predefined conditions of air flow and temperature.
Changes to selected fluid parameters such as viscosity and TAN after a defined test time
are reported. Selected test results are shown in the following Figure 3.
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Figure 3. Thermo-oxidative stability at 150 °C and 5 L/hour air over 192 h, peak area increase in %.
Fluid labels on the category axis include viscosity at 100 °C in mm?/s and base fluid composition.

For the base fluid and additive technologies evaluated here, additive chemistry is the
dominating factor for fluid stability against thermo-oxidative degradation. Some minor
impact of base fluid chemistry can also be observed, but there is no impact of finished
fluid viscosity.

2.2.4. Copper Compatibility

With the rise of automotive powertrain electrification, fluid compatibility with copper-
based electric current conductors has become a significant factor affecting drivetrain func-
tionality and durability. Results from a modified ASTM D130 copper compatibility test
are shown in the following Figure 4. In this test, a copper strip is immersed in the test oil
under elevated temperatures for a defined time period. After the test, the weight change of
the copper strip is recorded.
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Figure 4. Copper compatibility at 160 °C over 70 h, copper strip weight change in %. Fluid labels on
the category axis include viscosity at 100 °C in mm? /s and base fluid composition.

Test results clearly show the benefits of additive packages specifically designed for
electric powertrains. Conventional drivetrain additive technologies would typically contain
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sulfur as a main EP/AW component that can cause significant corrosion of copper-based
electric conductors, and thus potentially lead to catastrophic failures. Within the scope of
this study, neither the finished fluid viscosity nor base fluid composition had any impact.

2.2.5. Thermo-Dynamic Properties

Electric powertrains by design can generate a lot of heat, caused by the electric
current flow. OEMs have been exploring opportunities to utilize transmission lubricants
to dissipate the heat thus generated. Cooling with the drivetrain fluid can help reduce
component temperatures and the related risk of premature failures. For the design and
effectiveness of heat transfer systems, heat capacity and thermal conductivity are key
fluid parameters.

Finished lubricants heat capacity basically results from the properties of the constitut-
ing base fluids; for the fluids within the scope of this project, viscosity had no direct impact.
In the following Figure 5, specific heat capacities according to ASTM E1269 [12] are shown
for some test fluids and their constituting base fluids.

3.0
—Group IV
—Group Vb
O Fluid M
2.5 Fluid N
o Fluid J D

Specific Heat Capacity, J/g-K

o
(o} ~
2.0 o 0 © O 4 0 0 €
o (o) (o] v/f\ ~ —
1.5
0 50 100 150

Temperature, °C

Figure 5. Specific heat capacity versus temperature.

e  The blue line represents a Group IV base fluid grade used in both Fluid M and N,
combined with a higher and lower viscosity grade, respectively, to achieve the desired
viscosity profile. Within the viscosity ranges discussed here, differences in the heat
capacities of finished and base fluids are more or less within test precision.

e  About half of Fluid ] is made from the Group V base fluid represented by the red
line. Over the temperature range considered here, the heat capacity of Fluid ] is just
between that of the constituting base fluids. It should be noted though that the heat
capacities of base fluids do not necessarily combine linearly.

Finished fluid thermal conductivities are also basically dependent on the properties of
the constituting base fluids, but with more complex interdependencies. Contrary to heat
capacity, fluid viscosity has an impact. The thermal conductivity of some test fluids and
constituting base fluids according to ASTM D7896 [13] are shown in the following Figure 6.

e  Fluid M has a similar viscosity level to the Group IV base fluid it is made of, and both
show about the same thermal conductivity. Fluid N also contains some portion of the
Group IV base fluid, but combined with a lower viscosity grade, resulting in lower
finished fluid viscosity and also, consequently, lower thermal conductivity.

e  Fluid ] is significantly lower in viscosity and thermal conductivity than Fluid N. The
Group V base fluid contained in Fluid ] has an even lower viscosity, but in this case,
the viscosity effect is obviously outweighed by the chemistry effect.
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Figure 6. Thermal conductivity versus temperature.

2.2.6. Electric Properties

In electric powertrains, drivetrain fluids can be exposed to electric voltages and
currents. Consequently, the fluid’s electric properties can play a significant role in drivetrain
functionality as well as in the drivetrain component and fluid service life. High voltages
and currents can cause premature fluid ageing. High fluid conductivity can lead to stray
currents and electric short circuits, disrupting the functionality of electric contacts and
switches. Fluid electric properties are also known to affect the tendency for arcing that can
destroy metal surfaces and thus cause premature component failures.

The contribution of a fluid’s components and their interactions to the fluid’s electric
properties are quite complex. As an example, some electric conductivities according to
ASTM D2624 [14] are shown in Figure 7 below.

| 022°C ngo°C| >200

be 1 4 Be

.93

Logarithmic Scale
©

Fluid B Fluid E Fluid D Fluid C Fluid L

GroupV  Group IV/Vb Group IVNVb Group IVVb  Group IV

GO-Add EV-Add2 EV-Add1 GO-Add EV-Add2
1.56 1.78 1.87 2.02 2.87

Figure 7. Electric conductivity in nS/m. Fluid labels on the category axis include viscosity at 100 °C
in mm?/s and some compositional information on base fluids and additives.

Additive chemistry has the biggest impact on overall conductivity, but base fluid
chemistry and the interaction of base fluids with the additives are also significant contribu-
tors. Within the range of fluids discussed in this paper, temperature and fluid viscosity are
of lesser significance, but still have a noticeable impact.
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3. Results
3.1. Mechanical Testing
3.1.1. Introduction

Based on the test results described in the previous paragraphs, Fluids M, N, X, Y and
Z have been selected for the next stage of testing. Fluids SYN and D served as references
for the synchronizer and bearing tests, respectively.

3.1.2. Synchronizer Ring

Friction element performance in general is strongly connected to lubricating oil prop-
erties. In this work, the function of the SCHAEFFLER Synchronizer rings was tested with
several ULV fluid formulations. Testing details and test results are listed in Tables 3 and 4
below. With the two applied test procedures, the principal performance of the oils was de-
termined. The Comb test (CoT) simulates shifts with variable load at higher temperatures.
The aim is to achieve a secure shifting enabled by optimal friction behaviors. The Cold shift
test (CST) operates with constant load at a low temperature; a minimum friction coefficient
for secure locking conditions is required. The results show that the friction material has a
stronger influence on performance than the here-tested oil formulations. With the carbon
friction lining, all tested ULV-fluids showed acceptable friction performance.

Table 3. Synchronizer test conditions.

Parameter Unit Value

Test specimen - Schaeffler Eco-synchronizer system
Friction material brass/carbon

Test rig - Schaeffler synchronizer test rig “p-comp”
Test procedure - Comb test (CoT)/Cold shift test (CST)
Test method - Function (coefficion of friction)
Lubricants/Test fluids - SYN/M/N/X/Y/Z

Oil supply - Sump lubrication

Operating temperature °C 20 to 80/—20 to 20

Table 4. Results of synchronizer function test.

Friction Material Brass

Test Procedure CoT CST CoT CST
Fluid SYN ok ok ok ok
Fluid M ok not ok ok ok
Fluid N ok not ok ok ok
Fluid X not ok not ok ok ok
Fluid Y not ok not ok ok ok
Fluid Z not ok not ok ok ok

3.1.3. Rolling Bearing

Rolling bearing performance was a major focus of the mechanical testing. Classical
testing under boundary friction conditions via DIN 51819-3 [15] was complemented with a
high-speed mixed friction test on the Schaeffler FES test rig with cylindrical roller thrust
bearings (CRTB, see Figure 8 below), and a fatigue lifetime test with needle bearings (NKI
40/20, see Figure 9 below) at full fluid film conditions.
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Figure 8. CRTB.

—

Figure 9. NKI 40/20.

The test conditions of the high-speed mixed friction test “FE8-25" are listed in Table 5.
With low viscous (LV) fluids, the test bearing also runs under mixed friction conditions at
the given higher speed. Due to the bearing kinematics, this will lead to high sliding speeds

in the slipping areas of rolling contact.

Table 5. FE8-25 test conditions.

Parameter Unit Value
thrust roller bearing
Bearing type - 81212-type (F-562831)
(15 pockets polyamide cage)
Surface roughness washers pm 0.045 < Ra < 0.065
Surface hardness washers HRC 60 + 4
Test rig - Schaeffler FE8
Test samples per oil number 4
Test method - time to failure
Failure detection - structure-born noise
Lubricants/Test fluid - D/M/N/X/Y/Z
Operating temperature °C 80
Oil flow per bearing mL/min 125
Speed (shaft) rpm 750
Load N (50,000) ! 60,000
Hertzian pressure (PHmax) N/mm? (1741.6) 1 1889.5
Viscosity ratio (k) - 0.12/0.31/0.20/0.20/0.20/0.19
Nominal reference rating life (Ly,,) h (1804) 1 922
Modified reference rating life (Lym) h (359) 1/115/104,/104/104/103

! —Fluid D with reduced load and proven effective wear protection according to calculation procedure ISO/TS

16281 [16].
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The results are shown in Figure 10. The reference oil Fluid D shows an acceptable
performance. This is also visible in the pictures of the raceways after the test (Figure 11).
At all bearing raceways from tests with a LV formulation, high wear is visible after short
running times. The wear marks removed the original surface structure completely. In
contrast to this, the addition of the reference oil is able to protect the bearings’ surface
against wear. The pictures show the original bearing surface structure, with finishing
marks still clearly visible.

FLUID D 500
30.41
M 2283
18.98
N 2813
X 11.09 = 2nd run
11.82
M 1st run
Y 14.07
15.5
9.83
“ 14.67
0 100 200 300 400 500

time to failure (h)

Figure 10. Results of FE8-25 oil testing.

housing washer

1

A=
8
wn
[a)
:
el
3
.

Fluid-N, 28,13 h

Fluid-M, 30,41 h

Figure 11. CRTB raceways after test run FE8-25, examples.

Due to the high contact loads in the CRTB under the FE8-25 test conditions, the
test is very harsh, with high requirements for the anti-wear properties of the lubricants.
According to experience, other bearing types (i.e., deep groove ball bearings “DGBB”) are
less wear-critical at this test stage. To determine the effects of low viscous fluids, the pitting
test was run with needle bearings. The test conditions and specimen are listed in Table 6.
The NKI 40/20 in this test is a radial-loaded bearing. The failure mode in the test was
material fatigue—see Figure 12.
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Table 6. Rolling bearing pitting test conditions.

Parameter Unit Value

Bearing type ) Needle bearing NKI
40/20-TV-XL

Test rig - Schaeffler RANN

Test samples number 54

Test method - Sudden death

Lubricants/ Test fluid - M/N

Operating temperature °C 80

Oil flow per bearing mL/min 200

Run in time/speed/load h/rpm/N 1/2250/10,750

Speed (inner ring) rpm 4500

Load N 21,000

Hertzian pressure (PHmax) N/mm? 2535

Viscosity ratio (k) - 0.69/0.44

Nominal reference rating life (Ly,) h 34

Modified reference rating life (Lyy,) h 23/9.2

Inner Ring Outer Ring Rolling Element

Indentations and
Running Marks

@
Q.
£
@
x

ol

=

=

E

[N

A’ -
and Indentation
»

Fluid-N (example)

Figure 12. Rolling bearing pitting test, failure examples.

Figure 13 provides the statistical results of the test runs, with Fluids N and M shown.
The test runs with the “thinner” Fluid N, as expected, results in a shorter time to failure.
In Figure 14, the comparative calculated bearing lifetime (Lyn,) via a Weibull distribution
is displayed. The figure shows clearly that both oils lead to nearly the same “viscosity
corrected” bearing lifetime. The real fatigue lifetime is approx. four times higher than
calculated. Moreover, all statistical values are bigger than the calculated reference fatigue
lifetime. This clearly indicates that satisfactory durability would be possible with these
ULV fluids.
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B10,GDC5
= B10,GDC50

G m B10,GDC95

0 50 100 150 200 250
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Figure 13. Rolling bearing pitting test results, including confidence level (GDC5 = 5%; GDC50 = 50%;
GDC95 = 95%).
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Figure 14. Rolling bearing pitting test results normalized to Ly,

4. Summary and Conclusions

The impact of low viscosity fluids on transmission functionality and durability has
been evaluated. Test fluids were based on a variety of Group IV and Group V base fluids,
combined with different types of additives. Testing included typical drivetrain industry
standards and selected transmission components. In addition, new properties specific to
electric drivetrains were evaluated.

Based on the test results, lowering viscosity will certainly reduce degrees of freedom
for transmission designers and fluid formulators alike. However, by careful selection of the
base fluid and additives, it is still possible to achieve acceptable fluid performance, without
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compromising too much on component durability. In particular, critical rolling and sliding
contacts can still operate securely with ULV fluids. These fluids will contribute to better
efficiency not only by lower churning losses, but also via reduced energy consumption in
associated components such as pumps.

Based on the insights generated in this project, ExxonMobil has developed an ultra-
low viscosity fluid for the next generation of Schaeffler electric drive units. Transmission
design and fluid formulation are in the final stages of gear box testing and field validation.
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