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MOTIVATION

Line 12

Line 1

Trams operate daily from 5:00 AM
to 11:00 PM.
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MOTIVATION

More than 22.6 million EU residents are exposed to noise
emissions from rail transport.

Up to 6.5 million people living near transport corridors
suffer from sleep disturbances.

Long-term exposure leads to 12,000 premature deaths
and 48,000 cases of ischemic heart disease annually.
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MOTIVATION

Lateral Displacement
——

Wheel Flange Contact

= High pressure: 0.6-2.6 GPa
= High slip: <8 %

= Target friction: f (p) < 0.1

» Flange lubrication

Top-of-Rail Contact

= Pressure: 0.5-1.5 GPa

= Slip:<3%

» Target friction: f (u) ~ 0.2-0.4
» Top-of-rail friction modification




MOTIVATION

1) The American Association of Railroads; 2) Jin et al. (2009); upper left: Vernaillen et al. (2023); lower left: Jin et al.
(2009); middle right: Tsunashima et al. (2012); uppper right: Huang et al. (2018); lower right: Igwemezie Jude (2014)
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Vertical wear New profile

»Worn profile
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Wear Due to High Slip
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MOTIVATION

1) The American Association of Railroads; 2) Jin et al. (2009); upper left: Vernaillen et al. (2023); lower left: Jin et al.
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Corrugation

(2009); middle right: Tsunashima et al. (2012); uppper right: Huang et al. (2018); lower right: lgwemezie Jude (2014)
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,o0lid sticks® are used to address problems with
noise and corrugation on the Vancouver SkyTrain.
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STATE OF THE ART

Off-board Application

Early 1990s



STATE OF THE ART

Categorisation of Products for TOR
Friction Modification

Contents lists available at ScienceDirect

Wear

ELSEVIER journal homepage: www.elsevier.com/locate/wear

Material concepts for top of rail friction management - Classification, @mmm
characterisation and application

Richard Stock **, Louisa Stanlake *, Chris Hardwick ", Marcia Yu®, Donald Eadie ®, Roger Lewis*
LB Foster Rail Technologies, Burnaby, Canada

® LB Foster Rail Technologies, Sheffield, United Kingdom

© Department of Mechanical Engineering. The University of Sheffield, Sheffield, United Kingdom

Liquid Forms of Top-of-Rail Products:

1) Friction Modifiers (Water-based)
2) TOR Lubricants (Oil/Grease-based)
3) TOR Hybrids (Both Water and Oil)

Early 1990s 2000s

2017 PAONRS] 2021




STATE OF THE ART

Categorisation of Products for TOR
Friction Modification

Friction Levels

Fc i3 ;
& e
B
A

ELSEVIER journal homepage: www.elsevier.com, /locate, fwear

Dry Friction (f > 0.5)
DRY RAIL (high wear and noise, but no
problems with traction/braking)

Material concepts for top of rail friction management - Classification, ®m§mm
characterisation and application

Richard Stock **, Louisa Stanlake *, Chris Hardwick ", Marcia Yu®, Donald Eadie ®, Roger Lewis*
LB Foster Rail Technologies, Burnaby, Canada

® LB Foster Rail Technologies, Sheffield, United Kingdom

© Department of Mechanical Engineering. The University of Sheffield, Sheffield, United Kingdom

Intermediate Friction (f ~ 0.2—-0.4)
TOR PRODUCTS (wear and noise reduced without
low adhesion problems)

Low Adhesion (f < 0.15)
LUBRICANTS (low wear and noise, problems

with traction and braking)

Liquid Forms of Top-of-Rail Products:

1) Friction Modifiers (Water-based)
2) TOR Lubricants (Oil/Grease-based)
3) TOR Hybrids (Both Water and Oil)

Coefficient of Friction
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STATE OF THE ART

Categorisation of Products for TOR
Friction Modification

Friction Levels Creep Curves

Contents lists available at ScienceDirect

Wear

ELSEVIER journal homepage: www.elsevier.com/locate/wear

DRY RAIL

Material concepts for top of rail friction management - Classification, @mmm
characterisation and application

Richard Stock **, Louisa Stanlake *, Chris Hardwick ", Marcia Yu®, Donald Eadie ®, Roger Lewis*
LB. Foster Rail Technologies, Burnaby, Canada

® LB Foster Rail Technologies, Sheffield, United Kingdom

© Department of Mechanical Engineering. The University of Sheffield, Sheffield, United Kingdom

TOR PRODUCTS

Liquid Forms of Top-of-Rail Products:

1) Friction Modifiers (Water-based)
2) TOR Lubricants (Oil/Grease-based)
3) TOR Hybrids (Both Water and Oil)

l Slip
l Early 1990s

Coefficient of Friction
Coefficient of Traction

top-of-rail friction
modification

LUBRICANTS

A\ 4



STATE OF THE ART

Categorisation of Products for TOR
Friction Modification

The Main Function of TOR Products

Contents lists available at ScienceDirect

4 Wear
i

ELSEVIER journal homepage: www.elsevier.com/locate/wear

Material concepts for top of rail friction management - Classification, ®m§mm
characterisation and application

Richard Stock **, Louisa Stanlake *, Chris Hardwick ", Marcia Yu®, Donald Eadie ®, Roger Lewis*
LB. Foster Rail Technologies, Burnaby, Canada

® LB Foster Rail Technologies, Sheffield, United Kingdom

© Department of Mechanical Engineering. The University of Sheffield, Sheffield, United Kingdom

Liquid Forms of Top-of-Rail Products:

1) Friction Modifiers (Water-based)
2) TOR Lubricants (Oil/Grease-based)
3) TOR Hybrids (Both Water and Oil)

Coefficient of Friction

Friction Levels Creep Curves

DRY RAIL

TOR PRODUCTS

Coefficient of Traction

top-of-rail friction
modification

LUBRICANTS

A\ 4
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STATE OF THE ART

Categorisation of Products for TOR Water

atl i Hich Friction Friction Modifier
Friction Modification 5
©, — Wheel N\ 1) Wheel
Contents lists available at ScienceDirect @ _ §
Wear cC
Al Wear .*. " O o
FLSEVIER journal homepage: www.elsevier.com/locate/wear () [
Debris ‘I’ S~ V&- (i -8
Material concepts for top of rail friction management — Classification, — = . ©
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Liquid Forms of Top-of-Rail Products: S =
3
1) Friction Modifiers (Water-based) 5 _
2) TOR Lubricants (Oil/Grease-based) Rail — Rail
3) TOR Hybrids (Both Water and Oil) Oil

Particles for Friction
e L. id Lubri
Q Modification (soft metals ’ Solid Lubricants

'M @ S 1nd their compounds) (Graphite, MoS;)
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STATE OF THE ART

State of the Surface after the use of the TOR Lubricant Liquid-assisted Crack Propagation

Rolling

o Folling™

Sliding
D4 : 483.82
DEG1: 9.80° : c DEGS3: 14.11° _— Rail
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d raWbaC kS Of TOR left: Hardwick et al. (2017); right: Maya-Johnson et al. (2017)

products

. Early 1990s



STATE OF THE ART

Braking distance extended for Oil-based TOR Lubricants

up to 20 meters \

Water-based Friction Modifiers

[ 1
3 07 c) | wet film (85 wt% of water + 15 wt% of talc)
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drawbacks Of TOR left and middle: Galas et al. (2017); right: Galas et al. (2018)
products |
Low Adhesion
l Early 1990s 2000s 2016 2017 2021




STATE OF THE ART

,otart of my PhD
Journey”
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STATE OF THE ART

Wear Mitigation Noise Reduction Reduction in Airborne Particles
Film formation reduces A positive creep curve prevents  Less wear debris, and residual lubricant
metal-to-metal contact. stick-slip oscillations. captures airborne particles.

Wheel Slips Station Overruns Adverse Effects on RCF
Traction problems during Low adhesion conditions Residual lubricant can promote crack
acceleration. increase the stopping distance. propagation.

L
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The effect of Humidity and Dew

[ x1°c ot0°c 024°c odo'c as0C |

condensation
area
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Galas et al. (2020)

Conditions

The effect of Dew and Iron Oxides

1000

Cycles

Hardwick et al. (2014)

Wet (Oxide) 3

S e st o

" Wet (0xide) 2

gy, one =
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,Wet-Rail Phenomenon®
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Low Adhesion

STATE OF THE ART

Humidity

The effect of Water (Precipitation)

TOR Contact Is an Open

Interface

Dew Precipitation

Iron Oxides Leaves

Adheison coefficient

Chen et al. (2011)

0.50
—&— Boundary friction coefficient 0.2
0.40 —&— Boundary friction coefficient 0.45
7 Measured results of
Japanese Shinkansen Vichle (200 Serise)
0.30
0.20 CoA<0.15
0.10
0.00 =
0 100 200 300 400 500
Running speed (km/h)
Poor adhesion costs industry and wider society an
estimated £355m each autumn
v s RAIL
_— SAFETY AND
STANDARDS
BOARD

£290m autumn
performance impact

© & ©

£0.5m safety impact
cost
cost

£64m prevention,
management and
cleaning cost
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RESEARCH GAP

Friction 209 8 727

publications relevant publications
on TOR products publications on contamination Iron Oxides

includes both
g ﬁ & ’ Humidity
K, YY)

topics

. Retentivity is
Lewis et al. (2012) a) b - Prolonged with

07

DOI: 10.1177/0954409712452239 08 % an Increase in
u:i /_/\/ / RH
03

02
01

= Conditions: humidity, temperature and iron oxides
= TOR product: water-based friction modifier
= Setup: pin-on-disc tribometer, climate chamber

10
Stiding Distance (m)

Main Findings: ZZ Warmer Air
1) In ahumid environment, evaporation of the base 4o Contains more
medium is slowed down and retentivity increases [ - - *|  Water Vapours
2) Iron oxides disrupt the FM film and increase friction . . : e
The pin-on-disc tribometer with a o ; W w ®

Sliding Distance (m)

climate chamber.



RESEARCH GAP

Friction 209 8

publications relevant

on TOR products publications
includes both

topics

=04

Arias-Cuevas et al. (2010)

DOI: 10.1016/j.wear.2009.09.015

= Conditions: direct water application
» TOR product: two commercial water-based FMs
= Setup: a twin-disc machine

Main Findings:

1) Direct water application caused a drop of CoA below 0.1

2) However, the tested products contained particles for
traction enhancement, which is not typical for FMs

Adhesion coefficient

0.7

0.6

0.5

0.4

0.3

0.2

0.1

127

publications

on contamination

Iron Oxides

Humidity

l —o—Bascline ~®- Friction Modifier A 4 Friction Modifier Bl

Water application

4 500 600 700 800 900 1000
Cycles

Direct Water Contamination
Caused a Drop of CoA



RESEARCH GAP

Friction 209 8 727

publications relevant publications

on TOR products publications on contamination Iron Oxides
includes both

topics
g ﬁ a Humidity

Seo et al. (2018)

DOI: 10.1080/10402004.2016.1271487

= RCF Test

» TOR product: TOR hybrid (both water and oil) Rail Disc

= Setup: a twin-disc machine Surface after
200 000 cycles,

Main Findings: Severe Spalling

TOR hybrid caused severe RCF as a result of the combination
of high tangential forces and liquid-assisted crack propagation.




RESEARCH GAP

Friction 209 8 727

publications relevant publications

on TOR products publications on contamination Iron Oxides
includes both

topics
g ﬁ & ’ Humidity
< YY

Wang et al. (2011): Water, Qil Olofsson et al (2004): Humidity, Oil
Arias-Cuevas et al. (2019): Water, Traction Enhancer Li et al. (2009): Water, , Traction Enhancer
Oldknow et al. (2013): Water, FM Chenet al. (2014): Water, FM, OiIl
Lu et al. (2005): Iron Oxides, FM, Grease Lewis et al. 2013: Humidity, lron Oxides, FM

Research Gap: While FMs were tested in some publications, none of them has examined TOR
lubricants. The effect of contamination on the performance of TOR products is largely unknown.




SCIENTIFIC QUESTIONS
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Water Friction Modifier Adhesion
Humidity/Dew TOR Lubricant Wear
Iron Oxides Rolling Contact Fatigue



SCIENTIFIC QUESTIONS

BEHAVIOUR

Water Friction Modifier Adhesion
Humidity/Dew TOR Lubricant Wear
lIron Oxides Rolling Contact Fatigue
Ql: How does water contamination influence the ability of TOR products to modify

friction?



SCIENTIFIC QUESTIONS

BEHAVIOUR

Water Friction Modifier Adhesion
Humidity/Dew TOR Lubricant Wear
lIron Oxides Rolling Contact Fatigue
Ql: How does water contamination influence the ability of TOR products to modify
friction?
QZZ How does the performance of TOR lubricants change with increasing ambient

humidity and under dew conditions?



SCIENTIFIC QUESTIONS

BEHAVIOUR

Water Friction Modifier Adhesion
Humidity/Dew TOR Lubricant Wear
Iron Oxides Rolling Contact Fatigue
Ql: How does water contamination influence the ability of TOR products to modify
friction?
QZZ How does the performance of TOR lubricants change with increasing ambient

humidity and under dew conditions?

QBZ How do TOR products affect wear and rolling contact fatigue in the presence of
oxide layers under wet conditions?



SCIENTIFIC QUESTIONS

Ql: How does water contamination influence the ability of TOR products to modify
friction?
Q22 How does the performance of TOR lubricants change with increasing ambient

humidity and under dew conditions?

Q3Z How do TOR products affect wear and rolling contact fatigue in the presence of
oxide layers under wet conditions?

AIM OF THE THESIS

The thesis aims to explore the effect of environmental contamination on the
performance of TOR products, with scope and conditions defined by the three
scientific questions above.
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THE EFFECT OF WATER CONTAMINATION

Ql: How does water contamination influence the ability of TOR products to modify friction?

Minimum film
thickness area

Oil film

Better separation of surfaces and higher contact
replenishment.

H1.1:

TOR lubricants are expected to cause over-
lubrication because the presence of water
disrupts the balance between the liquid and solid
phases, shifting it in favour of a stronger
lubricating effect. (...)

For FMs, the effect of water is expected to
depend on the amount of water. Small amounts
of water may enhance lubrication by slowing
evaporation of the base medium. In contrast,
larger quantities are likely to disrupt film formation
and result in higher and less stable friction.



THE EFFECT OF WATER CONTAMINATION

Mini-Traction Machine A typical adhesion curve for
(MTM2) Syringe/micropipette the TOR product

/’/ v Ball shaft
% Contaminant

& Disc
TOR product \
/’l/ |

\
.

Application of the

Run-in / TOR product
1 ) DRY CONTACT

Disc shaft

INTERMEDIATE FRICTION

LOW ADHESION (BELOW 0.1)

Time

AISI 52100 0.8GPa 1m/s SRR 2% 1xFM 2x TOR Lubricant



THE EFFECT OF WATER CONTAMINATION

Water was applied at three distinct time
points: during the initial lubricant drop, in the
Mini-Traction Machine intermediate friction zone, and under starved
(MTM2) lubrication conditions.

Syringe/micropipette

Ball shaft

.
% Contaminant Ball

& Disc
TOR product
/'l/ |

A Application of the

Run-in / TOR product
Application of Water

e

The Lowest CoA

,,,,,,,,, /

[
»

CoA

A\ 4

A

Low Adhesion
Duration

AISI 52100 0.8GPa 1m/s SRR 2% 1xFM 2x TOR Lubricant
AlM: To investigate low adhesion caused by
water contamination.



THE EFFECT OF WATER CONTAMINATION

0.25
0.225 -
0.2 -
0.175 -
0.15 A
0.125 -~
Low adhesion
N e e
=
0.075 s
0.05
0.025

Mean values evaluated from applications in T1-T3
(except FM-A (dry film))

The lowest
value of
& the CoA

CoA (1)

2 ml

32 ul

2 ml

TORL-A TORL-B FM-A (wet film) FM-A (dry film)

N/ N/

TOR Lubricants Friction Modifier



THE EFFECT OF WATER CONTAMINATION

CoA (1)

0.25
0.225 4 Mean values evaluated from applications in T1-T3 W'th the |ncrease |n the
0.2 el (except FM-A (dry film))
2 T t
e lowes water amount, the CoA
0.175 - o value of
~ 0.5 - the Coh reaches a lower minimum,
< 0.125 -
8 Low adhesion
01 - mmmmmm - - - =
= =
00 o ~
E_ (23]
00 £
(']
FM-A (dry film)
0.50 0.50 0.50
0.45 4 Applied amount of water: 2 pl 0.45 4 Applied amount of water: 8 pl 0.45 4 Applied amount of water: 32 pl
0.40 040 1 & o o e e e e e e e e e - 0.40
035 035 - T3 035
0.30 = 0.30 - =030
0.25 < 025 - < 025
=} =}
0.20 O 0.20 - © 0.20
0.15 0.15 4 0.15
0.10 0.10 d) 0.10
0.05 1 0.089 — — — TORL-A base line 0.05 <—0.048 € 0.073 g(—' 0.037 0.05
0.00 T T T T T 0.00 + T T T T T 0.00 + T r T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s) Time (s)




CoA (1)

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

THE EFFECT OF WATER CONTAMINATION

90
80
70
60
50

Time (s)

40
30
20
10

Applied amount of water: 2 pl

= = = TORL-A base line

300

Time (s)

400 500

600

*The CoA did not exceed 0.1 during these tests

2 ul

32 ul*

CoA<0.1
K

2 ml*
32 pul*
2ml*

2 pul
32 ul

2 ml

=
~

Mean values evaluated from applications in
T1-T3 (except FM-A (dry film))

8 ul
32 pl

2 ml

TORL—A\ TORLW_A{dei|m)

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

CoA (1)

Applied amount of water: 8 pl

“—0.0a8 ¥ 0.073 (‘6‘—' 0.037

0 100

200 300 400 500 600

Time (s)

0.50

Contamination of TOR
lubricants by a large
amount of water resulted in
a long-lasting period of low
adhesion.

0.45 -
0.40
0.35

S 030

< 0.25

(=]

C 0.20
0.15
0.10
0.05

Applied amount of water: 32 pl

0.00 +




With the increase in the
water amounts (to
some extent), the CoA

CoA (1)

THE EFFECT OF WATER CONTAMINATION

reaches a lower

0.50

0.45 4
0.40
0.35 4
0.30 4
0.25 4
0.20 4

0.15
0.10
0.05

0.00 +

minimum.

CoA (1)

0.25

0.225 A
0.2 -
0.175 -
0.15 o
0.125
0.1 1

0.075
0.05
0.025

Applied amount of water: 8 ul

(except FM-A (dry film))
The lowest

value of
the CoA

Low adhesion

2 ml

Z L

TORL-A

Mean values evaluated from applications in T1-T3

8ul

2 ml

0.50

0.45 -
0.40 -
035 -

5 030 1

< 025 -

o

O 0.20 -
0.15 -
0.10 -
0.05 -

Applied amount of water: 32 ul

0.00

However, contamination by
a large amount of water
leads to an immediate
increase in CoA to dry
levels.

0.50
0.45 -
0.40 -
035 -

5030 1

< 025 -

o

O 0.20
0.15
0.10

0.05 0.1

0.00

Applied amount of water: 2 ml

100 200 300 400 500 600
Time (s)



THE EFFECT OF WATER CONTAMINATION

0.25
0.225 -+ Mean values evaluated from applications in T1-T3
(except FM-A (dry film)) . .
. . . 02 - The lowest However, contamination b
With the increase inthe  ous - - valueof y
. 015 - the CoA a large amount of water
water amounts (to g : .
< 0125 . leads to an immediate
some extent), the CoA & o fowadresn |- N . .
E _ increase in CoA to dry
reaches a lower 0.075 _ |- =
- 0.05 7 = |~ [_ levels.
minimum. 0,005 2|5 5 E
0 /. N
FM—%tﬁlm) W—A (dry film)
0.50 0.50 0.50
0.45 4 Applied amount of water: 8 ul 0.45 0.45
0.40 1 4 ____ . —— - — ’?
035 - ' dUC‘.S
= 030 A
< 025 4

3 .
© 020 15
0.15

0.10 M
0.179
0.0 1 0_021 l‘” 0.026 0.05 0.1 Applied amount of water: 2 ml
o 4 r T T T T | 0.00 + r T T T T
100 200 300 400 500 600 0 100 200 300 400 500 600

Time (s) Time (s)
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METHODOLOGIES AND STANDARDS

Also, the first standard on the TOR
product testing was published:

CEN/TS 15427-2-2
Railway applications -
Wheel/Rail friction
management - Part 2-2:
Properties and
Characteristics Top of Rail
materials

2021 ,otart of my PhD
Journey”

L
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METHODOLOGIES AND STANDARDS

Also, the first standard on the TOR A Benchmarking Methodology for Top-
product testing was published: of-Rail Products

p— =
" [————— ot
| ThRCHeSY
Tribology International
ELSEVIER T

CEN/TS 15427-2-2
Railway applications -
Wheel/Rail friction
management - Part 2-2:

Properties and 5 i
Characteristics Top of Rail
materials TRIBOLOGY
2021 INTERNATIONAL ,otart of my PhD
Journey*
. Early 1990s 2000s 2016 2017 2018




METHODOLOGIES AND STANDARDS

Also, the first standard on the TOR A Benchmarking Methodology for Top- A Comparison of both Methodologies:
product testing was published: of-Rail Products

Wear-in" Run-in Test #of Total Performance Overall

© meoLesy parameters parameters parameters sets time? parameters assessment
Tribology International =
® 08GPa 08GPa, 0.8 GPa 1 m/s Performance
Abenchmm'rldng methodology frar top-of-rail products ) e 1 me 1 me, .
CEN/TS 15427-2-2 e e e i Atidell SRR 2% SRR, 0;?40/; SRR 5 e Lol (QT(F;M
. . . i min
Railway applications - 60 min 30 min
Wheel/Rail friction . cra .\ aPa
management - Part 2-2: CENTS  0.1mis 1,3.8m/s CoT at 10%
. i eicin . - ) 1 1h Good/bad
Properﬂes and Lo e o e 0 e of standard  50% SRR 0.25-10% SRR SRR
f H 30 min 22 min
Characteristics Top of Rail
mate ria IS 1) CEN/TS standard uses run-in in the same way as wear-in in the proposed methodology.
2021 2)  Estimation, the exact time is dependent on the number of creep curves.

these cocuity sk, secendly
::::: ] beasic of TOR producss,
ducsion snl long cary ditance, cuases be

A robust multi-parameter approach

Time-consuming

L

Early 1990s



Performance parameters:

C — Critical Traction

| — Intermediate Traction

R — Retentivity

Based on these parameters,
the over-lubrication factor

(OLF) is calculated.

Coefficient of Friction

Friction Levels

DRY RAIL

TOR PRODUCTS

LUBRICANTS

METHODOLOGIES AND STANDARDS

A) EXPERIMENTAL PHASE = 5x PERFORMANCE TEST (PT)

PERFORMANCE TEST (PT) = PREPARATION PHASE + MEASUREMENT PHASE

PREPARATION PHASE

S$1 new' / worn? pair

S2 wear-in' / run-in2

S3 product application

10-min acetone cleaning
in an ultrasonic bath

60-min wear-in /
30-min run-in

o =1plof TOR
lubricant

Tvalid only for the PT1; 2valid for the PT2-PT5

Note: Five PTs are required.

MEASUREMENT PHASE

$4 condensation

S5 traction test

o = condensed
water droplets

!

the output of each traction
test is one creep curve

S6 checkpoint

!—‘—\

*end of the PT— S1

next traction test

required no. of PTs: 5

Have two consecutive points of
the creep curve exceeded the
threshold curve?

See S7 — graph B2

YES* NO
| |
continue continue
with $1 with S5

B) EVALUATION PHASE

/

S

S7 performance parameters

SRR (%)

0.7 07
B1 --- threshold curve B2 --- threshold curve
06 06
05 f . 05 4
= 04 o= 1,1z < 04 b L
= =
o 7 Q q
)—ef- < ©03 | ¥
02 | iz 02 | LRIZ
0.1 0.1
/ e
. 0
0 5 10 15 20 0 5 10 15 20

SRR (%)

| — two consecutive
4 points of the creep
curve exceeded the

threshold curve

|
end of the PT
(S6 — 81)

|
Five PTs are
required

¢, i and r express the total sliding distance of points in the given zone for each PT
C, Iand R express the average value of the parameters ¢, iand r
Tab. 3 provides exact limits for each traction zone

S8 OLF: Over-lubrication factor

S, the area defining the tested TOR product
S; — the area defining the ideal product
OLF € [0, 1]

OLF (1)

1.00 |
0.75
0.50
0.25

0.00 :
10 20 30
I (m)

o

Each point = different

40

Q1 - Q4: performance classes
Q1 - the best — Q4 — the worst

S9 overall assessment: performance map
TORL-A vs TORL-B

humidity conditions

OLF and | are used to
construct a performance
map divided into four
performance classes,

Q1-Q4



METHODOLOGIES AND STANDARDS

A) EXPERIMENTAL PHASE = 5x PERFORMANCE TEST (PT)

PERFORMANCE TEST (PT) = PREPARATION PHASE + MEASUREMENT PHASE

PREPARATION PHASE MEASUREMENT PHASE

S2 wear-in' / run-in2 S3 product application S4 condensation

S1 new' / worn? pair S5 traction test

S6 checkpoint

Have two consecutive points of
the creep curve exceeded the
threshold curve?

See S7 - graph B2

!—l_l

YES* NO
I |
continue continue
with §1 with 85

*end of the PT— S1
required no. of PTs: 5

10-min acetone cleaning
in an ultrasonic bath

60-min wear-in / o =1uplof TOR o = condensed
30-min run-in lubricant water droplets

the output of each traction
test is one creep curve

Tvalid only for the PT1; 2valid for the PT2-PT5 1\ next traction test

Note: Five PTs are required.

B) EVALUATION PHASE

S7 performance parameters S8 OLF: Over-lubrication factor

TORL-Avs TORL-B

0.7 0.7
B1 --- threshold curve B2 === threshold curve_|__ two consecutive
06 0.6 ; points of the creep c
curve exceeded the o
0.5 ) 0.5 P threshold curve &
-~ = -~ L ~ ©
S04 2 s =04 | =) 1
7y ) end of the PT w =
003 ¥ 03| ¥ (6 — 1) 4 o £
I/ a & Q
02 | [ 11z 02 |k LRI ! <
Five PTs are S
0.1 0.1 required w
¢, CTZ
0 2 L R 0
0 5 10 15 20 0 5 10 15 20 0 10 20 30 40
SRR (%) SRR (%) I (m)

¢, i and rexpress the total sliding distance of points in the given zone for each PT S~ the area defining the tested TOR product
C, Iand R express the average value of the parameters ¢, iand r S, — the area defining the ideal product
Tab. 3 provides exact limits for each traction zone OLF € [0,1]

Q1 - Q4: performance classes
Q1 - the best — Q4 — the worst

S9 overall assessment: performance map

humidity conditions

Climat chamber
cover

Humidity sensor
Ball shaft

Humidity and
temperature
sensor

Air
inlet

Wet/dry
air flow

AlISI 52100 0.8 GPa 1 m/s SRR 0-20%
2X TOR Lubricant RH levels: 34%: 70%: 100%



THE EFFECT OF HUMIDITY AND DEW



THE EFFECT OF HUMIDITY AND DEW

QZZ How does the performance of TOR lubricants change with increasing ambient

humidity and under dew conditions?

a) b)

Contact track

Bleed oil

Higher replenishment

Grease reservoirs Enhanced contact replenishment

Particles for Friction
Modification (soft metals
and their compounds)

>

Solid Lubricants
(Graphite, MoS,)

H2:

Ambient humidity alone is expected to have
only a minor effect on friction and, therefore,
is unlikely to influence the performance of
TOR lubricants significantly.

A substantial change is expected when the
dew point is reached, and water condenses
on the rail surface. In this case, the
condensed water can mix with TOR
lubricants and cause over-lubrication.



THE EFFECT OF HUMIDITY AND DEW

Standard performance of TORL-A

RH = 35%, ambient temperature

0.8 0.8 — 200
criterion met 1stPT criterion met 5th PT OLF=0.79 >
0.7 F —PT 0.7 ' =PTended
= PT ended \'\‘ _. 160 F \
6 E
_ _ g 0.79 = Very Good
= = i @ € 120
s s 2
© © ° OLF:
g % 1 = the Best
e ] . 0 = the Worst
40 Lo Ts R
iry, 2 Bl [|—|
N NN
0 5 10 15 20 0 5 10 15 20 1 2 3 4 5 AVG

SRR (%) SRR (%)

Per one dosage, 2-3 creep curves were measured without any risk of low
adhesion.



Sliding distance (m)

RH = 35%, ambient temperature

OLF=0.79

200

160 |

120 F

2]
o

=
o

o

THE EFFECT OF HUMIDITY AND DEW

0.8
0.7

CoT (1)

0.0

06 |
05 }
04 }
03 }
02 }
01 }

Performance of TORL-A in Humid Environment

70% RH, ambient temperature

| criterion met
= PT ended

0 5 10 15 20
SRR (%)

CoT (1)

0.8
07 F criterion met 4th PT

= PT ended
06 | v»
05 o _--=-
0.4 o

s

0.3 F /

4 ]
0.2 F ,‘ b
0.1 }/
0.0 « . . .

0 5 10 15
SRR (%)

A slight positive effect of humidity was
observed, but with reduced repeatability.

Sliding distance (m)

200

160 f

120 p

00
(=]

B
(]

o

OLF:
1 = the Best
0 = the Worst

0.76 = Very Good

_

OLF=0.76

~—~—  —

T R
ry . ik |
rp, b E la
: A HH
1 2 3 4 5 AVG
PT no. (1)
Prolonged
Period of

Intermediate
Friction



THE EFFECT OF HUMIDITY AND DEW

OLF:
1 = the Best
0 = the Worst
Performance Of TORL-A 100% RH, ambient temperature \/V 0.52 = SUffiCient
o ! 0.8 0.8 200
under Dew Conditions 1 07 | AT 07 | criterion met ——5—"“94) ¢
; criterion =PTended ——p ®© 160 F
1 06 O +__met =PT 06 | £ ‘.,
1 _ 05t ==z = - 120
RH = 35%, ambient temperature = o4t i = § f .
200 " 03 1O S ?;"80 [ G :
i ! 01 }f ] !l Iz
Elﬁo 0.0 : / . 0 AN, B
g 10 b 0 / 10 15 20 1 3 4 S\AVG
z SRR (%) PT no. (1)
g 80}
i ., w r Prolonged
L .|‘_‘| ~ Water changed the trend Serin dgof
0 A of some creep curves to Periodof Low & = e
1 2 3 4 5  AVG AdheS|on

negative. Friction



THE EFFECT OF HUMIDITY AND DEW

Performance of TORL-A
under Dew Conditions

RH = 35%, ambient temperature

200
OLF=0.79
_ 160 }
E
8
E 120 F
v
©
=]
£ 80 F
=
wn
r Ta r
0 | 2 s R
irg I2 |3r3 la Is ||—|
0 1 L L L L |_|

100% RH, ambient temperature

OLF:
1 =the Best
0 = the Worst

0.52 = Sufficient

0.8 0.8 200
07 1stPT 0.7 | criterion met ____-rﬂg_r <
criterion =PTended ——a ®© 160 F
06 r +_met =PT 06 r | £ .
. - 3
5 05 = 2120 :
04 s
8 8 fol " "R
03 g G g
0.2 2 ¢
Ta b ol !
0.1 (% 1 I3 [
C.
0.0 L 0 .!_ ' CZ s il e 5 1
0 5 10 15 20 0 5 10 15 20 1 2 3 4 5 AVG
SRR (%) SRR (%) PT no. (1)
The Main Function of TOR Products
\Water Ch ang ed th e tre nd Friction Levels Creep Curves
of some creep curvesto | DRy RALL ' -
: o g € frjng:
negatlve. C @ ”etfo,,ch
- = 5/ acty,,
o 5 &/ = stick-slip st
= TOR PRODUCTS g | 8 osclliations
— A T
= :g e ositive friction characteriSte
2 |/
< top-of-rail friction
© LUBRICANTS © modifcation
Slip




THE EFFECT OF HUMIDITY AND DEW

Perform ance Of TO R L-A 100% RH, ambient temperature
.. 3 08 0.8 200
under Dew Conditions | o7 | 1stPT o7 |criterionmet ___ SthET OLF =052
: criterion =PTended ——pu ®© 160
1 06 | © +__met=PT 06 r | E r
3 =05 T e BN -1 G} "
RH = 35%, ambient temperature ! =04 b -7 = | .= p s .
; 03}~ 0.3 w 80 F & oo
200 05 ./ ! 'E A
OLF=0.79 3 2 I | 0.2 "0 | . [
160 | ! 01 [/ ’ 0.1 o C
= | Ca Cs
-G_J— ‘ 0.0 L 4 L 0.0 = 1 I L 0 1 i L 1 I
2 120 } 3 0 5 10 15 20 0 5 10 15 20 1 2 3 4 5 AW
i ! SRR (%
z 100% RH, 12°C ) SRR (%) Prno-() 0.29 = Very Bad
] /V
£ 80 r 0.8 0.8 200
2 1stPT 5thPT OLF:
r N R ! 0.7 criterion 0.7 f criterion 160 ’ _
or r, o B is l i 0.6 met = PT 06 F met = PT z i 1 = the Best
HH | 05 N e 0s ! - Fl 2 q| | O =the Worst
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1 2 3 4 5 AVG ! g 04y 7 504 T 9 2 .
! I A 8 | .
- e 02 | O R :
0.2 F ’ 02 1 : E | X CSI Cs
/ / a0 ey A N |
0.1 .;"d___ - > 4 0.1 k! = - | ‘ g is
0.0 : . : 0.0 ! . . 0 T —
0 5 10 15 20 0 5 10 15 20 1 2 3 4 5 AVG
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Long-lasting Period of
Low Adhesion



THE EFFECT OF HUMIDITY AND DEW

1.00

Humidity and small
amounts of water may
have a slightly positive

effect on the
performance, as it
increases retentivity.

OLF (1)
o
wu
o

0.00

The Performance Map

0.75 |

0.25 |

Q4

5 10 15 20 25 30 35 40 45

I(m)

However, higher water
amounts come at the
cost of a prolonged low-
adhesion period, which
may result in a lower
performance category.
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THE EFFECT OF MOISTURE ON ADHESION

Fluid film reqgime

Minimum film

. O/W emulsion theories can explain
thickness area

the water contamination of the EHL

contact.
Water is excluded from

the contact due to the
stronger wetting ability
of oil

Plate-out theory shows that due to
the stronger wetting ability of oil,
water is excluded from the contact.

That means: Despite water being
present in larger quantities, the

0il film contact is still dominantly lubricated
by the oll.




THE EFFECT OF MOISTURE ON ADHESION

a) b \ligher replenishment Starved fluid film regime
flow
Contact track Water ‘ Unlike oil, grease can absorb a larger
Bleed oil ‘ amount of water due to the polar
nature of its thickener and additives.

tarved contact
inlet

Absorbed water influences stiffness
and oil-bleeding, i.e., the ability to
replenish the contact.

Grease reservoirs Enhanced contact replenishment
Grease : : Higher Thicker That means: Water could enhance
Oil-bleeding o ) o
absorbs W ] . " ®» contact ™ |ubricating contact replenishment, resulting in a
water OWeT VIScosity replenishment film thicker film and thus lower CoA.



THE EFFECT OF MOISTURE ON ADHESION

Mixed/Boundary regime

Shear displacement compensation Mixture of water, oil and particles
mechanism in starved contact leads provides thicker lubricating film When severe starvation occurs, lubricant film
to higher CoA ensuring lower CoA thickness further decreases, resulting in a
Ball Ball mixed regime and CoA increases.

When mixed with a small amount of water,
solid particles create a paste that causes a
transient decrease in friction (,wet-rail”

Disc phenomenon).

Surface asperities  Oil residua Pai:i?()e; ;(:giicnted QOil droplet water | hat means: A mixture of water and particles
forms a thick lubricating film, ensuring low
COoA.



Q1:

H1.1:

THE EFFECT OF MOISTURE ON ADHESION

How does water contamination influence the ability of TOR products to modify
friction?

TOR lubricants are expected to cause over-lubrication because the presence of
water disrupts the balance between the liquid and solid phases, shifting it in
favour of a stronger lubricating effect. (...)

»,The mechanism was more complex than initially assumed. While the disturbed
ratio between the liquid and solid phases contributes to the effect in near-dry,
starved conditions, the dominant influence arises from the interaction between
water and the oil base, which together enhance the lubricating action of the liquid

phase.”

PARTIALLY VERIFIED



Q1:

H1.1:

H1.2:

THE EFFECT OF MOISTURE ON ADHESION

How does water contamination influence the ability of TOR products to modify
friction?

TOR lubricants are expected to cause over-lubrication because the presence of
water disrupts the balance between the liquid and solid phases, shifting it in
favour of a stronger lubricating effect. (...)

PARTIALLY VERIFIED

For FMs, the effect of water is expected to depend on the amount of water. Small
amounts of water may enhance lubrication by slowing evaporation of the base
medium. In contrast, larger quantities are likely to disrupt film formation and result
In higher and less stable friction.



Q2:

H2:

THE EFFECT OF MOISTURE ON ADHESION

How does the performance of TOR lubricants change with increasing ambient
humidity and under dew conditions?

Ambient humidity alone is expected to have only a minor effect on friction and,
therefore, is unlikely to influence the performance of TOR lubricants significantly.

A substantial change is expected when the dew point is reached, and water
condenses on the rail surface. In this case, the condensed water can mix with
TOR lubricants and cause over-lubrication.



THE EFFECT ON WEAR AND RCF



Q3.

H3.1:

H3.2:

THE EFFECT ON WEAR AND RCF

How do TOR products affect wear and rolling contact fatigue in the presence of
oxide layers under wet conditions?

In wet conditions, TOR lubricants are expected to influence RCF in a way similar to
TOR hybrids. The only difference is that water is intentionally added in the latter,
whereas in the former, it enters the contact as an unwanted contaminant. This
combination is expected to promote severe RCF due to the coexistence of high
friction and liquid-assisted crack propagation.

When mixed with friction modifiers, oxides are expected to disrupt film formation,
reducing the effectiveness of the product and increasing wear. In contrast, the
presence of water may partially counteract this effect by helping to rebalance the
liuid—solid ratio by slowing the evaporation of the base medium, thereby
prolonging the lubricating effect.



THE EFFECT ON WEAR AND RCF

Water/TOR product was applied via
RCF crack in cross-section syringe, drip system, or micropipette

Motor housing

Rail disc

10 Rail disc S

i }
1 ]
[ o
4 Discs were cross-
sectioned at 3
- : different
locations
v
/
f
2 4

60

Wheel disc

"~ Wheel disc

Motor housing AN
Wheel disc shaft

U71Mn (rail) C-Class (wheel) 1.1 GPa 1.5 m/s slip 2%
1x TOR Lubricant 1x Friction Modifier

The TOR product was applied when
CoA = 0.3 was reached. Water was applied
at a rate of 1 drop/s.

Run-in
5 000 dry cycles Test with pre-existing
e cracks

Dry contact

W

CoT =0.3; TOR product application

k/

0 5000 10000 15000 20000 25000

No. of cycles (1)



Mass loss (mg)

1200

1000

800

600

THE EFFECT ON WEAR AND RCF

B Wheel
M Rail

@ Total system

Dry 25 000
cycles

Dry 5000
cycles

Dry
5000

\ 462

244 544

Dry
25000

Tests without pre-existing cracks.

FM

14 29 43

FM

TOR lubricant  Water
5 9 13 5 11 16
. —
TOR
. Water
Lubricant

Tests with pre-existing
cracks.

40

FM

135

FM

175

Water

TOR
lubricant

79

37 42

TOR
Lubricant

1178

\

154

Water

FM
+ Water

FM + water

/

TOR
lubricant +
water

15 34 49

TOR Lubricant
+ Water



THE EFFECT ON WEAR AND RCF

1200
B Wheel Tests without pre-existing cracks. Tests with pre-existing 1178
1000 M Rail cracks.

@ Total system
Eﬂ 800 FM + water
— Water
b Dry 25 000
& 600 v /
- cycles
9 \ 462
(10
2 400 | pry 5000 M TOR TOR

C\/CIES 244 217 FM TOR lubricant Water lubricant lubricant +
200 135 175 154 water
79
37 24 81 14 29 B ¢ g9 13 5 11 16 37 42 15 34 49
0 T T . —
Dry Dry TOR TOR FM  TOR Lubricant
FM . Water FM . Water
5000 25000 Lubricant Lubricant + Water + Water

TOR products were effective in reducing
wear in comparison with unlubricated
conditions.



1200

1000

800

600

Mass loss (mg)

THE EFFECT ON WEAR AND RCF

B Wheel Tests without pre-existing cracks.

& Rail
@ Total system

Dry 25 000
cycles

\ 462
Dry 5000

244 544

cycles

37 54 61

Dry Dry
5 000 25000

14 29 43

FM TOR lubricant

FM

Water

5 9 13 5 11 16
TOR

Lubricant Water

cracks.

FM

135 175

40

FM

Tests with pre-existing

1178
FM + water
Water /
TOR TOR
lubricant lubricant +
154 water
37 42 "° 15 34 49

TOR
Lubricant

FM  TOR Lubricant

Water + Water + Water

Water caused massive
material removal and

delamination.



THE EFFECT ON WEAR AND RCF

Liquid-assisted Crack Propagation

C

s
g

/

BN

==

|

A

Hydrostatic
pressure

Kaneta et al. (1987)

Tests with pre-existing 1178
cracks.
FM + water
Water /
M TOR TOR
lubricant lubricant +
135 175 154 water
79
37 42 15 34 49

TOR FM  TOR Lubricant
FM Lubricant Water + Water + Water

Water caused massive
material removal and
delamination.



THE EFFECT ON WEAR AND RCF

1200
B Wheel Tests without pre-existing cracks. Tests with pre-existing 1178
1000 M Rail cracks.

@ Total system
Eﬂ 800 FM + water
— Water
b Dry 25 000
S 600 v /
- cycles
9 \ 462
(10
2 400 | pry 5000 M TOR TOR

C\/CIES 244 217 FM TOR lubricant Water lubricant lubricant +
200 135 175 154 water
61 79
37 24 14 29 4 ¢ g9 13 ¢ 11 16 40 37 42 15 34 49
0 T T . —
Dry Dry TOR TOR FM  TOR Lubricant
FM . Water FM . Water
5000 25000 Lubricant Lubricant + Water + Water

Unlike TOR lubricant, FM
could not maintain its
function in wet conditions.



THE EFFECT ON WEAR AND RCF

0.50
0.45 4 Applied amount of water: 32 pl
040 1 o o e e e e e e e e o
0.35 +
E 0.30 +
< 025 -
=}
- - - U 0-20 )
FM film is easily o1 4

0.10 4

removed by 005
water, and thus, = o0+—————— \

1178

Tests with pre-existing
cracks.

T1

FM + water

/

TOR
lubricant +
water

Water

0 100 200 300 400 500 600

in case of i
0 Time (s) M T(?R
lubricant

contamination,
0.50
the surface 045 4 135 175 L, s
remains 040 1

0.35 4

unprotected. ~030 |
<« 0.25 4

8 0.20

0.15

0.10

0.05 0.1

40 37 42 15 34 49

TOR FM  TOR Lubricant
FM Lubricant Water + Water + Water

Unlike TOR lubricant, FM

Applied amount of water: 2 ml

0.00 4 : : : : : could not maintain its

0 100 200 300 400 500 600
Time (s)

function in wet conditions.



THE EFFECT ON WEAR AND RCF

1000 pm

After-test Surface Images

@ riction Modifier
& ‘Adherei . (25000 cycles, pre-existing cracks)

.. N ‘materia

Spalling ‘ Ty M ; (M T Es } R S A
Pt N i T Sl N S VR den TOR Lubricant
_ e ' p S o el (25 000 cycles, pre-existing cracks)

: E 8 Water
Large cracks ﬁﬁ‘h (25 000 cycles, pre-existing cracks)

Friction Modifier in Wet Conditions
(25 000 cycles, pre-existing cracks)

: Séii'éré :
spalling =%

/Severe; o LS RNl ) g TOR Lubricant in Wet Conditions
SPRPOREC ) o T 2 g ek (25 000 cycles, pre-existing cracks)



THE EFFECT ON WEAR AND RCF

1000 pm

After-test Surface Images

@ riction Modifier
- dherei . (25 000 cycles, pre-existing cracks)

L materia

Spalling Py 2 <) A S K e ’
Pt N ARl el ALY 5 TOR Lubricant
f g i S o i, (25 000 cycles, pre-existing cracks)

material

‘ oo 8 Water
Large cracks ﬁf % (25000 cycles, pre-existing cracks)

Friction Modifier
Ay e in Wet Conditions
"Sedere: . (25 000 cycles,
spalling =~ RN, o W pre-existing cracks)
A e e ) il : ) TOR Lubricant
: ‘ | 0 & NG in Wet Conditions
Severe o7 T 4 R N o Lavge ' (25 000 cycles,

“spalling_ '+ : s / i cFACKS pre-existing cracks)




THE EFFECT ON WEAR AND RCF

Although there was
almost no material loss
under the TOR
lubricant in wet
conditions, large
cracks were spotted on
the surface.

spalhng

Severe
spalling_

cracks.

FM

175

135

Tests with pre-existing

Water

TOR
lubricant

79

37 42

1178

\

FM

TOR
Lubricant

Water

Sev,ere /

FM + water

/

TOR
lubricant +
water

15 34 49

FM  TOR Lubricant
+ Water + Water

Large
cracks

Friction Modifier
in Wet Conditions
(25 000 cycles,
pre-existing cracks)

TOR Lubricant
in Wet Conditions
(25 000 cycles,
pre-existing cracks)



THE EFFECT ON WEAR AND RCF

Dry conditions TOR Lubricant

Rolling direction
——————————————————————-

Cracks propagating parallel
to the surface

300 pm

TOR Lubricant in Wet Conditions

2500

2000

1500

1000

500

1000
900
800
700
600
500
400
300
200
100

Tests with pre-existing
cracks.

TOR lubricant

=

T Water
5

Bl

:

FM +
water

TOR
lubricant

T + water
S

8

X

8

i

© A % o Y
& E | &
Tests with pre-existing TOR lubricant + water
cracks. T
Water
FM + X
water o
X
o ‘Tf °
TOR lubricant 3 ; |
© L]
FM \ 1 i
e =]
© A =) >} N
X X X X
<& <& <& <& &

Out of all tests, the
TOR lubricant under
wet conditions led to
the development of
the deepest cracks.
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THE EFFECT ON WEAR AND RCF

,competition“ between Wear and Crack Growth

(a)

no crack
growth

e

Az

{ )

crack
depth

—8— wear
—&— RCF

Liquid-assisted Crack Propagation

TN =

|

/]

¢ Hydrostatic
pressure

upper: Donzella et al. (2005); lower: Kaneta et al. (1987)

2500

2000

1500

1000

500

1000
900
800
700
600
500
400
300
200
100

Tests with pre-existing Water TOR
cracks. lubricant
FM + + water
water
TOR lubricant
FM é
© A =) e} >
R PC P P S I
Tests with pre-existing TOR lubricant + water
cracks.
Wat
ater EM +
water
TOR lubricant
FM \
e el —— —|
o A b 9 o
X X X X
A S Ol =

Out of all tests, the
TOR lubricant under
wet conditions led to
the development of
the deepest cracks.



Q3.

H3.1:

THE EFFECT ON WEAR AND RCF

How do TOR products affect wear and rolling contact fatigue in the presence of
oxide layers under wet conditions?

In wet conditions, TOR lubricants are expected to influence RCF in a way similar to
TOR hybrids. The only difference is that water is intentionally added in the latter,
whereas in the former, it enters the contact as an unwanted contaminant. This
combination is expected to promote severe RCF due to the coexistence of high
friction and liquid-assisted crack propagation.

The proposed mechanism did not occur. Instead, water amplified the lubricating
effect of the TOR lubricant, suppressing surface wear and preventing the natural
removal of developing cracks. Simultaneously, water and oil penetrated open
cracks, promoting growth through hydropressurisation and crack face lubrication.
Nevertheless, the predicted outcome was confirmed, although through a different

mechanism than anticipated. PARTIALLY VERIFIED



THE ROLE OF OXIDES



THE EFFECT OF OXIDES

REMOVED PENDING PUBLICATION




THE EFFECT OF CONTAMINATION ON FRICTION
MODIFICATION



THE EFFECT OF CONTAMINATION ON FRICTION MODIFICATION

Friction Modifiers

Intermediate
Friction

Reduction of
Surface Damage

Effect on Crack
Propagation

Resistance to
Contamination

Resistance to
Over-lubrication

Operational
Safety

Contamination scenarios:

]

Dry and Clean Rail ]

1 = the worst (e.g. severe wear); 5 = the best (e.g. virtually no wear)

Light Moisture (humidity, dew)

TOR Lubricants

Intermediate

Friction
Effect on Crack Reduction of
Propagation Surface Damage
Resistance to Resistance to
Over-lubrication Contamination
Operational
Safety

[ 1 Water (precipitation)

The scale is illustrative only and serves to indicate qualitative trends. No weighting between individual criteria is implied.



THE EFFECT OF CONTAMINATION ON FRICTION MODIFICATION

For friction modifiers, contamination is a matter of cost.
For TOR lubricants, it's a matter of safety.”



THE EFFECT OF CONTAMINATION ON FRICTION MODIFICATION

1) TOR lubricant contamination can lead to severe low-adhesion
conditions, eliminating wear while simultaneously accelerating

crack growth and RCF.

1.00
075 |
g 0.50
5]
Cracks turning into
the bulk material
at a high angle
Crack coalescence =
: 0.00

Out of all tests, the TOR lubricant under wet
conditions led to the development of the deepest
cracks.

The Performance Map

025

Q4

0

S 10 15 20 25 30 35 40 45
1(m)

0.50

0.45 4
0.40 1
035 4
=) 0.30 A
< 0.25 1
=]
© 0.20 4
0.15 4
0.10
0.05
0.00 +

Applied amount of water: 32 pl

Time (s)

cracks.

FM TOR
lubricant

37 42

Tests with pre-existing

Water

1178

FM + water

/

TOR
lubricant +
water

\

15 34 45

TOR
Lubricant

FM  TOR Lubricant

Water + Water + Water

Unlike TOR lubricant, FM
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THE EFFECT OF CONTAMINATION ON FRICTION MODIFICATION

1) TOR lubricant contamination can lead to severe low-adhesion
conditions, eliminating wear while simultaneously accelerating
crack growth and RCF.

2)

Friction modifiers perform slightly better under mild moisture
conditions, but excessive water causes wash-off and complete
loss of effectiveness, leaving wear and RCF uncontrolled.
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THE EFFECT OF CONTAMINATION ON FRICTION MODIFICATION

1) TOR lubricant contamination can lead to severe low-adhesion

conditions, eliminating wear while simultaneously accelerating
crack growth and RCF.

2) Friction modifiers perform slightly better under mild moisture

conditions, but excessive water causes wash-off and complete REMOVED PENDING PUBLICATION
loss of effectiveness, leaving wear and RCF uncontrolled.

3) Iron oxides had a negligible effect on the performance of TOR
products. However, they had a surprising effect on crack growth
through oxygen-assisted crack propagation.
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OPERATIONAL RECOMMENDATIONS

To mitigate the risk of low adhesion, TOR applicators should be equipped with meteorological sensors
monitoring temperature, humidity, and precipitation. When environmental conditions exceed defined
thresholds, the application should be automatically reduced or suspended.

Rain sensor (lll‘b

)

wHrary units



OVERVIEW OF THE RESEARCH OUTCOMES

TRIBOLOGY  TRIBOLOGY

INTERNATIONAL ~ INTERNATIONAL

i—— R —
2023 2023

International Research Stay

=  Southwest Jiaotong University, Chengdu, China, March—August
2024. Supervisor: Prof. Wenjian Wang. Oxidation as a factor in
rail crack damage.

=  Southwest lJiaotong University, Chengdu, China, May—August
2025. Supervisor: Prof. Wenjian Wang. Performance of TOR
products under contaminated conditions with pre-existing
cracks.

RIBOLOGY
LETTERS

2024

2026

Scientific Conferences

= 48th Leeds-Lyon Symposium on Tribology, Tribology for a Sustainable
and Resilient Future, 5—7 September 2023, University of Leeds, UK.

= 3rd International Conference on Rail Transportation (ICRT), 7-9 August
2024, Shanghai, China.

= 13th International Conference on Contact Mechanics and Wear of
Rail/Wheel Systems (CM 2025), 22—26 September 2025, Tokyo, Japan.
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