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STATE OF THE ART

Coefficient of Adhesion
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STATE OF THE ART

[

Experiment

Optimal level of friction

0.70

0.40

0.30

0.20

Coefficient of friction

0.10

0.00

Areiza, 2014

Ph.D. thesis defence

N

® Dry
m Wet

O Friction modifier 1
O Friction Modifier 2

0.44  mFlange lubricant

1
Pressure /GPa

0.15

Frictional properties

= Benefits are linked to two main properties:
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STATE OF THE ART Top of rail lubricant

/ Experiment Frictional properties

= Top of rail lubricants can cause over-lubrication.

= Large adhesion drop after application.

= Applied quantity dependent.
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STATE OF THE ART

/ Experiment Frictional properties

= Both friction modifier and solid friction modifier provide greater resilience to low adhesion after application.

= Friction modifier can be present in both “wet” and “dry” state.

= In “wet” state the friction modifier can show decrease in adhesion. Friction modifier
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STATE OF THE ART

[

Experiment

= High pressure torsion testing

= Shear response to displacement loading

= Elastic and pseudoplastic shearing region

= |dentification of model inputs
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Benefits of HPT testing

= Constant contact pressure

= Larger contact area

" |ndependent of slip rate (%)

= Small sliding distance
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= Exact solution (CONTACT)

Benchmark for contact calculations

Computationally demanding

= Derived numerical solutions (FASTSIM)

STATE OF THE ART

/ Mathematical model Overview of wheel/rail models

Compromise between accuracy/time demands

= Analytical formulas (Kalker’s linear theory)

Simple implementation with a fast solution
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STATE OF THE ART

/ Mathematical model Third body layer Reduced initial slope
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= Deviation from experimental observations rM%,ﬁ,J
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= Influence of different physical phenomena
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Traction coefficient

STATE OF THE ART

Combining EHL and asperity contact
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/ Mathematical model Elastohydrodynamic effect

= Statistical asperity models
= Greenwood and Williamson

= Zao, Maietta and Chang
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SUMMARY OF LITERATURE REVIEW = P -
ode
Inputs &
Wheel-rail contact model Friction
Kalker, Six, Meierhofer, Hou, Rovira FM /SO /Id FM
Solid-fluid contact model Matsumoto, Tomeoka,
Ishida, Areiza, Liu, Galas,
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TOR lubricants
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QUESTIONS

it
Model ?— >

Inputs é)r\

Q1 How to describe a Q3

Friction
model for top of rail What are the potential
l“ products? causes of low adhesion for
friction modifiers?
QZ Does the Q4
o/ elastohydrodynamic How do shear properties
effect cause low affect traction curves of top
adhesion in top of rail of rail products?
lubricant? X
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HYPOTHESES s— ] .
Inputs &’r\
Friction

Asperity contact
T = t'+dt/L:(s-w)

Ph.D. thesis defence
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The aim of this doctoral thesis is to use
experimental and modelling methods to clarify
the frictional behaviour of top of rail products.




Development of a model for top of rail products, that
predicts the coefficient of adhesion across all lubrication
regimes.

Assessment of low adhesion possibilities for
oil-based top of rail lubricants.

Use of torsion rheometer to assess TOR products and
identify inputs for model, and prediction of traction curves
for top of rail products.
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MATERIALS AND METHODS

Methodology /

Mathematical tools ' Rolling-sliding tests Rheology tests Results

Step 1

. . Measurement Traction
Optical tribometer ————» ) ’
P Stribeck curves _
llnput 1dentification —_— Comparlson » Numel‘lcal model
. and validation (H1.1)
Stribeck curves
Step 2 Tnput l
identification Prediction Lubrication regime
—_—

HPT, Viscosimetry — > Numerical model and coefficient of adhesion

Measurement

Time tests (H2.2) — Compgrison of experiment
with model (H2.1)

Mini traction machine

- - Input |
Step 3 Shear stress curves of applied | identification =~ Numerical model
Measurement  amounts and temperature (H3.2) (boundary friction)
HPT ——
Shear stress curves of *Prediction
FM evaporation (H3.1)

Traction curves (H4.1)
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Comparison
Step 1 and validation (H1.1)

Mathematical tools Comparison of experiment

MATERIALS AND METHODS Step 2 with model (H2.1)

Step 3 Traction curves (H4.1)

/ Model / Global inputs
Geometry Material properties Load Kinematic parameters
= FASTSIM-based boundary friction EHL calculation Boundary layer calculation
< . : : . ) Hertz contact - a b p(x.y) Hertz contact - a b p(x,y)
= EHL friction from film thickness formula and viscosity ¥ y
- . Film thickness - /_ Kalker*s coefficient - L,
= Asperity model by Greenwood and Tripp v v
Viscosity - n(x,y) Boundary layer
v parameters - 7, 7, L L,
BL friction — extended FASTSIM EHIL shear stress - 7, (%)) v
v BL shear stress - 7, (x,y)
At _ nofer EHL coefficient of friction - x,, ¥
T=17+ T [s — w] Six, |\/\€‘er BL coefficient of friction - z,,
Asperity calculation
_ ~U+T¢1Le)/L =
T = T~ + (TCZ — TCl)(l — e( UtTcile)/ p) ASperity m0d€.‘| Initial /2, guess
v
. 2 Calculate dimensionless
EHL friction Pa = §T[2HK2F4 (E) load W, Wy, |
hc — 5.08U066WEHL_021rx . \NU W W Charlge hc
chetl °= HEgLWERL + UL WBL Convergence of load ?
h, = 2.69U°%67GO53 W, 7907 (1 — 0.61e 073D, Weyy, + Wpy,
TripP Dimensionless load W, W,
_ [Inne+9.671{ (1+5.1-107%p)" -1 000/ i Wa
n = ne! 1o+ 1 gree™ i
Total coefficient of friction p
77 - noeap INSTITUTE OF MACHINE
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Comparison

| Rolling-slidi 1 1
olling-sliding tests  Step 1 and validation (H1.1) I

MATERIALS AND METHODS

/ Experimental device Optical tribometer Calibration of model
f CCD camera y

using water \

o . . . . — Light source
= Measurement of coefficient of adhesion and lubricant film thickness Water A "/
N —
. t ¥
= Comparing two types of surface roughness ¥h o !“ Lens S 5 dise
Torque )
= Water as a model liquid (n = 103 Pa.s) _T— tran‘iducer |
Ball diameter 25.4 mm Steel ball
Material (ball/disc) AlSI 52100/BK7
) ) Optical tribometer 0241 3
Maximum Hertzian pressure 0.75 GPa . 20
Slide-to-roll ratio -10-10% o "
Speed 0-2 m/S 0.24 3 o -40
Surface Roughness standard  Asperity peak Asperity peak K () 015108 i P00 00 010018 B 02 050
deviation ) (hm)  curvature B (mm) density y (1/mm?) E o
Smooth 8.3 0.301 24 200 0.0605  oosi i
Rough 9'56 0'373 21 500 0'0767 040(()).0(; 0.05! 0.10 . 0.'15 0.20 ;):25 ‘0i3‘0“l

mm
INSTITUTE OF MACHINE
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| Comparison of experiment
Rolling-sliding tests  Step 2 with model (H2.1) |

MATERIALS AND METHODS e

Contact area
/ Experimental device Mini traction machine ¢ pipette % «,' ]
ball

*

= Measurement of coefficient of adhesion N substance

= Effect of TORL components

= Time tests under same conditions steal s

= Comparison of custom TORL with commercial products shafi
= Use of shear properties to determine CoA and regime of lubrication ; D o
Category Name Size (um) Mohs (-)
Base medium Synthetic ester with
bentonite thickener -
Ball diameter
Friction modifier Aluminium oxide 10, 44 (D99) 9
particles Specimen material
Zinc oxide 5 (D99) 4.5 Maximum Hertzian
pressure
Solid lubricants Copper sulfide =5 2.5
Slide-to-roll ratio
Graphite 7 (D90 1-2
P ( ) Speed Mini traction machine
Molybdenum disulfide 4.5 (D50) 1-1.5
Applied amount of 2,4,6ul
Ph.D. thesis defence substance 22/42 k AN WOUSTRAL DS



Comparison of experiment
Step 2 with model (H2.1)

MATERIALS AND METHODS Rbeology (et ot and temperature (3.

S tep 3 Shear stress curves of

. . . . FM evaporation (H3.1
/ Experimental device High pressure torsion f_> - D
Loading arm with 72 Rotary encoder

force transducer

= Measurement of coefficient of friction/shear stress

- ' ) Specimen
= Elastic/pseudo-plastic behavior — holder
= Three types of friction modifiers Loading
= ; = platform
Hydraulic
cylinder ~—

Applied TOR-L

Contact area 85 mm?
Specimen material DIN 100CrMn6
Contact pressure 0.75 GPa
Displacement rate 1um/s
Applied amount of substance 0.1-16ul High pressure torsion

Ph.D. thesis defence 23/42 k AND INDUSTRIAL DESIGN
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RESULTS

Frictional model for top of
rail products.
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CCD camera

RESULTS — Model calibration e

Torque

Light source

Lgns .2 Glass disc

transducer !
st n = 3 ()
15t phase 2" phase H
Film thickness validation Dry friction calibration
14 0.20 T T T T . . .
:* o o EHL friction equations
2k E Measurement ! ? 5
Prediction o ©
Eiof ] 0.15 n=0.001Pa-s
g st d O T=1n-w/h,
-;5 g 0.10
£ 1 < .
B ol ] Boundary friction
B i | 003 © Measurement equations
. Model fit
0 0t . . - . Te1 () = (eap(x))exp(pe" (T(xi) — Ta))
2 0 0.02 0.04 0.06 0.08 0.10
Spest s Shp (-) Te2 (%) = (eap (x))exp (e, " (T (x) — Ty))
250 mm/s 500 mm/s 1000 mm/s 1500 mm/s 2000 mm/s

Lo(x;) = L,ue/p(xi)

Ly =Lyp

Direction of rolling
Film thickness (nm)
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RESULTS — Model

Smooth surface

validation

Rough surface

M//WW\A/W Asperity contact
T =t'+dt/L:(s-w)
0.12 0.12 0.08 - T
0.25
©  Measurement 1 °o  Measurement 1 S
0.10F *  Measurement 2 | | 0.101 *  Measurement 2 | 5
0.08k — — Plastic model | 0.08 \ ) — — Plastic model ’ $ ] g @ ? 33
o — - = Elastic model o \" 5 — - = Elastic model = §
< 0.06 | 9 : <0.06f \ o <0.04f
Jo) ™ IS h o)
“ 5 o e O 3
0.04 8% 0.005 0.04 { 5
\ - 3 * ® % x \Q Q ° 0.02r E
L 2% @_ o0 _o0_0o__¢ | ~ 5 ox o« o, 1 Measurement
0.02 6\;\,‘ — 1. 1.75 2 0.02 et TR 9006053883 Model
0‘ ------ ?_o_s_.‘s\__a_ﬁs_o b Oh— """" r— - e - e e e e - o T... st s O I 1 1 1 L
0 0.5 1 2 0 0.5 1 1:5 2 0 0.01 0.02 0.03 0.04
Speed (m/s) Slip (-)
EHL regime
= CoA<0.003 =
20
| |

Superlubricity effects

Plastic asperity model is more accurate

Ph.D. thesis defence
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1
DISCUSSIO N QFrictionaI model for top of rail products.

Pt {3‘ \/% \/% ‘f:r'nﬁ;’aﬁ))_c[cfi;’;)%): (@) p*2)dz +7KQ \/Tﬂv Jim-cio+ (.:;(26*(”:)4'*(2*)d2t}
< g . . aa . . . b () {ﬂ 7 [ (WO en e om0 [T (@t
Predicting wide range of slip and speed conditions with one calibration e U
+ @ % e ' [l—nfk) “(m‘]; "(w)]x {172 ((r":;‘)f) +3((f:(327) }[md)'lf)dz*}

= Relying on correct film thickness prediction - STARVATION ?

(VG /&) + B, (6)57;'4005*(2)‘]-2

(f)K 4 ARV G/ E et —.3/2 % 2. k0425 = by
3 \/;E;\/% jm;a; (G/3) F @) "¢z +1.03 x 30 n'K'Q\/W-J(ﬁ;a—wr;)ﬂ-/g

= Gaussian asperity distribution st [ g B[ )
= Elastic/Plastic asperity deformation - _
1 %V%.f;ﬁi::_:éfg”'g e @y P*(z)dz+ 4 (5Y) \/’% .{:%cm (G/E+ 1.9, (&)Uz(@}g’ze_%(#)
+w (16 082(\/%\5('4:7‘%-)?)_ ](w)(leﬁ({f) ¢*(f)dz*}
Smooth surface Rough surface Lightly worn surface
(pre-measurement) (pre-measurement) (post-measurement)
1 nm bln E-’4D =30 -20 -10 0 10 20 30 40 -40 -30 -20 =10 0 10 20 30 40 E-’4D -3E_l- -20 =10 0 10 20 30 40
Asperity height (nm) Asperity height (nm) Asperity height (nm)
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RESULTS

Effect of
elastohydrodynamic
regime on adhesion drop
after application.
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RESULTS — TORL lubrication regime

0.5
0.45 - TOR A If,oading ar(;n with 2 Rotary encoder
. . =y —Substance N orce transducer
Custom TORL and use in modelling o O = sty o Sossimen
i : 035 1 —Substance AZ St " holder
= Commercial TORL overlubricate the contact = 03 | — E -
. oading
earlier than prepared substances ©0.25 A platform
5 0.2 1 e Hy.draulic
= The amount of solid lubricant mainly 2 0.15 S
controlled the substance viscosity S 0.1
0.05 -
0 - . . . . Transifibn from
0 0.02 0.04 0.06 0.08 0.1 <ol tto slip
Displacement (mm) dispia
05 6 ul —TOR A 05 —TOR A
045 1 O 1 —TOR B £045 1 — Substance AZ Contact area
= 0.4 - —Substance N g 04 - pipette «;I
3 0.35 - —Substance AO 7 0.35 -
i3} i —Substance AZ < substance __a
EE 0.3 Z 0.5 BL Subs. AZ
S 025 1 -~~~ 2o\~ - N T = /
S 0012 E, i steel disc !-
N X i : w |
£ 01 Optimal adhesion % um
< o disc
0.05 o et
0 T T T T T T T T 0 T 1 T T T 1 T
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Time (s) Time (s)
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Contact area

RESULTS — TOL particle influence W %l

a "
Evaluating the effect of solid particles in TORL L H
)

= |nitially, hard particles do not provide enough solid-solid interaction Cais
= Zinc oxide and copper sulphide are ineffective in base medium

= Base oil increases the lubrication properties of MoS, and graphite
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2
DISCUSSION QEffect of elastohydrodynamic

regime on adhesion drop after
application.

Effect of TORL composition Conditions where particles are ineffective

= Medium-hardness particles are not effective in TOR lubricant = Possible scaling issues (particle size to contact area)

= Particle content or size does not eliminate initial drop = Different surface roughness and material properties

= Bearing steel might suppress particles from embedding

0.5

- ; ) —
0.45 Particles in dry conditions

M Particles in base medium

J Dry contact
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w 2
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DN N D W W

e
o 2
DN —
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(44 pm) (10 pm)
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RESULTS

Potential causes of low
coefficient of adhesion for
friction modifiers.
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Loading arm with 72 Rotary encoder

force transducer & i

RESULTS — TOR products

Hydraulic
cylinder

Specimen
" holder

Evaluating shear response of TOR products

= More than 2 pl(mg) applied does not lower CoF further
= The relationship between applied amount and CoF follows similar trend for all products

= The application strategy and field use needs to be considered

0.4 T T T T T T T T T T 0.2 v Ll L 1 T T T
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z  |0Tulmg| v OFM2 * WFMdry 0
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Q3

Potential causes of low coefficient of adhesion
for friction modifiers.

DISCUSSION

=  Friction modifier 0.4

c) | dry complex film with talc particles

substance 15 and 16
Subst. 15 (molyka) —5ul =10l =—20pl — 50 pl
Subst. 16 (graphite) ==-=5ul  ===10pl ===20 ul ===50 pl

= |n dry state, particles cannot get squeezed out

o
w
1

= |n wet state, squeezing out removes any excessive amount

= Solid FM is frictionally the same, but overapplication in the field is not easy
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RESULTS

Use of shear properties and
model to predict coefficient
of adhesion.
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RESULTS — TOR products rheology

Identification of TOR material parameters

= Elastic and pseudo-plastic behavior

= Temperature influence
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Increase in temperature
affected only dry
conditions

Coefficient of Adhesion (-)

No positive trend was
observed

Material softening
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DISCUSSIO N Use of shear properties and model to predict

coefficient of adhesion, overcoming transient

. . - . : effects.
Rheological tests of TOR did not show positive/negative trends (Evans, Harrison)
= Increased temperature without TOR — negative trend  °¢ 0.4
— 0.1 pl 1 pl 4ul — 16l
) T 0.5t @ = =t =
= Increased temperature with TOR — neutral trend Fo g pal —020 2 =W
B 04r(f 3
= Positive trend as a result of TOR layer removal ? =, g . -
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CONCLUSION

Top of rail products

Top of rail

lubricant Hardness and size of particles is very important

= Difficult to suppress initial drop after application

= Possible scaling issues with experimental device

Friction modifier
= (Creates thick film as it dries locally

= Did not yield low adhesion in wet state

Solid friction modifier

= Same amount-to-CoF dependency as liquid TOR/FM

= |In field, overapplication should be hard to reach

Ph.D. thesis defence

}.
= Replicates EHL to BL transition with TOR

However
= Dependent on correct film prediction

= Asperity distribution can be non-Gaussian

= Different models for elasto-plastically
deforming asperities

What’s next ?

Transient adhesion effects

Using results for real wheel-rail contact
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38/42 k AND INDUSTRIAL DESIGN



NOVELTY

Development of a frictional model considering asperity
contact and lubrication regime.

New knowledge on conditions that
could lead to low adhesion with TOR

products. W

Describing influence of TOR lubricant solid particle in
relationship to low adhesion conditions.
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PRACTICAL APPLICATION

Use for a digital twin in combination with top of rail
friction management in wheel-rail contact.

|ldentifying frictional inputs for dynamic simulations
considering top of rail friction managemen

Application to other areas such as flange lubrication, rain
influence and general contamination of wheel-rail interface.
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