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Introduction - Motivation

Vibrations in machine elements

Rolling element 
frequency
>200 Hz

Fretting corrosionFalse brinelling

Fatigue

Shaft 
speed 
1500 rpm

5÷125 µm

Internal clearance

Housing (0 rpm)

D

S

S/D < 1

Stroke ratio < 1

Hertz contact 
area
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“cavitation” 
zone

Introduction - Steady-state EHL contact
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inlet

Rolling/
Sliding

central 
area

Main flow 
direction

Lateral 
direction

inlet

starved 
contact

Film thickness

Key parameters:

▪ Lubricant viscosity

▪ Entrainment speed

Friction

Key parameters:

▪ Lubricant rheology

▪ Sliding speed (shear rate)

▪ Load (pressure)

EHL 
horseshoe-shaped 

constriction

Minimum film 
thickness



State of the art

Impact 

loading

Transient 

motions

Lateral 

vibrations

Pure squeeze action

Venner (2016, Tribology International)

Key parameters:

▪ Viscosity

▪ Pressure-viscosity coefficient

▪ Approaching speed (m/s)

▪ Loading speed (N/s)
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▪ Initial impact gap

Kaneta (2007, Engineering Tribology)



State of the art

Impact 

loading

Transient 

motions

Entrainment and squeeze action
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Kaneta (2007, Engineering Tribology)
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Key parameters:

▪ Deceleration

Start-stop motion

Kaneta (1990, Tribology-Transactions)
Transient 

motions

Lateral 

vibrations



State of the art

Impact 

loading

Transient 

motions

Lateral 

vibrations

Entrainment and squeeze action
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Key parameters:

▪ Acceleration/Deceleration

Transient 

speed

Fi
lm

 t
h
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s,

 n
m

Entrainment speed, m/s

Li (2009, Tribology Letters)

▪ Frequency

▪ S/D ratio (stroke length)

Maruyama (2010, Tribology International)

Reciprocation



Key parameters:

▪ S/D ratio (replenishment)

Fi
lm
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s,
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m

S/D = 1.3

Kalogiannis (2013, Doctoral thesis)

State of the art

Impact 

loading

Transient 

motions

Lateral 

vibrations
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Entrainment and squeeze action

+
Rolling

Sliding
▪ Lubricant rheology

▪ Main/lateral speed ratio

Kalogiannis (2013, Doctoral thesis)



Critical summary of literature review
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Impact 

loading

Role of key parameters on entrapment?

▪ Theoretical studies - Approaching speed (m/s)

▪ Experimental studies - Loading speed (N/s)

Experimental studies

▪ Limited number of lubricants / specific lubricant 

▪ Unrealistically large initial gaps (over 1 µm)

Lateral 

vibrations

Effect of vibrations on film thickness?

▪ No qualitative or quantitative description

▪ S/D > 1

Frictional response under vibrations?

▪ No study



Aim of PhD thesis
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To experimentally determine the effects of operating parameters on the EHL film behaviour in 

the point contact under impact load and lateral vibrations 

Hypotheses

H1:

H2:

H6:

Scientific questions

▪ Which parameters determine a thickness and shape of squeezed film?

▪ What is the dependence of film thickness on the rate of lateral vibrations?

▪ What is the relation between friction responses in different directions of contact?



Materials and methods
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Experimental apparatus

Test rig

High-speed 

camera

(10 000 FPS)

Microscope

Xenon light 

source

Thin film colorimetric interferometry

Film thickness calibration

CIE-LAB colour 
space matching 
algorithm

Control and 

evaluation system

▪ Range 1 ÷ 900 nm

▪ Resolution ± 1 nm



Materials and methods
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Test rig – impact load
Approaching and loading speeds (dry contact)

Lubricants:

▪ glycerol 

▪ squalane

▪ 2 poly-alfa-olefins 

▪ bright stock oil

▪ silicone oil

▪ castor oil

▪ 3 paraffinic mineral oils

▪ traction fluid

Film thickness



Materials and methods
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Test rig – lateral vibrations

Main-rolling
direction

Lateral-sliding 
direction

time

sp
ee

d
 x

time

sp
ee

d
 y

Parameter Min Max

Entrainment speed ue’ (m/s) 0.006 0.55

Slide-to-roll ratio (SRR) ∑’ (1) 0 -1.99

Frequency f (Hz) 0 300

Stroke length S (µm) 80 400

Entrainment acceleration ae’ (m/s2) 0 250

S/D ratio (1) 0.1 0.9

Contact pressure ph (GPa) 0.45 0.88

Lubricants and mixtures:

▪ castor oil (Newtonian)

▪ paraffinic mineral oil (Newtonian)

▪ polyglycol (non-Newtonian)

▪ 2 mixtures (non-Newtonian)

Operating conditions

D

S

S/D < 1

Film thickness Friction Rolling

Sliding



Materials and methods
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Test rig – lateral vibrations

Lubricant:

Film thickness Friction

Sliding

Sliding

▪ bright stock oil (Newtonian)

Friction coefficient 

(COF) measurement

▪ COF range 0.005 ÷ 0.2

▪ COF uncertainty 0.0005

▪ Glass / sapphire window

▪ Steel ball roughness Ra ≤ 7 nm

Parameter Min Max

Main sliding speed usx (m/s) 0.1 0.1

Frequency f (Hz) 0 100

Stroke length S (µm) 30 220

S/D ratio (1) 0.06 0.62

Contact pressure ph (GPa) 0.53 1.32

Operating conditions

Materials:



Results and discussion
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Lateral 

vibrations

Friction

Film thickness

Film thickness

Impact 

loading

Role of approaching/loading speed?

Impact of lubricant rheology?

Effect of vibrations on film thickness?

Frictional response under vibrations?



Results and discussion – Role of approaching/loading speed
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Initial gap 0.8 µm

Initial gap 0.5 µm

▪ Central film thickness defined by

residual film at specific time
Approaching 

stage

Loading 

stage



Results and discussion – Role of approaching/loading speed
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Effect of loading curves and initial gaps
▪ Central film thickness defined by

residual film at specific time

▪ Changes in central thickness follow

differences in approaching speed

approaching 

speed

leakageleakage

Sl
o

p
e 

o
f 

d
im

p
le

 s
id

e 
cu

rv
e

Loading speed, N/ms

flattened shape

steeped shape 

Effect of loading speed

loading 

speed



Results and discussion – Effect of lubricant rheology
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approaching 

speed

leakageleakage

loading 

speed

Dry contact Low viscosity

High viscosity

Time, ms  

C
en

tr
al

 f
ilm

 t
h
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kn
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s,

 n
m

  Reduction of film thickness during impact

Approaching stage Loading stage

Influence of lubricant viscosity

Ambient viscosity, Pa.s

Approaching 

speed

Sp
ee

d
 o

f 
fi

lm
 r

ed
u

ct
io

n
, µ

m
/m

s

+ viscosity

▪ Viscosity at ambient pressure

▪ Pressure-viscosity coefficient (PVC)



Results and discussion – Comparison with prediction
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▪ Underestimated thickness by 32%

▪ Different trend (index) representing effect of impact time / speed

C
en

tr
al

 f
ilm

 t
h

ic
kn

es
s,

 n
m

  

Impact time t0, ms  

Prediction hc = C·t0
-0.5125

Impact speed

Experiment ▪ Lubricant rheology affects impact time / speed

▪ Influence of impact times/speeds on film thickness

can be estimated from basic rheological properties of

lubricants

│ 
in

d
ex

 │

Viscosity·PVC, ₓ10-9 s

𝑖𝑛𝑑𝑒𝑥 = ±0.6053(𝜂0 ∙ 𝛼 ∙ 𝐶1)
−0.224
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Venner (2016, Tribology International)



Results and discussion

20/31Defense of the PhD thesis

Lateral 

vibrations

Friction

Impact 

loading

Role of approaching/loading speed?

Impact of lubricant rheology?

Effect of vibrations on film thickness?

Frictional response under vibrations?

Film thickness

Film thickness



Results and discussion – Mechanism of lubricant passage
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F
il

m
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s
, 
n

m

▪ Theoretical estimation

(based on kinematics)

initial 
position

▪ Passage driven by vector of entrainment velocity

▪ In-situ observation

SN650 + PIP, 0.1 m/s,

300 Hz x 200 µm, 0.7 GPa



Results and discussion – Origin of film thickness distribution
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3.3 Time at inlet, ms2.8 2.5 1.9 1.7

Fi
lm

 t
h

ic
kn

e
ss

, n
m

𝑢𝑒´ ∑´
uex=0.137 m/s, ∑=-0.94uex=0.1 m/s, ∑=0

Corresponding steady-state conditions:



Results and discussion – Effect of vibrations on film thickness
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𝑯𝒎𝒆𝒂𝒏 = 𝒉𝒄 𝒎𝒆𝒂𝒏/𝒉𝒄 𝒔𝒕𝒆𝒂𝒅𝒚

The same conditions, different lubricants
Unification using dimensionless number

mean
value

23/31

0.05 m/s, 300 Hz x 310 µm, 0.88 GPa

Relative mean thickness



Results and discussion – Effect of vibrations on film thickness
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The same lubricant, different main entrainment speed

CAS, 300 Hz, 310 µm, 0.88 GPa 𝑼𝒚/𝒙 = 𝒖𝒆𝒚 𝒎𝒆𝒂𝒏
/𝒖𝒆𝒙

time

𝒖
𝒆
𝒚

Unification using 
dimensionless number

Rate of lateral vibrations

𝐻
𝑚
𝑒
𝑎
𝑛

The same lubricant, different lateral entrainment speed (frequency)

𝐻
𝑚
𝑒
𝑎
𝑛

CAS, 0.1 m/s, 310 µm, 0.88 GPa



Results and discussion – Effect of vibrations on film thickness
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Results and discussion
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Lateral 

vibrations

Friction

Impact 

loading

Role of approaching/loading speed?

Impact of lubricant rheology?

Effect of vibrations on film thickness?

Frictional response under vibrations?

Film thickness

Film thickness



Results and discussion – Friction under lateral vibrations
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Steady-state friction

Mixed 
lubrication EHL lubrication

λ ≈ 3.5

Thermal

λ ≈ 15

Friction in the lateral direction of contact under vibrations

60 Hz, 1.3 GPa

Excitation (strain)

Response (stress)

▪ position-independent COF

▪ purely viscous response



Results and discussion – Friction under lateral vibrations
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Steady-state friction

Mixed 
lubrication EHL lubrication

λ ≈ 3.5

Thermal

λ ≈ 15

Shear loading in

main  direction

Shear-thinning
Thermal effects
Pressure-viscosity

Structural arrangement of lubricant 

Lubricant 
at flow

Lubricant 
at rest

Orientation

Stretching

No visible effects of:

▪ Pressure

▪ Shear-thinning

▪ Shear heating

”Shear-affected“ lubricant

Shear loading in 
lateral direction

Linear response Shear loading in 
lateral direction

Friction in the lateral direction of contact under vibrations
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Results and discussion – Friction under lateral vibrations
Total friction and its components
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n
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ti

o
n Noise (uncertainty)

Random response 
of test rig
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▪ Limiting shear stress reached

▪ No visible effect of vibrations on friction

Sliding velocity direction
1.32 GPa, 60 Hz

0.53 GPa (glass)

0.72 GPa (glass)

1.32 GPa (sapphire)

(s
te

ad
y-

st
at

e)

Effect of lateral vibrations

Sliding speed



Conclusions of the PhD thesis

• The role of approaching and loading speed on dimple film shape formation and
resulting film thickness was clarified.

• Relationship describing reduction in film thickness with increase in the rate of lateral
vibrations was established.

• Thresholds for a local film breakdown and film collapse were found.

• Friction should not be treated as isotropic.

Lateral 

vibrations

Impact 

loading
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Lateral 

vibrations

Friction
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