EXPERIMENTAL TECHNIQUES FOR TRIBOLOGY

Dr. Nicholas Randall
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/Il Tribological Testing

“A badly designed experiment is likely to generate useless information”

In industry, tribology is very interdisciplinary meaning that:

*Chemists attempt to do engineering, for which they may have no training or
experience

*Engineers design experiments from a mechanical point of view, but with often
no regard for the chemistry or physics of the tribo processes they are trying to
model
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/Il Tribological Testing

*Tribology testing is often a last resort
*Many aspects are poorly understood, ill-defined or indeterminate

*Not concerned with single “properties” of materials, but how materials
behave when placed in a complex system

Friction and wear are not intrinsic material properties but are properties of
the system in which the material operates

*Mostly concerned with what happens at the interface between materials in
contact and this is fundamentally inaccessible

alemnis)



/Il Tribological Testing

The in-service wear conditions may involve more than one wear mode:
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Hence importance of a “systems” approach !
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/Il Tribological Testing

The most obvious means to obtaining information about friction and wear performance is
to try the material or lubricant in the final application.

BUT : How much will it cost?
How complex is the system?
How can the parameters be accurately controlled?
How flexible?
How reproducible?

EXAMPLE : Using a 100,000 mile road test is not the best or cheapest way to
evaluate a new engine lubricant

A simple bench-scale test procedure may provide information more quickly, cheaply and
reproducibly than a full-scale test
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/Il Tribological Testing

What level of testing is appropriate ?
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/Il Tribological Testing

What are the true in-service conditions?

a) Sliding bearing b) Rolling whee! on road ] Metal cutting

Y Y fﬂ’j | ]'-.
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d) Mining ) Magnetic storage systems ) Human joint

alemnis)



/Il Tribological Testing

BENCH TESTING:
*Usually want to simulate real “in-service” conditions (if we know them !)

Ildentifying contact conditions can be difficult, both in the practical application or in the
test setup

*Should try to change dependent variable of the real process into independent or non-
interacting (and hence controllable) variables in the test

*To design an adequate model to emulate the wear and/or failure mechanisms of the
application

alemnis)



/Il Tribological Testing

Environment (T, RH, V)
Lubrication Conditions

Hardness
C
Pin Applied load
Modulus
c Contact Area
Surface Roughness Local Stress

\_——"

Thermal History Wear Mechanism

Speed/Velocity
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/lll Reproducibility in Tribotesting

Friction tests (steel ball sliding on steel disk) performed with identical conditions in 39
different laboratories worldwide.
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/Il Tribological Testing

KEY PARAMETERS:

CONTACT PRESSURE: defined by geometry of contact, applied load & material bulk
properties

‘GEOMETRY: Defined by shape of surfaces and effects such as thermal distortion and
wear

*LOAD: Influenced by dynamics of the contact and foreign body effects (dirt, debris)

*TEMPERATURE: Measuring bulk temp. poses little problem; measuring contact temp.
is difficult, as frictional heating generates huge transient temperatures in the contact
(flash temperatures) which are surface effects only
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/Il Tribological Testing

IDEALIZED SIMULATIONS:

Fundamental Studies: Evaluating performance of an elemental component under a
wide range of different but idealized conditions. Parametric tests and wear mapping
may be useful.

Quality Control: Measuring a key feature of a product or component using an

idealized single-point test. Outcome may be a simple pass/fail result. Procedures
usually standardized to ASTM, DIN or ISO methods

REAL LIFE EMULATION:

Product Development: Investigation and prediction of in-service wear or failure
mechanisms. Improvement of performance of a product in a specific application. Few
standard test procedures, requires analysis and interpretation of resulting data
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/Il Tribological Testing

Establishing the experimental requirements:

Evaluation of real life performance requirements and identification of areas of critical
importance

*Design of experiments and test procedures that “focus” on these requirements

Evaluation of whether it is possible to accelerate test without seriously compromising
the mechanisms and processes to be emulated
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/Il Tribological Testing: Wear Mapping

*\WWear mapping of different wear regimes in
terms of 2 parameters which are critical to
the application

*Can combine experimentally derived data
with other published results to understand the
big picture

*Can help to evaluate where more
uncontrolled transition regimes may appear

:
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Typical wear map for steel-on-steel, using pin-on-disk
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/lll Overview of commonly used test configurations

Pin-on-Disk Test (rotating and angular/linear reciprocating)
Pin and Vee Block Test

Block on Ring Test

Four Ball Wear Test

Fretting (SRV) Test

Abrasion & Erosion Test

Calowear Tester

© N o o &~ 0 Db =

Tabor Abraser
9. Scratch Test
10. Dedicated Tribo testing, e.g., Hip Joint Simulation

11. Custom in-situ tribology tests
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/l/l Pin-on-Disk Tribometer

Weight 1,2,5,10N

Ball holder s .
/ I Elastic arm
L

‘...‘

Friction force
sensor

Ball-on-disk:

.11

/ Rotating sample

Pin or ball

Wear track radius Sample

Pin-on-disk:
*Rotation speed: 0.03 — 500 rpm

' *Standard loads: 1, 2, 5, 10 N (max. 60 N)
*Disk diameter: up to 60 mm

*Friction force: up to 10 N

Rotating
sample
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/lll Pin-on-Disk Tribometer: Rotating
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/l/l Pin-on-Disk Tribometer

Friction coef.

=licling life

ti me

Weight 1,2,5,10N
\ I Elasticarm
N/ i é Sy

Friction force
sensor

Pin or ball

Sample

*Rotation speed: 0.03 — 500 rpm
*Standard loads: 1, 2, 5, 10 N (max. 60 N)
*Disk diameter: up to 60 mm

*Friction force: upto 10 N
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/l/l Pin-on-Disk Tribometer
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haximum ﬁeigl';i :

222 pmz

alemnis)



/l/l Pin-on-Disk Tribometer

Volume of wear debris removed, V = Worn area x wear track circumference

3 I " I
8] ooz o.0g 006 0.0s 0.1 0z 014 015 oz 0z 022 mm

faximum depth : 6.7 pm Area of the hole 292 pmz
taximum height : 515 pm Area outside : 222 pm2

alemnis)



/l/l Pin-on-Disk Tribometer: Ball Wear Rate

The height, h, of the worn cap is given by:

The volume, V, of the worn cap is then:

v =Lmar-n

=
D

And the wear rate of the static partner is thus:

V
WearRarer'mer —
L.Fn
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/lll Pin-on-Disk Tribometer : Integrated Profilometer

> Technical specifications

> Pick-up

ol e i

Gauge range
Resolution
Accuracy

Pick up type:
Gauge force
Diamond stylus

> Instrument

Cut off value
Filter

Traverse Length
Traverse speed
Display Units
Data output
Power

300 um

0.01 ym

2 % of reading + LSD pm

inductive

150-300 mg

Tip radius 5 um unless otherwise specified

0.25,0.8, 2.5, 8mm
2CR or Gaussian
0.25-25mm
Tmm/sec

Mm

RS232

9V Battery
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/l/l Pin-on-Disk Tribometer : Wear rate

Tribo parameters

Arquisition

Radiuz  : 8.01 [mm]
Lin. Speed : 2.00[cm/s]
Mormal load ; 0.25 [M]
Stop condit, : 100.00 [m]
Effective Stop ; Meters
Aquisition rate ; 20,0 [he]

Sample
-Coating 025N
-substrate : Silicon

Static: Partner

-Coating ; Steel Cib
-Substrate : Mi
-Cleaning : lzoprapanol

Sample
Worn track zection
52000 2| <musm?

Toung's moduluz
32000 5| GPa
Puaizzon ratio
03 =

Static friction partner

Worn cap diameter
367.00 % <mum
Toung's moduluz

[ 28600 %] gpa

Paizzan ratio
029 =

Calculations
Sample WearR ate
2.088E-003 mm3/M/m

Static Partner Wear Rate
2 374E-005 mm3/M dm

bl aw Herzian Stiess
h.283E-001 GFa

I
501.00

I
1E03

| d:33.02 [m] # laps : 77531 [lapg] time: : 194834 [2]
[ <muy=0.7635 Start - 0.427 Min: 0,297 Maw: 0853  Mean: 0603 StdDev: 0167
;|:| E E:-"-::'.Zi'
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/lll Pin-on-Disk Tribometer : Contact modelling

Parameters 1 Analyzes 1

|ndenter: Steel

Ri 300000 ¢1 pm

E; 320.000 GPa
wi 0.32 _J
Sample:sTiM
Rs  Infinity
E . B00.000 GPa

v, 0.5 =

ﬂ,P

—

~Marmal load

R 2000.0 '#1 il

i~ Friction Coefficient

1

L
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/lll Pin-on-Disk Tribometer : Contact modelling

7 -
Porameters  Analyses | B e e e e e e e e .
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/lll Pin-on-Disk Tribometer : Contact modelling

Project
material | | indenter | | scratch | | calculste | | animate results
v. mises stress (GPa)
unnamed project 2.1
-1.4-
cross section at: 2=1,949 pm
-0.7-
304+
24- 7
18 0.7
124
6- 1.4-
0-
6 3 0 3 &6 g21-
X (pm) 2
x=0000pm  val=958GPa N28
= 35-
cross section at: x=0,000 pm
4,2
& 49
24
18- 5,6-
o
G-K B
0
0 2 B b
z
| | | | | |
z=1,987 pm val = 9,58 GPa / 6 4 2 0 2 6
=05  (um)
0.1262 10,7668
b ] ———
flat sample surface 0.1262 GPa 30,8825

close module

presentation settings
properties
[V]local max/min

[ contour plot o™
[¥] show position ==

| show max BN -
cross (@ point
7| show min -

cross @ point
[¥] global scaling

deformation
¥! deformed body
:J: def. cross sections
|| draw indenter
@ real effective
dimension
9 xz vz

m

@ 2D Animation

3D Animation
3D Animation (two side)
3D Animation (three side

| change direction
speed:

U
frame: 1% & of10
scale dx: 1

scale dy: 1

scale dz: 1 3\4

100 mN
lateral force Tx: 0N

normal force:

lateral force Ty: 0N

torque: 0N
contact radius: 1.591 pm
tilting load: 0N

local tilting angle: 0°

c0: 0.1784

c2: 0.002455
c4: -0.0002534
chb: 5.092E-05

20 um indenter applying load 100 — 1000 mN on a 2 um thick ceramic coating on steel
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/lll Pin-on-Disk Tribometer Options

Integrated
Profilometer
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/lll Pin-on-Disk Tribometer : CrN on High Speed Steel

3 InstrumX - [AD4-074.ixf : AD4-074 Tribometer - Curves

Rupture

¥ Flle Edit  Instrument

window  Help

mllﬂl @l&l ﬂ q|@|| Il @ME@I ;telsize- 14 pt

==
=131

0.001

-0.001
-0.002
£ -0.003
£ o004
-0.005
-0.008
-0.007
-0.008

Sampls 1 I Sample 2 Sample 3 |

Tribo parameters

Edit parameters |

b couisition

Radius S 12.00 [mm]
Lin. Speed : 20.00 [cm/'s]
Mormal load : 5.00[M]
Stop condit. © 1000.00 [m]
Effective Stop : Manual
Acquisition rate - 10.0 [Hz]

Sample

Coating : Carbon
“Substrate : Titan Alloy
Lleaning :lso

Static Partner
Substrate ; AlZ03
Lleaning : lso
Dimension : 6.00 [mm]
Geomety : Bal

E rviranment

Temperature  : 25.00[C]
Atmozphere :ai
Hurridity : 5.00[%]

=

/X

Sample

Wwiorn track section IW
“Young's moduls lm’
Static friction partner
o cap diameter lm
“Young's modulus IW

Puoizzon ratio

Puoiszon ratio

Calculations \

Sample wealR ate

- 2.052E-006 mm3/NAm

Static Parther ‘Wear Rate
'9.615E-008 mm3/Mm

Max Herzian Stress

1.072E+000 GPa

: 355,83 [m]

1.00

0,80+

0,60

040

0_20,_(__,___.————-\

Ol

T T
0[] 17200

T
344.00

T
516.00

T 1
GRE.00 86000

r T
0 [lap] 2.28E03

T
4. 56E03

T
6.84E03

T 1
912E03 1.14E04

r T
0.43[z] 574.00

T
1.15E03

T
1.72E03

T 1
2.29E03 287E03

a @)

H laps : 472016 [laps]

time : 1185.75 []

H

p=02212  Start: 0118 Min: 0116

Max : 0.786

Mean: 0.454

StdDey : 0,242

/ (TR [ sarnple BT [~ ven HHEHD BT

Ind o=ttt

C
before coating rupture

4 Tribo measure f

N

_-/I' ; A

Wear track on CrN

efficient of friction of CrN/HSS pair

| Modfied |T tibometer Active

Friction/wear values
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/Il Pin-on-Disk Tribometer : SiO, Coatings

050

Lifetime testing of S10, surface
coatings under simulated in-service
conditions

029

018

s, |

i \‘
003y

T T T T T T T T T T 1

1.00[s] 20389.00 A0777.00 B1164.00 31552.00 1.0134E5

1oo% | 1] 2

di7E42m ilaps 200731 laps  time: T6EEE s
[ An=0069  Start: 0083 Min; -0.030 Max: 0493  Mean: 0282  StdDev 0148

*Coating failure observed by optical
mICroscopy
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/lll Pin-on-Disk Tribometer : Coatings on Pills

/ Uncoated samples
-
' Dry test
!
by
Wet test
coated samples '11
- -
Dry test
1\. I. N
Wet test

Friction coefficient (p)

0.20

0.40 0.60 0.80 1.00

Distance (km)

e
o)
S

o
W
(=]

o
~
S

IS
[
(=)

o

3]

(=]
|

e
—
S

0.00

T

Coating fails

0.00

0.20

0.40 0.60 0.80

Distance (km) a l e
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/lll Pin-on-Disk Tribometer : Bearings

*Example: Single row bearing
*Applied load: 50 N (excessive)

*Speed: 28 cms™
*Steady COF not reached, even after 10,000,000 laps

0.027
0.025 -
0.023 4
0.021

0.019 1 \

0.017

Friction Coefficient ()

0.015 T T T T T T T T T
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Number of laps (x 100 000)
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/l/l Pin-on-Disk Tribometer : Brake Pads

*Example: Brake pads (with and without Asbestos)
*Applied load: 5 N

*Speed: 10 cms™

*Temperature: up to 200°C

0.30
-+ Non-Asbestos
& Asbestos A
= 0.25 1 —& Asbestos B Q\
k=
@
S
3 0.20 A
o
c
2
S
% 0.15 -
0.10 . . . .

0 50 100 150 200
Temperature (°C)
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/lll Pin-on-Disk Tribometer : Alumina Coating on Si

1.507]

Ml &=

0.46—

0.20

Example: Al,O4 coating on Silicon
Coating Thickness: 2 um
Load: 0.25 N
Speed: 2.0 cms™
IIZI.1 4 [s] a1 EI.IIIIZI 1 .EE‘!E 03 2.44IE 03 | 3.2E!E 03 | 4 07E IZI3I
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/l/l Pin-on-Disk Tribometer with in-Situ observation

Ball Dimension 6 mm

Load 1-20 N

Disk Diameter Up to 50 mm
Temperature Up to 800°C
Atmosphere Air, Vacuum 10" mbar,

or controlled flow of gas

Rotational Speed 0.3 - 500 rpm

Optical system

Wear track _ |

High temperature vacuum tribometer
combined with Digital Holographic
Microscopy (DHM) for real-time in-situ wear
measurement

(Courtesy of Killian Wasmer, EMPA) .
Polished sample




/l/l Pin-on-Disk Tribometer with in-Situ observation

Evolution of wear track in same position as a function of number of laps

— 0.1 — 0.1 = = 0.1
£ £ £ £
= = = =
£ 0 E 0 £ £ 0
i 20 o0 20
2 . 2 .0 E 2 )

0.1 } } } } } -0.1 } } } + } -0.1 } } } } + -0.1

0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Horizontal distance [um]

Horizontal distance [pm] Horizontal distance [pm] Horizontal distance [um]

150 200
Horizontal distance [um]

0 100 150 200
Horizontal distance [um] Horizontal distance [pum] Horizontal distance [pm]

(Courtesy of Killian Wasmer, EMPA) a I e m n @



/l/l Pin-on-Disk Tribometer with in-Situ observation

0 50 1d0 150 260 250
Distance (um) a Iem n @

(Courtesy of Killian Wasmer, EMPA)

Gray Value




/lll Pin-on-Disk Tribometer: Angular Reciprocating

n cycles

N

Sample Wear track
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/Il Pin-on-Disk Tribometer: Linear Reciprocating
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/lll Pin-on-Disk Tribometer: Linear Reciprocating

400 450 500 550 600 650 70 750 800

-0.2 A

Coefficient of Friction ()

-0.4 4

-0.6
Time (s)

A: Static Coefficient of Friction
B: Dynamic (Sliding) Friction

alemnis)
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(Courtesy of CSM Instruments)



/lll Pin-on-Disk Tribometer: Linear Reciprocating

12t way extraction;

Data Extraction

Forward Direction: 15t Way Extraction

Reverse Direction: 2"d Way Extraction

2nd wiay extraction:

Average of both: 2 Way Extraction

2 wiay extraction:
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5 Instrum¥ - [Demo Tribo.s

85 File Edit Instrument Window Administration About

bEH el & =

[ Standard Rotating Testing | Linear Testing | Rotating Redprocating Testing |

Tribo parameters

Acquigition; Reciprocating mode
- Radius : 6.0 [mm]
- 142 Amplitude : 30.00 [
- Frequency : 0.20 [Hz]
- Max. Lin. Speed : 0.40 [cm/s]
- Normal load : 5.00[M]
- Stop condit. © 50.0 [cycle]
- Effective Stop : M anual
- Acquizition rate : 50,0 [hz]

Sample
- Cleaning : xplan

Static parther
- Coating ; steek
- Supplier : C5M
- Dimengion : B.00 [mm]
- Geometry : Ball

Erwironment

- Temperature © 22 00 [¢deg>C]
Atmosphere air

- Humidity : 40,00 [%]

|

| & @

1%

Filter size : 0 pt

/lll Pin-on-Disk Tribometer: Linear Reciprocating

|2.38E-08—

-0.30—

-0.60—

u A

-nan_|

T
-007 [s]

<10 _-[@@all<L -

T
17.00

T \:
£9.20 8520

cyde : 14/18

| Sample

Worn track section
1566.00 um2

‘Young's modulus
F0.00 % GPa
Poisson ratio
035

Static friction partner

E] Sapphire
Worn cap diameter

M| pm

4 A
L0

‘foung's modulus
37000 % GPa T

Puaisson ratio

020 i -

10 % Cycles

X Lin. pos.

-

Calculations
Static Partner Wear Rate z
[ cemE0mEwmdIMM
letstens 30— -
| 7.773E-001 GPa
Sample WearRate
[ ismEIRwmdMN T

M3

BT

W
0E0_|

" T T

T T 1
4.00E-03 m 200E03  LA%EDS 2.00E-03 4.00E-03

[x10 -[@@@l~d - :
d: 0.07 [m] # Laps : 5.38 [laps] time ; 26,76 [5]
E p=-0.32388 Start: 0.203 bt © 0,424

=k

|| A Fi=1.5338 [N]

Max; 0413 Mear ; -0.001 Stddes ; 0.346

b F

[ Modifed | Tribome ter actine
g




/lll Pin-on-Disk High Temperature Tribometer

From 20°C to 1000 °C

(Courtesy of CSM Instruments)
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/lll Pin-on-Disk High Temperature Tribometer

TiN+Ag layers studied with the high temperature tribometer

2.45E-13
1.00E-13

9.00E-14
8.00E-14
7.00E-14
6.00E-14
5.00E-14
4.00E-14
3.00E-14
2.00E-14
1.00E-14
0.00E+00 S

Q0E-14 |

4.60E-15

Wear rate (m2/N)

S

Load: 5N o 23 200
Sliding speed: 10 cm/s Pin H= 1=0.25-0.32 400 500
material: Hayness 25 Temperature°&3>

pu=0.15

[ pin wear rate B disk wear rate
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/lll Pin-on-Disk Tribometer: Liquid Heating

Temperature up to 150°C (0.1°C precision)
Sample size 20- and 30- mm diameter

The heating module uses a liquid to heat the
sample and to run the test under lubricated
conditions.

e

Bovine Serum at 37 °C
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/lll Pin-on-Disk Tribometer: Liquid Heating

Example: Tin Oxide coatings for biomedical
Substrate: 316L stainless steel
Liquid: Body Mimicking Fluid (BMF)

Temp: 37°C (body temperature)

0.7 —

o
o

o
()]
!

\

Substrate reached

Friction Coefficient (p)
o
N

0.3
0.2 -
k o ~—— Onset of coating failure
0.1 \ \ \ \ \
0 1000 2000 3000 4000 5000
Number of Revolutions
alemnis)
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/lll Pin-on-Disk Tribometer: Liquid Heating

Biotribological simulation of prosthetic joint

Lubricant: Newborn Calf Serum (see
www.seralab.co.uk)

«Static partner: 14mm dia. Alumina ball
*Dynamic partner: Alumina disks
*Applied load: 50 N

*Temperature: 37°C

Linear velocity: 0.044 m/s

*Rotational velocity: 70 rpm

*Duration: 1 million cycles

*Pause at 250k, 500, 750k to measure
wear volume

Bovine Serum with protein concentration of 20 g/l
For long duration tests (>24h), sodium azide is added to stabilize serum

alemnis)



/lll Pin-on-Disk Tribometer: Liquid Heating

Biotribological simulation of prosthetic joint
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/[l/l Pin-on-Disk Tribometer: Tribo Corrosion

reference electrode

1

Ag/AgCI Reference Electrode

Pt Counter Electrode

Sample is the Working Electrode

Liquid Cup (contains electrolyte,
e.g. NaCl)

Connection to Potentiostat

supply
voltage

——

T platinum
| counter electrode
weakly
acidic :
solution
<
I
I
|
|
|
|

[ GQ
&=

copper current
working electrode AV measurement

«Sample (disk): this can be the working
electrode, or a separate electrode can
be placed in the liquid bath.

*Static partner (ball): typically of ceramic
(AI203 or Si3N4) in order to be
unreactive in a corrosive electrochemical
environment

*Ag/AgCl reference electrode

*Pt counter electrode (provides stable
potential and is corrosion resistant)
Electrolyte solution (NaCl or body-
mimicking fluid)

*Heating coil and thermostat if a stable
temperature is required (e.g. body
temperature)
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/l/l Pin and Vee Block Test

(Courtesy of Falex)
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/l/l Pin and Vee Block Test

GENERAL USE: Measures friction, wear and extreme
pressure properties of lubricants and materials under a
wide variety of test conditions. Widely used for
metalworking, industrial, automotive and bonded solid
lubricants.

CONTACT: Line (V Block), Area (C Block)

MOTION: Sliding

SPEEDS: 290 + 10 rpm, 60-3600 rpm

LOADS: 0 to 3000 Lb. direct load

TEMPERATURES: Ambient to 150°C
ENVIRONMENTS: Liquid, Semi-liquid, Dry, Pressurized
test chamber

ASTM TEST METHODS: D2625, D2670, D3233, D5620

(Courtesy of Falex)
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//ll Block on RingTest

GENERAL USE: Measures friction, wear and extreme
pressure properties of lubricants and materials under
a wide variety of test conditions

CONTACT: Point, Line, Area

MOTION: Sliding, Oscillation

SPEEDS: 60-3600 rpm, 1/2 -7200 rpm,

LOADS: 10 to 1,300 Lb.

TEMPERATURES: Ambient to 250°C
ENVIRONMENTS: Liquid, Semi-liquid, Dry,
Humidified, Pressurized test chamber

ASTM TEST METHODS: D2714, D2981, D3704, G75

(Courtesy of Falex)
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//ll Block on RingTest

GENERAL USE: Measures friction, wear and extreme
pressure properties of lubricants and materials under
a wide variety of test conditions

CONTACT: Point, Line, Area

MOTION: Sliding, Oscillation

SPEEDS: 60-3600 rpm, 1/2 -7200 rpm,

LOADS: 10 to 1,300 Lb.

TEMPERATURES: Ambient to 250°C
ENVIRONMENTS: Liquid, Semi-liquid, Dry,
Humidified, Pressurized test chamber

ASTM TEST METHODS: D2714, D2981, D3704, G75

ROTATION

(Courtesy of Falex)
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/l/l Four Ball Wear Test

GENERAL USE: Measures friction and wear
properties of lubricants and materials. Widely
used for gear oils, greases, engine oils, bonded
solid films and diesel fuels

CONTACT: Three Point Contact

MOTION: Sliding, Rolling

SPEEDS: 600,1200,1800; 1/2 -10,000 rpm,
LOADS: 5 to 50 kg, 5-180 kg
TEMPERATURES: Ambient to 235°C (450°F)
ENVIRONMENTS: Liquid, Semi-liquid,
Dry,Atmospheric Environment Chamber,
ASTM TEST METHODS: D2266, D4172,
D5183

Wear from scar diameter

(Courtesy of Falex)
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/l/l Four Ball Wear Test

GENERAL USE: Measures friction and wear
properties of lubricants and materials. Widely
used for gear oils, greases, engine oils, bonded
solid films and diesel fuels

CONTACT: Three Point Contact

MOTION: Sliding, Rolling

SPEEDS: 600,1200,1800; 1/2 -10,000 rpm,
LOADS: 5 to 50 kg, 5-180 kg
TEMPERATURES: Ambient to 235°C (450°F)
ENVIRONMENTS: Liquid, Semi-liquid,

Dry,Atmospheric Environment Chamber,
ASTM TEST METHODS: D2266, D4172,
D5183

(Courtesy of Falex)
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/Il Fretting (SRV) Test

GENERAL USE: Determines wear and
extreme pressure properties of greases where
high-speed vibration or start-stop motions are
present with high Hertzian point contacts
CONTACT: Point, line, area

MOTION: Reciprocating

SPEEDS: 50 Hz

LOADS: 50 - 1400 N

TEMPERATURES: Ambient- 80°

ASTM TEST METHODS:

D5706 - “Determining Extreme Pressure
Properties of Lubricating Greases Using a
High-Frequency, Linear Oscillation (SRV) test
machine”

D5707 - “Measuring Friction and Wear
Properties of Lubricating Grease Using a High-
Frequency, Linear Oscillation (SRV)Test
Machine”

S G ©

(Courtesy of SRV)
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Wear (m* Nm 1)

/Il Tribological Testing: Fretting

i |
Stick! Mixedstck | Grosssip /T
14 . andslp | | Reciprocating
R | . sliding
| | |
i 1 :
| | i
i i !
| |
! ! ;
10 : |
i ! t
i | i
i |
i & }
| ey ; |
/ !
i
!
10 8L__11 ] | | l | |
13 10 30 100 300 1000

Displacement, A (um)

*‘Fretting’ denotes a small oscillatory
movement between 2 surfaces in contact

*Fretting can be regarded as reciprocating
sliding wear but the displacements are often
very small

*Fretting is often associated with ‘stick-slip’
sliding and wear rate will depend highly on
amplitude of displacement

Stick-slip and fretting often occur in MEMS
where small oscillations are common

alemnis)



/Il Tribological Testing: Abrasion/Erosion testing

*Loose grit or sand of well-defined size
*Abrasive paper bonded to a substrate

Parameters:
Choice of particle
Sharpness or angularity of particle
Particle flow rate
Counterface material
Contact load

Limitations:
Controlling rate of supply of abrasive
Condition of abrasive
Clogging
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/lll Dry sand/rubber wheel erosion test

*Typical abrasive is sand (ASTM G65) Hopper
*Applied dry or in a water slurry

*Quick test (few minutes)

|
*Wear measured by profilometry of | Weighls
region or by weight loss X t |
Rubber
lined .
wheel Specimen
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/lll Dry sand/rubber wheel erosion test

GENERAL USE: Determines wear resistance
of materials to third-body abrasion

CONTACT: Point, line, area

MEDIA: Dry sand particles or sand in wet slurry
SPEEDS: 2000 rpm

LOADS: <150 N

TEMPERATURES: Ambient

ASTM TEST METHODS: G65

(Courtesy of TribSys)
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[l/l Taber Abraser

«Different abrasive wheels available
*Commonly known as “Taber Test”

*Conforms to ASTM D6037, F510, D4712

*Taber Wear Index, . (A- Béx 1000

A = weight of sample before abrasion
B = weight of sample after abrasion
C = number of cycles

(Courtesy Taber Industries)
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[l/l Taber Abraser

«Different abrasive wheels available
*Commonly known as “Taber Test”

*Conforms to ASTM D6037, F510, D4712

*Taber Wear Index, . (A- Béx 1000

A = weight of sample before abrasion
B = weight of sample after abrasion
C = number of cycles

(Courtesy Taber Industries)
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/lll Scratch Test

*Scratch testing can be used to determine the
applied contact pressure at which cracking
commences

*The indenter tip simulates an abrasive wear
particle

y S

Displacement -

Linear
Reciprocating

Applied load
Constant
Progressive
Incremental

Tangential Force l

Indenter
Diamond
Rockwell

~ Spherical

) Frlctlon coefficient

.
L
‘.E_.-F'_' 7
2

alemnis )



/lll Scratch Test

First cracking ” First delamination Full delamination
Lc1 =A9.07 N ‘LCZ =13.05N Lc3=22.75N

40.07] 4077 0. B

e———> Applied load

\ 4

Residual Depth

320+ X200

Friction Coefficient

v

v

Tangential (Friction) Load

1o el sl O D ]l [ R | (Do W T

a0 TTHeE SN 7 o et Sl A ERRes | RS e A | R R e e e e s, e

v

Penetration Depth

0oN_| oon_| ooo_f : : : : ‘ ! ! E
T y T T . . T ' 1
100N 8.60 16,60 2440 32.20 40.00
) T T T 1
0.00 mm 0.40 0.80 120 160 200
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/lll Integrated Mirau Interferometer

B {000t 024 B2V camara

- Microscope

10 Mirau Objeciive

RED lluminafion (62 7o

HEY Manual fable (Bxf mm)

Coarse & Fine focusing unit

Allows in-situ visualisation of true contact area




/lll Dedicated Tribological Testing

Cobalt Chrome and Oxinium femorals tested against polyethylene tibials using 3-axis

simulator

Wear Simulator Results

UHMWPE Wear (mm')

25.4
21.7
18.1
14.5
10.9
7.2
3.6
0.0
3.6

& Cobalt Chrome Femorals & Oxinium Femorals

60 1.0 20 30 40 50 &0 7.0

Mumber of Cycles {Millions)

(Courtesy of Oxinium Implants)
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/lll Dedicated Tribological Testing

*Hip joint simulator

«Joints materials tested in-situ in sinovial fluid

(Courtesy of Oxinium Implants) a ' e m n a



/Il Custom In-Situ Tribology Tests

Speed: 1x Wl Egds

Indenter head

Tip holder L

Sample holder . .
Zindenter head axis

Load sensor

Short video showing an experimental overview of in-situ
testing in a scanning electron microscope (speed 5x).
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/Il Custom In-Situ Tribology Tests
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/Il Custom In-Situ Tribology Tests
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/Il Custom In-Situ Tribology Tests

Wear Mechanism of Zr/Zr,N Coatings

Correlation between chip formation and coating multilayer structure (1:1 and 1:4 ratios tested)

L)

Chip formation

Scheme

Zr/Zr,N with 1:1 ratio:

=58 A s
' e

Tested materia’ | Tested material
T

L. Major, R. Major, M. Kot, J. M. Lackner and B. Major, Ex situ and in situ nanoscale wear mechanisms
characterization of Zr/Zr,N tribological coatings, Wear 404-405 (2018) 82-91
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/Il Custom In-Situ Tribology Tests

Chip formation in metals:

Ti6AI4V alloy

10/16/2019 det WV mag Ol spk WD HRW
12:37:144PM ETD 500KV 10000x 3.5 113mm 29.8 pm

10/16/2019  det HV mag [J  spot wD HFW
3:57:01PM ETD 10.00kv 10000x 4.0 11.4mm 29.8 pm

(Courtesy of University of Sheffield, UK)
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/Il Custom In-Situ Tribology Tests

Sapphire ball (¢ 1mm) on Silicon doped Diamond-like Carbon thin film

Debris

K -1.2,,'()-‘,"2_015 - ,1pr i H.V .m_ag E_I ,S.p.o.t '\.v\;r-D- 3 H.FW S O TRAR A 2.0 i s SR

‘ﬁ 3:04:17 PM | ETD | 5.00 kV ‘ 5000x | 3.5 | 85mm | 59.7 ym Sorby Centre

(Courtesy of University of Sheffield, UK)
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/Il Custom In-Situ Tribology Tests

In-situ self-healing effect

STEP 1: Scratch test on WS,/DLC to create defined damage:

30
—— Lateral Force <420
25 4
20 4 g
s n
= T
[ )
= 154 ?
@ 3
o @
- 2
10 =
3
5 4
0 I T T T
> 0 10 20 30
| 3:10:24PM ETD 500KV 10000x 3.0 76mm 29.8pm Time [s]

(Courtesy of University of Sheffield, UK)
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/Il Custom In-Situ Tribology Tests

In-situ self-healing effect

STEP 2: Reciprocating wear test over damage with SiC ball (® 800 um):

sfp | 3/5/2020 | det H | mag Dﬂ;' cvc*le e

| 3:41:15PM | ETD | 5.00kv | 20000x | 3.0 | 7.4 mm | 14.9 pm Sorby Centre

Applied load 500 mN, length 100 um, speed 100 pm/s

(Courtesy of University of Sheffield, UK) a I e m n @



/Il Custom In-Situ Tribology Tests

Objective: measure interfacial shear strength and wear properties in SiC fiber/pyrolytic
carbon/SiC matrix composites

Controlledpolish to expose single fiber

W

."4

i

'.

(Courtesy of J. Kabel, UC Berkeley, USA)
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/Il Custom In-Situ Tribology Tests

Debonded

Results: Cyclic sliding with speed of 3 pm/s

mN 20 | |

10 Seemn Lateral e

e P L - -

0 5 10 15 20 25 30 35 40 45 50

6:14:45 HV: 10 kV 0.6
0.5

0.4

(Courtesy of J. Kabel, UC Berkeley, USA) 0.3
0.2

0.1

Dynamic friction coef.

0 5 10 15 20 25 30 35 40 45 50
Cycles
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/Il Custom In-Situ Tribology Tests

Results: Improved diamond double-prong indenter and cyclic sliding with different frequencies

5 Hz, 15 mN (Fn)

Polymer 40 HV: 3 kV

alemnis)

(Courtesy of J. Kabel, UC Berkeley, USA)



[l/l In-Situ Pin-on-Disk

H

(|

Diamond spherical indenter (radius 10 ym), Cu sample (Video 8x)

Lateral
force
sensor
(LFS)

Mag 110x WD:23.8295 mm HV:20 kV 200 um —

Rotation
Stage

ey e
“ A ad ¢ . o |

Mag: 160x WD:23.8295 mm HV: 20 kV —200 pm —
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/Il In-Situ Pin-on-disk for PTFE transfer film investigation

Lateral /" “J= 1N

force,” ! @1 mm PTFE ball

sensor

(LFS) ———————R870 pn o7 1cycle=36s

70 cycles
AlISI 304 0.02

Sliding speed: 152 um/s (10°/s) 6 625 50 675 700
Sliding distance: 383 mm (70 cycles)
Mean Hertzian Contact Pressure: 47 MPa

Contact diameter: 165 um

[=]

0.07

CoF

Friction coefficient is constant with time over 20 cycles

0.02

0 100 200 300 400 500 600 700 800 800 1,000

Tima [al

(Courtesy of Imperial College London, UK)

AlS| 304

Lap 00
A alemnis)

17/10/2022 SE HV: 1 RV WD: 20mm =70 pm =i




/lll Insect Foot Tribology

— The ,sample” must live during testing - as the tribochemical nature of their
,pads” does require an active metabolism

— However the ,sample fixation® is not so easy as freedom is a biological priority
=» the animal must be tied

Double cantilever

2 mm standard pin
connector interface

,Pin“ = glass counterpart
(glued on 2 mm pin)

,Disc” = pad of animal foot
(1 foot is separately fixed)

Ergonomically
shaped bug bed

Adhesive tape
strips for tieing
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/lll Insect Foot Tribology
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NANOTRIBOMETER: INSECT FOOT ADHESION/FRICTION

> Adhesion forces (with Ruby ball)

Fnin [mN]

2,0 1

1,8
16
1,4
1,2
1,0
0,8
0,6
0,4
0,2

0,0

-0,2

\
Fnin [mN]

E ~70 N

W\\

0,00 [
-0,01
ol ML
-0,02 W
o [ j v 1/\//\/\/\
= -0,04 i J
& 0,06
it anl ) A(\j
007 it L 70
0,08 VVW\J VMUA,\/\ //’VM
009 | { v f\\v J
-0,10 T T
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B
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\
\
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\
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a Nl

/ \ / 0,10 ‘ ‘ MW‘H ‘ ‘

/ \ / 40 42 4 46 48 50 52 54
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\\\J‘"
1;) 20 30 4‘0 5;0 6‘0
tin [sec] exported data

Courtesy of Prof. Dr. Oliver BETZ,; Eberhard-Karls-Universitaet; Tuebingen

alemnis)



/Il Tribological Testing

When designing an experiment:

*Get the tribological principles right first

‘Remember that friction and wear are system properties
*Have a sense of proportion and scale

*Ignore temperature and thermal effects at your peril
*Get the mechanics right, both static and dynamic
*Avoid unnecessary complexity

*Choose the right test machine for the job
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APPENDIX 1: Tribological Testing Methods

APPENDIX 2: Tribological Testing Standards
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[l Summary of Tribological Testing methods

BLOCK-ON-PIN
(FALEX)

TWIN DISC
(AMSLER)

PIN-ON-FLAT
(ASTM)

PIN-ON-DISC
(VAMAS)

BLOCK-ON-RING
(ASTM)

TEST
CONFIGURATION

.~
i T
a ! .] :l II.,. | :

Q)
‘.:'( )

TEST PURPOSE

Determination of wear rate, load
carrying capacity and friction
coefficient for sliding contacts.

Determination of sliding or rolling
wear rate of test materials, treatments
or coatings.

|

g

—_—

A

Determination of
wear rate and
coefficient of friction
at low loads and
speeds and with small
specimens.

Determination of
sliding wear rate and
coefficient of friction.

Determination of
adhesive wear rate of
materials.

A pin or ball rubbing
against a plate.

A pin or a ball
rubbing on a rotating
plate.

A steel ring is rotated
against a stationary
block.

Progressing wear depth. Wear
life.

Seizure failure load.

Final specimen weights.

SPECIMENS A 6.35 mm diameter cylindrical | Normally two discs 40 mm diameter
journal is rotated within two and 10 mm thick. Alternatively the
loaded stationary V-blocks to discs may be 30 and 50 mm in
give a 4-line contact. diameter.

TEST Journal speed 290 rev/min. Lower disc speed 0-400 rev/min.

CONDITIONS Sliding velocity 0.1 m/s. Load Upper disc speed 440 rev/min.
(constant or increasing) 89-20000 | Load 200 - 2000 N.
N. Hertz stress 242-3450 MN/m?. | Dry or lubricated.
Specimens can be immersed in
oil or other fluid.

MEASUREMENTS | Journal driving torque.

Individual disc weight loss or profile.
Total disc weight loss.
Wear life.

Reciprocating sliding
frequency 5 Hz.
Stroke length 10 mm.
Load 25 N.
Temperature 18-23°C.
Humidity 40-60 %RH
Specimen can be dry
or fully immersed in
lubricant.

Sliding speed 0.1 m/s.

Load 10 N.

Sliding distance 1 km.

Temperature 23°C.
Humidity 50 %RH.

Ring speed (max)

7000 rev/min.

Load (max) 6000 N.
Duration 5400-24000
cycles.

Specimen can be dry or
immersed in oil or other
fluid.

WEAR TYPES/
COMMENTS

Mild and severe adhesive wear.
Scuffing.

Mild and severe adhesive wear.
Rolling contact fatigue (pitting).

Weight loss of disc.
Height loss of pin.
Wear track
profilometry.

Ball wear area
measurement.
Friction force.

Height loss of pin.
Wear track
profilometry.

Ball wear area
measurement.
Friction force.

Test block weight loss.
Scar width.

Ring weight loss.
Friction force.
Lubricant film load
currying capacity.

Mild adhesive wear
suitable for
tribological coating
evaluation.

Mild and severe
adhesive wear.
Suitable for
tribological coating
evaluation.

Mild and severe
adhesive wear.
Lubricated wear.
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[l Summary of Tribological Testing methods

i

HAMMER WEAR FRETTING RUBBER WHEEL DRY ABRASION WET SLURRY ABRASION
ABRASION (ASTM) (TABER)
TEST } 1 }
CONFIGURATION = - | SN 4
AL it_ G €-i-5
[ | = —

TEST PURPOSE

Determination of
cohesion and adhesion
qualities of coatings
and also their wear
characleristics under
arduous vibrating

Determination of
wear rate and
friction in small
amplitude oscillating
contacts.

Determination of wear
resistance of materials to
third body-scratching
abrasion.

Determination of the
abrasive wear rate and the
Taber wear index of material
surfaces.

Determination of the abrasive wear rate
and the abrasion resistance of materials
and treatments.

CONDITIONS

Combined impact and
sliding.

Sliding distance 0.76
mm.

Impact frequency
60-70 Hz.

Impact load 60-223 N.
Temperature 600°C.
Duration 6-10 h.

Sliding amplitude
0.02-0.4 mm.
Sliding frequency
5-20 Hz.

Load 2-50 N.
Temperature 22°C.
Specimen can be dry
or fully immersed in
lubricant.

Wheel speed

2000 rev/min.

Load 130 N.

The abrasive media is dry
sand particles or sand
particles in wet slurry.

conditions.
SPECIMENS Obliguely cut Ball or pin against a | Flat (coated) pad is loaded  |Flat face of the disc abraded | Two specimen pads loaded against a
specimens of 23 mm® | flat plate. against a rotating rubber by two rubber bonded rotating circular plate.
contact area. wheel. The abrasive particles |abrasive wheels (CS-10).
are a rounded quartz grain
sand as typified.
TEST Load 9.81 N. Load 112 N.

Wheels cleaned with
abrasive paper every 1000
revolutions.

Test is run without lubricant.

Runs in bath of abrasive slurry.

MEASUREMENTS

Volume loss.
Fretting resistance.

Volume loss by
wear scar
measurements.
Friction force.

Weight loss or wear scar
depth by profilometry.

Weight loss.
Taber Wear Index = weight
1oss/1000 revs (mg).

Volume loss.

WEAR TYPES/
COMMENTS

Adhesive wear.
Fatigue wear.
Fretting.

Fretting wear.

Dry or wet low stress
abrasion.

Low stress abrasion.

High stress grinding abrasion. Low stress
abrasion.
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/lll Tribology Testing Standards

Instrument | Standard No. Standard Title Comments
TRB/THT | ASTM G99 Standard Test Method for Wear Calculation of wear
Testing with a Pin-on-Disk Apparatus
ASTM G133 Standard Test Method for Linearly Calculation of wear
Reciprocating Ball-on-Flat Sliding
Wear
DIN 50324 Testing of Friction and Wear

Pin volume loss = (1Th/6)[3d2/4 + h2]

where h=r-[r2-d2/4]1/2 (height of material
removed)

d = wear scar diameter

r = ball radius

Assuming no significant pin wear, the volume loss
of the disk is given by:

Disk volume loss = 2mwR[r2 sin-1 (d/2r) - (d/4)(4r2 -

d2)1/2]

where R = wear track radius
d = wear track width
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/lll Tribology Testing Standards

Instrument | Standard No. Standard Title Comments
TRB/THT | ASTM G99 Standard Test Method for Wear Calculation of wear
Testing with a Pin-on-Disk Apparatus
ASTM G133 Standard Test Method for Linearly Calculation of wear
Reciprocating Ball-on-Flat Sliding
Wear
DIN 50324 Testing of Friction and Wear

V,

track

=AxL

where A = average cross-sectional area of the track

L = length of the stroke
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/lll Tribological Testing Standards

Popularity of standards (No. of Google “hits” for each standard):

STANDARD G-

181
174
171
133
119
105
99
98
83
81
77
76
75
73
65
56
32

12/29/2006

NUMBER OF OCCURRENCES

LI L L L AL L L LR BN
E ] COATINGS

E B SURFACE TREATMENTS

] THIN FILMS

1N
L]

]:| Pin-on-disk |

B @

| I

| H

| |

1 N

B | Solid particle gas jet erosion

|
| Dry sand / rubber wheel

I

]

B | Cavitationgrosion  ,
0 100 200 300 400 500 600

(Courtesy of Oak Ridge Nat Labs)
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/Il Summary of Tribological Testing Standards

Title* Materials in the Scope Wear Criteria
Statement

C501 | STM for relative resistance to ceramic tile mass loss
Wear of Unglazed Ceramic Tile

C1624 | STM for Adhesion Strength and ceramic coatings on critical load for coating
Mechanical Failure Modes of metal or ceramic failure, by friction, acoustic
Ceramic Coatings by Quantitative | substrates emission, or observation
Single Point Scratch Testing

D968 | STM for Abrasion Resistance of organic coatings on relative ranking of materials
Organic Coatings by Falling panels
Abrasive

D1044 | STM for Resistance of transparent plastics luminous transmittance and
Transparent Plastics to Surface haze observed after
Abrasion abrasion

D4060 | STM for Abrasion Resistance of organic coatings (paint) loss in weight or number of
Organic Coatings by the Taber on panels cycles to remove a unit of
Abraser coating thickness

D7027 | STM for Evaluation of Scratch polymers observations of scratch
Resistance of Polymeric Coatings damage as well as friction
and Plastics Using an force
Instrumented Scratch Machine

F1978 | STM for Measuring Abrasion thermally-sprayed mass loss
Resistance of Metallic Thermal metallic coatings
Spray Coatings by Using the intended for use in
Taber™ Abraser implants
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Title* Materials in the Scope Wear Criteria
Statement
G32 STM for Cavitation Erosion Using | non-specific materials mass loss
Vibratory Apparatus
G56 STM for Abrasiveness of Ink- abrasion of hardened left to the user’s discretion
Impregnated Fabric Printer AISI 52100 steel by
Ribbons fabric printer ribbons
G65 STM for Measuring Abrasion metallic materials (a mass loss
Using the Dry Sand/Rubber coating could qualify)
Wheel Apparatus
G73 SP for Liquid Impingement solid materials or mass loss (“or other
Erosion Testing coatings (especially thin | damage manifestation”)
film coatings on window
materials)
G75 STM for Determination of Slurry any material with the mass loss
Abrasivity (Miller Number) and exception of thin hard
Slurry Abrasion Response of coatings (0.051-0.127
Materials (SAR Number) mm thick) that cannot be
surface finished
G76 STM for Conducting Erosion Tests | non-specific materials mass loss
by Solid Particle Impingement
Using Gas Jets
G77 STM for Ranking Resistance of any material(s) that can block scar width and block
Materials to Sliding Wear using be fabricated into blocks | weight loss (optional),
Block-on-Ring Wear Test and rings converted to wear volume
G81 STM for Jaw Crusher Gouging materials homogeneous | mass loss
Abrasion Test in structure and
properties, but allows for
surface-treated and
composite materials
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Title* Materials in the Scope Wear Criteria
Statement
G83 STM for Wear Testing Using a metallic couples (but mass loss converted to
Crossed Cylinder Apparatus does not exclude volume
coatings)
G98 STM for Galling Resistance of metals, alloys, non- visual examination
Materials metallics, coatings, and
surface-modified alloys
G99 STM for Wear Testing with a Pin- | non-specific materials specimen dimensions or
on-Disk Apparatus (but does not exclude weight loss converted to
coatings) volume
G105 | STM for Conducting Wet metallic materials mass loss converted to
Sand/Rubber Wheel Abrasion wear volume
Tests
G119 | SG for Determining Synergism metallic materials volume loss per unit area
Between Wear and Corrosion
G132 | STM for Pin Abrasion Testing non-specific materials mass loss converted to
volume
G133 | STM for Linearly Reciprocating ceramics, metals, and ball wear diameter, cross-
Ball-on-Flat Sliding Wear other wear-resistant sectional area of wear track
materials
G134 | STM for Erosion of Solid Materials | solid materials mass loss
by a Cavitating Liquid Jet
G171 | STM for Scratch Hardness of metals, ceramics, scratch width converted to a
Materials using a Diamond Stylus | polymers, and coated hardness number
surfaces
G174 | STM for Measuring Abrasion metals and coatings scar width or mass loss
Resistance of Materials by applied to metals
Abrasive Loop Contact
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