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ADVANCED SURFACE MECHANICS

Content

1) Motivation for mechanical testing
2) Mechanical material parameters

3) Comparison of test methods — the difficulty
of quantification

4) Conclusions
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Mechanical surface tests are used for:
1) Development - Finding an optimum surface/coating for a certain application
2) Failure analysis - Finding out why certain surfaces/coatings fail

3) Quality control - Guarantee stable surface/coating properties over time

Chudoba, ASMEC, ICMCTF 2014 4
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ZWI.CK IRoeII Iterative development process ADVANCED SURFACE MECHANICS

Coated sample

Structural testing

Reference sample

~
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~
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Mechanical laboratory testing

Pin On Disc

Mounting steps

Application testing
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Trial and error development process in a multi parameter space
Example: Double layer coating
Testing of:

- 10 materials for each single layer (10 x 10)

- 10 process parameters per material

- 10 film thickness combinations

=10 x 10 x 10 x 10 combinations

= 10000 samples

Chudoba, ASMEC, ICMCTF 2014 6
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ADVANCED SURFACE MECHANICS

Problems of surface mechanics for coated systems

The search for the optimum coating material is
time consuming and expensive.

Mechanical parameters of thin coatings and small structures are
difficult to measure.

Laboratory measurements and simulations often
differ from the conditions in a real application.

Core messages at the beginning:
It is hard to get accurate data!

You need a higher level of modelling and calculations!

Chudoba, ASMEC, ICMCTF 2014 7
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ADVANCED SURFACE MECHANICS

Steps for areduction of the development effort

|dentify the most critical conditions in the application, which cause failures
Identify the most critical mechanical (physical) material parameters

Combine tests with a higher level of modelling and calculations

Chudoba, ASMEC, ICMCTF 2014 8
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Analysis of characteristic loading conditions

A

1-2 pum (typical)

Junterparts

To understand the failure reasons one has to go down to the dimension of
roughness and wear particles - This requires high resolution.

Chudoba, ASMEC, ICMCTF 2014 9
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Example for modelling
Load carrying capacity of different coating systems on steel

Load carrying capacity

0 «pure steel Input parameter required:
—e—2um DLC on steel E — Young’s modulus
12.0- ——4um DLC on steel v — Poisson’s ratio
’ —+—1um DLC on 3um CrN on steel Y = Yield strength
(T — Tensile strength)
10,01
Steel DLC CrN
8,01 E 200 270 300 GPa
v 03 0.2 0.25
Y 2 15 8 GPa
6,01
4,01
2,01

0O 10 20 30 40 50 60 70 80 90 100
Counterpart radius (um)

Chudoba, ASMEC, ICMCTF 2014 10
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2) Mechanical material parameters

Chudoba, ASMEC, ICMCTF 2014 11
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Mechanical behavior Parameter Test methods for coatings

Nanoindentation+|_ U, ultrasonic

Elastic behavior Young’s modulus, Poisson’s ratio surface waves, AFAM,
Impulse excitation technique

Hardness, Yield strength, Stress-strain-

: Nanoindentation+LFU
curve, hardening exponent

Plastic behavior

Brittle behavior Fracture toughness, tensile strength Nanoindentation+LFU, 4-point bending
Time dependent Creep, fatigue resistance, strain rate creep test, impact test, cavitation test,
behavior dependence fatigue test (cyclic contact loading)

Friction coefficient (not intrinsic)

Wear coefficient (not intrinsic) DUCUeeSEyweantesh

Frictional and wear

1 - - - - i [ +
behavior Stribeck curve (not intrinsic) nanoindentation+|FU
Adhesion Adhesive strength Scratch test (LFU), peel test, centrifuge
Scratch resistance (not intrinsic) test, cavitation test, Rockwell test
For all parameter it also has to be considered: | FU = Lateral Force Unit

- Internal stress
- Dependency on temperature
- Dependency on sample homogeneity: failure density, gradients, thickness constancy, roughness

Chudoba, ASMEC, ICMCTF 2014 12
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Zwick I Roell

Default Nanoindenter Universal nanomechanical tester

AYAY,

1 degree of freedom: 4 degrees of freedom:

- Normal load-displacement-curve - Normal load-displacement-curve
- Lateral load-displacement-curve
- Oscillation normal (dynamic mode)
- Oscillation lateral (dynamic mode)

Chudoba, ASMEC, ICMCTF 2014 13
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UNAT = Universal Nanomechanical Tester

Normal force unit NFU
Optics

Lateral force unit LFU

Chudoba, ASMEC, ICMCTF 2014 14
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ADVANCED SURFACE MECHANICS

Lateral force head —the new component

»Nanometer resolution like in
normal direction

»The sample is moved laterally
(not the tip)

»High stiffness in normal
direction

»No height change during lateral
movement

»Force generation independent
on movement

» A force can be applied and measured without any movement of tip or sample
»No rolling motion of the tip due to bending of the indenter shatft

» Transition sticking- sliding friction highly resolved

Chudoba, ASMEC, ICMCTF 2014 15
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Elastic behavior

Young’'s modulus
Poisson’s ratio

Chudoba, ASMEC, ICMCTF 2014 16
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ADVANCED SURFACE MECHANICS

Nanoindentation Quantitative: Yes
ISO 14577 ‘ Local

Under load

After unloading 5199°° |, BBRG sen tom

Determination of Hardness and Modulus
Only normal forces

Counterpart always diamond

Chudoba, ASMEC, ICMCTF 2014 17
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Zwick IR06|| Dynamic testing

QCSM - Quasi Continuous Stiffness Measurement

A sinusoidal oscillation is superposed to the force signal.
Force/Displacement amplitude ratio ~ contact stiffness S

— Excitation force
—— Nominal force

—— Excitation force

—— Nominal force

Force
Force

continuous

guasi continuous

Time

Time

Elastic

Viscoelastic

Viscoelastic behavior
results in a phase shift
between force and
displacement.

Signal

Time

Chudoba, ASMEC, ICMCTF 2014 19
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Substrate influence on modulus

Begin of
substrate

influence
Coating modulus

Modulus

Substrate modulus

1/10%t Depth

Chudoba, ASMEC, ICMCTF 2014 20
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ADVANCED SURFACE MECHANICS

ISO 14577 Part 4

In the case of soft/ductile coatings, indentation force or displacement and indenter geometry shall be chosen
such that data shall be obtained in the region where a/t, < 1,5. The plane strain indentation modulus of the
coating £.* is obtained by taking a series of measurements at different indentation depths and extrapolating a
linear fit to plane strain indentation modulus vs. alt, to zero, see Figure 4.

L A
@ 300 |
*':
W 250
200 " T,
150
100 1
a2
50 - =3
0 | | | 1 | | o
0 0,5 1 15 2 25 3

alte

Key

1 spherical indenter
2 Berkovich indenter
3  Vickers indenter

Chudoba, ASMEC, ICMCTF 2014 21
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Example: 260nm SiO, coatings on glass and sapphire

4501 —s— B270 Substrat —=— B270 Substrat
—6— Saphir Substrat 140 —e— Saphir Substrat
400 —— 485 auf B270 —— 485 auf B270
—¥— 485 auf Saphir —v— 485 auf Saphir
Extraopolation auf Null
350_ 120'
3001 1001
e
2501 801 /
L e Iy & - 5 - ¥ — % ——= —— ¥ —
i

2001

601
1501 —

40+
1001

50. 20
01 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0- . . . . . .
0,00 0,10 0,20 0,3( 0,000 0,020 0,040 0,060 0,080 0,100 0,120
Contact Depth (um) Contact Depth (um)

Maximum tip radius for hardness measurements: 120nm

Maximum force for all measurements: 18mN, first point at (20 nm; 0,24 mN).

Chudoba, ASMEC, ICMCTF 2014 22
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ADVANCED SURFACE MECHANICS

Elastic indentation with spherical indenter
F

Requirements

Wholly elastic indents

High accurate measurements with
resolution <1 nm

T———_ T S Accurate knowledge of tip radius
t e e 3 :
~~~~~~~ T and frame compliance
/7 7 Combination with elastic modelling
H c ““. /}'
8 7z '-" vM

Elastic calculation of Hertzian pressure profile for coated systems

Chudoba, ASMEC, ICMCTF 2014
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ADVANCED SURFACE MECHANICS

60 — T —— —
SiO_on Si SiO,-Thickness
2 0 05 1 2um
50 r ) ., A
Si0, Si
40+ E/GPa: 72 165 4
= i v: 0.17 0.27
R: 49um
E 30p M .
)
et
o
w 20 .
10 F - - - Measurement |
Z —— Calculation

O i 1 " 1 " 1 " 1 " 1 " 1 " 1
0.00 0.02 004 006 0.08 0.10 0.12 0.14

Depth (um)

T. Chudoba, N. Schwarzer, F. Richter
Surf. Coat. Tech. 127 (2002) 9-17

Fit of the measurement data with a theoretical load-displacement curve.

Known substrate properties;

Useable software ELASTICA,

fit parameter: film modulus

FilmDoctor

Chudoba, ASMEC, ICMCTF 2014
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ADVANCED SURFACE MECHANICS

T T T T ' '
5088 - —— d=10.5nm, E = 380 GPa |
---d=6nm, E=367 GPa
5087 F —'—' d=4.3nm, E =304 GPa .
e -+ - pure substrate
E 5086 ]
(&)
=
z -
g 5085 - ]
% . - i
£ 5084 *._:_,:‘;, _____ : i
5083 R T T —mim ]
50 100 150 200 250

Acoustic surface waves
DIN 50992-1

Quantitative: Yes
Integral

Frequency f (MHZz)

Chudoba, ASMEC, ICMCTF 2014 25
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Comparison SAW - Nanoindentation

SAW (IWS) SAW (BAM) Sphere (75 nm) Sphere (3 pum)

Thickness E (GPa) E (GPa) E (GPa) E (GPa)
4.3 nm 304 246 = 6 Not elastic 390 = 24
6 Nm 367 360 = 5 Not elastic 359 += 20
10 nm 380 360 = 4 Not elastic 378 + 18
25 nm 370 325 =6 367 = 81 359 = 28
31.4 nm 272 277 = 2 236 = 42 238 = 15
37.6 nm 315 301 £5 291 £+ 37 286 = 15
44 nm TiN 339 336 £ 1 Not elastic 333 £ 25
95 nm 533 530 = 12 521 = 52 Not measured
125 nm 641 638 = 6 621 = 47 Not measured

Chudoba, ASMEC, ICMCTF 2014
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700 [
650

600
550
500
450

350
300
250

Young's modulus E (GPa)

Comparison SAW - Nanoindentation

400 -

Correlation coefficient: R = 0.96
Slope: S =0.926

Without 4.3 nm:
R=99.1; S=0.993

250 300 350 400 450 500 550 600 650 700

Young's modulus E

SAW

(GPa)

Chudoba, ASMEC, ICMCTF 2014
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Impulse excitation technique Quantitative: Yes
ASTM E1876 JIEREL

flexure
node line

Vibrational signal I o - - -

| Fast Fourier ————,

2 200 “‘--.\\
Transformatic Uncoated substrate

' " N\..;
=2 . 2o . *
. . ER RIS -
Elastic properties | ity .y
: = Internal frictic 1o
2 w0
#0 — "‘
e ;
40 ) .
g
20 . - i
—
0
0 00 400 800 800 1000 1200

Temperature (°C)

from IMCE, Belgium
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ADVANCED SURFACE MECHANICS

Atomic force acoustic microscopy Quantitative: partially
AFAM Local

Contact resonance frequencies of an AFM cantilever

ty A
x =0, clamped end

Contact resonance

X = L, spring-coupled end

X A
pring of stiffness k'

Frequency
sample
contact mechanics
dynamic behavior of the

cantilever tip-sample contact stiffness k* - ZaE*
* 1 1 1

f:F-(k*,k,L,L) S — k‘ _ = +
n 1 C 1 E M M

tip sam

Source: Kopycinska-Miiller, Fraunhofer 1zfP, Dresden

Chudoba, ASMEC, ICMCTF 2014 29
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Diamond indenter

/R=2—5|Jm

Substrate

Silicon (100) tip

/R=20-100nm

p Substrate

Atomic force

Method Nanoindentation SUAEES FEELSIE Impul_se excitation acoustic
WEES technique :
microscopy
Locality type Local Integral integral Local (high)
Tip and substrate Substrate properties,
Knowledge : . : : . ; : , :
: properties, Poisson’s  density, (Poisson’s Substrate properties Tip properties
required : :
ratio ratio)
Surface Very smooth, Light absorbing, low :
: . ) No special smooth
requirements Hard (elastic indents) damping
Deviating : :
conditions High pressure none none High pressure
High tempera- Up to 700°C 0
ture testing (1000°C) no {IOHELUAS no

Chudoba, ASMEC, ICMCTF 2014 30
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ADVANCED SURFACE MECHANICS

Poisson’s ratio measurement
by nanomechanical testing

Measurement of lateral contact stiffness Two unknown Parameters:
(lateral instrument stiffness corrected) - Young'‘s modulus E
- Poisson‘s ratio V
n . w——r, " YT
Two measured parameters (same position)
2 - Normal stiffness S
- Lateral stiffness S
—— Lateral force-cdisplacement curve
01 — Linear fit, lateral stiffness 280mN/pm .
ratio of lateral to normal stiffness
045
-2
0.4
-4
v Pt o PRyt . 035
-0.50 -0.25 0.00 0.25 0.50 .
Lateral Displacement (jum)
Poisson‘s ratio can be determined > Contact model 0.25
required

Chudoba, ASMEC, ICMCTF 2014 31
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Plastic behavior

Hardness
Yield strength
Stress-strain curve
Hardening exponent

Chudoba, ASMEC, ICMCTF 2014
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ADVANCED SURFACE MECHANICS

Depth limit for coating hardness tests

One tenth rule h < L
10

Substrate

Chudoba, ASMEC, ICMCTF 2014 33
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Reason for depth limit

The plastic zone is much larger and deeper than the indent.
Therefore the information in the load-displacement curve comes from a depth of
up to10 times the indentation depth.

Presentation of the plastic zone in steel using a special etching technique

Chudoba, ASMEC, ICMCTF 2014 34
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Limited resolution due to tip rounding
Area function with high accuracy needed

Minimum indentation depth for comparable hardness results:
20% of tip radius

A Berkovich tip has a typical tip radius between 100 — 300 nm

Minimum depth for
hardness tests:

h.in = 0.2*R

min

Chudoba, ASMEC, ICMCTF 2014 35
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Substrate influence on hardness

A
Influence Begin of

of tip substrate
rounding influence

—_—

Coating hardness

Minimum film thickness for hardness
Measurement: t_. =2*R

Hardness

Substrate hardness

1/5*R  1/10*t Depth

Chudoba, ASMEC, ICMCTF 2014 36
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ADVANCED SURFACE MECHANICS

Minimum film thickness for hardness measurements
In dependence on tip radius (not for modulus)

Tip radius (nm) Minimum film thickness (nm)
50 100
75 150
100 200
150 300
200 400
250 500
300 600

Chudoba, ASMEC, ICMCTF 2014 37
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20

o LI

2] [ EEES

101 il

5. <€ Tip rounding influence

0+

—=— #60
—o— #62

H #60) < H (#62)

11.3 GPa 14.8 GPa

0.00 0.10 0.20 0.30 0.40
Contact depth (um)

0.50

Indentation hardness of two different a:C:H:W coatings (DLC) as function of

depth, measured with dynamic QCSM method

Chudoba, ASMEC, ICMCTF 2014
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SEM images from indents with Cube Corner indenter

Sy RS DR
30mm x5000 Spm——————————— 1 15KV 28mm
#1

x3000 10ym
#1 W POLI — CC

- 10KV 29mm Spm
NICKEL EMPA/EPFL GLASSY CARBON

29mm 30mm x3000 10pm ———— 3 “ 28mm
#1

10KU Spm————— SkU
EMPA/EPFL GLASSY CARBON EMPA/EPFL W POLI — CC

Nickel Glassy carbon Tungsten

Source: EMPA, Switzerland

Chudoba, ASMEC, ICMCTF 2014 39
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ADVANCED SURFACE MECHANICS

R i e e e D

itk '.J, i il Wi ! ; i
ove X and Y Scales in im - Am\\:sXa d Y Scal T Above XandYStf:alas in im s ot - Above X and Y Scales in pm
W I /1 LA b 1000 1000 A/VIV 700 A
/F‘ e A A P - / A ol 7 o i
600 / 600 400 jJ
400 400 / x
N N | e . N SN
normal pile-up cracks sink-in
Al on BK7 glass Al on BK7 glass Al,O5 on Nickel Al,O; on Nickel
0,4 pum /1,1 um 0,9 um /1,1 um 1,2 um /0,9 pm 0,7 um /2 pm
Load: 10 mN 50 mN 100 mN 100 mN

green = depth / film thickness

Chudoba, ASMEC, ICMCTF 2014
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Additional correction: radial displacement correction
Included in the new revision of the standard ISO 14577

le
0.0¢—+—e—s—s

0.1 Example for influence:
with without correction
-0.2 H: 30 GPa - 31,5GPa
. E: 400 GPa - 413 GPa
S -03F
=
-0.4 Surface under load
-0.5
-0.6 : : : : :
0.0 0.5 1.0 1.5
ra,
. (1— 2V)(1—|- V) F cos(arcta ho T. Chudoba, N. M. Jennett, Higher accuracy analysis of
U, = 2 E. az ( r(_)) instrumented indentation data obtained with pointed indenters, J.

Phys. D: Appl. Phys. 41 (2008)

Chudoba, ASMEC, ICMCTF 2014
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e . o . o H tana
Theoretical limit for plastic deformation with pyramidal/conical indenter: =
w E. 2
With a =19.7° follows —<0.179| forBerkovich and Vickers
r ~ 100;
90 —H/Er: 0.10
—H/Er: 0.15
501 H/Er: 0.179
Examples: Fused silica: H/E, =0.14 70
DLC H/E, = 0.10 %]
501
CrN H/E, = 0.07
401
Steel H/E, = 0.01 .. 0.05 30]
201
101
0

0,00 0,10 0,20 0,30 0,40 0,50
Displacement (um)

Seen in this conference: H =50 GPa/E =300 GPa - H/E, = 0.197 (E, =254 GPa)
- Not possible

Chudoba, ASMEC, ICMCTF 2014 42
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Yield strength
Can we measure the yield strength of hard and brittle materials?

Yes, it is a question of dimension!

Emm

x 10000 ' 10KV Tmm = —_—ee . 10KU
#2282 99081THMT 99081 TMT
1024 x 1024 C1l7T.TIF CS4B .TIF

small load higher load
4um radius indenter in GaAs

Chudoba, ASMEC, ICMCTF 2014
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Yield strength determination

2.6 - | ] I — T | T T T 71
a-Cudh lll( i EImEnte | ul ide HM2
n=0.075 n=(1.104 - 0.260 O experimental data
) 120 Mod
2.2+ FUII: n=0108 === FEM, npp=0.05 (Epg=100GPa)
g — 0 -
u ICe4s —— FEM, npp=0.15 (Epp=100GPa)
a-Cudd n=0,222
L84 a=nos0— / 1
HS5-Cold
\ r.l 0L071

Yeome/ Yor

HV &40 HV720

HW 20

W(100]
o n=0165 _|
7/.'4 []E]I

HV330  HVI00  HV2d0

|
HV 400

HVH40 HWV 450

n=0,139 n=0090 n=0082 P=0076 n=0.073 r=0.07T n=0100 »=0.109 §n=0.005
0.2 ! 1 TR R T B I ] I W TR
10 20 an 40 100 200 300 1000
(=) Err{YecMn
2.6 T T — T T T T 71 T T T T T 11
O experimental data
2.21 - - ) m
cemented carbide HM2 = FEM, npgp=0.05 (Epr=100GPa)
| == FEM, npp=0.15 (Epg=100GPa)
L8+

Yecamn/Yer
-
b
T

42CrMod

sl i

B e R e el A - - - A~z -AR -z f-------- —
chrluied i+ i) :
0.6+
0.2 | I I B B | | L0
10 20 an Al 100 200 300 1000
(b) ErrfYecun

Clausner, Richter, JM

R 2014, accepted for publication

Quantitative: Yes
local

Tabor relation for metals

[D. Tabor, The hardness of metals, Oxford
University Press (1951)]

H=3Y

Expanding cavity model of Marsh
[D. M. Marsh, Proc. Roy. Soc. A279 (1964) 420]

@I

Other summands possible

TLFEZO,05 T?-FE:O,15
~

[~

=
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Stress strain curve determination Quantitative: Yes
with spherical indenter and neural network local

Stress-strain curve calculation with Meural Networks E=nE=R ==

Calculation options
Result for: Brass. TRA
[v Zero point correction

350 ™ Shape conection
[v Consider kinematic hardening

Calculation method

300 * Shess-strain curve withaut emar

" Gauss-Approsimation [with error)

" Markow-Chain Monte-Carlo [with error)
250 Show

* True stress-strain

" Technical stress-strain

= 200 " Plastic stress-strain

" Kinematic stress-strain

MPa)

" Original and corscted measurement
" Input data over line

150

[ Saveresulsinfles [ Show Rp0.2

True stress

100 Identified properties for: o
Brass.IRA

0 With kinematic hardening
0 0 E-Modulus /GFa :112.6

a0 —— Stress-Strain Curve ¥ield strength /MPa: 220.6

—Rp0.2 Elast. limit /%: 0.196

Signals over time

o N & o ®

0 Rp0.2 /MPa 2
T T T T T T T T T T T Rm /MPa : 2
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 |gardening exp.: a

|
/\ True strain (%)
\ Stress at infinite strain:

m

10 Sigma /MPa: 351.7

Initial slope work hardening:
Zero Net

Sigma” /MPa: 3393
Modulus MNet a

Viscosity Net  eapms supa @ 1520.7
S!gma N_el Beta : 15.192
Kinematic Net C /MPa : 1248.5

N B : 60.408

I

e ® e 4

04 ° Ind. radius /um : 197.500
. & Contact rad. /um : 84.107
s Pile-up : 1.058

\
-
range of data (au )
=
>
&
*
+*
.
o
.0
.
.
.
-
.
°
o
L3

e
%)
*
.
@
IS
1

. :
b T3 alnndfre mamamatana.

N
$6se80gos PO S Load [“ssl] | [~ Appl stifiness conection
7 y ; y y T s ¥ Show legend
/ i 5 10 15 20 25 30 35 @ 5 =
\/ \/ neuron number T Lalouiation Clase

//
A A
@

@

@
°

°

.
*
*o
o
X

W In the model the stress consists of 3 terms.
first term kg is the yield stress
Y —Be 3c —be . . .
o(e,) =k, +-l-e """ )+ -—{1-e " second term the isotropic hardening
B 2b third term the kinematic hardening
Chudoba, ASMEC, ICMCTF 2014 45




zwick [ Roell daSimmec

AAAAAAAAAAAAAAAAAAAAAAAA

Brittle behavior

Fracture toughness
Tensile strength

Chudoba, ASMEC, ICMCTF 2014 46
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Fracture toughness estimation from indentation tests

i

(b) (©) (d)

KIII

Fig. 9.2 Crack systems for Vickers indenter: (a) radial cracks, (b) lateral cracks, (c) me-
dian cracks, (d) half-penny cracks (after reference 13).

(a) Also known as Palmquist cracks
Image from: A.C. Fischer-Cripps, Nanoindentation, Springer

Chudoba, ASMEC, ICMCTF 2014 47
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Vickers Berkovich
(b)

Fig. 9.3 Crack parameters for Vickers and Berkovich indenters. Crack length ¢ is meas-
ured from the center of contact to end of crack at the specimen surface (After reference

9 Image from: A.C. Fischer-Cripps, Nanoindentation, Springer
For c/a > 2.5 Median crack shall form
05 F - Force
- EY F Factor Vickers Cube corner
Median Ko =0.016- g) a5 ©° a+l 0.016 0.032
o5 " 0.015 0.016
: a) E F
Median K. =0.015. Tj (ﬁj oLs Palmquist crack: [~F

Median crack: coF23

Chudoba, ASMEC, ICMCTF 2014 48
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Fracture toughness from indentation ‘ Quantitative: partially
using sharp tips Local

2/3
K = 0.087-(Ej (cotg)*’*- c53

Half opening angle Vickers: 68° Cube Coner: 35°

1.5 N indents with Vickers indenter into:

Fused silica K7 glass BK7 glass
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Cube corner 1.5N: Silica

Cube corner 1.0N: Silica
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Parameter FS K7 BK7
H/ GPa 9.3 5.7 7.4
E/GPa 72 69 82
Poisson’s ratio 0.17 0.214 0.206
Klc Literature 0.75 0.95 0.82

Fracture toughness MPa*m?1/2

Kc (Eq. 1) Vickers 1.4 0.60 0.84
Kc (Eg. 1) Berkovich 0.71 0.56 0.95
Kc (Eq. 2) Vickers 2.0 0.6 0.8
Kc (Eq. 2) Berkovich 0.4 0.4 0.9
Kc (Eq. 3) Vickers 4.6 0.8 1.1
Kc (Eq. 3) Berkovich 0.4 0.4 0.9
Kc (Eq. 4) Vickers 0.6 0.4 0.5
Kc (Eq. 4) Berkovich 0.4 0.5 0.7
Mean 0.50 0.56 0.84

Mean without blue numbers

It is possible to determine fracture
toughness data from Vickers or cube corner
indentations in the micro range

Results depend on indenter type

Accuracy decreases with decreasing indent
Size

High load indents with cube corner indenter
result in severe crack formation.

For thin coatings the substrate influence
has to be considered - quantitative results
only in combination with FE modelling

Chudoba, ASMEC, ICMCTF 2014
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Tensile strength from beam bending experiments | Quantitative: partially
in combination with FE calculations ‘ Integral

Quantitative results for coatings only possible in combination with FE modelling

Example: micro beam bending experiment on tooth material
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Adhesion
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Quantitative: No
Local

Rockwell adhesion test
VDI guideline 3198

HF 3

»
.

-

HF 5 HE &

9 ‘e

A Canenon | VDI guideline 3198

O Delaminations
U Sare e oot A ek 1 Figure 5. Adhesion strength quality HEF 1 o HE 67,
JAPAN PROXIMO INC. Mat. Res. vol.10 no.3 Sao Carlos July/Sept. 2007
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Cross-cut test lm
ISO 2409 (paints and varnishes) Integral

ISO 9211-4 (optical coatings)

class description pattern

no delaminated square,
no visible defects

no delaminated square,
small defects at cut-
crossings, delaminated
area less than 5%

defects at cut-crossings
and -lines, delaminated
area between 5% and 15%

1]

additional areal defects
and/or delaminated

squares, delaminated area ]
in between 15 % and 35 %

additional areal defects

and/or delaminated squares,
delaminated area in between [
35 % and 65 %

5 beyond class 4 -

11

100 nm Cr on PC — passed (class 0) 3

11

Courtesy Beck, BAM
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Peel test Quantitative: No
EN 28510 Integral

Peel test for flex-rigid bonded composites
(according to ISO 8510-1)

Peel width: (25 £ 0.5) mm
Testing length: 150 mm
T-sized substrate, 5 samples

90° pull direction for peel vs. 60° pull
direction for cross-cut tests

100 nm Cr on PC Testing velocity: (50 + 5) mm/min

Cross-cut:  passed Peel force: N/m
Peel test:  failed

Courtesy Beck, BAM
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Cavitation test
ASTM G32

DLC — coatings, different pre-deposition treatment

B1/t=0 min /As = 0% B2/t =0 min /As = 0% B3/t =0 min /As = 0% B4/t =0 min /As = 0%

B1/t=8 min/As= 2,1% B2 /t=8min /As = 1,5% B3 /t=2 min /As = 3,4% B4/t=6 min /As = 1,1%

Courtesy Beck, BAM

Quantitative: No
Integral

s=1cm, f =20 kHz

The cavitation resistance is
measured in s to reach a distinct
degree of coverage (DoC).

Chudoba, ASMEC, ICMCTF 2014
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LUMiFrac®

substrate/

Centrifuge test

ADVANCED SURFACE MECHANICS

Quantitative: Yes
Integral

Up to 100MPa, 6.5kN

Courtesy Beck, BAM

— adhesive — adherend — test stamp — guiding sleeve —
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Scratch test --- Micro scratch test

Quantitative: partially
Integral

EN 1071 none
900 ) 90
@ Micro
800 - 1 80
700 - u Macro 70 ~
Z
—~ 600 60 8
= o
£ 2
~ 500 50 =
O 400 - 40 5
X -
2300 - 30 2
O
. 200 - 20 =
o
o —
= 100 10
0 A - 0
= = s o = = a g
5 g £ =2 5 g £ 2
i 2 & 5 ® 2 = 5
c = %) - - [3) 7] -
= < c £ Rt = ~ =
= = [ £ £
550 nm TiN on steel . .
Thin = 550 nm TiN
Thick = 1500 nm TiN
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Von Mises stress field in the surface of a 2um thick hard coating on steel for a scratch

test with tips of different radius.

200pm Spherical Indenter, 2um TiN on Steel, Force 2000mN, Friction 0,2

von Mises stress (GPa)
0,0 %

@ 4,497
B 436
W 4222
B 4,084

2,0

B 3,947

4,0

6,0

8,0

B 3,809
\ 3672

B3,534
@ 3,39
3,259
03121
02,983
02,846
02,708
02571
02433
02,295
02158
0O 202
01,883

10,0 . . . . : : . . :
-0 -8 -6 -4 -2 0 2 4 6 8
X (um)

200um radius

10

0,0

2,0

4,0

6,0

8,0

10,0

10pm Radius Indenter, 2um TiN on steel, Force 50mN, Friction 0,2
von Mises stress (GPa)

-10

X (um)

10pm radius

The first failure of a conventional scratch test occurs normally in the substrate.

10

@ 12,201

M@ 11,559
[ 10918
W 10,277
B 9636
B 8995
B 8353
@ 7712
@ 7071
O 643
O 5,789
O 5147
O 4506
0O 3865
O 3,224
0O 2583
O 1941
O 13
O 0659
O o,018

Chudoba, ASMEC, ICMCTF 2014
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-0.050
0.000+
0.0501
0.1001
0.1501
0.2001
0.2501
0.3001

0.3501

Scratch test with load ramp from 0 mN (left) to 35 mN (right).

Elastic-plastic transition gives yield strength

[
Point of first failure

— First surface scan
— Depth under load
— Residual depth after unloading
— Friction coefficient
0 5 10 15 20 25 30 35 40

Lateral Displacement (um)

-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

0.00

Friction coefficient

Spherical indenter on substrate with one layer
von Mises stress

12,01

10,01

8,01

6,01

4,0

2,0+

000 050 1,00 150 2,00
Distance Z (um)

The high displacement resolution in both directions allows to detect the point of first failure.

Chudoba, ASMEC, ICMCTF 2014
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8

9

Scratch tests on a:C:H:W coatings (DLC) #60 and #62

AN

NN

Depth (jm)

N

_/

AN

AN

AN

Depth (Lm)

AN

_/\

-0.10

(=]
(=]
o

(=]
=
(=]

020

R e

Peak height: 180nm
Peak width: 5pum

—— #60 - Pre-scan depth
—— #60 - Post-scan depth

ann aEn nnn nEN ETava

——#60 - Pre-scan depth
—*—#60 - Post-scan depth

50

65 70

75 80 85 90 % 100
Distance (um)
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Von Mises stress profile, FilmDoctor calculation

2.1 211
1.4 1.4
0.7 07
0.7 0.7 . -
1.4 1.4-]
EZ.T— 52_1_
N 25 Noa |
3.5 3.5
4.2 4.2
4.9- 19-
56 5.6
6.3+ 6.3
7 ; IS T e ]
/609 616 63 63 637 644 631 648 665 612 679 686 688 665 672 679 686 693 70 Z58Emby 234 728 735 742
X (um) x (pm)
04531 138671 04804 17 TRER
—  — —

ee—
0.4159 17.7656 0.4169 GPa 17.7656

NN WiN

180.8mN 193.7mN

T2

| | | ] | | | | [ | | |
/ 714 721 728 735 742 749 756 T63 77 777 T84 7912

06247
0.4159

X (pm)
145031
L l—
GFa 17.7666

/

207.3mN

The von Mises stress is considerably higher on top of the peak

Chudoba, ASMEC, ICMCTF 2014
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20

181

161

14

12;

101

168MN >>>>>3>>33353>5>5>>> > 274mN

—=—167.8mN
—e—180.8mN
——193.7mN
—v—207.3mN
——220.5mN
—x—233.8mN
—*—247.0mN
—o—260.3mN
— 273.5mN

60

65 70 75 80 85 90 95 100
Position (um)

20

18

16

14

12

10

——167.8mN
—e—180.8mN
——193.7mN
—v—207.3mN
——220.5mN
—%-233.8mN
—%-247.0mN
—o—260.3mN
—+273.5mN

1,0 2,0 3.0 40 5,0 6.0 7.0
Depth (um)

Comparison of stress profiles from different positions
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153MN >>>>>5>>>5>>>>>>>> 199mN

—=—152.9mN
20- —o—158.6mN 20 —=—152.9mN
——164.5mN e 1E8
~v-170.2mN S 1aesm
18- ——176.1mN 18 ~+170.2mN
—-181.8mN Ty
—*-187.7mN i 16 . 187i7mN
161 —o—193.6mN 5 F Faa ~+-193.6mN
$99.2rm, 3 1 N —199.2mN
141
12
121
10
10' 8
81 6
6 4
) | ‘: ‘ 2
4_ / ¥ Y , 1 [ T T T T T T
) ¥ X d 1,0 2,0 3,0 4,0 5,0 6,0
| A Depth (um)
| .

130 135 140 145 150 155 160 165 170
Position (um)

Comparison of stress profiles from different positions
The stress is not steadily increasing with force
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young's modulus (GPa) 0+
refmed Sucker gradient 40um keppld |
1803 V1 F550mN plus it stress 2

Sample

Hardness H
Critical force

Yield strength Y 14.5 GPa

#60

11.3 GPa
207 mN

Sample #60 = gradient coating
Sample #62 = homogeneous coating

0564
Cross sechon at 2«2 424 im 12-
2404 18-
2004
1604 24
120 3
4 2 0 2 4 T35
x (pm) =
~- e »
000 pen val = 30.00 GPa 424
g ‘
10%S $eCion at x=-5 000 pen 48
544
2404 } ! n |
200 t 1 r 6
22 | 66
- T v 72
0 2 4 6
z (pm) /-
424 pm val = 30,00 GP 4858 4
L

90,0000

#62

14.8 GPa
176 mN
15.8 GPa

thickness 6.5um
thickness 7.8um

x (pm)

GPa

32 24 16 08 0 08 16 24 32 4 43

Example for a gradient coating

248,0000
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-154

Radial XX-stress profile

—=—167.8mN
—o—181.2mN
——186.8mN
—v—189.8mN
——192.3mN

56 58 60 62

——222.0mN
64 66 68 70 72 74 76
X axis

| | | | | ! | |
| 798 805 812 819 826 833 84 847
 (pm)

5 5086
=Pa ' 97472

Max. tensile stress:
8 GPa

The tensile stress is considerably higher in regions with increasing surface profile

Chudoba, ASMEC, ICMCTF 2014
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240 nm thick optical coatings on sapphire

Three 50mN und 700mN micro scratch tests over each other

The two coatings show different failure modes
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Yielding starts in the coating since the substrate was hard enough for these samples

Yield strength results

Yield
Sample Fcrit strength

number mN ] GPa
479 6.89 0.061 6.97
486 6.60 0.067 6.5
488 8.30 0.078 7.4
489 8.49 0.088 7.64
531 12.75 0.110 8.79
532 131.79 0.069 20.8
485/sapphire 8.93 0.065 6.31
485 /glass 31.92 0.057 6.25
Sapphire 171.500 0.084 27.7

Spherical indenter on substrate with one layer
von Mises stress

7.007

6.00-

5.001

4.00-

3.00

2.001

0.00

060 080  1.00 120  1.40
Distance Z (um)

020 040

Von Mises stress profile for sample 479

Chudoba, ASMEC, ICMCTF
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Frictional and wear behavior

No sample but combinatorial properties
Friction coefficient
Wear coefficient
Stribeck curve
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Micro wear test with LEU [=#2

Example for DLC on steel, normal force 500mN
Diamond tip with 10pm radius

Signals over time
. 80 L0.00
80 JW
, 60
60 g At g A 10.25
40 / \\ /. \\\ / \\\ 40
/ \ / \ / \ 0.50
20 /o /o] /o 201 I
A U A A |
o—% / / / / 0 1075
\ / \\\\ // \\\\ // \\\ //
-20 / \ / \ // \ // 20 Il o
// // // ’
-40 \
J/ / L J/ -
60 n - 11,25
i~ i W 601
e — Force (mN) e e / r1.50
100 Displacement (um) -80
6 8 10 12 14 16 18 20 22 24 |
. -100 ‘ ‘ ‘ ‘ ‘ ‘ : ‘ : 11,75
Time (s) 40 30 -20  -10 0 10 20 30 40
Lateral Displacement (um)
Force and displacement signal of first Data from 100cycles in one graph

3 cycles over time
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Quantitative: No
Local

Micro wear test
No intrinsic property test

0.1501
-0.70
0.1251
080 §
0.100{ =
@
=
3
0.0751 -0.90 ®©
o
A7)
a
0.050- @
=
+1.00 5
pzd
0.0251
—— Average friction
——Mean displacement -1.10 e
ODDD : : : : : : . L 50 pm
0 50 100 150 200 250 300
Cycle number
Force 1000mN 1500mN
Wear rate: 1 nm/ cycle Contact pressure 7.2 GPa 8.4 GPa

2.5um DLC on steel, 55um tip radius
Amplitude 50 um, Measuring time 1800 s
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CVD DLC on steel

5,7um film thickness, Film modulus: 100 GPa, Hardness: 12 GPa
Indenter: diamond sphere, 6 um radius

Displacement amplitude 80um

measurement time 3144s

0.001 st sk o SR S S ACTAL S I s G sk i s R ks g n e bR s SRS S AR

vs
Rl

0.10 B

0.20 \

0.301 ™

0.40
0.50;

0.601{ —smN

— 10mN
0.704 —30mN
— 75mN
—100mN

0.80- 200mN

TN
AGRLPPNS

.y

-~
-
o N e,
o AN oy
e
N,
X
™
N
BN
N
R
N
\
.,
.
Twa
>
Ry ﬁ,

0 50 100 150

200 250 300 350 400 450 50C
Cycle number

No wear until 50mN normal force
Wear rate at 75mN and 100mN: 0,4nm/cycle
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Wear tests on different DLC coatings (a-C:H and t-aC)

Tests with diamond indenter of 6 um radius 67 pum radius
12 | 1.2
—¢—Probe 1
1.0 A E 10 —8&— Probe?2
L —a&—Probe 3
0.8 1 ; 08 —i&— Probe 4
%-. —&—Probeb
0.6 -
E
=
0.4 - X
-
i
0.2 b
=
0.0 - - T r r r . | | .
0.0 0.2 0.4 0.6 0.8 10 12 14 16 00 01 0.2 0.3 04 0.5 06

Contact pressure P/ Yield strength Y Contact pressure P / Yield strength Y

Normalization with yield strength Y (X-axis)
and P/Y- ratio (Y-axis)
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Moleculardynamic simulation of running in behavior of DLC - graphitization observed

10

01y

0.01¢}

4

6

8 10 12 14 16 18 20
time (ns)

Source: Moseler, Fh IWM, Freiburg, Germany
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Wear behavior of sample #60 is better than for sample #62
although the hardness is lower
Test conditions: 500mN, 9.3um radius indenter

0.01 2, 0.012aqq
1.0
1.0 20
3.0
2.0
4.0
5.0
3.0
6.0
—=—Sample B Test 1
—o— Sample B Test 2 7.0 —=—Sample A Test 1
—4— Sample B Test 3 —o— Sample A Test 2
4.0 —— Sample A Test 3
0 10 2 3 4 5 6 70 8 s 100 80
! 4 > ! ! 0 10 20 30 40 50 60 70 80 90 100

Cycle number Cycle number
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#60: wear rate = 0.63 nm/cycle

0,225

0,200 ~ Data

Fit
0,175
0,150
0,125;
0,100
0,075;

0,050

0,025

O’OOO- I I I I I I I I I

0 10 20 30 40 50 60 70 80 90 160
Cycle number
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Conclusions

>

>

Finding the mechanically best behaving coating-substrate combination for a
certain application is time consuming and expensive.

The guantification of the mechanical behavior is still a challenge. Not all necessary
mechanical parameters of coatings can be measured with standard test methods
up to now.

For the understanding of failure mechanisms it is necessary to measure with
nanometer resolution.

A larger inclusion of modelling tools (FE, analytical) can considerably shorten the
development process. For the calculations accurate and relevant mechanical
parameters are necessary.

A better reproduction of the conditions in an application is necessary in laboratory
tests.

This requires the inclusion of lateral force-displacement measurements with high
precision

In the future the significance of multi-axial testing in combination with stress
calculation will increase.
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