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ADVANCED SURFACE MECHANICS

Agenda

= Motivation of micro scratch tests
= Determination of real tip geometry

= Analysis of repeated scratch tests at same position with increasing
load

7

s Detection of elastic — plastic transition (first failure)
% Detection of severe fracture
= Stress analysis

= Conclusions
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It depends on the sharpness of the counterpart if coatings can be damaged or not.

This shall be analyzed in laboratory with scratch tests.
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Scratch with increasing load 60N 80N 100N >

a)

un-
treated

10
Scratch test with common Rockwell-C 16 h,

indenter, linearly increasing load 0— 560°C

100 N on soft ASA polymer substrate

and thin hard layers (a) 0.52um CrN Scratches evaluated in scratch test (CSM Revetest-RST) showing

and (b) 1.51pum TiN. the influence of the nitriding temperature (520 °C (b) and 560 °C (c)
respectively) on the crack behavior depending on the generated

T. Sander, S. Tremmel, S. Wartzack surface hardness. (a) shows scratch pattern on the untreated

Surf. Coat. Techn. 206 (2011) 1873- reference.

1878

H. Paschke, M.Weber, P.Kaestner, G.Braeuer
Surf. Coat. Techn. 205 (2010) 1465-1469

Conventional scratch tests produce coating failures but one can not understand why the failures occur
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Characteristic crack formation

Thin Solid Flims, 154 (1987) 403416
—_
Adhesive
Rupture

Thin Solid Fimes, 157 (1958) 233-254
Surface @sac:
Buckling — _/

Adnesion G AA—

cohesion — e

U

—

.

Adherance

Foward (&= J—— M)

cracking gy T ‘ T

o N D

Failure modes for a standard scratch test with Rockwell C indenter
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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)

10pum radius

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

ICMCTF 2013 Thomas Chudoba




zwick [ Roell l daSimmec

ADVANCED SURFACE MECHANICS

Analysis of characteristic loading conditions

1-2 pm (typical) gunterparts

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

ICMCTF 2013 Thomas Chudoba 7
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Micro scratch test

-’

Parameter (typical)

Micro scratch test

Conventional scratch

test
Indenter radius 2 —20 um 200 um (Rockwell)
Normal force 0,01-2N 1-100N
Scratch length 10 - 500 um 5000 pum
Scratch speed 1-20 pm/s 300 um/s
Normal displacement Available Not available

Stress maximum

In coating / Interface

In substrate

Roughness influence

Low

High

Tip wear

Medium

High

ICMCTF 2013 Thomas Chudoba
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Friction coefficient
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= 2um DLC on steel, tip radius 7.2um

0,30
)\\{J 0,0
3
0,20 =
.0 S
e
(M)
[&]
©
O
@
a
©
£
o0 2

—— First surface scan

—— Friction coefficient

—— Depth under load

— Residual depth after unloading

e e e e e SO

0,001+

5 10 15 20 25 30 35 40 45 50
Lateral Displacement (um)

Example for bad adhesion

The delamination can be seen in the curve by a step in the
displacement curve and a minimum in the friction curve
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UNAT = Universal Nanomechanical Tester

Normal force unit NFU

Optics

Lateral force unit LFU

ICMCTF 2013 Thomas Chudoba 10
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UNAT principle Other principles

Piezo

Outer frame

=
L%

High lateral stiffness in scratch direction Low lateral stiffness in scratch direction

Shaft bending in nm range is determined and Shaft bending in pm range prevent correct
corrected in the data determination if tip position on surface

ICMCTF 2013 Thomas Chudoba
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Determination of the real tip geometry by using fully elastic
Indentations into two different reference materials

801
— Quarz_S10-6_50mN
Saphir_S10-6_80mN

701

60

501

40

307

201

101

O- T T T T
0.00 0.10 0.20 0.30
Normal Displacement (um)

Fully elastic load-displacement curves, measured on fused silica + sapphire
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3 i
2.5
2 i
1.5
1 A
A e Quarz_S10-6 50mN.AVR
0.51 A Saphir_S10-6_80mN.AVR
— Fit average
Ideal tip shape
(ORL , : ,
0 0.05 0.1 0.15

hc (um)

Area function of indenter S10-6, nominal radius 10um, obtained from elastic
measurements on fused silica + sapphire
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9.0

8.0

7.0

6.0
5.0

4.0

— Radius 1
3.0 Radius 2
— Average

201 Fit

0.00 | 0.10 | 0.20 | 0.30
Effective depth (um)
Radius function of indenter S10-6, nominal radius 10um, obtained from elastic

measurements on fused silica + sapphire
The effective radius at the outermost tip is only 7um
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Investigation of two samples with a:C:H:W coatings (DLC)

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

young's modulus (GPa)
refmed fecker gradient 40um kpplld
18203 V1 F550mN plus int stress 2

Cross sechon at 1#2 424 im

240+
2004
160
1204
e
x (pm)
x=5000pm  val=90.00GPa
g

Cross sechon at x=-5 000 pn

240 — T

2004 ! | b
ol -
=p r

.

2 4
z (pm)
T=2424pm val = 90,00 GPa
L

48

54+

66|

724

thickness 6.5um
thickness 7.8um

young's modulus (GPa)
estbug

cross section ot 24697 pm

240
1604
1204
4 2 0 2 E
x [pm)
5 000 pen val = 90.00 GPs
ol
ection at x=-5,000 ym
Y-!A-n
20
160 T
o 2 4 6
z {pm)
q 1 val = 90.00 GPa
a7l

2 examples for an optimized layer structure for a certain roughness range and loading condition
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2201 T

200 T

180+

160+

140

1201 4 3=

100+ -

801

601

Indentation modulus as
function of depth,

—=—#60 . .

201 o #62 measured with dynamic

QCSM method of ASMEC

401

0.00 0.10 0.20 0.30 0.40 0.50
Contact depth (pm)
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20

18- -
16

141 4

12{ |}]

101 A

—=— #60
—o— #62

0.00 0.10 0.20 0.30
Contact depth (um)

0.40 0.50

Indentation hardness as
function of depth,
measured with dynamic
QCSM method of ASMEC
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Measurement sequence

3501

Scratch parameter: 2001

Distance: 300pm 250
Speed: 10um/s

2001

Pre and post scan with contact force of 2.8mN
150+

Increasing force from contact force to maximum 100]

3 test at same position with 350mN 501

3 test at same position with 800mN

2 test at same position with 1500mN 01 , ,
0 50 100

Time (s)

ICMCTF 2013 Thomas Chudoba 18
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Sample surface after three 350mN tests

Sample #60 Sample #62

ICMCTF 2013 Thomas Chudoba
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Sample surface after three 800mN tests

Sample #60 Sample #62
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Sample surface after two 1500mN tests

Sample #60 Sample #62
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-0.201
_0.10- -0.090
350mN || |
0.10 M -0.070
| I=
Q
#60 EO.ZO' -0.060 ‘G
£ ™ i
£ 0.301 m 8
% -0.050 c
§e)
= 0.40- | ﬂ g
' w e L0.040 =
0.50+
-0.030
0.60+
— #60 - Scratch depth 0.020
— #60 - Pre-scan depth
0.701 —— #60 - Post-scan depth
— #60 - Friction L0.010
0.80- T T T T T T T
0 50 100 150 200 250 300

Distance (um)

Sample #60 350mN
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-0.2001

Test 1

-0.1751 —#60 - Pre-scan depth
—#60 - Post-scan depth

-0.150

350mN

-0.1251

#60

Depth (pm)
o e
SE=
Q@ <

-0.0501

-0.0251

0.000

0.025-

0 50 100 150 200 250 300
Distance (um)

Comparison of surface position before and after test
Peak height is reduced
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Test 2 0.100-

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

350mN  oors

o
o
o
o

#60

Depth (um)

-0.025+

0.000+

0025- T T T T T T 1
0 50 100 1350 200 250 300
Distance (um)

Comparison of surface position before and after test
Peak height is further reduced
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Test 3
—#60 - Pre-scan depth
-0.075- —#60 - Post-scan depth
350mN
A—0.050-
#60 £
=
o
)
0.0.0251
0.000+ JN

0 50 100 150 200 250 300
Distance (um)

Comparison of surface position before and after test
Peak height is further reduced
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-0.150
- ||I| ',\ -0.125
800mN 02 W
0.50 10.100 %
#60 £ =
= lll o
N o
%_ 0.75 ©
o -0.075 g
(] =
e
1.00 \]\‘ L
-0.050
1.254
—#60 - Scratch depth
—#60 - Pre-scan depth I
1.50- —#60 - Post-scan depth 0.025
’ —#60 - Friction
0 50 100 150 200 250 300

Distance (um)

Plastic deformation is clearly visible
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Test 1
0.101
800mN
___ 0.001
£
#60 E
=
o
()]
2 0.10-
0.20-
—#60 - Pre-scan depth
— #60 - Post-scan depth
0 50 100 150 200 250 300

Distance (um)

Comparison of surface position before and after test
Plastic deformation starts at 207mN, position 75um
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Test 2 0.0751

-0.050+

800mN

-0.025

0.000+

#60

Depth (pm)

0.025

0.050- W

0.075

—#60 - Pre-scan depth

—#60 - Post-scan depth
0.100+

0 50 100 150 200 250 300
Distance (um)

Comparison of surface position before and after test
Plastic deformation starts again at 263mN, position 97.5um

ICMCTF 2013 Thomas Chudoba 29



. 0O
zwick [ Roell =Zdsmec

-0.075
Test 3
-0.050+
800mN P
-0.0251
#60 s
5 0.0001
Q.
[
O
0.025-
L
0.0501
M —#60 - Pre-scan depth
— #60 - Post-scan depth
0075- I I I I I I I
0 50 100 150 200 250 300

Distance (um)

Comparison of surface position before and after test
Plastic deformation starts again at 367mN, position 137um
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0.150

0.00+

0.251
..lo.125
0.501
0.100 €
0.75- I
O
b
(¢b)
1.00- o)
0.075 ©
c
0
1.251 -§
1.501 0.050
1.75-
—— Test 1
—— Surface position 0.025
— Test 2
2'00' Test 3
0 50 100 150 200 250 300

Distance (um)

Sample #60; comparison of Test 1-3 with 800mN
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Test 1 0.001 KT A AW A Rl [0.100
0.101
350mN - \_ 0 075
& —
0.301 | 5
#62 : A
=2 o
] Q
%.0'40 i\ 0.050 ©
Q
a! ™ 2
0.501 \\ 2
L
0.601 L0.025
0.70 ——#62 - Scratch depth
——#62 - Pre-scan depth
—#62 - Post-scan depth
| ——#62 - Friction
0.80 L0.000
0 50 100 150 200 250 300

Distance (um)
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-0.025- -35
Test 1
I V‘- 30
RN
e L‘\I
0.0001 AL
3 5 O m N I‘ ! | J | ‘ L o5
' W N ' “ M —
| £
=3 L0 ~
# 6 2 Z0.025 | g
£ Rel
o 15 ©
= o
[u]
|
0.050 L0
L5
0.0751
——#62 - Lateral force
——#62 - Pre-scan depth L0
——#62 - Post-scan depth
0 50 100 150 200 250 300

Distance (um)

Comparison of surface position before and after test
Plastic deformation starts at 173mN, position 147.5um
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ADVANCED SURFACE MECHANICS

-0.0154 30
Test 2
-0.0101 |
-0.0051 i i i '\1 25
" oy Vil | i
350m N 0.0007 ) ‘, \‘ i ' '\ ‘ ' \
0.0051| | .‘ | (\ i r 20
" \ I\ ! =
00107 { o E
#62 £ | 2
=0.015 2
£ e
S 0.0201 =
Q >
0.025- E
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0.0301
0.035
5
0.040
0.0457 ——#62 - Lateral force
——#62 - Pre-scan depth
0.0504 ——#62 - Post-scan depth 0
0 50 100 150 200 250 300

Distance (um)

Comparison of surface position before and after test
Plastic deformation starts again at 176mN
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-30
-0.0201

Test 3

o5
0.010 " ’h |
350mN oo , \, \ ﬁ
0.000- 'l l l‘ | ’ | ‘ 1 20 ,.\
=
£ 00051 ' \ ' ' w ! B
#62 =2 hl 15 g
P 0.010- { 5
o —_
80015 g
9
0.0201 10 5
0.025
0.030- &
0.035 ——#62 - Lateral force
—#62 - Pre-scan depth
0.040 ——#62 - Post-scan depth -0
0 50 100 150 200 250 300

Distance (pm)

Comparison of surface position before and after test
Plastic deformation starts at 177mN
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0.001

0.251

0.50+

0.75+

1.00+

1.251
— #60 Test 1 n'"'"“'\':::.ﬁ BN

1.50- —— Surface position AN h
—— #60 Test 2 ey |
—— #60 Test 3 N
— #62 Test 1 -

1.759 —— #62 Test 2 1

#62 Test 3
2.001
6 - 5b - ' 160 - 1|50 - 260 - ' 250 - 360

Distance (um)

Comparison of depth under load and remaining depth from
800mN tests on sample #60 and 62
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350mN Test

Relative peak height (%)

100 = 800mN T Reduction of the relative peak
mN Test height of sample #60 during
80 repeated loading
60
40
20
0 Additional supporting area
1 2 3 4
Scan

Steady depth increase during whp
repeated loading can be explained he he
by the change of the load carrying
area.
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Calculations with software FilmDoctor B*** )22t

Indenter radius 7um

Film 1: 115 GPa 0.22 2.0um
Film 2: 125 GPa 0.22 4.6um
Substrate 210 GPa 0.30

I -0.06414385

Mo complete 30 surface information available. Thus, equivalent 20 informatio

_‘—-—-___________‘____,_

At present roughness information was only available in one direction - Pseudo 3D

Stress analysis is done in the region of beginning plastic deformation

ICMCTF 2013 Thomas Chudoba 38
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SIVAN
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5/ \
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o /\
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Depth (um)
o
3

0.101

0.201

-0.10
g 0.00
=
a
8 0.10
020
—— #60 - Pre-scan depth
—— #60 - Post-scan depth
n &n 100 180 200 280 300
v
—4—#60 - Pre-scan depth
—¥—#60 - Post-scan depth
60 65 70 75 80 85 90 95 100

Distance (um)
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v. mises stress [GFPa) 214
#B0 800mM Scratch-1 40steps ' ’

1.4

cti tz=1.127
Crass secton at 2 |_lm 07—
16 0—

12 P i
g ;’ 0.7

‘Ji'
0 .

56 58 60 62 64 E2.17

X (pm) =
»=60092 pm  wal=1374GFa ™28
=
I 3.5
cross section at x=60.095 pm
4.2
16
2, 499

NFAN
i \h

4
6.3—
0 2 4 6
Z (pm) 7
=1.227 1=1374GP 4 I I I | T T | T l T T
ez eeffim el ik 56 567 574 581 588 595 602 609 616 623 63 637
R X (um)
J\ 0.4159 13.7838

041649 GPa 17,7666
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Zwick #60 800mN Scratch-1 o mecC

V. mises stress (GPa) at y=0 pm CE MECHANICS
-2.1

1.4
0.7
0
0.7
1.4
2.1
2.8
3.5
4.2

| | | | |
/60.9 616 623 63 637

4.9

| | [ | | |
766 763 77 777 784 7912
]

—— 56 N
/\ 6.3
| | . . . .
T 58 60 62 64 N
0.4159 X (Hm) 13.7838
0.4159 (GPa) 19.1911
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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

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

)
S

=
ST

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

Comparison of stress profiles from different positions
Plastic deformation starts at von Mises stress of 14.5 GPa
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153MN >>>>>5>>>5>>>>>>>> 199mN

—=—152.9mN
20- —o—158.6mN 20 —=—152.9mN
——164.5mN 2
~v-170.2mN Dot
18- ——176.1mN 18 —+170.2mN
- 18L8mN My
—*-187.7mN - 16 AR N —187.7mN
161 ——193.6mN " ; Faa o~ 193.6mN
499, 2T X u V. A\ —-199.2mN
14+
12
121
10
10' 8
81 6
61 4
“ : ¥ 4 5 SSSSSS
44 4 ' ' X ] ) ‘ ‘ ‘ ‘ ‘ w
) ¥ 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

Plastic deformation starts at von Mises stress of 15.8 GPa
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*'| Radial XX-stress profile

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

5 5086
=Pa ' 97472

Max. tensile stress:
8 GPa

——167.8mN
-15 —o—181.2mN
—+—186.8mN
—v—189.8mN
——192.3mN
——222.0mN

56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
X axis

The tensile stress is considerably higher in regions with increasing surface profile
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Zwick I Roell Failure type: fracture a s m e C

0.0+ :‘\~_"'“' AR R S }",{:

et 1 e

1500mN 1.0- "-::::;:::'\31;:;;;31211'.,.._‘_ ' /”/

oo e |

S
L
20' //‘/Jr \ ./W

/ ; .
~ - AR
/ey N 0.10
3.0' , W VN \
ik &
— Test 1
— Surface position

4.0 Test 2

Friction coefficient

0 50 100 150 200 250 300
Distance (um)

Comparison of test 1 and 2
Fracture starts in test 2 at about 1341mN
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Test 1+2

1500mN

#62

0.01

1.0

2.0

3.0+

4.0+

Distance (um)

Comparison of test 1 and 2 with
Fracture starts in test 2 at about 1180mN

T B e T --’;-’-,-L- 0.30
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— Surface position
Test 2
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Friction coefficient
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2.0+ --zzz::"r\t:-..

First fracture sample #62

3.0
First fracture sample #60 A

— #60 Test 1 ™

—— Surface position

— #60 Test 2

—#62 Test 1

4.0+ #62 Test 2

0 50 100 150 200 250 300
Distance (um)

Comparison of depth under load and remaining depth from
1500mN tests on sample #60 and 62
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0.301

—=—#60 Test 1
—e— #60 Test 2
—— #62 Test 1
—v—#62 Test 2

0.201

0.101

0 50 100 150 200 250 300
Distance (um)

Comparison of friction coefficient from
1500mN tests on sample #60 and 62
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normal stress x (GPa)
#60 500mMN Scratch-1 40steps

cross section at 2=661.024 nm

20 /‘d
aatl funensin)

‘[N

252 265 255 261 264
x (pm)

x=2584857 pm wal = 2001 GFa
A=

cross section at x=264.867 Um

20 —41
0

o —

-20

0 2 4 b6

z (um)
z=0.834pm val = 20,01 GPa
=

4.8+

5.6

6.4

7.2

/

Maximum tensile stress
behind indenter:
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Sample# 60, radial XX-stress just before fracture
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shearing stress xz (GPa) |
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Sample# 60, XZ shear stress just before fracture

Maximum shear stress
behind indenter:

8 GPa

ICMCTF 2013 Thomas Chudoba

50



Zwick I Roell

=dSmec

ADVANCED SURFACE MECHANICS
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Comparison of 5 successive scratch tests with constant load on sample #62

distance 300um, force 1000mN
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Development of the depth change from test
to test (profile after-before test)

The surface after the test is higher than
before the test
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Summary

Hardness 11.5 GPa 14.5 GPa
Modulus at surface 120 GPa 150 GPa
Elastic-plastic transition 207 mN 173 mN

Max. von Mises stress 14.5 GPa 15.8 GPa
First fracture in test 2 1341 mN 1180 mN
Max. tensile stress at fracture 20 GPa

Max. shear stress at fracture 8 GPa

The stress calculation did not consider the real 3D surface profile and the multilayer structure of the coating
Therefore the stresses are overestimated here.
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Conclusions

>

In micro scratch tests it is possible to detect the elastic — plastic transition

and to follow a peak reduction in repeated tests at same position

Roughness is reduced but not removed after plastic deformation in a scratch track
The stress is not steadily increasing with increasing force but depends on surface
profile

At peaks the von Mises stress is considerably increased

At increasing flanks of peaks the tensile stress is considerably increased

Severe coating failure may occur after repeated loading of the same position >
a single scratch my not be enough to evaluate the failure probability of coatings
The gradient layer is more failure resistant than a homogeneous layer

Detailed stress calculations help to understand coating failures and to optimize

coatings. This requires an accurate determination of indenter radius.
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Thank you for your attention !
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