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Fig. Examples of rough surfaces
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Cycle N=20 N=500 N=1000
m Natural and industrial R
surfaces are rough:

m processing

m polishing

m coating
® microstructure
m surface energy
m deformation
m aging
® environment

Fig. Epitaxial s.urface growth [3,4]

[1]].Polak, J. Man & K. Orbtlik, Int J Fatigue 25 (2003)

[2] VK. Tolpygo, D.R. Clarke, Acta Mat 52 (2004)

[3] M. Einax, W. Dieterich, P. Maass, Rev Mod Phys 85 (2013{
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Roughness

True contact area Contact pressure

m Natural and industrial
surfaces are rough:

m processing
m polishing

m coating

B microstructure
m surface energy
=
=
=

Increase applied pressure

deformation
aging

environment

® Roughness affects:

m stress-strain state
m dry friction
m wear

m adhesion
[ ]

[ ]

[ ]

fluid flow

Sealing Fig. True contact area and stress fluctuations
energy transfer
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m Natural and industrial
surfaces are rough:

m processing
m polishing
m coating

B microstructure
m surface energy
=
=
=

deformation
aging

environment

® Roughness affects:

m stress-strain state
m dry friction
m wear

m adhesion
[ ]

[ ]

[ ]

Re = 110k

fluid flow

sealing Fig. Numerical simulation of airflow around a (dimpled) golf ball [5]

energy transfer [5] C.E. Smith, PhD thesis (2011) -
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m Natural and industrial
surfaces are rough:

m processing

m polishing

m coating
® microstructure
m surface energy
m deformation
® aging
® environment

® Roughness affects:
stress-strain state
dry friction

wear

adhesion

fluid flow

Sealmg Fig. Heat transfer between rough surfaces

energy transfer (asperity-based model)
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Surface metrology techniques

Stylus profilometer

m Stylus measurements stylus

e Mechanical contact of a tip with

<

surface
e Force > 3ug, tip radius > 50 nm
° Malnly for PrOﬁle measurements l/(Y) real surface measured surface

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution

o Interferometry (WLI):
- highest vertical resolution
- 10 to 100 times faster than CM

e Scanning Electronic Microscopy
(SEM): Valley measurement error

b

- in secondary electron emission

- electrons penetrate in the matter —
roughness smoothing

- conducting materials

m Nano-contact measurements

e Atomic Force Microscopy (AFM)
roughness + adhesive and elastic properties
e Scanning Tunneling Microscope (STM)
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Surface metrology techniques

Stylus profilometer

[ ] Stylus measurements

e Mechanical contact of a tip with
surface

e Force > 3ug, tip radius > 50 nm

e Mainly for profile measurements 1/(x)

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution

o Interferometry (WLI):
- highest vertical resolution
- 10 to 100 times faster than CM

e Scanning Electronic Microscopy
(SEM):
- in secondary electron emission
- electrons penetrate in the matter —
roughness smoothing
- conducting materials

Modern stylus profilometer

www.bruker.com

m Nano-contact measurements

§ N ¢ =
e Atomic Force Microscopy (AFM) Roughness measurements (Az ~ 30 ym)
roughness + adhesive and elastic properties www.icryst.com
e Scanning Tunneling Microscope (STM)
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Surface metrology techniques

Confocal microscopy

Light source

[ ] Stylus measurements

e Mechanical contact of a tip with
surface

e Force > 3ug, tip radius > 50 nm

e Mainly for profile measurements 1/(x)

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution

o Interferometry (WLI):
- highest vertical resolution
- 10 to 100 times faster than CM

e Scanning Electronic Microscopy
(SEM):
- in secondary electron emission
- electrons penetrate in the matter —
roughness smoothing
- conducting materials

10309)9p ST

Focal plane A m /ANAA -2

m Nano-contact measurements L .
Principle of confocal microscopy

e Atomic Force MiCI‘OSCOpy (AFM) adapted from www.wikipedia.org
roughness + adhesive and elastic properties
e Scanning Tunneling Microscope (STM)
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Surface metrology techniques

Confocal microscopy
m Stylus measurements
e Mechanical contact of a tip with
surface
e Force > 3ug, tip radius > 50 nm
e Mainly for profile measurements 1/(x)

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution

o Interferometry (WLI):
- highest vertical resolution
- 10 to 100 times faster than CM

e Scanning Electronic Microscopy
(SEM):
- in secondary electron emission
- electrons penetrate in the matter —
roughness smoothing
- conducting materials

Yium
v ot X1um 2l

1 euro surface www.wikipedia.org

m Nano-contact measurements

e Atomic Force Microscopy (AFM)
roughness + adhesive and elastic properties Stainless steel machined with micro-electric
° Scanning Tunneling Microscope (STM) discharge www.laserfocusworld.org
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Surface metrology techniques

White Light
Interferometry

[ ] Stylus measurements

e Mechanical contact of a tip with
surface

e Force > 3ug, tip radius > 50 nm

e Mainly for profile measurements 1/(x)

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution

o Interferometry (WLI):
- highest vertical resolution
- 10 to 100 times faster than CM

e Scanning Electronic Microscopy
(SEM):
- in secondary electron emission
- electrons penetrate in the matter —
roughness smoothing
- conducting materials

US quarter surf Zygo.
m Nano-contact measurements quarter suriace wwvwzyge.com
e Atomic Force Microscopy (AFM)
roughness + adhesive and elastic properties
e Scanning Tunneling Microscope (STM)
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Surface metrology techniques

AFM

[ ] Stylus measurements

e Mechanical contact of a tip with
surface

e Force > 3ug, tip radius > 50 nm

e Mainly for profile measurements 1/(x)

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution Modern AFM
o Interferometry (WLI): wwwbruker.com
- highest vertical resolution
- 10 to 100 times faster than CM
e Scanning Electronic Microscopy
(SEM):
- in secondary electron emission
- electrons penetrate in the matter —
roughness smoothing
- conducting materials

Roughness and elastic moduli (color) of
polymer blend
www.bruker.com

m Nano-contact measurements

e Atomic Force Microscopy (AFM)
roughness + adhesive and elastic properties
e Scanning Tunneling Microscope (STM)
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Surface metrology techniques

[ ] Stylus measurements

e Mechanical contact of a tip with
surface

e Force > 3ug, tip radius > 50 nm

e Mainly for profile measurements 1/(x)

m Optical measurements

e Confocal (laser scanning) microscopy
- highest lateral resolution

o Interferometry (WLI):
- highest vertical resolution
- 10 to 100 times faster than CM

e Scanning Electronic Microscopy
(SEM):
- in secondary electron emission
- electrons penetrate in the matter —
roughness smoothing
- conducting materials

a Nano-contact measurements Atomic steps on platinum surface
(500500 nm)

www.icryst.com

imprinted at atomic scale

www.cens.de

e Atomic Force Microscopy (AFM)
roughness + adhesive and elastic properties
e Scanning Tunneling Microscope (STM)
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Roughness: classification

Roughness

(surface geometry)

| Homogeneous | | Inhomogeneous

' A

| Gaussian | | Non-Gaussian |

' il

Fig. Roughness classification according to Nayak!!!

[1] Nayak, J. Lub. Tech. (ASME) 93:398 (1971)
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Roughness: classification

Roughness

(surface geometry)

| Homogeneous | | Inhomogeneous

' A

| Gaussian | | Non-Gaussian |

' il

Fig. Roughness classification according to Nayak!!!

[1] Nayak, J. Lub. Tech. (ASME) 93:398 (1971)
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Roughness and geometry/form

m Roughness vs geometry of surfaces

m Sometimes macroscopic geometry is substracted (filtered out):
form—error of form—wavyness—roughness

m Non-trivial to remove macroscopic shape

®m Most roughness measurement tools enable shape removal

Out-of-
flatness
+

Crowning
radius
+
Waviness
+

Roughness

Fig. Circular metalic seal with turned copper surfacel!l

[1] EP. Rafdls, Licentiate Thesis, LTU 2016.
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Roughness and geometry/form

m Roughness vs geometry of surfaces

m Sometimes macroscopic geometry is substracted (filtered out):
form—error of form—wavyness—roughness

m Non-trivial to remove macroscopic shape

®m Most roughness measurement tools enable shape removal
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Fig. (left) impact crater, (right) shape is filtered out
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Roughness and geometry/form

m Roughness vs geometry of surfaces

m Sometimes macroscopic geometry is substracted (filtered out):
form—error of form—wavyness—roughness

m Non-trivial to remove macroscopic shape

®m Most roughness measurement tools enable shape removal

Fig. (left) spherical indenter, (right) z = a(x> + %) shape is substracted
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Main characteristics

Integral quantities
m Average of absolute values [l.u.] (profile - R, surface - S,)

1 . 1 i
Si=3 f oy ~2ldA, S, = o Zf /Zl lz; — 2|

A
m Standard deviation of height [l.u.] (o or R, for profile, S, for surface)

0= Jif(z(x,y)—z)ZdA, 0=

A
m Maximal valley depth R.,S,, maximal peak helght R,,S, [Lu.]
very sensitive to sample area

Skewness [adim] (), or R, Sq)

N N
1 ]
"= f(z(v W-2dA, =5 ) ) (=2

Kurtosis [a d1m ] (x or Ry,,Sk)

f(z(x Y) -2 K= Ngh ZZ(ZU -z
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Main characteristics II

Integral quantities II

m Average of absolute value of gradient (slope) [adim] (profile - R,
surface - 5,)

Sa = {|Vz(x,y) - Vz) = %f|Vz(x,y) ~Vz| dA

1 N N
S =37 1 2

i=1 j=1

Ziv1,j — i, Az, N Zijel — Zij — Azy

Ay

m Standard deviation of gradient (slope) [adim] (profile - R4, surface - S4;)

— 2 1 — 2
Sig = \/(|Vz(x,y)—Vz| Y= JAf|Vz(x,y)—Vz| dA
A
N & |zivn) — zij — Azy

i=1 j=1

— 2
Zij+1 — Zij — Azy
Ay

m Often in integrated slope measurements a smoothing filter is used, for
example, according to ASME B46.1 standard
0z N 1
dx  60Ax
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Main characteristics: probability density

m Probability density of heights P(z)

m Properties and moments
(o] (o] (o]

1= fP(z) dz, zZ= sz(z) dz, 0= f(z —Z)?P(z)dz

—0co —0o0 —o0
0

lg = fz”l’(z) dz then pg=1,p =%,y =0” + 2

m Link to skewness

5
>

Negative Skew Positive Skew
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Main characteristics: probability density II

Distribution examples

m Normal (Gaussian): P(x) = ! exp {— -

0.8

0.6

P(x)

0.4

0.2

0.0

adapted from wikipedia.org
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Main characteristics: probability density II

Distribution examples

m Lognormal: P(x) =

1 (log(x) — ul)z]
exp |— x € R*
xo V27 P [ 20°

0=0.25, p=0

15 A
[\
[
o\
0.5 /7(1\ \\\0—05 =0
L SN e
0 / ﬁ\tz

0 0.5 1.0 15 2.0 25
X

adapted from wikipedia.org
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Main characteristics: probability density II

Distribution examples

k-1
= Weibull: P(x) = © (3\) exp —(x/A) x € R*
/!

A
25
— A=
— A=
A=
— A=
2.0
1.5+
-~
Nal
_
1.0+
0.5
——
0.0 T T T T
0.0 0.5 1.0 15 2.0 25
X
adapted from wikipedia.org
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Main characteristics: comments on PDF

Real rough surfaces
m Turning, scratching, shaping changes macroscopic distribution Pp.cro
but might keep microscopic distribution intact Ppicro
m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zp) — 0: negative curtosis

P, macro(z) P, macro(z)

< ,-
Macro- and microscopic roughness (left: diamond-turned surface, right: cross-hatched surface)
Images from www.zygo.com used
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Main characteristics: comments on PDF

Real rough surfaces

m Turning, scratching, shaping changes macroscopic distribution Pp,cro
but might keep microscopic distribution intact Ppicro

m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zy) — 0: negative curtosis

Circumferential direction (mm)
o o

e o

Radial direction (mm) Height

Turned surface topography and a sketch of height PDF
Pérez-Rafols, Larsson, Almqvist, Tribol Int 94 (2016)
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Main characteristics: comments on PDF

Real rough surfaces
m Turning, scratching, shaping changes macroscopic distribution Ppacro
but might keep microscopic distribution intact Pyyicro
m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zp) — 0: negative curtosis

T TN N B

P(z)

after polishing

z
Initial surface with Gaussian PDF and surface after polishing
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Main characteristics: comments on PDF

Real rough surfaces

m Turning, scratching, shaping changes macroscopic distribution Pp,cro
but might keep microscopic distribution intact Pyyicro

m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zy) — 0: negative curtosis

Very fresh asphalt concrete Normal asphalt concrete
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Main characteristics: comments on PDF

Real rough surfaces

m Turning, scratching, shaping changes macroscopic distribution Pp,cro
but might keep microscopic distribution intact Pyyicro

m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zy) — 0: negative curtosis

Very fresh asphalt concrete Normal asphalt concrete . . . with a bolt ®

31/104
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Main characteristics: comments on PDF

Real rough surfaces

m Turning, scratching, shaping changes macroscopic distribution Pp,cro
but might keep microscopic distribution intact Pyyicro

m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zy) — 0: negative curtosis

Old asphalt concrete with worn out bitumen
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Main characteristics: comments on PDF

Real rough surfaces

m Turning, scratching, shaping changes macroscopic distribution Pp,cro
but might keep microscopic distribution intact Pyyicro

m Wear, polishing, flattening results in removal of the right distribution
tail P(z > zy) — 0: negative curtosis

ATLAS OF
MACHINED SURFACES

Atlas of machined surfaces (with height distributions)
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Autocorrelation function

m Continuous autocorrelation function
L L
1
R(Ax, Ay) = [lim B ffz(x + Ax, y + Ay)z(x, y) dxdy
0 0

m Discrete autocorrelation function for a surface N x N

N-1 N-1
R(Ax, Ay) = % Z Z 2(x + Ax,y + Ay)z(x, y)

i=0 j=0

0000 ...
© 00O |;
10000
Q000 ||

d
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Power spectral density (PSD)

Recall: Fourier Transform: f(k) = f f(x) exp(—2mikx) dx

N-1
m Recall: Discrete Fourier Transform: fk = Z x, exp(=2mnikn/N)
n=0
m where x is the spatial coordinate, k = 277/ is the wavenumber and /1 is
the wavelength.

m PSD is the Fourier Transform of R

®(ky, ky) = R(ky, ky) = FFT [z(x + Ax, y + Ay) * z(x, y)]
m Using convolution theorem

O(ky, ky) = 2(ky, k) 2" (ks ky) = 2% (s, ky)
m Interpretation: energy distribution by frequencies

m Usage: signal analysis, seismology, microstructure characterization,
roughness.
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Spectral moments

m Spectral moment 71,,, p,q € IN:

&)

My = f f KKk, ky) dk,dk,

—00

p+g N=1 N=1

Mg = [ ] Y ) #j @@ni/L, 2mj/L)

i=0 j=0

m Generalized spectral moment 111,,, p, g € R*

m For isotropic surface: 11, = a9 = 1y, 14 = 31z = Mgy = Moy
m Averaging:

Mpo + Mop My + 31y + Moy

— 2 Mt 3

m Physical meaning;:

my =

Height variance': 1, = <(z - <z))2>
Gradient variance: 211, = <(Vz - (Vz>)2>

Curvature variance: 71, = <(V -Vz —(V- Vz>)2>

Wariance is a squared standard deviation
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Summary

m Fractal (self-affine) roughness
m Power spectral density (PSD)
D(k) ~ k~2HAD
k is a wavenumber,
H is the Hurst exponent.

m Isotropic/anisotropic surfaces

m Gaussian/non-Gaussian height
distribution P(h)

plateau

In()

In(k)) In(k,) In(k;)
Fig. 3D and radial power spectral densities
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Summary

Fractal (self-affine) roughness

Power spectral density (PSD)
D(k) ~ k~2HAD

k is a wavenumber,

H is the Hurst exponent.

Isotropic/anisotropic surfaces

Gaussian/non-Gaussian height
distribution P(h)

In()

In(k)) In(k;)
Fig. 3D and radial power spectral densities
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[2]

m Fractal (self-affine) roughness
m Power spectral density (PSD)
D(k) ~ k2HD
k is a wavenumber,
H is the Hurst exponent. T Cmeewn T e

POWER, S(@) (m]

T PSD of the surface
—— Least squares it

m Isotropic/anisotropic surfaces

m Gaussian/non-Gaussian height
distribution P(/)

log 0q
Fig. Power spectral density, measurements
[1] Majumdar, Tien, Wear 136 (1990)

[2] Schmittbuhl, Jorgen Malay, Phys. Rev. Lett. 78 (1997)
[3] Vallet, Lasseux, Sainsot, Zahouani, Tribol. Int. 42 (2009)

V.A. Yastrebov Lecture 4 39/104



m Fractal (self-affine) roughness
m Power spectral density (PSD)
(D(k) - k—Z(HH)

e

k is a wavenumber, =t

H is the Hurst exponent. E
m Isotropic/anisotropic surfaces |

. ) . £ Continent coast-lines
m Gaussian/non-Gaussian height [ - \\
. . . — Fault slip surface
distribution P(/) P slpsudcesample | wae lengih
0 0t 10 107 1 10 10

Wavenumber (")

Fig. Power spectral density, geological scales

Adapted from
[4] Renard, Candela, Bouchaud, Geophys. Res. Lett. 40 (2013)
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m Fractal (self-affine) roughness

m Power spectral density (PSD)
D) ~ J-2H+1) - % o i
D(k) ~ k = b E“ g
k is a wavenumber, & 3
H is the Hurst exponent.
m Isotropic/anisotropic surfaces Ty h T

m Gaussian/non-Gaussian height
distribution P(/)

h, micron

X, micron

Fig. Height distribution of a polished metal
surface
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m Fractal (self-affine) roughness

m Power spectral density (PSD)
D) ~ J-2H+1) - % o i
D(k) ~ k = b E“ g
k is a wavenumber, & 3
H is the Hurst exponent.
m Isotropic/anisotropic surfaces Ty h T

m Gaussian/non-Gaussian height
distribution P(/)

m Characteristics: oo N @» ([15s s
2\ _ : § 200 B8 . - 25 2
o \/(z?) - rms heights R ; 3
A/ 2y . o R / :
o \/(IVz[?) - rms slope (surface gradient) o :
o o = g /13, - breadth o EEEN : TR
450 & - - - = SR
of the spectrum (Nayak's parameter!®]), o W m a .
pou Fig. Height distribution of a polished metal
spectral moments Mpg = ” kl\lvyiﬂ)(k\,k‘,,)dk\d/g, surface

—00

® Random process theory

[A] Longuet-Higgins, Philos. Trans. R. Soc. A 250:157 (1957)
[B] Nayak, J. Lub. Tech. (ASME) 93:398 (1973)

[C] Greenwood, Wear 261: 191 (2006)

[D] Borri, Paggi, J. Phys. D Appl Phys 48:045301 (2015)
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m Fractal (self-affine) roughness
m Power spectral density (PSD)
(D(k) - k—2(H+l)
k is a wavenumber,
H is the Hurst exponent.

m Isotropic/anisotropic surfaces

Joint probability, P(k,,x,)

m Gaussian/non-Gaussian height
distribution P(/)

m Characteristics:

o \/(z?) - rms heights
o \/(IVz[?) - rms slope (surface gradient)

K /K

1

le-10

5
o o = g /13, - breadth = 101 poexp(-3K/4)
of the spectrum (Nayak’s parameter'®)), = T
) g K, /&
spectral moments 11y, = ” k‘\’,/c?/fll(k\»,k},)d/rxaflr}/ ne.
® Random process theory
[A] Longuet-Higgins, Philos. Trans. R. Soc. A 250:157 (1957) ! A ¢
[B] Nayak, J. Lub. Tech. (ASME) 93:398 (1973) .
[C] Greenwood, Wear 261: 191 (2006) P ~ i exp(-3c/4) erf(3x/2)
[D] Borri, Paggi, J. Phys. D Appl Phys 48:045301 (2015) Distribution of asperity curvatures
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Fig. Example of a rough surface for H = 0.3 Fig. Example of a rough surface for H = 0.8
Recall: the Hurst exponent H and the fractal dimension D in 2D space are interconnected via D = 3 — H
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Flight over a rough surface

V.A. Yastrebov Lecture 4 45/104



Fractals

Romanesco broccoli www.fourmilab.ch

. Yastrebov Lecture 4



m Mandelbrot set (not a fractal)

m Recursive function
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m Mandelbrot set (not a fractal)

m Recursive function
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m Mandelbrot set (not a fractal)

m Recursive function
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m Mandelbrot set (not a fractal)

m Recursive function
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m Mandelbrot set (not a fractal)

m Recursive function
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m Mandelbrot set (not a fractal)

m Recursive function
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m Mandelbrot set (not a fractal)

m Recursive function
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Fractals

Mandelbrot set (Wikipedia)
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Element of Mandelbrot set (Wikipedia)
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Fractals

Element of Mandelbrot set (Wikipedia)
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Element of Mandelbrot set (Wlklpedla)
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R i

Element of Mandelbrot set (Wikipedia)
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Fractals

Element of Mandelbrot set (Wiklpédia)
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Animation
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Synthesized rough surfaces: in pictures

Real space Fourier space

White noise, r;

[1] Y. Z. Hu and K. Tonder, Int. J. Machine Tools Manuf. 32, 83 (1992)

V.A. Yastrebov Lecture 4 61/104



Synthesized rough surfaces: in pictures

Real space Fourier space

30

30

White noise, r;

[1] Y. Z. Hu and K. Tonder, Int. J. Machine Tools Manuf. 32, 83 (1992)
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Synthesized rough surfaces: in pictur

Real space Fourier space

~(H+1)

Re[ /iy 1~ VE+E Im[f, 1=0

o

[1] Y. Z. Hu and K. Tonder, Int. J. Machine Tools Manuf. 32, 83 (1992)
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Synthesized rough surfaces: in pictur

Real space Fourier space

White noise, r;

Reli g, gy, ] Im{7 fyy ]
[1] Y. Z. Hu and K. Tonder, Int. J. Machine Tools Manuf. 32, 83 (1992)
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Synthesized rough surfaces: in pictur

Real space Fourier space

50

Relf g fi . 1 [y ]

Fractal surface, z;;
[1] Y. Z. Hu and K. Tonder, Int. J. Machine Tools Manuf. 32, 83 (1992)
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Synthesized rough surfaces: in equations

m White noise:
w(x;,y), (wy=0, (w?) =P

m Transform in Fourier space:
-1 N-1

;= Ak k) = Z 3w,y expl-itken + k), (@) = (@) = By

i=0 j=0

m Create a filter

fij :f(k«\’rky) = {

K24K2 —(1+H)/2 K2+K2
[ "kz ”] ,forl < Y——
1

0, elsewhere,
n BYRSTSVhite Abtsd! /L — sk, Ky = (t+1)mt/L—tk, fors, t € {~1,1}, C = k./k
21/ = 2(k.\'/ k»l/ %(ﬁ/ [ (U,, + i J(LU”)J

m Back to real space:
N-1N-1

z2(x;, y5) = Y, Y, Zimexpli2n(lx; + my;)/L]

=0 m=0
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Synthesized rough surfaces: in equations II

m Power spectral density:
Dky, ky) = 2y, ky)2" ke, ky) = F2 (K, k) )P (K k)

m Averaging over multiple samples:

[K2+K2

ky = C

, forl <

~2(1+H)
[K2+K2
N 2 ) S
(D(k,, k}/)) = <Z02(er k}/)>f2(er k}/) = ! [ ki :l
0, elsewhere,

m For isotropic surface:

Oy (K/k)™2+0 - if 1 < K/k < C
0, otherwise.

(D(K)) = {
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Effect of parameters: illustration

e Effect of the high frequency cutoff &,

k ﬁ

L
10 100

k.

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=4 k=38
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Effect of parameters: illustration

e Effect of the high frequency cutoff &,

L
100

kg
Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=4, k=16
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Effect of parameters: illustration

e Effect of the high frequency cutoff &,

100

L
100

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=4, k=32
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Effect of parameters: illustration

e Effect of the high frequency cutoff &,

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=4, k=64
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Effect of parameters: illustration

e Effect of the high frequency cutoff &,

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=4, k =128
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Effect of parameters: illustration

o Effect of the lower frequency cutoff k; for k;/k; = const

Bl

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=1 k =43
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Effect of parameters: illustration

o Effect of the lower frequency cutoff k; for k;/k; = const

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=4, k=171
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Effect of parameters: illustration

o Effect of the lower frequency cutoff k; for k;/k; = const

\

Fig. Power spectral density (Fourier space)
and corresponding rough surface (real space) for
k=12, ks =512
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Effect of parameters: illustration

o Effect of the ratio of the higher cutoff to the discretization k;/N

Fig. Power spectral densities (Fourier space)
and corresponding rough surfaces (real space) for
k=12, k/N=1/8 VS k=12, k/N=1/2
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Effect of parameters: illustration

e Effect of the ratio of the higher cutoff to the discretization k; /N

N 100
ke 172 Nyax

Fig. Power spectral densities (Fourier space)
and corresponding rough surfaces (real space) for
k=12, ki/N=1/8 (fine) VS [k =12, k;/N =1/2 (too coarse)
for mechanical simulations

V.A. Yastrebov Lecture 4 77/104



Effect of parameters: illustration

o Effect of the discretisation (single asperity)

Mesh effect — \231\ — 4i%
—— 2x1 ]
—— 4x2 —
—— 8x4
—a— 16x8

3

S

= . 16x8 g 32x16

Displacement
Fig. Effect of the mesh on mechanical response
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Effect of parameters: illustration

¢ Data interpolation (Shanon, bi-cubic Bézier surfaces)
Experimental Smoothed (enriched)

Fig. Bi-cubic Bézier interpolation of an experimental rough surface

[1]JHyun, Robbins, Tribol. Int. (2007)
[2] Yastrebov, Durand, Proudhon, Cailletaud, C.R. Mécan. (2011)
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Effect of parameters

Effect of parameters:

m k; low frequency cutoff

- representativity/normality" >’
m k; high frequency cutoff

- smoothness and density

of asperities
m ( = ks/k ratio®

- breadth of the spectrum

a~ 2
plptedn
Nayak’s parameter a is the central
characteristic of roughness in asperity
based mechanical models.
[1] Vallet, Lasseux, Sainsot, Zahouani, Tribol. Int. (2009)
[2] Yastrebov, Durand, Proudhon, Cailletaud, C.R. Mécan. (2011)
[3] Yastrebov, Anciaux, Molinari, Phys. Rev. E (2012)
[4] Yastrebov, Anciaux, Molinari, Int. J. Solids Struct. (2015)

In(®)

In(k) Ink))
Fig. 3D and radial power spectral densities
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Effect of parameters

Effect of parameters: w! Realigation #1 k.=32]

m k; low frequency cutoff ”

- representativity/normality">

m k; high frequency cutoff

- smoothness and density
of asperities .
m ( = ky/k; ratio® I I T R R
/
- breadth of the spectrum hINGR
a~ 2H ool Realization #2 ki =1,k =32
Nayak’s parameter « is the central o

characteristic of roughness in asperity
based mechanical models.
[1] Vallet, Lasseux, Sainsot, Zahouani, Tribol. Int. (2009)
[2] Yastrebov, Durand, Proudhon, Cailletaud, C.R. Mécan. (2011)
[3] Yastrebov, Anciaux, Molinari, Phys. Rev. E (2012)
[4] Yastrebov, Anciaux, Molinari, Int. J. Solids Struct. (2015)
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Effect of parameters

Effect of parameters:

k= &)k =32]

m k; low frequency cutoff ”

- representativity/normality">

m k; high frequency cutoff

- smoothness and density
of asperities .
m ( = ks/k ratio® S :
- breadth of the spectrum hINGR
o~ CZH o0
Nayak’s parameter « is the central o

characteristic of roughness in asperity
based mechanical models.
[1] Vallet, Lasseux, Sainsot, Zahouani, Tribol. Int. (2009)
[2] Yastrebov, Durand, Proudhon, Cailletaud, C.R. Mécan. (2011)
[3] Yastrebov, Anciaux, Molinari, Phys. Rev. E (2012)
[4] Yastrebov, Anciaux, Molinari, Int. J. Solids Struct. (2015)
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Interconnection of parameters

m Spectral moment and k;, k;, H:

7p—2H
Moy = My ~ Pg ff [k cos()]” (k/k;) > kdkdep = Dy sz gp T(p)
2n 27, iftp=0;
with T(p) = fcos”(q))dq) =17, ifp=2;
0 3n/4, ifp=4.

m Nayak’s parameter
3 (1-H)* (C* -1)(C -1)
2HH-2) (@ H-1p
m Asperity density
_V3my  V31-H-1,
T 18mm,  24m2-H(22MH -1

a(H,C) =
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Interconnection of paramete

Numerical Numerical
| experiments experiments
o\ =313 B\ (3413
vy 853 vy 853
00 (=32 00 =32
Analytical Eqs. % Analytical Eqs
SN 13
=853
—

Nayak's parameter,
mlm, k)

02 04 0.6 08 0 02 04 U‘ﬁ 08
(@ Hurst exponent, H (b) Hurst exponent, H

Numerical verification on 100 000 generated rough surfaces with 2048x2048 points
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Interconnection of parameters

a
o
o
o

1000
500

100

=
o O

Nayak's parameter

1

p)
A H=03
® H=08 k, St

Nayak’s parameter test
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Interconnection of parameters

Asperity density

A H=0.3 -

4
® H=0.38 k l 32716
Asperity density test
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Asperity analysis

m Detect summits (z; higher than neighbouring points) and evaluate
second derivatives
0= _ Zivgjt Zij — ZZij. o= _ ZinjtZij — 2z;;

ox? 2Ax2 TR 2Ax2
0%z _ Zivtjl + Zivtje1 — Zixlj-1 ~ Zi-1j4
dxdy 4Ax?

m Principal curvatures 1 ,:

2
- - - 2
SO N 1 0% 1% _ 2%
Ki2 =3 ({},\'2 + ()}/z)i \/(&\‘8}/) + 4 (n’,\‘z ()}/2)

m Saddle point 1, < 0, extrema ik, > 0

®m Mean curvature which can be safely used in Hertz theory: © = +/k1K>
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Asperity analysis

Rough surfaces and associated asperities
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Asperity analysis

SRS s Al

) *® %9
= =) =)
T 1] il
= T =
o ) ]
o g I
Il I, I
s -~ <
o 3 3
I L I
3 A < <

Rough surfaces and associated asperities
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Asperity analysis

] % bt
.y S S
T 1] 1]
= - !

T o o
ol

I, I, I
~ L n
< < 3
I L I
=~ A < <

LJ 4 L]
° d ®
- 0
o
I o o o *
€ ! ‘
. ¥;
® L]
. R . .
. - .
o .
'y v
-3 -2 -1 0 1

V.A. Yastrebov

Rough surfaces and associated asperities

Normalized asperity height, z/c

Lecture 4
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Examples

< (mm)
40
20

0

-20
40

60

Power spectral density (a.u.)

) PSDs
10 « mean PSD
= power law
1075 o 00 T 0 00
Wavenumber, k, ‘Wavenumber, k,

[1] Yastrebov et al, Three-level multi-scale modeling of electrical contacts sensitivity study and experimental
validation, Proceedings of Holm Conference, 2015.

. Yastrebov

Lecture 4
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Examples

Yastrebov

Asperity curvatures

Lecture 4

3

/
/

i
{
{
7

_ﬁ% P~k exp(-1.1x%) erf(1.5x)
Surface:

= #]
o #2
a#3
v #4
o #5
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Probability density

20 3c

40

50

height distributions
« mean distribution
— reference normal distribution

17

0 31 62 93 124 155

Height (nm)

[1] Yastrebov et al, Three-level multi-scale modeling of electrical contacts sensitivity study and experimental

V.A. Yastrebov

validation, Proceedings of Holm Conference, 2015.

Lecture 4
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amples

Bright fracture surface Dark fracture surface

zoom x5

zoom x10 zoom x10

Fatigue & creep fracture surfaces (Ti-alloy)
in collaboration with A. Marchenko
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Examples

WD ‘mag AQV — 16 um
15.00kV | ETD | 31.8 um | 156 mm | 4 000 x PG04_facies_haut

Fatigue fracture surface (Co-alloy), particles WC
Courtesy of V. Esin
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Examples

o417

~.‘ Roughness measurement o

Te+s Power law for H:
for H-

1415

tertd

Te+13

Te+12

est1

Height, z (um)

1e+10

Radial Power Spectral Density, pm*

Avoo 16409

40t . 1e+08

Toto o0 16407
0.001 0.01 01 1

Normalized wavelength, WL
Crater topography and PSD
In collaboration with D. Tkalich (NTNU, Sintef)

96/104
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Multiscale road roughness

m Scale 1 (x1)

195

x (mm)
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Multiscale road roughness

m Scale 1 (x1)

scale 2 sca]en3

x (mm) 195
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Multiscale road roughness

m Scale 2 (x5)

0 z (mm)

0.23
.

4.7

y (mm)

X (m)

9.38
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Multiscale road roughness

m Scale 2 (x5)

0 z (mm)

0.23
.

4.7

scale 3

y (mm)

x (mm) 9.38
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Multiscale road roughness

m Scale 3 (x20)

0 Z (um)

170.

y (mm)

x (mm) 176
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Multiscale road roughness

m Scale 3 (x20)

0 Z (um)

170.

y (mm)

x (mm) 176

V.A. Yastrebov Lecture 4
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Multiscale road roughness

m Scale 4 (x100)

y (mm)

x (mm) 0.274

V.A. Yastrebov Lecture 4
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Thank you for your attention!




