What force causes particles to stick to surfaces?
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What force dominates in particle adhesion?

van der Waals Electrostatic
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Charged particle

Image charge on
conducting surface
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The grounded conductor induces charge to
balance charge from the particles. The image
charge causes an attractive electrostatic force
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What force dominates in particle adhesion?

Polarizable Polarized image charge
charged particle on conducting surface
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Image charge on conducting surface creates
higher order polarizations increasing adhesion



What force dominates in particle adhesion?
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Generally assumed van der Waals dominate
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Simplifying surface roughness

Complex roughness in real systems

Model system:

- Spherical particle positioned
directly above an asperity of a
sinusoidal surface
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Model agrees well with exact

van der Waals force caIcuIatlons <olution
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Electrostatic force calculations

Calculations:
- Find potential distribution by solving
Poisson’s equation using FEA:

Vg =0
- Integrate Maxwell stress tensor over
particle surface for the force:

1
F, = ﬂ n,0(EZ =  (EZ + E} + E)) dS
S

Model system:

- Spherical dielectric particle with
uniform o positioned directly
above an asperity of a grounded
sinusoidal surface
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Roughness reduces R where electrostatics dominant
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What causes particle adhesion?

Image charge on

Charged particle conducting surface
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The grounded conductor induces charge to
balance charge from the particles. The image
charge causes an attractive electrostatic force
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What causes particle adhesion?

Polarizable Polarized image charge
charged particle on conducting surface
van der Waals  Electrostatic RN
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Image charge on conducting surface creates
higher order polarizations increasing adhesion

12



What causes particle adhesion?

van der Waals Electrostatic

e

=F, + F¢

Generally assumed van der Waals dominate

Polarizable
charged particle

e>1

Polarized image charge
on conducting surface
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Image charge on conducting surface creates
higher order polarizations increasing adhesion
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Frougn/Fsmootn: effect of roughness on adhesion

Frougn - Force due to rough surface

Fcmootn- Force due to smooth surface

If Frougn/Fsmootn > 1 roughness
enhances electrostatic adhesion

It Frougn/Fsmootn < 1 roughness
diminishes electrostatic adhesion

(@) RN RN RN
(o] o - N

Effect of roughness, F ,qn/Fsmootn
o
(00]

0.7

A/l =0.1

£=20

A =1000 nm
—u— Electrostatic

[ — — van der Waals

1072 10" 10°

R/A

10"
14



Frougn/Fsmootn: effect of roughness on adhesion

R /A determines size of particle
relative to asperities

A/A determines “pointiness”
asperities

-
N
I

RN
S
|

=
©
|

=
o

Effect of roughness, F,;,4n/Fsmootn
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R K A :roughness has no effect on F,, or F,

When R < A, the asperity
appears like a flat surface causing

Frough — Fsmooth
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Effect of roughness, F,;,4n/Fsmootn
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Roughness enhances F, when R < ~A

Charge accumulates on peaks of
the conducting surface,
amplifying polarization and
enhancing electrostatic adhesion
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Roughness diminishes F. when R > ~A

Increased interaction distance due
to roughness causes electrostatic
adhesion to be diminished

N
N
|

LN
RN
|

-
o
F

O
©
|

-
o

Effect of roughness, F,;,qn/Fsmootn

0.7 b

e =20
A =1000 nm

—a— Electrostatic

[ — — van der Waals

1072

107"

10°
R/\



Roughness diminishes F, when R > ~A
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When R > A, effect of roughness on F,, stabilizes
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Increasing amplitude amplifies effect of roughness

Larger A/A makes asperities more
“pointy”. More charge accumulates at
peaks, causing more enhancement of F..
Valleys of the surface are further from
the particle, causing greater
diminishment of F.
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Increasing amplitude amplifies effect of roughness

LAY | LY | LAY | LAY | LAY | L
0 eI E S E & 1
Lo :“".‘!‘:E S - %Wl 3
= [ NS N ]
2 NN N
Lo AN
~ A AN
5107 M\ ~
ey M
@ AN
0 RSN
i~ . " SN
o 107 F \ \ AL =0.053
2 K N T :
. o« . Y & = N —
Larger A/A diminishes the vdW force o Sx 21%00 . ™
. epe . . ’ O = nm \ -
more significantly since the interaction @ . 5| Eloctrostati NA/L = 0.1
. - r —HB— [ lectrostatic ;
distance is increased. -  _ — van der Waals S~ o
[ A/\. =0.3]
r aaanul ol ol ol pul L
107 107 10° 10 107 10°

R/A 22



Roughness diminishes vdW more than electrostatic

Roughness diminishes vdW forces
by several orders of magnitude
but scales the electrostatic force
by less than a factor of 2

Effect of roughness, F ., ,n/Fsmootn
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