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Good old Wetting

x Surface energies, need: Y Ysi Yis

% Contact angle g




Background: Walls in Pk




Solder Joints

| -
“Surface Mount - Gull Wing”

“Through Hole” “Surface Mount - Leadless”
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Reactive Wetting

A’/C‘L

ert Wetting

Line images from Yin |ﬂ
and Murray, Journal of
Physics: Condensed
Matter, 2009

————— Y

——— — — —— — — — — — - R —— - . —— — — —

7sr\1)  product

Dissolutive and compound-forming wetting
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VLS Growth (NWU Collab)

, Nanowirephotonics.com
Science 5/4/07

Kodambaka et al.




| |
Observations o

x Most of the spreading happened
N <1 ms

x Prior efforts looked at diffusion
controlled growth with
hydrodynamics slaved to the 1J
motion

» \What is the proper description of |99
the system state after 5 sec?
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Experimental Variations

Bi-Sn Solder, Sn rich

Bi substrate

L7 ol T
e T
—
- ’ - Py .
po = » . -
S - v’ e - PR RS

Warren et al. Saiz and Tomsia
Slow - lower temperature Fast - higher temperature
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Ridging Effects

Surface must be flat for fast spreading

Our model may help to understand this
phenomenon in the future, but requires
a really large simulation

Ridge retards spreading

Chatain and Carter, Nature

Materials 2004
NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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Viscous Dissipation
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0.056

Lubrication approximation,
Warren et al. (®)

Small viscous drops using
phase field method,
Villanueva et al.

$. = R/J’ — 1 % 10_68 Cannot be correct timescale
E y - for mm sized drops
NIST , _
B What about inertial effects?

U.S. Department of Commerce
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¢s +§bl +¢v =1
¢87¢l7uiap

R=1x10"%m
0=1x%x10""m

viscous, three phase fields

Inertial, 1 phase field
s, Wiy P
R=1x10"%m
6=1x10""m

NIST

National Institute of
Standards and Technology

U.S. Department of Commerce

2 Approaches

» Use the phase field method

* No special algorithms

e Fundamental

« Based on thermo (not ad-hoc)
* NAano? -- MICro -- macro?

iIncompressible, pure phase field
Villanueva

compressible, van der Waals + phase field

Wheeler

Thursday, October 28, 2010



NIST

National Institute of
Standards and Technology

U.S. Department of Commerce

Outline

* Motivation and Introduction

* Phase Field Method intro/Fundamentals
* Thermodynamic derivation

* Numerical approach (FiPy digression)

* Results

 Conclusions

Thursday, October 28, 2010



LIQUID

Phase Field Method

Derive from fundamental thermodynamics

Step 1: write down the free energy

(1—-p(9)) +Wg(9)

Step 2: wrlte down the functlonal

Toas — T
f(6,T) = L=
F = ,
/V £6.1)+
Step 3: minimize F
O SF
ot = s

—0

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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dVv
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0.06

g(0)

0
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Write down the laws of nature

® \\Iass is conserved
Dp _ Dp;
Dt Dt
e NMomentum is conserved
Dv

A

e Energy is conserved
D
Dt
e Entropy is maximized (locally in a continuum
sense with appropriate fluxes)

NEED TO ENSURE-ENTROPY PRODUCTION IS POSITIVE BY
POSTULATING CONSTITUTIVE LAWS FOR THE STRESS
AND FLUXES

—pV -V iy O VA itk I VA It

FuV v+ Vi dy=0: Vv
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Assume a non- [avee
classical entropy
oI’

NC SHE 2 i
S = 5y Oy 07) 9 [Ecbr (Vo) + €[Vpi] } &= 5v_¢

SOLID = FEUID: PHASEFIEEDNVVHERETHE FEUID - CAN UNDERGO
A EIQUIDVAPORERANSHHON(VANEDER VWAALS)

BE I /]Z e siess | D¢5S
R Je-VT—JZ-V<T) Ll U

T Dt 66




Turn the Crank Dynamics

T D¢5S
— Bt
Dy 55 55 Os
— NC
ﬁ _:uz'_,un s 2
(T) S X Ot e YO

Jikn == MGN G €NV p; F €,V P

Still need s(, p) S = Ve




Last Termn 7:Vv

— 1 ¢
T 6 P —Te; (piv2pq; 2|sz°lz) —T%ﬁlvqb‘z 1

+ 1T,V p;  NVpi+LegNVNOR Vo,

Non-Classical

£t T 2 . Newtonian
T = (Vv + (Vv) )+(K 3M>IV \ el
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Outline

* Motivation and introduction

* Phase field method intro

* Thermodynamics (local)

* Numerical approach (FiPy digression)
* Results

 Conclusions
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Reactive Wetting — More Complicated

Interpolation between solid and fluid phases PV = nRT
f(d,p1,p2) = (1 —=p(0) [T (pr.p2) + 1 () £ (p1,p2) + Wy (9) Ideal gas law

. \.
Use van der Waals model for fluid-phase (P=

[
o [/)1 Inp; + p2lnpo — e A

fL_
Common tangent J
construction for pure :

system :
National Institute of f Vi :
Standards and Technology V [
U.S. Department of Commerce p p
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Reactive Wetting — More Complicated

Interpolation between solid and fluid phases
f(d,p1.p2) = (1= p(0) 7 (p1,p2) + 2 () [ (p1,p2) + Wy (o)

Solid free energy

; Bm PUs \ 2
S | s
I m ! (prInpy+p2lnpz = plnp) pv? m / T~ PV, =2Bn V.

s . olmplest equation
YA of state

Common tangent
construction for pure
system

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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Derivation

Interpolation between solid and fluid phases
f(d,p1.p2) = (1= p(0) 7 (p1,p2) + 2 () [ (p1,p2) + Wy (o)

Solid free energy

' A A T Bm V. 2

S 121 202 PVs

- . y 1 1 - 1 1_ _
o)  P1Inet palnpa = plng) pV( )‘\ PV, = 2Bn>*

Qimplqu equa ion
of state

F S
It

Common tangent
construction for pure
system

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce
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Reactive Wetting - Functional

—

F:/V f(¢,,01,,02) |

Turn the crank

mass phase field
%’;"'+v-(apz) -V - J; Dé My dF
} 1 — fao Dt T §¢
Ji=—Jy=—-MV 7
- OF
Hi =5
momentum
0 (pu;
(8t ) + 05 (puiuj) = 05 (n[Oiu; + Oiu;]) — pOip; — z¢—¢
NI

U.S. Department of Commerce
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Time Scales

Time scale Symbol  Expression Value (s)
instantaneous convection ¢ Ry /U™ :
convection t, Ro/U 1.97x107%
viscous ty p; M RE i 3.68x107°
inertial ti Vo R [ | 1.97x1078
phase field L 0% /ey M, 1.0x10~?
perceptible diffusion Laie 5 4K 2D f 7 69x 104
bulk diffusion ta R5/Dy 1.04x1073
solid deformation ts 0Ns /Yiw .05x 1072
capillary te nfRo/Viw 05x 1010
? 29

interface equilibration

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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So Now we have Eguations

»x Just solve them!

Dp;
» \What does that mean’ D[; VeV
x - D
The Usual scheme: p—b—‘if" i
x Variables on LHS
» Finite Difference e Mg, i
Dt 0Dk,

x |terate

x All of these choices have conseguences (poor
convergence, instabllity, etc.)

Thursday, October 28, 2010



Solve Them!

' THIS IS FAR EASIER SAID THAN DONE!! .

x [he equations formulated/chosen might be a “bad”
choice

x Finite differencing-=-sStability: Einite: Difference turns
equations PDES Into AX=D

a¢ : ¢n—|—1_¢n
R

— RHS(d . ¢, .00

x Choice of backwards/forwards is about stability

x Usual Scheme will yield a number of matrix equations

Dp; N N N T
x \Vhat order do | solve them in”? e e

B S Dt
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Outline

* Motivation and Introduction

* Phase Field Method

* Thermodynamic derivation

* Numerical approach (FiPy digression)
* Results

 Conclusions
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Numerical Approach

Segregated picard iterations
0 0

90 4 0 0 0 0

ot T u 0
( 0 4. 0 0 0 0 0 \( ; \ [ 0 \

0 0 5 + 0 0 0 0 n 0

0 0 0 R 0 0 0 p | =1 0

0 0 0 0 1 0 0 I 1

0 0 0 0 0 1 0 H o

\ 0 0 0 0 0 o 2+.)\¢ /) 0
. FiPy

The segregated solver did not work for low
viscosities and binary materials (worked for pure
materials) The Trifinos Project

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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Numerical Approach

Fully coupled picard iterations

d ._ .

( (—)€ + .e ) O 0 0 /)l(),l' /)'._’().1' 0 \ / U \ ( 0 \
0 e 0 0 P10y p20y 0 v 0
0 0 Lo 0 —0;520; 9,240, 0 Py 0
0 0 0 2+ ... ;20 9; 30, 0 , | = 0
0 0 s +ald; =5 1 0 0 i1 I
0 0 ~5pr  ~op teld 0 1 0 5] U0

\ 0 0 0 0 0 0 2+. )\ ¢ !

<

 FiPy is the frontend FiPy
* Using Trilinos solvers and preconditioners as the backend
* FiPy is modified for both coupled and parallel solutions The Trilinos (Project
e Limited by CFL condition (not speed of sound)

* Worked with Aaron Lott (UMD) on optimizing Trilinos precondtioners

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce
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Numerical Approach

Fully coupled picard iterations

( % 4. 0 0
0 Z+. 0
0 0 o+ ..
0 0 0
r')t; 7102
0 0 %/)1 { € 1'0;
0 0 - e
P
\ 0 0 0

P10y P20
P10, P20y,
~0;%9;  9;%0;
U,/'%/")./ ~0;79;
1 0
0 |
0 0 o

() (0

v 0
P1 0
p2 | = 0
1 I

4+ o ocoococo o

2 H2 )

\ o /) \ 0

<

FiPy

The Trilinos Project
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Parasitic Currents

momentum conserving

0 (gfi) - 0; (puiuj) = 05 (0 [Oiu; + Oiu;l) — 0P + éTpkaiC’?J?pk

P=pijp; — f

. = pi, — €705 py,

J (pu;
Ui) 4 0, (pusus) = 05 (1 [Osus + Bius) —|prapu

energy conserving

I { . : <O '-'{lll‘-'llj'
1077} b .
Ly |
Ry |
w107 -Q".R%};r x m’ _
4 )
et
: ™ |
Y _
fic ]
SSrﬁ\\ > 4‘.;
107 s .
me (s) x 10"
National Insfitute of Jamet et al., JCP, 2002
Standards and Technology

U.S. Department of Commerce
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In [1]: from fipy import *
+2.776e~2
In [2]: m = 6rid2D(nx = 100, ny = 100, dx=0.01, dy=0.01)
In [3]: X, y = m.getCellCenters()
In [4]: v = Cellvariable(mesh=m, value=x * y * (1 - x) * (1 - y))
In [5]: vi = Viewer(v)
In [6]: e = TransientTerm() == DiffusionTerm()
In [7]: e.solve(v)
In [8]: vi.plot()
In [9]: e.solve(v)

In [10]: vi.plot()

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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* Open source
* Python

* Finite volume

Posting rate in gmane.comp. python fipy

01.01.09

0L0L07 010108

0L

113 mailing list members

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

RAPy-2 0.2 tar

FPy-2 0.2 min32. 2¢

APy-2.0.tar gz

APy-2 0. win32 np

PYWTK-0.4.74. win32. ex

fipy-1.1 df

fipy+l.2 2 pt

fipy-1.2.3.p

fipy-1.23p

fipy-1.2 3.9

fipy-1.2 pdf

fipy-2.0.pd

Downloads

Wz

5854

Image from
Computational
Methods for
Fluid Dynamics
by J. H. Ferziger
and M. Peric

&
Lo

\
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x  Motivation and Introduction
x Phase Fleld Method
x [hermodynamic derivation

x  Numerical approach (FIPy digression)

x  Conclusions
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Too Viscous Liguid (Less physical)

r=13x10"" (g)




Nearlv Inviscid Liguid (physical)




Nearlv Inviscid Liguid (physical)

Note Oscillations!




Oscillations

R} R
t = Pito tc=u
v Y

Oh = t./t;

Ohnesorge number

1.6
1.4}
1.2
1.0}
r/Ro
0.8
0.6 — Oh=57x10"3]
0.4} — Oh=5.7x10"2]|
Oh=5.7x10"!
02 -~ e aan) —— el " 1’, PP
02 10 10° 10! 10? 103
l‘/t,'
Ding & Spelt, ¢ o4\ |
JFM, 2007 E\ N
NIST
National Institute of R T RN TR
Standards and Technology 0 " v R 0 77 VIGR « ¥ TR % B I '

U.S. Department of Commerce

Schiaffino & Sonin,
POF 1997
Water on glass

0.0l <Oh<1
transition
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Spreading Rate

— Oh=5.7x10"
— Oh=57x10"°
Oh=57x10"
— E)ing and Spelt, Oh = 7.1 x 103 Biance et al.,
A PRE 2004
N water on glass
” \ r2(t) t
N —
R3
102
10—3 u | | \ || h A
10! 10° 10! 102
'/t Hocking & Davis, JEM 2002
monoto_nic dimensionless
HSEEEBEINE slip-length - itfi;se interface
\ | __—width
UpRy %)
NISI- Re* = > R'eocsillatory A= R_
?t::::or:i:n:m:fmlogy 77 0

U.S. Department of Commerce
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Contact Angle

Oh=5.7x10""
Ding and Spelt, Oh = 7.1 x 103

TIME

Hoffman-Voinov-Tanner

law
U
Ca* = =L~ 63— 63,
fy
not valid for inertial
systems

Hocking & Davis, JFM 2002

For sufficiently high Reynolds there is no
simple relation connecting the dynamic
contact angle and contact-line speed.

0
10 ©

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce

105 104 103 10

Ca”

2
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Au-Ni, Cu-Mo experiments

- simulation
e ¢ Au-Ni
= sCu-Mo

Saiz and Tomsia,
Nature Materials 2004

Thursday, October 28, 2010



Concentration Effects

| — séturated
1.5 — dilute

r/ Ry
O . 5 I d % L+V \Y
/y“ 104 103 )
m/p (m?/ mol)
' ‘ ——saturated ’
10° 10° 107
t/tl dilute

Time scale Symbol Expression Value (s)
NIST inertial t; Vo R0§ /Yiw | 1.97x1078
National Institute of oay perceptible dissolution  {qig 6% /AK?*Dy 7.69x10~4

U.S. Department of Commerce
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Spreading Coefficient
SO (1) = 75" — (5 + 5 cos 6 (1))

70 = [ 6TV + e TIV00 F] @

eq

Yt —00)  S(t) =Fsw () = Vst (t) + Yo () cos 0 ())

\2
|I

Vapor

NIST

National Institute of
Standards nd Tochnology
U.S. Department of Com
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Spreading Coefficient

— séturated
1.5 — dilute

S (t) = Yso (t) — (Fs1 () + Fiw (t) cos O (1))
579 (1) = 253" — (45 4 75 cos) ()

102 100 102
t/t

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce
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Spreading Coefficient

1.5 :gﬁltjl:;ated [\N/ ‘ g (t) = Aso (t) — (st (t) 4+ 1o (t) cos b (1))

gea (t) Yoo = (Ve Y cosO (1))

qu

e
lv

Y/

I
Y

— Y= Yo, SAWUMALEd = - Y=Y, dilute Y=y

— Y=Y Salurated o - Y=y, dilute y=7r"

— Y=Y, SalUTAtEd = - ¥ =7, dilute y
Y="n Y=n.dlue y =y

10° 100 102
t/t

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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Spreading Coefficient

1.5 :(sjﬁltjl:;ated [\ N/ ‘ g (t) = Yso (t) — (Ys1 () + Y10 (t) cos O (t))

gea (t) Yoo = (Ve Y cosO (1))

-1 2 0.6
g - -+ §=5° saturated
' a~
— b 0.5!%, — 5= 5, saturated
I § ~\‘ -« §= 5% dilute
l el —  §=5, dilute
0.4 VTt i
--------------- -~ St mm-y
1 | aazaasy T —
=8
— 7= Yo, SAlUTAlEd - u%
— Y= }.Q\., saturated - V)

100

NIST

National Institute of —0.2 ~1 0 1 2
Standards and Technology 10 10 10 10
U.S. Department of Commerce t / ti
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Cu-Si experiments

- simulation (saturated)
- Simulation (dilute)

= = Cu-Si (saturated)
—— Cu-Si (pure)

10~ 10! 103
t/t,'

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

Fig. 2 Cross section of a Cw/Si sample cooled to room temperature
from 1100 °C at r > 1 (SEM). The dashed line indicates the imtial
position of the substrate surface

Protsenko et al., JMS, 2008

Oscillations!!!
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Cu-Si experiments

‘
~—

=
-
N

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

- simulation (saturated)
- Simulation (dilute)
= = Cu-Si (saturated)

Fig. 2 Cross section of a Cw/Si sample cooled to room temperature
from 1100 °C at r > 1 (SEM). The dashed line indicates the imtial
position of the substrate surface

Protsenko et al., JMS, 2008

Table 1 Spreading regimes in Cu/Si system at 1100 °C

Type of spreading

Spreading Contact

tume (ms) angle (deg)
Non-reacuve 4-8 g3 =3
Reacuve: towards interfacial equilibrium 30-50 D

Reacuve: towards total equilibrium

10002000 T

(g

* Visible contact angle

Thursday, October 28, 2010



Dissipation Mechanism

‘)

M ‘ w2 My [(OFf o5\ .V
: _ a9 (., NC _ NCY)2 ¢ [ Y. a2
SPROD — TQ (()j (,u,l — Mo )) -+ T2 % — ((.)/ ().j QP -+ ﬁ ((%uk -+ 8kuz) Bz-uk
L. ~ - “ i YV —/_'
diffusion solid-fluid nhase chanee viscous
30 | T T T I
251 .
2.0F |
— 15} :
=
=
= 1.0F .
05F .
_0.5 | I | | |
-2 — | 0 I 2
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Outline

* Motivation and Introduction
* Thermodynamic derivation

* Numerical approach

* Results

e Conclusions
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Conclusions

* The dissipation mechanism is caused by “triple-line friction” when spreading is
inertial.

* The dissipation mechanism is related to interface equilibration after inertial
spreading.

* Larger drops, thinner interface, more physical

* Reactive wetting examples available soon with FiPy

Modeling the early stages of reactive wetting,
Daniel Wheeler, James A. Warren and William .
Boettinger,

PRE (accepted for publication) 2010
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