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/.) INTRODUCTION

® Solidification is a First Order Phase Transition
with a Discontinuity in the Density
® Melt can be undercooled below
Melting Temperature 7,
® Crystalline Phase is formed via
Nucleation Process
® Nuclei must overcome Nucleation Barrier
due to Interface Tension

1.1) Homogeneous Nucleation

Gibb’s Free Enthalpy G, of a droplet with Volume V
and Surface A:

Gy = —jdVAG + fdfo—
v A

AG: Difference in Gibb’s free molar enthalpies of
liquid and solid phase
g: Interface Tension between Solid and Liquid

Spherical Droplets, Radius r:

Gy = ~AGTF + gdnr
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40mogeneous Nucleation (cont’d)

Nucleation Barrier, Critical Nucleus

On the average, droplets with

r < r: shrink
r > r grow

Critical Nucleus:

r = r* = 20
AG
Activation Barrier:
3
* * 16n o
G = Gd(r ) = e —
3 AG?
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Homogeneous Nucleation (cont’'d)

Nucleation Barrier, Critical Nucleus:
Temperature Dependence
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Undercooling: AT

(1357 K}

AG (AT) = AS(0) AT

o{AT) = ¢(0)
Hence,
. 20(0) 1
rAT) = xs@) AT
. 16 (©(0)° 1
G (AT) =
A7 3 (as©)? (an?
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1.2) Heterogeneous Nucleation

* Homogeneous Nucleation is intrinsic process and
always present

e Heterogeneous Nucleation occurs if impurities exist in
the melt or at its surface

¢ Heterogeneous Nucleation has lower
nucleation barrier, if nucleus wets impurity

Spherical Cap Model

Crystal

S Liguid - G
S
{

Force Balance: ¢, = 6. + cos 3 g,

Gibb’s Energy of Cap:

GHet == —J dVAG + J dfO'lc + J df (GCS — JIS)
base

cap cap
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Heterogeneous Nucleation (cont’d)

Ghet = GHom f3)

f9) = —1—(2——3c059+ cos® )
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= For complete wetting (3 = 0),
there is no nucleation barrier

= For complete non-wetting (3 = =),
there is no barrier reduction: G,.;: = Ghom

= Generally:

* _ * _ 20-
Met = Mom ~ AG

Glet = GHomf(‘g) < Ghom
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2. NUCLEATION KINETICS

In Undercooling and Solidification Experiments,
two quantities are of central importance:

® The Cluster Distribution N(n)
® The Nucleation Rate /

The latter determines the Kinetics of Nucleation.

2.1} The Volmer - Weber - Theory

Equilibrium Cluster Distribution:

N N E(n)

(n) ~Nyexp( ——=)

E(n) = —AGV,n + o (4n)'*@3v,)??n??
=limNn) = oo for AG>0

n—oo

= In equilibrium, only the infinite cluster, i.e. the solidified
crystal exists.

= Consider only clusters with n <n’

E *
N(n) = {Niexp(- k(:)) n=n

0 h>n
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Amer—Weber—Theory (cont’d)

Cluster Distribution Function

Nn
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Volmer-Weber-Theory (cont’'d)

The Nucleation Rate

Addition of one atom to a critical nucleus gives rise to
nucleation

= | = 4n(r*D(T)N(n)
D(T) = atomic diffusion constant

The diffusion constant may be replaced by the viscosity ,
using the Einstein relation:

kT 1

D(T) = e

Heterogeneous Nucleation:

. E(n’) f(9
Nn') = Nygexp(— 2L
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Volmer-Weber-Theory (cont’d)

Temperature Dependence

3
N(n ) = Nyexp _127: 62 L 5
AS® KT (T~ T)

= Number of critical nuclei vanishes for T = 0, T = Tu

= Number of critical nuclei has a maximum for7 = T,/ 3

0 e~ No AG*/RT —=

With D(T) = D, e **’, the maximum is shifted to higher
temperatures:

0 Vs K em BaaGTHQURT o
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2.2) Nucleation as Chemical Reaction

Consider cluster of n atoms as chemical species A,
+

kn—1
A1 t An—-1 <. An
kn
Rate Constants
ka1 E(n) — E(n — 1)
P e"p{_ KT }
Reaction Fluxes
Jy = k:—1 Ch—1 — kr;- Cn
Rate Equations
dc::tn = Jdy — Jn41

The Nucleation Kinetics are known, once these equations,
subject to appropriate boundary conditions, are solved.

Ao
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Nucleation as Chemical Reaction (cont’d)

The Equilibrium Solution

A dc,
Equmbnum:w =0 and J, =0
+
k,_
= Nn) = /=L Nn-1)
I
n -1 +
- M) = ] Em
k;

i=1

exp{ -—%}M

Truncating the reaction chain at n=n’
< ki =0 Vn>n+1
one obtains:

E(n)
+
F= kN exP{_ KT }

i.e. the Volmer-Weber result.
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/Nucleation as Chemical Reaction (cont’d)
The Steady State Solution

In the steady state,
dc,
dt

J, is the net flux through all reactions and therefore:

= 0 however J=Jdyyy =4 #F0

The steady state concentrations c, can be obtained by
using the equlibrium solutions N(n) to eliminate k-

JO _ En—1 En
KT Nn—=1  \ Nn—=1) N

n

Boundary Conditions:

Pt

& =N, and Gy =0 M>n

Summing from 1 to M:
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Nucleation as Chemical Reaction (cont’d)

The Steady State Solution (cont’d)

The sum can be evaluated making following approxi-
mations:

1. Expand N(i) around its minimum at i=n" to second
order

Replace k" by k*
Replace sum by integral

2

3

4. Extend limits of integration to + oo
—3

. E(n)
Jo = 1 = Z k- Ny exps — KT

Z is the so-called Zeldovich-Factor:

J+oo { E"(n’) xz} AGV,
Z = dx expi ————— > = E—

kT 6nkTn

—Go

Above result has been first obtained by Becker and Doring,
and later by Zeldovich and Frenkel.
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Nucleation as Chemical Reaction {(cont’d)

The Steady State Solution (cont’d)

As compared with the Volmer-Weber Theory,
the nucleation rate is. reduced by the Zeldovich factor.

Reason:
Postcritical nuclei with n > n" are allowed to decay

Once J; is known, the cluster distribution ¢, can be calcu-
lated.

Ny

Volmer, Weber

Becker, Doring
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3.) CONCLUSION

3.1) Summary

e Classical Nucleation Theory can be extended to include

— binary alloys
— non steady state solutions (time lag)
— non spherical nuclei (anisotropy)

e Classical Nucleation Theory is

— a mean value theory (no fluctuations)
— a macroscopic theory (use of o)
— an isothermal theory (T =const)

oy S—
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