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Solidification

- Casting
- Single crystal growth
- Directional solidification

- Rapid solidification
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4.1 Nucleation in Pure Metals

T,:6 =Gg
Undercool ( supercool ) for nucleation : 250K ~ 1K

Homogeneous nucleation, Heterogeneous nucleation.

4.1.1 Homogeneous Nucleation
¢ Driving force for solidification

(Ch.1.2.3) i
Gy
GL=HL—TSt L AG:"TA—T
GS = HS - TSS B
L:AH=H--HS
(Latent Heat)
T=T,-AT
7*
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4.1 Nucleation in Pure Metals

Liquid
Liquid
olid
a b
G1 = (Vs +V|_)G\I/_ G, :VSG\? +V|_G\I/_ + A7

Gy, G, : free energies per unit volume

AG =G, -G, =V (G, -Gy) + Ay 7y
\_Y_)

for spherical nuclei (isotropic) of radius : r AG = L_I_AT >0
G _ 4 3 4 2
A r= 5 r AGV + v VsL
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4.1 Nucleation in Pure Metals

AG‘
interfacial
energy ccr?
AG*
0]
T :
Volume 5
free energy ccr-AT

F = 275 _ [27/8Lij
AG, L

* _

AT

AG::—gﬂﬁAq,+zmﬁy&

r

r<r* . unstable
(lower free E by reduce size)
r>r*: Stable
(lower free E by increase size )
r= : critical nucleus size

*, AG| as AT?
1

- 3(AG,)?
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4.1 Nucleation in Pure Metals

% Also from Gibbs-Thompson Eq. (Eq1.58)

v r* : the radius of the solid sphere that is in (unstable) equilibrium
with surrounding liquid.

v Solid sphere and liquid have the same energy.

2
2YVm / mol or il / unit volume
r r
2
AGy = 2S¢ e 2YsL

r* —

~ AGy
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4.1 Nucleation (Atomistic View)

“ Formation of atomic cluster
v" Liquid 2~4% larger volume than solid.

v Instantaneously form many close-packed cluster of atoms
(same crystalline array of solid).

% The average # of clusters of radius r

n=n exp( rj
r 0 B
R

n, - total # of atoms.
AG, . excess free energy associated w/ the cluster (Eq. 4.4)

v' T >T,_ :holds for all value of r
T<T, :r=sr

v' n.exponentially decrease Wit Increase rapidly with r

—1
H

kot
P

5| ZEA

H=Ne)
=1 (|

v 70| HX|H clusterE At
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4.1 Nucleation (Atomistic View)

<« Example  1mm3ofcu n,:~10% atoms

at T, 0.3nm clusters (~10 atoms ) ~ 10%* clusters.

0.6nm clusters (~60 atoms) ~ 10 clusters

(cluster®| ==& size0f| O % sensitive)

practically, maximum cluster size r, . (~100 atoms)

max

/ Under cooling
AT =T, —T
r = 275 _ 279 Tn | 1
AG, L, AT

AT7t S71oHH &

ATy: homogeneous nucleationO| 1™ 2 £ 7153t supercooling temperature
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4.1.2 Homogeneous Nucleation Rate

*

C"=C,exp(— AG_FO”‘

K C* : # of clusters with size of C* ( critical size )

C, : atoms/unit volume

clusters/ms3

Addition of one more atom to each cluster will convert to stable nuclel

*

AG .
N, = f,C, exp(——2m) nuclei / m3-s
KT
f,: frequency « (vibrational freq.), (E, of diff. in liquid), (surface area of C*)
~ 101
" fo
hom ( T)
167yg, Tp?
where 4 — —1¥sL Im «— Relatively insensitive to temperature
3L, %kT
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4.1.2 Homogeneous Nucleation Rate

)
A
N, =~ f,C exp{-
G hom 0o p{ (AT)Z}
1
exp(AT2 | o |
Explosion’ of nuclei
e o 3

ATy ~ 0.2 T,, (i.e., ~200K) for most metals
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4.1.3 Heterogeneous Nucleation

AG* 167y, T.2) 1 Nucleation becomes easy if
R (AT )? 7. | by forming nucleus from mould wall

Liquid
Yu . 80 ll :
WSS R TR T e
(\( r Mould
SM

ML = 7sL COSQ+7/SM - C0SO =Y. —Vsm ) 7sL

AG,, = -VAG, + Ay 7 + Ay (Ysm — 7w )

AG,, = {—%nr?’AG\, + 4ar’ ySL} S(0)

where  S() = (2+ cosd) (1— cos ) /4 (S<1)
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4.1.3 Heterogeneous Nucleation . ¥

! =}
o
|
4o 2 16773
r* = A and AG*:—yzLS(e)
AG, 3AG;
a6 her
AGhet AGhet = 5(0) AG'hom
T —E
r* r
AGhet
aG hom
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4.1.3 Heterogeneous Nucleation

% The effect of AT on AG,,,” & AG,,,,"

A *
‘ ¥ : KT
»* ‘\ A G hom
AG \
\ .
y . Cfiritic(:joltvatlugl n =: the number of nuclei,
\AGhet e n, : atoms in contact with the mold wall
B _\L e S . e e
i |
(@ O E B .. T "
) | | o AG,
| | Nt = 1,Coexp | — -
| ' kT
N U Nhet E Nhom
| :
: I
| ; f,: frequency factor
(b) 0 ' = C,: # of atoms in contact with hetero
AT nucleation sites/unit vol. of liquid
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4.1.3 Heterogeneous Nucleation

Y mould wallO| microscopically flatStX| 2£CHH cracks crevices

*» Nucleation inside crevices

1. .
Critical radius ¢ ?
for solid*

vV * : volume of critical nucleus

(cap or sphere)
(a) (b)

Wetting angleO| 3 & 2t= nucleationO| 7t & == AL}
(A 2{Lt crack®| YT+ critical radius £ CF 7{0F &)
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4.1.4 Nucleation of Melting

VsL T Vv <7Vsv (commonly)

BN © 2 wetting angle (9)=0 — No superheating required!

Solid metal closeto T,

liquid/vapor + solid/vapor + solid/liquid
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