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Contents for previous class
4.3 Alloy solidification

- Solidification of single-phase alloys h

- Eutectic solidification
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- Off-eutectic alloys  Primary a (coring) + eutectic lamellar

- Peritectic solidification- L + a - B, difficult to complete. #----- e
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4.4 Solidification of ingots and castings
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- Ingot structure ._uu‘wwm e
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Chill Zone, Columnar Zone, Equiaxed Zone __g‘!;lbdne

- Segregation in ingot and castings s ‘

Composition changes over distances
- Continuous casting

S e

Vertical, Curved, Horizontal contiuous casting/ Strip casting

4.6 Solidification during quenching from the melt

* T, depends on thermal history.- Kinetic nature of the glass transition

* Glass formation: Liquid stability + Formation of crystalline phase ™ BMG 5
* Are amorphous matal useful? mmp At the Cutting Edge of Metals Research



Contents In Phase Transformation
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< Phase Transformation in Solids >

1) Diffusional Transformation

2) Non-diffusional Transformation (Athermal Transformation)

From what we’ve learned, what can we say roughly
about diffusional transformation in solid?

1) Thermally-activated process: rate « exp (-AG/KT)
2) Misfit strain energy = |attice distortion

3) Kinetic path for low nucleation barrier
— coherent or semi-coherent interfaces
— heterogeneous nucleation

4) Local equilibrium for incoherent (rough) interfaces
— diffusion-controlled growth



5. Diffusion Transformations in solid

(a) Precipitation

a—>a+f

A () 2

Homogeneous Nucleation Heterogeneous Nucleation

AG :'_VAGV—FA?/ +VAGS EAGhet = _V(AGV _AGs)+A7/_AGd§

--------------------------------------------------------------

(b) Eutectoid Transformation

Composition of product phases
differs from that of a parent phase.
— long-range diffusion

Which transformation proceeds
by short-range diffusion?




5. Diffusion Transformations in solid

(c) Order-Disorder l
Transformation . a |

a—>ao

(d) Massive Transformation (e) Polymorphic
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Homogeneous Nucleation in Solids

Free Energy Change Associated with the Nucleation

Negative and Positive Contributions to AG?

1) Volume Free Energy —VAGV

2) Interface Energy L Ay

3) Misfit Strain Energy : gVAGS

for Sphe2cal nucleation Plot of AG vs 1?
AG = —gyzrs(AGV —~AGy) +4rr?y r* = ?
AG* = ?



Homogeneous Nucleation in Solids
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: driving fairce for nucleation
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~VAGy
Fig. 5.2 The variation of AG with r for a homogeneous nucleus. 8

There is a activation energy barrier AG*.



Homogeneous Nucleation in Solids
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Concentration of Critical Size Nucleil : SHIH=T A 27|18 Z

C* = CO exp(—AG *[KT) Co : number of atoms

per unit volume in the phase

Nucleation Rate
: ZtZto| afio| k| A|Zteh fo| HIE 2 AA|Z 7| ZF BCt HZICHH,

N, =fC* f = wexp(-AG, /KT)

f= Alo] Lot} RIS B a2 2 E HXE SESEHE7H0 mat Hots g

@ oc Vibration frequency, area of critical nucleus

AG,, : activation energy for atomic migration
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G = i AG* < AG,, 3tetx 753)
B{AG\, ~AG.)’
| ax>a+f
A ¢
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(H)
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A 3 X, - X7

1) For X,, solution treatment at T,

2) For X,, quenching down to T,

Liquid - Solid o — o + B B AME0| D}E3}E|0] B A M=

AGy (2t &)= Z=doil w2t = 1o



Total Free Energy Decrease per Mole of Nuclei
: HENE I8t HA 4524/%**

Driving Force for Precipitate Nucleation

AG, = i X5+ g X§

%ol MAHE
oint)

EHo
AG, = uy X3+ g X

: SHo| ZM(X P 2= &
cho| 2ct XI2E

AG, = AVG” per unit volume of 3

m  : driving force for nucleation
For dilute solutions,
AG\, o« AX where AX =X, = X,

drlvmg force for nucleation
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Rate of Homogeneous Nucleation Varies with Undercooling
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The Effect of AT on AG*, ., & AG*

hom

Plot AG*,,, & AG*, Vs AT

* and N vs AT.
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Fig. 4.9 (a) Variation of AG* with undercooling (AT) for homogeneous and heterogeneous nucleation.

(b) The corresponding nucleation rates assuming the same critical value of AG* 13



Rate of Homogeneous Nucleation Varies with Undercooling
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Homogeneous Nucleation in Solids

The Effect of Alloy Composition on the Nucleation Rate

Compare the two plots of T vs N(1) and T vs N(2).

0 @_ 0 x; 0 N

Fig. 5.5 The effect of alloy composition on the nucleation rate. The nucleation
rate 1n alloy 2 1s always less than 1n alloy 1.
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Heterogeneous Nucleation in Solids
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Nucleation on Grain Boundaries  ojzof siaiAio| 2lofat mj ol A0 A] SHA44d0| 37|
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Barrier of Heterogeneous Nucleation

AG, . = VSAG, + Ay 75 + Asu¥sm — Asm¥w Ysi
Liquid
AG* — 16 77y3, S (0) = 16773, (2- 3cos @+ cos’ 6) a
- 3AG\3 ) 3A62 4 // /(/// 7///gou1d/
Yom :

AG =S(OAG.. ._ 27s . _ 16775
......... het()hom = "=, & AGT=rG SO
. \ 2 —3c0sé +cos® @
m AC;sub - AGhomo [ 4 ]
B V, 2—-3cosf+cos” 0 ~5(9)



Heterogeneous Nucleation in Solids

How can V* and AG* be reduced even further?

— By nucleation on a grain edge or a grain corner.

Fig. 5.7 Critical nucleus shape  Fig. 5.8 Critical nucleus shape
for nucleation on a grain edge. for nucleation on a grain corner.
18



Heterogeneous Nucleation in Solids

Compare the plots of AG., /AG, vscosé for grain boundaries,
edges and corners

S(6) = aGhet 10
ﬂG hom 08

Activation Energy Barrier

06 Grain boundaries
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0 0-25 0*5 0-?5 10
Cos 6

Fig. 5.9 The effect of & on the activation energy for grain boundary nucleation

relative to homogeneous nucleation. (After JJW. Cahn, Acta Metallurgica 4
(1956) 449.)




Heterogeneous Nucleation in Solids

High-angle grain boundaries are particularly effective
nucleation sites for incoherent precipitates with high vy,.

If the matrix and precipitate make a coherent interface,
V*and AG* can be further reduced.

< Nucleus with Coherent Interface >

Coherent

a o
Incoherent

Fig. 5.10 The critical nucleus size can be reduced even further by forming a
low-energy coherent interface with one grain.
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Heterogeneous Nucleation in Solids
Rate of Heterogeneous Nucleation

Decreasing order of AG*(Activation Energy Barrier for nucleation)
: Ol 2 25 /o] Ea| Yoftrt.

1) homogeneous sites

2) vacancies

3) dislocations

4) stacking faults

5) grain boundaries and interphase boundaries
6) free surfaces

*

N, = ax@)exp(— Akimjexp(— Ak?_ j nuclei m>s™

C, : concentration of heterogeneous nucleation sites per unit volume
= AG AG*
Npom = @Colexp| ——— |exp| —
hom C(Q\O/ p( kT j p(

KT
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Heterogeneous Nucleation in Solids

The Rate of Heterogeneous Nucleation during Precipitation
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C,/C, for GB nucleation?

C, J(GB thickness) C, & iy
C, D(grain size) C_o D




Heterogeneous Nucleation in Solids

2
C, o) . .
— = (—] — for nucleation on grain edge
C, D

3
C, o) . . *
—= — (—j — for nucleation on grain corner v
C, D

C,/C, for Various Heterogeneous Nucleation Sites

Grain boundary Grain edge Grain corner Dislocations Excess vacancies
D = 50 um D = 50 pm D = 50 pm 10° mm™? 10* mm ™2 X, = 107"
1073 1071 10~ 107% 107> 107°

= Y 0| dT{Ho = 2MHX[ZH % MollM Fl2f exp 22| Feho| #{2| HELC} & F X O &



Heterogeneous Nucleation in Solids

In order to make nucleation occur exclusively
on the grain corner, how should the alloy be cooled?

1) At small driving forces (AG,), when activation energy
barriers for nucleation are high, the highest nucleation
rates will be produced by grain-corner nucleation.

2) Grain edge or Grain boundary

3) At very high cooling rate?

At very high driving forces it may be possible for
the (C,/C,) term to dominate and then homogeneous

nucleation provides the highest nucleation rates.

24
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