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4.4 Solidification of Ingots and Castings

a lump of metal, usually an object or piece of machinery which
h d lik b ’ K has been made by pouring a liquid
=shaped ke a brick. such as hot metal into a container

Later to be worked, e.g. by rolling, Permitted to regain their shape afterwards,
extrusion or forging>> blank (smai) ©OF reshaped by ‘machining

Ingot Structure

- outer Chill zone
: equiaxed crystals

- Columnar zone
: elongated or column-like grains

Mushy zone (or pasty zone)
depends on temp. gradient and non-equil.
Freezing range of the alloy

- central Equiaxed zone



1) Segregation: undesiable ~ deleterious effects on mechanical properties
— subsequent homogenization heat treatment, but diffusion in the solid far to slow

— good control of the solidification process

A
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Inverse segregation (ZHAM): As the
columnar dendrites thicken solute-
rich liquid (assuming k<1) must
flow back between the dendrites to
compensate for (a) shrinkage and
this raises the solute content of the
outer parts of the ingot relative to
the center.

EX) Al-Cu and Cu-Sn alloys with a wide
freezing range (relatively low k)

Negative segregation: The solid is
usually denser than the liquid and
sinks carrying with it less solute (x
7lgnnshthan the bulk composition
(assuming k<1). This can, therefore,
lead to a region of negative
segregation near the bottom of the
ingot. ((b) Gravity effects)

Fig. 4.43 Segregation pattern in a large killed steel ingot. + positive, - negative

segregation. (After M.C. Flemings, Scandinavian Journal of Metallurgy 5 (1976) 1.)
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2) Shrinkage effect
* Formation of Voids during solidification

Narrow freezing range Wide freezing range

Central shrinkage:

x4 #3p} 3% g2 FE0| 81
A FE S14%, AV O Ofs] 24
S FE SUR0| T

Micro-pore: _

Form the dglayed area
Dispersed Micro-Pore: Liquid of solidificafion e.g. near
s §H2 Helof E4HE OjaT the dendrit¢ arm spacing
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Shrinkage in Solidification and Cooling

« Can amount to 5-10% by volume

« Gray cast iron expands upon
solidification due to phase changes

 Need to design part and mold to take
this amount into consideration

TABLE 5.1
Volumetric Volumetric
solidification solidification
Metal or alloy contraction (%) Metal or alloyv contraction (%)
Aluminum 6.6 70%Cu-30%Zn 4.5
Al-4.5%Cu 6.3 90%Cu-10%Al 4
Al-12%Si 3.8 Gray iron Expansion to 2.5
Carbon steel 2.5-3 Magnesium 4.2
1% carbon steel 4 White iron 4-5.5
Copper 4.9 Zing 6.5

Source: After R. A. Flinn.
* Volumetric solidification expansion: H,0 (10%), Si (20%), Ge
ex) Al-Si eutectic alloy (casting alloy)— volumetric solidification contraction of Al

substitutes volumetric solidification expansion of Si.

Cast Iron: Fe + Carbon (~ 4%) + Si (~2%)
— precipitation of graphite during solidification reduces shrinkage.



Glass formation : Fast Cooling

™ iquid T Melting Temperature
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« Melting and Crystallization are
Thermodynamic Transitions

Volume

aliquid >>Q

Fundamentals of the Glass Transition

cryst aliquid
liquid

AV

crystallization

crystal

acrystal

Temperature

Molar Volume

The Glass Transition is
a Kinetic Transition

supercooled
liquid .
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Entropy (V, S, H)

Viscosity

discontinuous
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Schematic of the glass transition showing the effects of
temperature on the entropy, viscosity, specific heat, and
free energy. T, is the crystallization onset temperature. 8



BMG: The 3 Revolution in Materials?

Metallic Glasses Offer

a Unique Combination of “1) High Strength” and “2) High Elastic Limit”

2500
2000 [~ Steels
- i |
% 1500 Titanium G|ossyA||oys
= Alloys
°
21000 [
»h
500 [~ Polymers
Woods
sica @D ’
0
0 ] 2 3

Elastic Limit (%) 9



3) Processing metals as efficiently as plastics

* Thermoplastic forming in SCLR

A

liquid
T T,

Homogeneous Newtonian viscous flow

Metallic glass can be processed like plastics by homogeneous
Newtonian viscous flow in supercooled liquid region (SCLR).

=)» Possible to deform thin and uniform in SCLR



Molar Volume, V

3) Processing metals as efficiently as plastics

(a) Micro-casting

Liquid
Glass formation:
continuous chany

Glass

Crystallization:
abrupt change

Crystal

Near-net gshape produci:tion

Tg Tmelti
Temperature, T"2

Vacuum Chamber
Die
Cavity Die Molten Alloy
o] ? @
. é!é .gl:itljction
of ¥} e
m
%
é / z sleeve
/
Plunger

Precision die casting

Precision Gears for Micro-motors




3) Processing metals as efficiently as plastics

Critical cooling rate: several hundreds K/s

(b) Micro-forming

Reversible : Irreversible

Amorphous phase Es[¥scigeeloll-eMCrystal phase
(Solid) liquid state (Solid)

Crystallization Melting
temperature: Tx

Glass transition
temperature: Tg

Room
temperature

High strength  |[Viscous flow i E")Brittlenesse}]
High elastic limit || Viscosity<10'2Pa-s
High hardness

New micromachining
at supercooled liquid
_Lregion ’

Micro-forming of three-dimensional microstructures from thin-film metallic glass

Thickness: 5 ym



Contents in Phase Transformation

(Ch1) Thermodynamics and Phase Diagrams
Background
to understand (Ch2) Diffusion: Kinetics
phase
transformation (Ch3) Crystal Interface and Microstructure

(Ch4) Solidification: Liquid — Solid

R tati : _
pﬁggzse" ative :(Chb5) Diffusional Transformations in Solid: Solid —» Solid

transformation

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

(Che6) Diffusionless Transformations: Solid —» Solid
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Contents for today’s class

< Phase Transformation in Solids >

1) Diffusional Transformation: Thermally-activated process= ratex exp(-AG'/kT)

2) Non-diffusional Transformation: Athermal Transformation

* Precipitate nucleation in solid (homogeneous/ heterogeneous)

* Precipitate growth

1) Growth behind Planar Incoherent Interfaces
2) Diffusion Controlled lengthening of Plates or Needles

3) Thickening of Plate-like Precipitates by Ledge Mechanism

« Overall Transformation Kinetics — TTT Diagram

- Johnson-Mehl-Avrami Equation
14



Q1: What kind of representative diffusion
transformations in solid exist?

15



5. Diffusion Transformations in solid
: diffusional nucleation & growth

L
(a) Precipitation w
a B
a'—a+f
at B
Metastable supersaturated
solid solution
A (i) B
Homogeneous Nucleation Heterogeneous Nucleation

AG =-VAG, + Ay +VAG,  AGy, = -V(AG, —AG)+Ay - AG,

: : :
Nhom — Coexp (_ Akc-;rm Iexp (_ AG * j # suitable nucleation sites ~ nonequilibrium defects

(creation of nucleus~destruction of a defect(-AG,))

(b) Eutectoid Transformation Y

Composition of product phases

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

y—>a+pf

Which transformation proceeds
by short-range diffusion? A B

16




5. Diffusion Transformations in solid

c) Order-Disorder
(c) ) AN

Transformation —

(04
a— o'
Disorder Order a’ x
(high temp.) (low temp.) B
A (i) B A (ii) B

(d) Massive Transformation (e) Polymorphic
: The original phase decomposes into one or more new Transformation

phases which have the same composition as the parent
phase, but different crystal structures.

In single component systems,
different crystal structures are

metastable

Stable

Y stable over different temper-
ature ranges.

17




Q2: Homogeneous nucleation in solid?

18



Homogeneous Nucleation in Solids

Free Energy Change Associated with the Nucleation

Negative and Positive Contributions to AG?

1) Volume Free Energy : —V AGV
2) Interface Energy : A}/ .........
3) Misfit Strain Energy : VAGS

for spherical nucleation Plot of AG Vs I7?
4
AG=—§7ZF3(AG\, ~AG)+4rr?y r* =?

AG* = 7?

19




Homogeneous Nucleation in Solids

i 2
AG r*— Y
Ay o r? (AG, - AGs)
3
G* = 167y
= e : 5
+ 3(AG, - AG,)
: driév__i_ng__f_c_)grce for nucleation
Most effective way of minimizing AG*
~ formation of nuclei with the smallest
0 total interfacial E

Very similar to the expression
for solidification (L—S)

AG r = 2 Vs — 2 7SLTm 1
B : AGV |_V AT
veranas . : 5 -
—V(AGV - AGS) o’ i AG* = 167[7/5|_2 _ 16727/32LTm 1 2
: --------- E 3(AGV) 3L\/ (AT)

: reduce the effective driving force for the transformation

Fig. 5.2 The variation of AG with r for a homogeneous nucleus. 20
There is a activation energy barrier AG*.



Homogeneous Nucleation in Solids
Concentration of Critical Size Nuclei per unit volume

C*= C, exp(—AG */KkT) C, : number of atoms

per unit volume in the parent phase
Homogeneous Nucleation Rate
If each nucleus can be made supercritical at a rate of f per second,

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

: T depends on how frequently a critical nucleus @ oc vibration frequency, area of critical nucleus
can receive an atom from the a matrix.

hom

AG,, : activation energy for atomic migration

®
Homogeneous | AGhom
Nhom = f(‘)Co eXp(—

Nucleation rate : ) .
kT nuclei / m*s 21



"""" : : B - ly temp. dependent
P AG AG * strong
Nhom =: a)§C0 exp (_kij exp (—‘ ' AGx= 2% 0] gzt

....... KT
3
AG* = — 16777/ AG* x AGy, (driving force for precipitation_main factor)
s_ 2 _

B(AGV AGs) * magnitude of AG, ~ change by composition

f ‘

T, |

x
’ T, — P
A Xe Xo Xp—> xt B

Liquid — Solid
1) For X,, solution treatment at T,

2) For X,, quenching down to T,

o — o+f3
: supersaturated o with B — B precipitation in «



Total Free Energy Decrease per Mole of Nuclei AG,

@ : overall driving force for transformation/ different with driving force for nucleation
AG
Driving Force for Precipitate Nucleation a@—>a+8 | AG, = Y, :
m

AG, = g X5 + pg Xg

: Decrease of total free E of system
by removing a small amount of material

with the nucleus composition (XzP) (P point)

_ LAV By B
AG, = py Xy + tg Xg
: Increase of total free E of system
by forming B phase with composition XgP

(Q point)

AG, i= ?/G” per unit volume of g

m  : driving force for B precipitation

For dilute solutions,
AG, o« AX where AX = X, - X,

Composition dependent

AG, o« AX oc( AT) : )
e rrr s rarr s rrrr e rra . MNuertannal
x undercoolmg below T,

A
h f:re
/ i
INe AX— I a+p — b
(@ A X, X, Xp—> xb B
A

ol




Rate of Homogeneous Nucleation Varies with undercooling below T,
for alloy X, |,

T
Effective Te
equilibrium T — —/— = N/
temperature is a
reduced by
misfit strain E T
term, AGs. AG, o« AX oc AT
Composition dependent
a+ P 3
Th d ' (AG, - AGy) X »AG* = 167y
ermodynamics - Effective driving force, 3(AG, - AG, )
VS 0 %o 0 AG Resultant energy barrier for nucleation
(a) (b)
Kinetics T 4 T4

Critical undercooling AT,

0 Atomic mobility:
()  AG_=const, T | —AM l(d) AG, :activation energy for atomic migration 24



The Effect of AT on AG*,; & AG*,,,,?_Critical undercooling, AT,

A Plot AG*,,, & AG*
and N vs AT.

vs AT

hom

Critical value
for detectable
nucleation

£ _

AG*
-

Critical undercooling

Ny, N ~1cm?®s™

hom

£
8

N -
et

0 >
(b) AT
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* 25



The Effect of Alloy Composition on the Nucleation Rate
Compare the two plots of T vs N(1) and T vs N(2).

A
T x Te(l)
AT
\/ Te(z)
AT2?
I V0.2 ey N(1)
a+f
Soldbility of a { = Nucleation rate |
> >
0 2)e—(1) Xz O N

Fig. 5.5 The effect of alloy composition on the nucleation rate. The nucleation rate in alloy 2 is always less than in alloy 1.
* O] alo] YHE|=U? — o] FE £ 49 AG+ BQ =2 17 — £|4.9] AIH YA S 7= 38 M/
(a) o] BTt Y UAES 21 HYAW B3t — AGs 57t & Te’ Za
a2y, Te' olstof M= ATAIH /ol Yty 7h47T AGs 57F apEtt o AA 4 3.
— AG 37 Z4 — FLMYA WY
(b) In most system, a, B phase~ different crystal structure — EXgt d82 7} A4 =3
BAIO] #9l SHANA B71- — metastable phase B’ @ &S (GP Zones, Section 5.5.1)




Q3: Heterogeneous nucleation in solid?

27



Heterogeneous Nucleation in Solids

mm) most cases, heterogeneous nucleation_suitable nucleation sites ~ nonequilibrium defects
(creation of nucleus~destruction of a defect(-AG,) & reducing the activation E barrier)

Nucleation on Grain Boundaries Critical nucleus size(V*) for grain-boundary nucleation

Assumption: AGg (misfit strain E)= 0,

Optimum embryo shape should be that
which minimizes the total interfacial free E. 0

cos 0 = 7,,/27.,

(by assuming v, is isotropic and equal for both grains)

........................................................................................... Volume V*

. ®
o Radius r

:{} Excess free E associated with the embryo~analogous to solldlflcatlon on a substrate (Section 4.1.3) (next page)

28



Barrier of Heterogeneous Nucleation in S—L transformation

AG o = VAG, + Ag 7L + AsuZsm — AswZmL s

.::-.:.-:-'3_'.-‘,-«'-"=.'-:r"-'.'-- Liquid
G¥ — 16 y3, ) — 16zys, (2—3cos@+cos’ ) ™ B‘SOhd
T 3AGE ()= INGE 4 NTTT TS ST
v v ( y r Mould
SM

Shape factor
S(8) has a numerical value <1 dependent only on 0 (the shape of the nucleus)

EAGhet:S(e)AGhom —> r*=2A% and AG*:%-S(Q)

. , 2 -3cosf +cos’ 0
m AGhet = AGhomo ( 4 ]




Heterogeneous Nucleation in Solids

mm) most cases, heterogeneous nucleation_suitable nucleation sites ~ nonequilibrium defects
(creation of nucleus~destruction of a defect(-AG,) & reducing the activation E barrier)

Nucleation on Grain Boundaries Critical nucleus size(V*) for grain-boundary nucleation

Assumption: AGg (misfit strain E)= 0,

Optimum embryo shape should be that
which minimizes the total interfacial free E. 0

cos 0 = 7,,/27.,

(by assuming v, is isotropic and equal for both grains)

........................................................................................... Volume V*

. ®
o Radius r

:{} Excess free E associated with the embryo~analogous to solldlflcatlon on a substrate (Section 4.1.3)

Activation E barrier for heterogeneous nucleation

AG * V*
_ 2 /A het — het = S 9
7&,8 GV AG *hom \% *hom ( )
r+ is not related to ¥,
30

S(6) = %(2 +c0s0)(1-cos )

Critical radius of the spherical caps




Heterogeneous Nucleation in Solids

yaa:yaﬂ = 2—) 9=O
............................................................. No energy barrier for nucleation

Reduction by boundary effect ) . 2_-3cosf@+cos’ O
AGhet = AG [ 4

homo

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

31



Heterogeneous Nucleation in Solids

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

A Ghet If same 0, 1) GB — 2) Grain edges — 3) Grain corners

Activation E barrier | — fast nucleation

S(0) =

AGrom
0.8

Activation E Barrier

<|. & 06 Grain boundaries
* * o

CHES

3| <

\
04 [~ \ \ Grain edges
\1
02 Grain
corners
' >
0 0.25 0.5 0.75 1.0

cos 0
Fig. 5.9 The effect of 6 on the activation energy for grain boundary nucleation relative to homogeneous nucleation.

32



Heterogeneous Nucleation in Solids

High-angle grain boundaries (high interfacial E) are particularly
effective nucleation sites for incoherent precipitates with high y,,.

If the matrix and precipitate make a coherent interface,

V* and AG* can be further reduced as shown in Fig. 5.10.
The nuclei will then have an orientation relationship with one of the grains.

< Nucleus with Coherent Interface >

COherent Make crystallographic orientation with one grain btw two grains

N\
B 0

Incoherent

Fig. 5. 10 The critical nucleus size can be reduced even further by forming a low-energy coherent interface with one grain.

* Other planar defects, such as inclusion/matrix interfaces, stacking faults (relatively low E),
and free surfaces, dislocations and excess vacancies (?) can behave in a similar way to
grain boundaries in reducing AG*. 33



Heterogeneous Nucleation in Solids

Rate of Heterogeneous Nucleation
Decreasing order of AG*, i.e., increasing AGy

(Activation Energy Barrier for nucleation)

1) homogeneous sites

2) vacancies wsoz e 2a) AE2 0] Qo SAFAE 571 & BUA| WK Ta

3) dislocations =sizsio) Axtusa- SN BAELoILIA] 24 / SLDL BA/ 2312 2tz
4) stacking faults ol =2 oluix/ SANA | Gtslolx] 2 — FA 232 BPYAL obd
5) grain boundaries and interphase boundaries

6) free surfaces

: Nucleation should always occur most rapidly on sites near the bottom of the list.
However, the relative importance of these sites depends on the relative concentrations of the sites, C1.

N, = a)@)exp(— mjexp(— Ak?‘ j nuclei m—>s™

C, : concentration of heterogeneous nucleation sites per unit volume

1 =
AG AG *
C ex

: number of atoms per unit volume in parent phase




Heterogeneous Nucleation in Solids

The Rate of Heterogeneous Nucleation during Precipitation

T 1 1 : nucleation at very small driving forces
- T, — T
o e
AG” (het)
N
a+
0 X, Xz O

me
: ! it Ignore w and AG,,
: N C I AG * —AG * it due to small deviation
i __het _ 11 eXp hom het | |:
|\|hom C:0= ___________________ I_( _T__ ____________ E:
AG* ~ always smallest Exponential factor = N, o 5 q High heterogeneous
for heterogeneous nucleation : very large quantity N nucleation rate

horr

But, The factor C,/C, ? 35



Heterogeneous Nucleation in Solids Sht = :
C, _ o(GB thickness) C,
C, D(grain size)

: the number of atoms on heterogeneous sites
relative to the number within the matrix

2
C1 5 . .
— = (—j — 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 um 10° mm 2 10 mm ™2 X = 107"

107 10710 10~ 1078 107 10~




Heterogeneous Nucleation in Solids g%_%exp(AG*mm—AG*mji

C,/C, for Various Heterogeneous Nucleation Sites

Z12y0] PRI ZBE 02 WY WA 25 A7) wet HA) 34 420 dominantsh] JFS DIRIE site W3t

1 00 T

Grain boundary Grain edge Grain corner Dislocations Excess vacancies

D = 50 um D = 50 pm D = 50 um 107 > 10®* mm™? X, =107°

1072 10710 107 1078 107> 10~

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

1) At very small driving forces (AG, ), when activation energy
barriers for nucleation are high, the highest nucleation rates will
sy 2= € Produced by grain-corner nucleation.

Ale 2) dominant nucleation sites:

grain edges — grain boundaries
increase

3) 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. 37

* The above comments concerned nucleation during isothermal transformations
(driving force for nucleation: [isothermal] constant < [continuous cooling] increase with time)



Q4: Precipitate growth:

1) Growth behind Planar Incoherent Interfaces
2) Diffusion Controlled lengthening of Plates or Needles

3) Thickening of Plate-like Precipitates by Ledge Mechanism

38



5.3 Precipitate Growth

Initial precipitate Shape ........... ... ........................ . ......... . .......
~minimizes the total interfacial free E  ; Precipitate growth — interface migration:

Coherent or semicoherent facets : : shape~determined by the relative migration rates

* Smoothly curved
V incoherent interfaces

If the nucleus consists of semi-coherent and incoherent interfaces,
what would be the growth shape? S ST AT

Low mobility — Slow ;
Different A PSS
| -
structures high\ mobility ~ /S

—> Ledge mechanism

Thin disk or plate
— Origin of the Widmanstatten morphology 39



1) Growth behind Planar Incoherent Interfaces

Incoherent interface — similar to rough interface

— local equilibrium — diffusion-controlled

Diffusion-Controlled Thickening: precipitate growth rate

// — V=1 (AT or AX, t)
/|

_FV

B/ a

77

From mass conservation,

(Cﬂ —Ce)dx mole of B
= J, = D(dC/dx )dt

B |—v o« D: interdiffusion coefficient
CBI or interstitial diffusion coeff.

/ V_dx_ ......... DdC
el Depleted to solute dt C _C dx :

Equilibriur values by concentration gradient

(b) X — Depends on the concentration gradient
Fig. 5.14 Diffusion-controlled thickening of a precipitate plate. at the interface dC/dx 40



1) Growth behind Planar Incoherent Interfaces

Simplification of concentration profile (Zener)
P P o_dx__ D dcC

Cp 7 planar — no curvature dt C,-C, dx
CB] / — . — :dC/dx = AC,/Li « L=2(C, —Cy)x/AC,
G _/

W (G, ~Cy)x =LAC, /2
(same area)
AC, fresrne s 2
of - T ) D(AC,

Thickness of the slab A
if C,-C,=C,-C,and X=CV,_, AC, - AX;=X,-X,
(simplification) Mole fractions
D (AXO )2 | | .AX ........................ . Thickness of the slab
xdx = > Ot "l X = —(Dt)i x o /(Dt)
2(X, - X,) X=X, |
P S oS Parabolic growth

A%, \P
V=X XV T V o AX, v o /(DY)

Growth rate oc supersaturation




0 Xg — 0

1) Growth behind Planar Incoherent Interfaces

Precipitate growth rate

- Te
T low GR by small supersaturation

Supersaturation
AX, = X, = X,

a+p

low GR by slow diffusion

V oc AX,oc AT V « \/(D/t)

Fig. 5.16 The effect of temperature and position on growth rate, v.
42



1) Growth behind Planar Incoherent Interfaces

Effect of “Overlap” of Separate Precipitates

Cp
B —_ o
C — — ;e — — e— — —
" Due to overlapping diffusion fields at later stage of growth,
growth will decelerate more rapidly and finally cease
CefF--- when the matrix concentration is X, everywhere.
(b) X —
- — — C —
o P

(a) (b) Distance

Fig. 5.17 (a) Interference of growing precipitates due to overlapping
diffusion fields at later stage of growth. (b) Precipitate has stopped growing.

43




1) Growth behind Planar Incoherent Interfaces

Grain boundary precipitation =) Faster than allowed by volume diffusion

involves three steps
Solute

o | |
1) Volume diffusion of solute to

the grain boundary

‘l/ \l/ Solute concentration

\4 \4
> < Grain boundry
A A 2) Diffusion of solute along the
GB with some attachment at
3) Diffusion along the o/ the precipitate rim
interfaces allowing
accelerated thickening
Grain boundary allotriomorph
AR
2|8k 2hato] Yol HS U) 30/ AYY DEA ML AN 2t 427} 37] o)

AL WY E S3t ©al sake TR s Festx| 3.

Fig. 5.18 Grain-boundary diffusion can lead to rapid lengthening and thickening of
grain boundary precipitates, especially by substitutional diffusion. 44



2) Diffusion Controlled lengthening of Plates or Needles

From mass conservation,

Plate Precipitate of constant thickness dx D dC
Volume diffusion-controlled continuous growth process V = = .
B
4 / dC AC C,-C
@ | A N A oL k.
; p ) X MRadial diffusion
/ \‘\ D AC k (const)~1
Edge of a platelike precipitate. V = .
Cp 1 X, Cp=C @
T — AX for diffusion < edge radius of precipitate
T(next page) r*
Cy . Xg X=CV_ AX=AX,|1-—
I
o I M X L Dimcritldusrrraxoo) |
. AC [ x iy DAX, 1 1T e
rlk—— = - = 14 IV = *— —— |
C |_Gibbs-Thomson effect: ¢quil. concentration C, =C, t 4 X, k( X,B — )(r ) r r
) ¢l Cylindrically curved jncoherent edge ARSI e
Distance along AA’ V — constant — X oC t
Concentration profile along AA’ in (a). (If t=2r, v= constant)

Linear growth

Needle = Gibbs-Thomson increase in G = 2yV, /r instead of yV_/r 45
— the same equation but the different value of r’



2) Diffusion Controlled lengthening of Plates or Needles
Volume diffusion-controlled continuous growth process/ curved ends

The Gobs-Thomson Effect : curvature of a/p interface~ extra pressure AP=2y/r

AG=AP-V ~ 2yV /r 1
Interfacial E — total free E 1

r’: critical nucleus, radius
AX = X, — X,

rf—ax 1

* In platelike precipitates, the edges

are often faceted and observed to

migrate by a ledge mechanism.

(b) Xg —+ 46
Fig. 5.20 Gibbs-Thomson effect.(a) Free E curves at T1. (b) corresponding phase diagram.



2) Diffusion Controlled lengthening of Plates or Needles

From mass conservation,

Plate Precipitate of constant thickness dx D dC
Volume diffusion-controlled continuous growth process V = = .
B
y / dC AC C,-C,
@ |"A__g .S « A dX L Kl v
4 J \ Radial diffusion
/ \ D AC k (const)~1
Edge of a platelike precipitate. V = .
Cp 1 X, Cp=C @
T — T AX for diffusion < edge radius of precipitate
r *
Cp Xg X =CV._, AX=AX, (1 —_j
L I
o I M X L Dimcritldusrrraxoo) |
AC l: /__ DAX, 1 r
o I Ix, v= LI [T
C |_Gibbs-Thomson effect: ¢quil. concentration C, =C, t 4 X, k( X,B — )(r ) r r
) ¢l Cylindrically curved jncoherent edge ARSI e
Distance along AA’ V — constant — X oC t
Concentration profile along AA’ in (a). (If t=2r, v= constant)

Linear growth

Needle = Gibbs-Thomson increase in G = 2yV, /r instead of yV_/r 4
— the same equation but the different value of r’



3) Thickening of Plate-like Precipitates

Thickening of Plate-like Precipitates by Ledge Mechanism
+ planar incoherent interface with high accommodation factors

a monoatomic-height ledge

| v * For the diffusion-controlled growth,
BL

o / should be supplied constantly.

B e * sources of monatomic-height ledge

hl _@ — spiral growth, 2-D nucleation,
nucleation at the precipitate edges,

cOnstanZ‘spadng " or from intersections with other

precipitates (heterogeneous 2-D)

ong-range diffusion

Half Thickness Increase

uh
V=" (Wrateofimteraimigraton
: D AC
If the edges of the ledges are incoherent, V = c _C . o
Assuming the diffusion-controlled growth, SN A
h very similar to that of plate lengthening
u
J - DAX, v=" @ DAX,

k(Xﬂ — Xe@ 48

(Here, h=r and X, = X, no Gibbs-Thomson effect) Distance btw ledges



3) Thickening of Plate-like Precipitates {1

Except spiral growth, supplement of ledge with constant '\ is difficult. ‘ Y
e
Thickening of y Plate in the Al-Ag system W=
SUN W Y
. R What does this data mean?
. ) e < ] <
700 . . .
appreciable intervals of time
’:E o /® (no perceptible increase in plate thickness)
> 600 & thickness increases rapidly
= as an interfacial ledge passes.
2500
5 ! |
172]
§ 400 Evidence for the low mobility of
~ semi-coherent interfaces
.Q',_') upper and |ower |imit PRRLELELELELE A X: l
< 300 : :
= for the rate of thickening :X = —0 (Dt)
.. , Xﬂ - X, :| Thickening rate is not constant
200 - Inltlal thlckness ........................................ y . ’
Ledge nucleation
100 |1 |1 | |1 |1 Is rate controlling.

0 20 40 60 80 100 120 140 160 180

Reaction time (s)

Fig. 5. 22 The thickening of a y plate in an Al-15 wt% Ag alloy at 400 C
measure the thickening rates of individual precipitate plates by using hot-stage TEM. 49



Contents for today’s class

< Phase Transformation in Solids >

1) Diffusional Transformation

(a) Precipitation

A (i) B
Homogeneous Nucleation Heterogeneous Nucleation
‘ Effect of misfit strain energy - suitable nucleation sites ~ nonequilibrium defects

(creation of nucleus~destruction of a defect(-AG,))

* _ 27/ * 16727/3 AG *het \ *het _ S(g)
(AG\/ AG ) - 3(AGV — AGS )2 AG *hom V *hom
______________________________ T — **
AG ™\ het C1 (AG hom AG het]
N, =wC, iexp| ——m - == ©&Xp
Lo 0 p( }{ p( kT j hom 0 kT



Rate of Homogeneous Nucleation Varies with undercooling below T,
for alloy X, |,

T
Effective Te
equilibrium T — —/— = N/
temperature is a
reduced by
misfit strain E T
term, AGs. AG, ¢ AX oc AT
Composition dependent
a+ P 3
Th d ' (AG, - AGy) X »AG* = 167y
ermodynamics - Effective driving force, 3(AG, - AG, )
VS 0 %o 0 AG Resultant energy barrier for nucleation
(a) (b)
Kinetics T 4 T4

Critical undercooling AT,

ol
0 Atomic mobility: 0 N
(c) AG, =const, T | — | (d) AG,, : activation energy for atomic migration 51



Heterogeneous Nucleation in Solids

The Rate of Heterogeneous Nucleation during Precipitation

T 1 1 : nucleation at very small driving forces
- T, — T
o e
AG” (het)
N
a+
0 X, Xz O

g S o o AG. 0| KHol Dl 5ol SA]
: |\Ihet C1 i (AG *hom AG *het ji
=—exXp !
|\Ihom C:0= ___________________ I_( _T__ ____________ E:
AG* ~ always smallest Exponential factor = N, o 5 q High heterogeneous
for heterogeneous nucleation : very large quantity N nucleation rate

horr

But, The factor C,/C, ? o2



Heterogeneous Nucleation in Solids g%_%exp(AG*mm—AG*mji

C,/C, for Various Heterogeneous Nucleation Sites

Z12y0] PRI ZBE 02 WY WA 25 A7) wet HA) 34 420 dominantsh] JFS DIRIE site W3t

1 00 T

Grain boundary Grain edge Grain corner Dislocations Excess vacancies

D = 50 um D = 50 pm D = 50 um 107 > 10®* mm™? X, =107°

1072 10710 107 1078 107> 10~

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

1) At very small driving forces (AG, ), when activation energy
barriers for nucleation are high, the highest nucleation rates will
sy 2= € Produced by grain-corner nucleation.

Ale 2) dominant nucleation sites:

grain edges — grain boundaries
increase

3) 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. 53

* The above comments concerned nucleation during isothermal transformations
(driving force for nucleation: [isothermal] constant < [continuous cooling] increase with time)



Precipitate growth

1) Growth behind Planar Incoherent Interfaces

Diffusion-Controlled Thickening: X oC /(Dt) Parabolic growth

........................ D(ACO)Z

V= V. oc AX, o /(D/1)
2(Cﬂ _Ce )(Cﬁ _Co )X Supersatu?ation

2) Diffusion Controlled lengthening of Plates or Needles

Diffusion Controlled lengthening:

V __ DA%, 1(1—r—j V — constant — ¥ oc t

Linear growth

3) Thickening of Plate-like Precipitates
Thickening of Plate-like Precipitates by Ledge Mechanism

‘ v Half Thickness Increase
| =) . _uh L __ DaX,
T D) K(X 5 = X¢)A

A @ rate of lateral migration




