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Contents for today’s class

< Phase Transformation in Solids >

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

2) Non-diffusional Transformation: Athermal Transformation

* Precipitate nucleation in solid (homogeneous/ heterogeneous)




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



5. Diffusion Transformations in solid
: diffusional nucleation & growth

(a) Precipitation L %R/
a' - a+f3 M > B) <

ﬂ/ i+ \ cc)a +m /
Metastable supersaturated " ¢

solid solution

A (i) B A (ii) B A (iii) B
(a)
Homogeneous Nucleation Heterogeneous Nucleation

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

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

N = wC EeX _ AC;m -eX _ AG* : - suitable nucleation sites ~ nonequilibrium defects
hom 0 p kT p kT (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-atp
Which transformation proceeds
by short-range diffusion? A B




5. Diffusion Transformations in solid

(c) Order-Disorder
Transformation

a - a'
Disorder Order a*’ a
(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.

metastable In single component systems,
Stable .
different crystal structures are
Y stable over different temper-
- ature ranges.
B Y
x
x
A (i) B A (ii) B A




Q2: Homogeneous nucleation in solid?



Homogeneous Nucleation in Solids

Free Energy Change Associated with the Nucleation

Negative and Positive Contributions to AG?

1) Volume Free Energy : E—VAGVE
2) Interface Energy : Ay ........
3) Misfit Strain Energy : VAGS

for spherical nucleation Plot of AG Vs I?
4

AG =-—mr’(AG, -AG,)+4mrey r* = ?
3




Homogeneous Nucleation in Solids

A 2
AG ; = 4
5 Ay o r? (AGV - AGs )
; . 167/
4 ; 3(AG, - AG, )’
: : dr‘::\_/j_r_\_g__f_cgrce for nucleation
Most effective way of minimizing AG*
~ formation of nuclei with the smallest
total interfacial E
0 > . .
y Very similar to the expression
for solidification (L—S)
AG ro= 2Ys. _ | 2Vsi T 1 .
_ : AG, L, AT
167Ty: 1672 T2 1
~V(AGy, - :AG) o< 13 * = — 7S 1w :
(AGy - AGY 3(AG, )? ( 3L2 ) (AT)?:

Misfit strain E
: reduce the effective driving force for the transformation

~VAG, !

Fig. 5.2 The variation of AG with r for a homogeneous nucleus. 9
There is a activation energy barrier AG*.



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

C* = CO exp(-AG*/kT) 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)

: f depends on how frequently a critical nucleus @ [ vibration frequency, area of critical nucleus

can receive an atom from the a matrix. ] Ny : : :
AG_ :activation energy for atomic migration

Homogeneous AG

: hom
Nucleation rate hom f()C exp(— ) . 10
: kT~ ‘nuclei / m3s



AG AG *1\ : strongly temp. dependent
Nhom — C(}CO exp(_: ......... mj expt_:_ kT :j AGH= %Eoﬂ o] 7}
AG* = 16771/3 AG,, (driving force for precipitation)_main factor of AG*

3€AGv§_AGs Y magnitude of AG, ~ =’d®#s}o| o=

Liquid — Solid

1) For X,, solution treatment at T,

2) For X,, quenching down to T,

o — a+f
: supersaturated o with B — B precipitation in o 11



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+f | AG, = v :
m

— a~ B a~ [ A
AG, = pp Xp + Hg Xp
: Decrease of total free E of system
by removing a small amount of material

with the nucleus composition (XgP) (P point)

OG, = [ Xy + 1 Xg

: Increase of total free E of system

T2 [

\L
T
AT
4 | a+ B

by forming p phase with composition Xg¢ (@) A
(Q point) A

o T oo ) of

Xe XU XB_-"

:AG, i=—-" per unit volume of [
""""""" m  : driving force for B precipitation
For dilute solutions, '
HA

AG, O AX where AX = X, - X,
.............. Composition dependent 1
AG, O AX O(AT)

o« undercooling below T, (b) 0



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

A T A
Effective Te
oL s ) AG
equilibrium T, _ : )
temperature is a .
reduced by AG
misfit strain E =~ T
term, AGs. a6, AG, O AX O AT
B Composition dependent
o+
i (AG, - AGy) N »AG* = 1 6771/3
Thermodynamics - Effective driving force 3(AG, - AGS )2
0 Xo 0 AG : :
VS Resultant energy barrier for nucleation
(a) (b)
Kinetics T 4 T4
L TE
— T

Critical undercooling AT, Potential concentration of nuclei

A

: G, L ( AG*
N.,, = wCiexp| ——— i -
LS4
. = e — Diffusion~too slow — N~neg|igib|e§
ﬂAtomlc mOblllty: 0 N e

() AG,=const, Tl =AM l(d) AG, : activation energy for atomic migration 13



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

hom *
A ‘ Plot AG*, 4 & AG* |, VSAT
. and N vsAT.
‘\ AGhom
. \ Critical value
5-?1 \\ AG? for detectable
\ het nucleation

£ _

\
NI
| T~
0 : =
(@) § , |AT hom AT
l : Critical undercooling
| I
— 3 o1
: Npet : Nhom Nhom =~1cm™s
| |
| I
l
| |
J J
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* 14



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

A
L e o
\/ Te(z)
AT2?
e )N | N(1)
o+
Soldbility of a | = Nucleation rate |
> >
0 (2)«—~(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
A1 G719 o) AR o] p A} e 21X, WY 2SR, B 1 Y
o, AR o]®l #o] FAE|L1}? —ol . &]40] AGx B 2 sht?— 2] 40] & AW S 7= & A1

(a) o] BA}T}Srel S 20 R EA ot
a2, Te’ o3l A= X3HA

— AGs Z7F & Te' 7k A

= X SHAIH Ao Qlsty ZYA7FAGs 7 tETH o AHAA £~ Q&
— AG* 3A ZHA — FUSRAA] ubAl 71

(b) In most system, o, B phase~ different crystal structure — X3t si2 7} A =3
BArO] #< SHAMA] B71 — metastable phase B’ o 234 /d

=2 '8‘S (GP Zones, Section 5.5.1)

15




Q3: Heterogeneous nucleation in solid?

16



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)

NUCIGation on Grain BOU ndaries 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

Yaa B
CosO = V,,/2),s

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

R e e e e e e e LR T PEPPPEEPPEPPPEEPEere .. AGd VOlume V

AG - _VAGV T Aaﬁyaﬁ - Aaayaag/

o Ya[i

N £
o Radius r

%

—> Excess free E associated with the embryo~analogous to solidification on a substrate (Section 4.1.3) (next page)

17



Barrier of Heterogeneous Nucleation in L—S transformation

AG,,, = -VAG, + Ag Vs + AsuVsu — AsuV s

T R T R Liquid
< i Solid A

CR .

— 16771/;_ — 16771/;_ 2-3c0osf+ CO§ 9) Y AELY :,
pGr = 10 g =104 ; A (/'/“/'/’777"////
r Mould
Ysm

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

AG, =JOAG,,, = r*:% and AG*:%DS(H)

_ 3
¥ AG.. =G 2—-3cosf@+cos’ @
A homo 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)

NUCIGation on Grain BOU ndaries 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

Yaa B
CosO = V,,/2),s

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

R e e e e e e e LR T PEPPPEEPPEPPPEEPEere .. AGd VOlume V

AG — _VAGV + Aaﬂyaﬂ - Aaayaag/

a Yap

. £
o Radius r

—> Excess free E associated with the embryo~analogous to solidification on a substrate (Section 4.1.3)

Activation E barrier for heterogeneous nucleation

AG* V*
:2ya,8/AGV A(;*hel‘ :V*het :S(H)
hom hom

r* is not related to Y, 19

S(0) = (2 +cos 8)(1-cos )’

Critical radius of the spherical caps




Heterogeneous Nucleation in Solids

yaa:yaﬁ > 72 - 6=O
No energy barrier for nucleation

2 -3cosé +cos’ 9}
4

Reductlon by boundary effect

AG':"” AGhomo [

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.

20



Heterogeneous Nucleation in Solids

Compare the plots of AG,, / AG,,

*

VSCOSE

m

for grain boundaries, edges and corners

S(H) — A e L0 R

AGpom
0.8

Activation E Barrier

02

#$ *.g 0‘6
CHERY
< | <
0.4
0

If same 6, 1) GB — 2) Grain edges — 3) Grain corners

Activation E barrier | — fast nucleation

Grain boundaries
\ N
\ Grain edges
\1
Grain
corners
|
|
0.25 0.5 0.75 1.0
cos 0

Fig. 5.9 The effect of 8 on the activation energy for grain boundary nucleation relative to homogeneous nucleation.

21



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

o 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 22
grain boundaries in reducing AG*.



FIG. 5.11 Rows of niobium carbonitride precipitates on dislocations in ferrite (><70,000).
Dark- field electron micrograph in which the precipitates are bright.
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Heterogeneous Nucleation in Solids

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

(Activation Energy Barrier for nucleation)

1) homogeneous sites
2) vacancies wsoz £t 2IA YE2 P 33/ BiSE 57 & BUA HYoIA] T4
5919 AR S Y WP YA HARPOAA] 24 / SHLL B/ 2418 =

3) dislocations *#
4) stacking faults ™ %€ A/ SARANA | 2solA 2 » FeiT $3Y 4

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@j)exp(—Akimjexp(—AG j nuclei m>s™

C, : concentration of heterogeneous nucleation sites per unit volume

AG AG*
= C\e m \exp| —
hom 06 Xp( kT j Xp( kT j 24

: 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, Y T g
o e
AG (het)
N
o+
0 X, Xz O

E i :' Ignore w and AG,,
N C,: AG* -AG* i due to small deviation
ENhom C i___________________l_(]_-_ ____________ ;
AG* ~ always smallest Exponential factor - N, s 4 High heterogeneous
for heterogeneous nucleation : very large quantity N nucleation rate
horr

But, The factor C,/C, ? 25



° ° ° N C
Heterogeneous Nucleation in Solids "=

hom
C,/C, for GB nucleation?

C, _ o(GB thickness) C
—1 = 1
C, D(grain size) | C,
: the number of atoms on heterogeneous sites
relative to the number within the matrix

1 =

C, (JY . .
— | - for nucleation on grain edge
C, \D

C.

3
(éj — for nucleation on grain corner
C, D

C,/C, for Various Heterogeneous Nucleation Sites

Grain boundary Grain edge Grain corner Dislocations Excess vacancies
D = 50 pm D = 50 um D = 50 um 10° mm 2 10* mm 2 X, =10
102 10717 10-1 107% 1077 107°




Heterogeneous Nucleation in Solids E%:gexp(AG*hom -AGJ

KT

C,/C, for Various Heterogeneous Nucleation Sites

Z2he] HAYIR oA RN 0.2 AP B A5 2ol et AR (A £ =0 dominantdtA| S O]X|+= site ¥o}

Grain boundary Grain edge Grain corner Dislocations Excess vacancies
D = 50 pm D = 50 um D = 50 pm 10° mm ™2 10° mm ™2 X,= 0™
103 1071 101 107° 1072 107°

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
spay = P€ Produced by grain-corner nucleation.

Af" 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.

* The above comments concerned nucleation during isothermal transformations 27
(driving force for nucleation: [isothermal] constant < [continuous cooling] increase with time)




Contents for today’s class_Part |

L
< Phase Transformation in Solids > B
1) Diffusional Transformation
o+
(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,))

AG =-VAG, + Ay +VAG; |  AG,, =-V(AG, ~AG;) + Ay - AG,:
* — 2V * 1677}/3 AG *het — V*het :S(e)
(AG, - AGy) 3(AG -AG,) AG om V hom
i AGm..AG* ..... Nhet:C1 """"""" A G*homG*hetj
Mo =aCyomp{ S Joo -5 == e
28



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

A T A
Effective Te
oL s ) AG
equilibrium T, _ : )
temperature is a .
reduced by AG
misfit strain E =~ T
term, AGs. a6, AG, O AX O AT
B Composition dependent
o+
i (AG, - AGy) N »AG* = 1 6771/3
Thermodynamics - Effective driving force 3(AG, - AGS )2
0 Xo 0 AG : :
VS Resultant energy barrier for nucleation
(a) (b)
Kinetics T 4 T4
L TE
— T

Critical undercooling AT, Potential concentration of nuclei

A

: G, ¥ ( AG*
N... =wCiexp| — i -
N s i
- « = EDiffusion~too slow — N~neg|igib|e§

(c) AG=const, Tl — | (d) AG, : activation energy for atomic migration



Heterogeneous Nucleation in Solids

The Rate of Heterogeneous Nucleation during Precipitation

T 1 1: nucleation at very small driving forces
/T, Y T g
o e
AG (het)
N
o+
0 X, Xz O

| . v Kl o ot aG,0l Ktol= DBty 2 A
Nhet — C1 bxp(AG hom AG het ji
hoom C i___________________l_(]_-_ ____________ ;
AG* ~ always smallest Exponential factor - N, S 1 High heterogeneous
for heterogeneous nucleation : very large quantity N nucleation rate

But, The factor C,/C, ? 30



Heterogeneous Nucleation in Solids E%:gexp(AG*hom -AGJ

KT

C,/C, for Various Heterogeneous Nucleation Sites

Z2he] HAYIR oA RN 0.2 AP B A5 2ol et AR (A £ =0 dominantdtA| S O]X|+= site ¥o}

Grain boundary Grain edge Grain corner Dislocations Excess vacancies
D = 50 pm D = 50 um D = 50 pm 10° mm ™2 10° mm ™2 X,= 0™
103 1071 101 107° 1072 107°

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
spay = P€ Produced by grain-corner nucleation.

Af" 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.

* The above comments concerned nucleation during isothermal transformations 31
(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

32



5.3 Precipitate Growth

Initial precipitate shape s e e
~minimizes the total interfacial free E i Precipitate growth — interface migration

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

V,a Smoothly curved
incoherent interfaces

If the nucleus consists of semi-coherent and incoherent mterfaces
what would be the growth shape? ~

Low mobility — Slow

Different A T

crystal ,

structures high, mobility —
| ) R

—> Ledge mechanism

Thin disk or plate
— Origin of the Widmanstatten morphology

33



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)
/|

From mass conservation,

(Cﬁ -C, )dx mole of B
= J, = D(dC/dx)dt

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

S —T—— — —= freneeneeresresneaneeae e s :
/ = dx D C
c L Depleted to solute ot Cﬁ —C dx

Equilibrium values by concentration gradient  : M Mg Me M4

(b) X — Depends on the concentration gradient
at the interface dC/dx 34

Fig. 5.14 Diffusion-controlled thickening of a precipitate plate.



1) Growth behind Planar Incoherent Interfaces

Simplification of concentration profile (Zener)

_dx D C

Cp 7 planar — no curvature dt Cﬁ -C, dx
G| / —— dCldx =AC,/Li — L=2(C,-C,)x/AC,
Co _/

y 2(C, =Cy)x =LAC, /2
(same area)
AC, s 2 ................ :
o - DG

Thickness of the slab A S
if C,-C, UC,-C, and X=CV_,, AC, = AX,=X,-X,
(simplification) Mole fractions
2 O e T e e L e e L EE L EEREEER a Thickness of the Slab
D(AX,) . AX

NPT o) SRR S S s I

2(X,B_Xe) X,B_Xe : :

................................................... Parabolic growth
AX, [D
V= v O AX, v O {(D/t)
2(X £ - X e ) t Growth rate oc supersaturat,ion 35



1) Growth behind Planar Incoherent Interfaces

Supersatu?ation
AX, =X, - X,

a+f

AXy —»

0 Xg —

4

Precipitate growth rate

low GR by small supersaturation

low GR by slow diffusion

AT

v O (D/t)

Fig. 5.16 The effect of temperature and position on growth rate, v.
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1) Growth behind Planar Incoherent Interfaces

@ Effect of “Overlap” of Separate Precipitates

Cp
B [—v o«

|

C — — _— — — — — —

’ Due to overlapping diffusion fields at later stage of growth,
growth will decelerate more rapidly and finally cease

Cel---- when the matrix concentration is X, everywhere.

(b) X —
- — Cp I
C 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.
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1) Growth behind Planar Incoherent Interfaces

@ Grain boundary precipitation sy Faster than allowed by volume diffusion

involves three steps
Solute

o | |
1) Volume diffusion of solute to

the grain boundary

\L \l/ Solute concentration

< Grain boundry

2) Diffusion of solute along the
GB with some attachment at
the precipitate rim

3) Diffusion along the o/
interfaces allowing
accelerated thickening

Grain boundary allotriomorph
UAES
2 ojub= ZF ¢ 52/ AUP ALEANA = AA &4t =71 7] Tj7of

ol
=
LA L%% 5§ T2 gt iR oz F astA] oIS

Fig. 5.18 Grain-boundary diffusion can lead to rapid lengthening and thickening of

grain boundary precipitates, especially by substitutional diffusion. 38



2) Diffusion Controlled lengthening of Plates or Needles

Plate Precipitate of constant thickness

Volume diffusion-controlled continuous growth process

4
(a) I A rh /

4 ™

From mass conservation,

. dx _ D C
da C 5= C, dx
dC _ AC _ Co — Cr
dx L KT R adial diffusion
D k (const)~1
74

= G
C,-C, (kn

CB ] XB
T — AX for diffusion « edge radius of precipitate
(next page) r *
o Xg X=CV, DX =AX,|1-—
L r
C.b — — — — _ - J o XD r*=critical radius (if r=r*, AX-0)
0 o mmme—] X e e
AC [ / DAX 1 r*
Cr ______ - X — 0 G— 1 B
C |_Gibbs-Thomson effect: ¢quil. concentration C, =C, 1 - X, k(X,B — Xr) r r
() ¢l Cylindrically curved (}ncoherent edge | e
Distance along AA’ V — constant — X t
Concentration profile along AA’ in (a). (If t=2r, v= constant) Linear growth
Needle — Gibbs-Thomson increase in G = 2y, /r instead of W, /r 39

— 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 Gibbs-Thomson Effect : curvature of o/p interface~ extra pressure AP=2y/r

GP \

(a)

—

T
x
T
a+p
(b) Xg —+

AG=APV ~ 2y /r 1
Interfacial E — total free E 1

*
r . critical nucleus, radius

AX =X, - X,
AX, =X, - X,
r] —ax ]

* In platelike precipitates, the edges

are often faceted and observed to
migrate by a ledge mechanism.

40

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 ax D C
Volume diffusion-controlled continuous growth process V = —
a C,-C, dx
B
4 {/ dC _AC _C,-C,
(a) A g 12 o X L Koo
4 J Radial diffusion
/ \‘\ D C k (const)~1
Edge of a platelike precipitate. V = |__|A
o - X Y @
T — t AX for diffusion « edge radius of precipitate
r *
Cy ) Xs X=CV, AX:AX0(1—J
r
Cb - = — — - Mg G X, reiclndusGeraoo
AC [ / DAX 1 r*
Gl —— - — - lx, v= 01—
C |_Gibbs-Thomson effect: ¢quil. concentration C, =C, T { X k(Xﬂ - Xr ) r r
) € Cylindrically curved }ncoherent edge | s
Distance along AA’ V — constant — X t
Concentration profile along AA’ in (a). (If t=2r, v= constant) Linear growth
Needle — Gibbs-Thomson increase in G = 2y, /r instead of W, /r 41

— 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,
‘ should be supplied constantly.

B Long-range diffusion

B * sources of monatomic-height ledge
hl _@ — spiral growth, 2-D nucleation,
nucleation at the precipitate edges,
Constanz\spacing " or from intersections with other
precipitates (heterogeneous 2-D)

Half Thickness Increase

_uh
VE—C (Wrsteofimteraimgraton
s D C
If the edges of the ledges are incoherent, Vo= C —C “kr
Assuming the diffusion-controlled growth,  :... f e, ;
h very similar to that of plate lengthening
u
k(X, - X, )h '

K(X;=X0A) &

Distance btw ledges

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



3) Thickening of Plate-like Precipitates

Except spiral growth, supplement of ledge with constant ‘A is difficult.

700

A)

(

-\
S
S

500

400

300

Thickness of plate

200

100

Thickening of y Plate in the Al-Ag system

\ for the rate of thickening X - (Dt)
- Initlal thickness -. ........... ‘8 ......... - ..
| l | | | l l l |

0O 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.

H

— A

What does this data mean?

appreciable intervals of time
(no perceptible increase in plate thickness)

& thickness increases rapidly
as an interfacial ledge passes.

: 1

Evidence for the low mobility of
semi-coherent interfaces

: 1

Thickening rate is not constant
“Ledge nucleation”
Is rate controlling.
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1) Growth behind Planar Incoherent Interfaces

Diffusion-Controlled Thickening: x [] /(Dt) Parabolic growth

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

DAGY 'y o ax, 0 (D)

" T2(C,-C,)(C,~Cy)x

Supersaturation

2) Diffusion Controlled lengthening of Plates or Needles

Diffusion Controlled lengthening:

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

_| | v Half Thickness Increase
o
B
B // vV = U_h —
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A @ rate of lateral migration

V = DAX, Ell(1—r—j V—-constant — y [ ]

Linear growth

_ DAX,
k(X, - X,)A
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< Phase Transformation in Solids > B
1) Diffusional Transformation
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(a) Precipitation
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Q1: Overall Transformation Kinetics-TTT diagram

“Johnson-Mehl-Avrami Equation”



5.4 Overall Transformation Kinetics — TTT Diagram

If isothermal transformation,

The fraction of Transformation as a function of Time and Temperature

— f(t,T)

Plotf vs logt.

- isothermal transformation (

- f ~ volumefraction of g at any time; 0~1 \

(a)

[/
|

logt —

Plot the fraction of

transformation (1%, 99%) T

in T-log t coordinate. f

(b) o » s

logt —

Fig. 5.23 The percentage transformation versus time
for different transformation temperatures.



Time-Temperature-Transformation Curves (TTT)

e How much time does it take at any one temperature
for a given fraction of the liquid to transform
(nucleate and grow) into a crystal?

» fItT) ~Td(T)u(T)t*/3

where fis the fractional volume of crystals formed,
typically taken to be 10-%, a barely observable crystal
volume.

Nucleation rates Growth rates




Nucleation and Growth Rates — Poor Glass Formers

Tm Rat»e
« Strong overlap of growth
Growth Rate (m/sec) and nucleation rates
* Nucleation rate is high
.

« Growth rate is high

« Both are high at the same
temperature

Nucleation Rate (#/cm?3-sec)



Nucleation and Growth Rates — Good Glass Formers

Rate

No overlap of growth

Growth Rate (m/sec) and nucleation rates

Nucleation rate is small

Growth rate is small

Nucleation Rate (#/cm3-sec) At any one temperature

one of the two is zero

10



* Time-Temperature-Transformation diagrams

&
sool——LIT dlagrams. ... ...
; : : i |
!
____________________________ S i
700 ———hm e / |
= |
|
Coarse pearlite i
|
H : |
500 e Fine pearlite - |
; |
|
400 |
i
|
300 |
|
[
|
200 !
|
. _ l
i
-~ 1sec 1 min . 1hour 1 day }
e ik - |
0 Lol Cooa bl bl b b | Jl]llll_ :
0.1 1 10 104 10° 10* 10° 0 0.77
Time, seconds wt % C

FIGURE 10.11 A more complete TTT diagram for eutectoid steel than was given in
Figure 10.7. The various stages of the time-independent (or diffusionless) martensitic
transformation are shown as horizontal lines. M represents the start, Msy represents
50% transformation, and My represents 90% transformation. One hundred percent
transformation to martensite is not complete until a final temperature (My) of —46°C.

11



* Continuous Cooling Transformation diagrams

g &

800

700

600

500

400

300

200

100

0

0.

Continuous cooling
transformation

Isothermal
transformation

T o o o Rapid cooling rate
2 o === Moderate cooling rate
B Slow cooling rate

; ﬁ;g (2) The additive reaction rule of Scheil
= Pttt can be used to convert between
1 sec 1 min - Lhour 1 day isothermal phase transformation data
iolla sl s ool Beraling o ol i)~ et obtained from TTT and CCT diagrams.
1 1 10 102 10* 107

Time, seconds

FIGURE 10.14 A continuous cooling transformation (CCT) diagram is shown
superimposed on the isothermal transformation diagram of Figure 10.11. The general
effect of continuous cooling is to shift the transformation curves downward and toward

the right. (After Atlas of Isothermal Transformation and Cooling Transformation 12
Diagrams, American Society for Metals, Metals Park, OH, 1977, )



Influence factorsfor f(t,T): nucleation rate, growth rate, density and distribution of
nucleation sites, impingement of adjacent cells

Three Transformation Types

Wide range of particle sizes

Example,

(a) continuous nucleation

. A ‘ . . ) Metastable o phase with many
., "'*@;" . ) @ @ nucleation sites by quenching to T,
— ., © — | . © — f depends on the nucleation
. . . © rate and the growth rate.
* o O
(a) Beginning End

(b) all nuclei presentatt=10
. ¥ o O 00 — f depends on the number
of nucleation sites and the

. — = —=
‘ o © o O growth rate.
L] O O
~ o ° o
T
(b) Nucleation sites (c) .A" of the parent phase
is consumed by the
. transformation product.
’ Transformation terminate by the
. ' a:[?' O — impingement of adjacent cells growing
. « |or /—O O with a constant velocity.
) a—B+y

— pearlite, cellular ppt,

massive transformation,
Fig. 5.24 (a) Nucleation at a constant rate during the whole transformation. tallizati
(b) Site saturation — all nucleation occurs at the beginning of transformation. recrystaliization
(c) A cellular transformation. a—> ﬁ

(c) Cellular transformation

13



Transformation Kinetics

» Avrami proposed that for a three-dimensional nucleation and
growth process kinetic law

f — 1— eX p(— kt n ) Johnson-Mehl-Avrami equation

Volumeof new phase
Volumeof specimen

f : volume fraction transformed =

» Assumption :
V' reaction produces by nucleation and growth
V' nucleation occurs randomly throughout specimen
V reaction product grows rapidly until impingement

14



Constant Nucleation Rate Conditions

* Nucleation rate (/) is constant. F o = 0T f(t)
« Growth rate (v) is constant. t-1
« No compositional change

T t ;

Vol.of oneparticlenucleated y number of nuclel
4 = during d7 measured at timet formed during dr
Volumeof specimen

e

4 B
dfe — g V(t T)] X(IVOdT) Vo= %73’?‘3 = %ﬁ (vt )’
0 _ E T (i— 1)
f_(t) :L:I [—Ign[v(t—r)]?’dr ; o

t FTTTTTTTTT - do not consider impingement

=y E—|4— m3|:_£(t _ T)4:| :EE 73t E & repeated nucleation

3 4 0o o - only true for f «< 1 15

As time passes the B cells will eventually impinge on one another and the rate of transformation will decrease again.




Constant Nucleation Rate Conditions
« consider impingement + repeated nucleation effects

df =(1—f)af, dfe:i

1- f
f_=-In(l- f)

* Short time:
1-exp(z)~Z (z <1)

f (t) =1- eXp(_ fe(t)) =1- exp(_g IV3t4) * Long time:

t—ooo, f —1
4 !
]t Johnson-Mehl-Avrami Equation

before | f =1- exp(— k[”)
impingement B T
' K: 7'sensitive f(l, V) ——1Iv
n: 1 ~ 4 (depend on nucleation mecnanism)
| Growth controlled. Nucleation-controlled.

If no change of nucleation mechanism during phase transformation, n is not related to T.

i.e. 50% transform 0.7 Zp? 0.9
- kt'. =07 t,. = 3
Exp (-0.7) =05 - 05

t =
0.5
kl/n |:> 11/4V3/4
Rapid transformations are associated with (large values of k), 16
or (rapid nucleation, /and growth rates, ) — C curve




5.4 Overall Transformation Kinetics

If isothermal transformation,

The fraction of Transformation as a function of Time and Temp. — f (t,T)

TTT Diagram <—> CCT Diagram

* Constant Nucleation Rate Conditions * Short time:
1-exp(z)~Z (z <1)

f (t) =1- exp(— fe(t)) =1- exp(_g |V3t4) * Long time:

t—oo, f —1

4
f“ ]t Johnson-Mehl-Avrami Equation
1

before 5 f=1- exp(— k[n)

impingement N T

| k: 7"sensitive f(l, V) ——1Iv
n: 1 ~ 4 (depend on nucleation mecnanism)
| Growth controlled.  Nucleation-controlled.

If no change of nucleation mechanism during phase transformation, n is not related to T.

i.e. 50% transform 0.7 Zp? 0.9
- kt'. =07 t,. = 3
Exp (-0.7) =05 - 05

t =
0.5 1/4_.3/4
kl/n |:> I / v /
Rapid transformations are associated with (large values of k), 17
or (rapid nucleation, /and growth rates, ) — C curve




Q2: Precipitation in Age-Hardening Alloys

18



The theory of nucleation and growth can provide general guidelines for understanding civilian transformation.

5.5 Precipitation in Age-Hardening Alloys

TABLE 5.2 Some precipitation-Hardening Sequences

Base Metal Alloy Precipitation Sequence
Aluminum Al-Ag GPZ (spheres) — y/(plates) — 7 (Ag,Al)
Al-Cu GPZ (discs) — @ (discs) — @ (plates) — @ (Al,Cu)
Al-Cu-Mg GPZ (rods) — S’ (laths) — S (Al,CuMg) (laths)
Al-Zn-Mg GPZ (spheres) — n” (plates) — n (MgZn,)
Al-Mg-Si GPZ (rods) — f’ (rods) — p (Mg,Si) (plates)
Copper Cu-Be GPZ (discs) - y (CuBe)
Cu-Co GPZ (spheres) — f (Co) (plates)
Iron Fe-C e—carbide (discs) — Fe,C (plates)
Fe-N o (discs) = Fe,N
Nickel Ni—Cr-Ti-Al y’ (cubes or spheres)

Source: Mainly from J.W. Martin, Precipitation Hardening, Pergamon Press, Oxford, 1968.
19



Let us now turn to a consideration of some examples of the great variety of civilian transformations in solid.

5.5 Precipitation in Age-Hardening Alloys

5.5.1 Precipitation in Aluminum-Copper Alloys

Al-4wt% Cu (1.7 at %)

Atomic percent Cu
700 r

L 1 2
e

u+Ligquid

600 -

500

400

300

Temperalture “C

200 B
- f <’\G P zones
100r 7 -~ isother mal .
! 7 v
F
/ 1 1 i ’ |
1 2 3 4 5

Weight percent Cu

540°C heat treatment -
Ao Quenching + I sothermal (below 180°C)

Supersaturated solid solution

Temp.
4 Pt A (sol'n heat treat)

Pt C (precipitate 6)

------
..........

Q
o ‘e
-------------

Fig. 5.25 Al-Cu phase diagram showing the metastable GP zone, 8" and In most system, o, 3 phase~ different crystal structure —

6" solvuses. (Reproduced Trom G. Lorimer, Pr ecipitation Processes in

Solids, K.C. Russell and H.I. Aaronson (Eds.), The Metallurgical Society incoherent nuclei with large y ~ impossible to

of AMIE, 1978, p. 87.)

homogeneous nucleation of 3 - Homogeneous 20
nucleation of metastable phase B’ (GP Zones, Section 5.5.1)




Driving force for GP zone precipitation

The zones minimize their strain energy by choosing a disc-
shape perpendicular to the elastically soft <100> directions in

the fcc matrix (as shown in Fig. 5.26).
2 atomic layers thick and 10 nm in diameter with a spacing of ~10 nm

6 6-0-0-0-5
R

—O—66-6-5-5
Y e = AP

OO0 C-6-c0-c—
—0-6-5-605
S0 55%

OAl eCu

Fig. 5.26 Section through a GP zone parallel to the (200) plane. (Based on the
work of V. Gerold: Zeitschrift fiir Metallkunde 45 (1954) 599.)

: ol2{g SEM= et ME UXE & = flel, iz HEL (zone)Z BB L.
The zone appear to be homogeneously nucleated, however, excess vacancies are thought to play 21
an important role in their formation (be returned to later)

Fully coherent Cu-rich area
with very low interfacial E




GP zones of Al-Cu alloys (x 720,000, TEM)

F} R

i = E

. s E
.
3 ¥

Fully coherent, about 2 atomic layersthick and
10 nm in diameter with a spacing of ~10 nm

: The contrast in the image is due to the coherency misfit strain perpendicular to the zones. 22
(Coherency misfit strain—local variations in the intensity of electron diffraction—image contrast change)



Transition phases

a, — a,+GP zone—a,+0": =»a,;+0' —0,+0 (CuAl,)

Same crystal structure
f"#-.-—-.‘*\\
/7 \
GP zones

Q —»
\

XCu —_—

Al Cu

Fig. 5.27 A schematic molar free energy diagram for the Al-Cu system. 23



Total free energy =

—
o
e’

O
<

2PLD

a, — a,+GP zone—a,+0" —a,;+0' —a,+0 (CuAl,)

Low Activation Energy of Transition Phases

A

3

L=\

\ Size

ag— a;+GP

r

éh’

]

A

i

Z\

\

Time

o+ GP = oy +0” 040" > 03+0” ag+6 — oy +6

GP Zones — a,+0"

mm) - the crystal structures of the

transition phases are intermediate
between those of the matrix and
the equilibrium phase.

Transition phases (5714, 6” & 6):
a high degree of coherence, low
interfacial E contribution to min
AG*.

Equilibrium phase (A& 4, 0):
complex crystal structure that is

incompatible with the matrix —
high E interfaces and high AG*.

All coherent partially coherent Incoherent

G of the alloy decreases more rapidly via the transition phases

than by direct transformation to the equilibrium phase.

(@) The activation E barrier to the formation of each transition phase is very small in comparison to
the barrier against the direct precipitation of the equilibrium phase. (b) Schematic diagram showing
the total free E of the alloy versus time.




The Crystal Structures of 68", 6’ and 6

0"

A tetragonal unit cell (= a distorted

(100)

fcc structure in which the Cu and Al
atoms are ordered on (001) planes.)

0"
" (001) %
l = (010)

All sides coherent& a small distortion in the [001] direction
of (010) and (100) faces

(001)
(100)

(001) Coherent or
semicoherent

(100)
(010)

Incoherent

} Not coherent

(010)

A tetragonal with an approximate
composition CuAl,

Different crystal structure in (010) and
(100) faces to the matrix and a large
misfit in the [001] direction

Approximate composition CuAl,
and complex BCT structure

Fig. 5.29 Structure and morphology of 6”, 8" and 6 in Al-Cu (O Al. @ Cu). 25



0" of Al-Cu alloys (x 63,000, TEM)

Tetragonal unit cell, essentially a distorted fcc in which Cu and Al atoms
are ordered on (001) planes, fully-coherent plate-like ppt with {001},
habit plane. ~ 10 nm thick and 100 nm in diameter (larger than GP zones).

: Like the GP zones, the 0" precipitates are visible by virtue of the coherency-strain fields
caused by the misfit perpendicular to the plates.




0' of Al-Cu alloys (x 18,000, TEM)

0' has (001) planesthat areidentical with {001}, and forms

asplateson {001}, with the same orientation relationship as .
But, (100), (010) planes — incoherent, ~ 1 um in diameter. 27

: The broad faces of the plates are initially fully coherent but lose coherency as the plates grow,
while the edges of the plates are either incoherent or have a complex semicoherent structure.




0 of Al-Cu aIons x 8,000

CuAl, : complex body centered tetragonal, incoherent
or complex semicoherent

: large size and coarse distribution of the precipitates

28



) | Binary
200°C-2hrs

Binary
200°C-24hrs!

- -
FIGURE 5.30 Microstructures at different stages during ageing of Al-Cu alloys. (a) Al-3.3 wt.%
Cu aged 100 days at room temperature, high-angle annular detector dark field transmission electron
microscope image. {100} lattice planes resolved. Light streaks are rows of copper atoms in GP zones.
(b) ” in Al-3.9 wt.% Cu aged 2 h at 200°C. Annular dark field scanning transmission electron
microscope image parallel to {010} type planes. (c) #"in Al-3.9 wt.% Cu aged 24 h at 200°C. Same
imaging conditions as in (b). (d) 6.

29



Nucleation sites
in Al-Cu alloys

Y g

= S A Sy - B
3.
(0) GP zones — 67: (a) 8” — 0’. 8’ nucleates at dislocation (x 70,000).
GP zones : Dislocation can reduce the misfit in two <100> matrix directions.
~ very potent nucleation sites for 6” As the 6’ grows the surrounding, less-stable 6" phase

can be seen to dissolve.

(b) ® nucleation on grain boundary (GB)(x 56,000) (c) 8’ — 6. 8 nucleates at 8’/matrix interface (x 70,000).
: governed by the need to reduce the large interfacial energy contribution to AG* for this phase 30

Fig. 5.31 Electron micrographs showing nucleation sites in Al-Cu alloys.



* Effect of Aging Temperature on the Sequence of Precipitates

Increasing coarseness of microstructure
through the sequence of precipitates

)
L

2

=

-

/M

o,

£

L

E-{

”»
Ll » T S R A .
y GP ________________ TN
’ . .
' ¢ "reversion’ dissolution N \Jerowth
I ! If an alloy fontainjng GP 2mapes is hgated to abo e 5 o’
I the GP zonks solvlis the zonewwill dissolve. -
X A more stable precipitate grows at
(a) % Cu (b) Log (time) the expense of a less stable precipitate
(HEeA o 2t v =4 o] s} LAY)

Fig. 5.32 (a) Metastable solvus lines in Al-Cu (schematic).
(b) Time for start of precipitation at different temperatures for alloy X in (a). 31



Q3: Age Hardening (5.5.4)

32



5.5.4. Age Hardening

Transition phase precipitation — great improvement in the mechanical properties
Coherent precipitates—highly strained matrix—the main resistance to the ® movement: solid solution hardening

Maximum hardness~ largest fraction of 6"
(coherent precipitates)

Hardness vs. Time by Ageing

A Optimum aging time
i Aged 130°C ]
WO r—ep 0 717 aec Ageing at 130°C produces
-_ i - . u . .
C120F | e g LA, higher maximum hardness
g L e ‘.r- L e .
= 10] PN than ageing at 190°C.
E " 4.5% ~ "-_.‘ 4.0% Cu
e 80y ny: $25], b o i
£ L 3.0% Cu At 130°C, however, it takes
o ones et LAl LI .
> 60F  40%Cu ' ) 0% Cu too a long time (several tens of days).
i 3.0% Cu Overaging
S;ﬁcm L 20%Cu 7 ,__: hardness begins to decrease
0.1 1 10 100 - Increases the distance btw precipitates making © bowing easier
(a) Aging time (days)
A GP zones~unstable .
120 k| = GP | 1st precipitate = 6" How can you get the hlgh
| o |Conrser Bmax ol fraction L1 sged90°c hardness for the relatively
g0or PN short ageing time (up to 24h)?
= "/ !', *-":,::t..' .
E s 45% 7 R R Double ageing treatment
e ED: 40% -~ R S S first below the GP zone solvus
M . - . .“ ...‘.. LA T T 3+u% . . .
g | 3.0% < L S — fine dispersion of GP zones
0 - 0% shorter aging time L then ageing at higher T.
0.01 0.1 1 10 100 . .
Acine ti : Engineering alloys are not heat treated for max.
b ging time (days) .. .
(b) strength alone. — to optimize other properties

Fig. 5.37 Hardness vs. time for various Al-Cu alloys at (a) 130 °C (b) 190 °C best heat treatment in practice 33



5.5.4. Age Hardening

TABLE 5.3
Mechanical Properties of Some Commercial Precipitation Hardening Alloys

UTS* Elongation?
Base Metal  Alloy Composition (wt.%)  Precipitate YS* (MPa) (MPa) (%)

Aluminum 2024 4.5Cu-1.5Mg-0.6Mn  §’ (Al,CuMg) 390 500 13

6061 1.0Mg-0.6Si-0.25 g’ (Mg,Si) 280 315 12
Cu-0.2Cr
7075 5.6Zn-2.5Mg-1.6 H’ (MgZn,) 500 570 11
Cu-0.2Mn-0.3Cr

Copper Cu-Be 1.9Be-0.5Co zones 770 1,160 S

Nickel Nimonic 20Co-15Cr-5 7 (Ni;(TiAl)) 7500 1,100° 25°
105 Mo-4.5A1-1.0Ti~-0.15C

Iron Maraging  18Ni-9Co-5Mo-0.7 o (FeMo) + 1,000 1,900 4
Steel Ti-0.1Al Ni,Ti

* At peak hardness tested at room temperature.
® Tested at 600°C.

34



Q4: How can you design an alloy
with high strength at high T?

35



Microstructure of a two phase alloy is always unstable if the total interfacial free E is not a minimum. —

5.5.6. Particle Coarsening (smaller total interfacial area—loss of strength or disappear-

ance of GB pining effect— particular concern in the design of materials for high temp. applications)
Two Adjacent Spherical Precipitates with Different Diameters

( Gibbs-Thomson effect: radius of curvaturel = X; 1) Assumption: volume diffusion is
4 the rate controlling factor

I ~p —\3 3
\ o, (r)" —ry =kt
Average radius

where K L DyX,

(Xg: Equil. solubility of very large particles)

G

Coarsening rate ..df k :

(b) X, < X Xy — : =2
Aich  Burich at  re:

Lower density of High density of D and Xe ~ exp ('QIRT) I —=>CR T
larger particles * X Xy ® @small precipitates - Rapidly increase with
< r Increasing temp.
A-rich r, ry B-rich (Ostwald Ripening)

_ 0. “
36

: Concentration gradient in matrix—diffusion—small particle_shrink/ large particle_grow



5.5.6. Particle Coarsening

The Rate of Coarsening
with Increasing Time and Temp.

Increasing

A ”~ -
< -~ - temperature
s P

N

ro 1 r,: mean radius at time t=0

Time
I’ ~ Particular concern in the design of
materials for high temperature applications

Undesirable degradation of properties:
less strength/ disappearance of GB pinning effects

How can you design an alloy
with high strength at high T?

— fine precipitate dispersion
nint) dr . k
n -
dt r?

k O DyX,

1) lowy

heat-resistant Nimonic alloys

based on Ni-rich Ni-Cr — ordered fcc
Ni3(Ti,Al) in Ni-rich matrix — high strength
Ni/y’ interface~ “fully coherent” (10 ~ 30 mJ m2)

Maintain a fine structure at high temperature
— improve creep-rupture life

2) low Xe (Oxide~ very insoluble in metals)
: fine oxide dispersion in a metal matrix

Ex) dispersed fine Th02 (thoria) in W and Ni

— strengthened for high temperature

3)low D

Cementite dispersions in tempered steel
—> high D of carbon — very quickly coarsening

a. substitutional alloying element
— segregates to carbide — slow coarsening

b. strong carbide-forming elements
— more stable carbides — lower X, 37



Q5: Quenched-in vacancies vs Precipitate-free zone

38



. . a) Excess @©®— O nucleation and moving 1:
5 . 5 . 3 . Que nc hed -IN Vaca ncies Heterogeneous nucleation sites T
If X, < X.¢ critical vacancy supersaturation, b) Excess @ — atomic mobility T at ageing temp:

Precipitate nucleation X — formation of PFZ speeds up the process of nucleation and growth
ex) rapid formation of GP zones at the relatively low

In the vicinity of grain boundaries on subsequent aging, aging temperature. (possible to RT aging in Al-Cu alloy)

a) Precipitate-Free Zone(PFZ) due to Vacancy Diffusion during quenching

Solute concentration within the zone ~ largely unchanged, but no precipitate at GB
. a critical vacancy supersaturation must be exceeded for nucleation to occur.

A gt 5 Wi G T
X‘ ._"—__ .i-—f l;ig“

v I
I i "% - Lj, \. J J . J
I AN TP ‘ "V‘ \:‘i \‘
e | .‘ﬂ. l‘."“ ‘\; L v ke, ' ;. 3

[ 4 4 i
(2) GB Distance koo "

Similar PFZs can also form at inclusions and dislocations« -~

A | Fast quench

Slow
s _quench

(c)

Fig. 5.35 A PFZ due to vacancy diffusion to a grain boundary during quenching.
(a) Vacancy concentration profile. (b) A PFZ in an Al-Ge alloy (x 20,000) 39
(c) Dependence of PFZ width on critical vacancy concentration X,° and rate of quenching.



* Equilibrium Vacancy Concentration

dG
dX,

at equilibrium [

]XV :X%

AH, - TAS, +RTInX¢ =0

A constant ~3, independent of T

Rapidly increases with i

AS,, -AH
X¢ =iex )¢ v
v PR P TRT
putting AG,, = AH,, — TAS,,
T v e o
X =ex v
v PET

increases exponentially with increasing T

e In practice, AH, is of the order
of 1 eV per atom and X,°
reaches a value of about 10-4~10-3
at the melting point of the solid

AHy Xy

hcreasing T

~TAS=RT In Xy

Fig. 1.37 Equilibrium vacancy concentration.

: adjust so as to reduce G to a minimum
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b) Another cause of PFZs can be the nucleation and growth of GB precipitates
during cooling from the solution treatment temperature.

Fig. 5.36 PFZs around grain boundaries in a high-strength commercial Al-Zn-Mg-Cu alloy. a1
Precipitates on grain boundaries have extracted solute from surrounding matrix. (x 59,200)



Q6: Spinodal Decomposition
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5.5.5 Spinodal Decomposition
Spinodal mode of transformation has no barrier to nucleation

: describing the transformation of a system of two or more components in a metastable phase into two stable phases

a How does it differ between
fﬁfnﬂcail inside and outside the inflection
point of Gibbs free energy curve?

1) Within the spinodal d°G
dX?

: phase separation by small fluctuations in composition/

<0

(@) “up-hill diffusion”

2) If the alloy lies outside the spinodal,
small variation in composition
leads to an increase in free energy

and the alloy is therefore metastable.

G (Ty)

The free energy can only be
| | decreased if nuclei are formed
1 | with a composition very different

(b) A Xy Xpg — X B from the matrix.

Fig. 5.38 Alloys between the spinodal points are unstable and can decompose H
into two coherent phasees a, and a, without overcoming an activation energy — nUCIQatlon and grOWth

barrier. Alloys between the coherent miscibility gaps and the spinodal are : “down-hill diffusion”
metastable and can decompose only after nucleation of the other phase.
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a) Composition fluctuations b) Normal down-hill diffusion

within the spinodal outside the spinodal
A A .

up-hill X X, down-hill
diffusion 2] ) diffusion

Xo

Xo
. 8 x| ]
X T T T T T T T x| T T
Increasing M ™ . ||
time i, N
Xl ____________ Xl Q_[_’:
Xop——————————— X~ " —
M - > - —
Xl ———————————— X [N L ——I_ L~
X2 B - = ] X2 - — S — ——
Y
interdiffusion
coefficient X1 T - X, —— —
D<0 Distance Di
1stance

Fig. 5.39 & 5.40 schematic composition profiles at increasing times in (a) an alloy quenched into the
spinodal region (X, in Figure 5.38) and (b) an alloy outside the spinodal points (X, in Figure 5.38)



Phase separation

100nm
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5.5.5 Spinodal Decomposition

* The Rate of Spinodal decomposition

a) Rate controlled by interdiffusion coefficient D (4} 547 4)

Within the spinodal,
i
composition fluctuation i exp(—t / Z') I

(next page) I _________________ i

5 7[2 1: characteristic time constant
r=-4 /4 D A: wavelength of the composition modulations

(assumed one-dimensional)

b) Kinetics depends on A: Transformation rate 1 as A | (as small as possible).

But, minimum value of A below which spinodal decomposition cannot occur.
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Solutions to the diffusion equations

Ex1. Homogenization of sinusoidal varying composition
in the elimination of segregation in casting

C A 9%C,

< O Concentr‘ations decr‘ease With time : ------------------------------------------------------------------- E

Al

B =[G, exp(-t/r) at X:|E

Amplitude of the concentration profile ()

|

| _
: 3°C decreases exponentially with time, CcoHC
| GXZB >0 Concentrations increase with time.

! > A I 2

0 x T =——! T:relaxationtime

Fig. 2.10 The effect of diffusion on a sinusoidal variation of composition.

“decide homogenization rate”

The initial concentration profile will not usually be sinusoidal, but in general any con-
centration profile can be considered as the sum of an infinite series of sine waves of
varying wavelength and amplitude, and each wave decays at a rate determined b%}'ts
own “t”. Thus, the short wavelength terms die away very rapidly and the homogenization
will ultimately be determined by T for the longest wavelength component. 47




5.5.5 Spinodal Decomposition

* The Rate of Spinodal decomposition

a) Rate controlled by interdiffusion coefficient D (%4 s HA %)

Within the spinodal,
i
composition fluctuation i exp(—t / Z‘) I

(next page) I _________________ i

1: characteristic time constant
r=-A°141D
_ A: wavelength of the composition modulations

(assumed one-dimensional)

b) Kinetics depends on A: Transformation rate 1 as A | (as small as possible).

But, minimum value of A below which spinodal decomposition cannot occur.
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* Calculation of the wavelength (A) of the composition fluctuations

— Free Energy change for the decomposition

1) Decomposition of X, into X, + AX and X, - AX
What would be an additional energy affecting spinodal decomposition?

In practice, it is necessary to consider two important factors

2) interfacial energy

3) coherency strain energy

2
1) Decomposition of X, into X, + AX and X, - AX AGchem = 1d Ci( )2
Gibb’s free energy reduction by compositional change <+ . 2 dX _____________
fla+h)=f(a)+f(a)h+. (a)h ¥
— G(X, +AX)=G(X,)+G'(X )AX+G (X ) Ax?
— G(X, -AX)=G(X,)-G'(X,)AX + (XO)AX2
AGchem = G(XO +AX);G(XO _AX) _G(XO)
_G'(Xo) pye2 L 107G .

21 2 dX?



5.5.5 Spinodal Decomposition

2) During the early stages, the interface between A-rich and B-rich
region is not sharp but very diffuse. — diffuse interface

AG by formation of interface btw decomposed phases
Interfacial Energy CCRLCLTRTEETPTEEEPTETEL :

(gradient energy)

o composition gradient across the interface *
: increased # of unlike nearest neighbors in
a solution containing composition gradients

K : a proportionality constant dependent on the difference
in the bond energies of like and unlike atom pair

If the size of the atoms making up the solid solution are different, the generation
of composition differences, AX will introduce a coherency strain energy term, AGs.

3) Coherency 5 B
Strain Energy AGg DEO” <= o=(da/dX)AX/a

(atomic size difference) &: misfit between the A-rich & B-rich regions, E: Young's modulus, a: lattice parameter

EAGS — /72 (AX)2 E'V M‘EEU:;(%},E':EIU—V) AGs~ independent of A

n: the fractional change in lattice parameter per unit composition change

* Total free E change by 2 2
the formation of a AG = ad°G + 2K + 2/72E'V (AX)
composition fluctuation dXZ P 2 m 50

1) +2)+3)



5.5.5 Spinodal Decomposition

* Total free E change by J%G 2K AX )2
the formation of a AG = 2/7 E' V ( )
composition fluctuation dX 2
<0
a) Condition for Spinodal Decomposition ;" de """ 2K """"""""""
— ad homogeneous solid soilution~unstapie :_ 2 d E
JE N <
b) The Limit of T and composition ZG """""""""""
in coherent spinodal decomposition : > = —2,725'Vm§
(AT =T 237 YojLhs 2EQ 40| AT X :

: — coherent spinodal

e ] It lies entirely within the
chemical spinodal (d2G/dX?=0)

( boundary btw@ & @,

— The minimum possible wavelength (A) decreases with increasing 51
undercooling (AT~AX) below the coherent spinodal.




This figure include the lines defining the equilibrium compositions of the
coherent/ incoherent phases that result from spinodal decomposition.

* Incoherent(or equilibrium) miscibility gap: AH > 0

The miscibility gap the normally appears on an equilibrium phase is the incoherent (or equilibrium)
miscibility gap.— equilibrium compositions of incoherent phases without strain fields.

a) chemical spinodal: d2G/dX?=0_no practical importance
b) Area @ , AG,-AG; < 0 — only incoherent strain-free nuclei can form.

Incoherent
miscibility
gap

Chemical
spirmdal

Coherent / ¥ /7 N\ NKN-—=cceaaa-
miscibility
gap

: equililbrium composition Coherent

of cohdrent phase formed s]_)mr::-dal

by spinpdal composition Sy :
:d°G 2
P = 2E NV,

Composition
Figure 5.41 Schematic phase diagram for a clustering system.

Region 1: homogeneous a stable. Region 2: homogeneous a metastable, only incoherent phases
can nucleate. Region 3: homogeneous a metastable, coherent phase can nucleate. Region 4: 52
homogeneous a unstable, no nucleation barrier, spinodal decomposition occurs.




Spinodal decomposition is not only limited to systems containing a stable miscibility gap

All systems in which GP zones form, for example, containing a metastable coherent

miscibility gap, i.e., the GP zone solvus.
— at high supersaturation, GP zone can form by the spinodal mechanism.

Weight percent aluminum

0 10 20 30 40 50 60 80 100
1000 l 1 I | T T 11
960.5°
9200 -
300 Liquid
700 [~
O
o 600 -
= Q,
.;'r_d; :\g
g 500 |-
3
400 -
GP zone 2
300 solvus g/
//
200, R R -
/ I L ™™
100 l | | A | | | 1
0 10 20 30 40 50 60 70 80 90 100
Ag Atomic percent aluminum Al
Figure 5.34 53

Al-Ag phase diagram showing metastable two-phase field corresponding to GP zones.



- The difference in T between the coherent and incoherent miscibility gaps, or the

chemical and coherent spinodals ©c magnitude of ‘U‘ n: the fractional change in lattice para-
meter per unit composition change

- Large atomic size difference — ‘7? ‘ large—large undercooling to overcome the strain E effects

- Like Al-Cu, large values of ‘7? ‘_in cubic metals can be mitigated if the misfit strains
are accommodated in the elastically soft <100> directions. = composition

Figure 5.42 A coarsened spinodal microstructure in Al-22.5 Zn-0.1 Mg (at%) solution treated 54
2h at 400 °C and aged 20h at 100°C. Thin foil electron micrograph. A = 25 nm_coarsening



A miscibility gap with significant practical importance is that in the Fe-Cr system,
which is the basis of stainless steels.

- The curves are calculated taking into account the magnetic contribution to the Gibbs
free energy, which causes a large deviation from regular solution behavior.

- As there is only a very small difference in the size of iron and chromium atoms, it is
believed that the coherent spinodal is not far below chemical spinodal.

1000- ..................................... j
SRy &
M ¢
s 800 8
| g
0 5
Q-‘ o
E 600 E
| 300 o
,,’ Chemical \‘
400 ! spinodal \ M
I SRRl 60 80 Cr

Atomic % Cr
FIGURE 5.41 The miscibility gap and chemical spinodal in binary Fe—Cr alloys as calculated with
the thermodynamic software Thermo-Calc TCFE7 database considering the magnetic contribu-
tion to the Gibbs free energy. Homogeneous compositions are paramagnetic above the Curie tem-
perature and ferromagnetic below. The 0 -phase, which is stable above 774 K, is excluded from the

calculations. (Redrawn from T. Barkar, L. Hoglund, J. Odqvist, J. Agren, Computational Materials 55
Science, 143:446-453 (2018).)
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