AG,mix

1.3.2 Ildeal s

olution

XB ——

Low T

AH,,;,, =0 (no interaction)
AS..ix =0 = random statistics
S=klnw

k: Boltzmann constant
w: measure of randomness

B _ (Ng + Np)!
AR

<0

A

ASmixZ—R(XAlnXA +XBlnXB) >O

-~ AGM

= —RTIn(X;InX, + XglnXg) <0

Phase Transformation in Materials




1.3.2 Ideal solution

A Gmix

Low T

Molar free energy

1\ O
1 9
=)
=
ey
;] =
Low T </ g
AG'mix
High T
Ky i 1

G = XAGA +XBGB + RT(XA lnXA +XB lnXB)

Phase Transformation in Materials
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1.3 Binary solution

+* 1.3.4. Chemical Potential

Partial mogaQr quantity (Ot &2 20| add &A= [ Hol= 8 &)
@i — (a—nl
Y/ T.Pn;
Partial Molar Quantity of Free energy — Chemical Potential

Whole System

Uy = (— ! G : molar free E (independent of size)
oA/ T png

For binary solution at T, P, const. dG' = puzdny + ugdng

If T, P change & multi components
dG' = —-SdT + VdP + ,LlAdnA + qunB + ,Llcdnc + ...

For molar quantity

G = paXys + ppXpg (Jmol™)
(- 1 mol of original phase, X, mol, Xz mol. dny : dng = X, : Xg)

Phase Transformation in Materials

;g_ Nano & Flexible
%5¥ Device Materials Lab.



1.3.2 Ideal solution

“* For molar quantity

G = paXq + UpXp

(5%,
v = HUa
0X4 T,P.Xg

*» For ideal solution,

Molar free

G = XAGA +XBGB + RT(XA lnXA +XB lnXB)

09X,

.UAz(_> =Gy +RT InX, Ug = Gg + RT In X
T.P,Xpg

Phase Transformation in Materials



1.3 Binary solution

(

(interceptat Xz = 1) = GatXB + X, -slope = GM + XA?9

X,

dG' = —SdT + VdP + Z‘Ul dni

> = Uy = GA+RTlTlXA
T,P,Xp

Up = GB + RTlnXB

dGM = ‘LlAdXA+‘LleXB '@

G" = Xapia + Xplip
ac® _ o _
ax, Ua Up

aGM

M oGM
pa=G" + Xp A

acM
ug = G" + XAa

from @ = ug

by @' intercept at Xz =0

-@
_@(
® x Xg —’XBa = pUpXp — UpXp -

M
®+@_)GM+XBEZ ‘uA(XA+ XB)Z ,uA'@

- ®
-@

. — HB
B

cM

XB

Phase Transformation in Materials
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—RT In X,

~RT In Xp
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1.4 Regular solutions (Quasi- chemical model)

AHM = |deal
AHM > 0 Endothermic
AHM < 0 Exothermic

“* Quasi- chemical approach

v AHM is only due to the bonding E.
(AVM =0, vol of A = B)

v" Interatomic bonding E, distance maintained the same
A-A Eaa # of A-B pair

B-B epp E =Pypeap + Prp€aa + Papéup
A'B EAB /

Internal energy of solution

Phase Transformation in Materials




1.3.3. Reqgular solutions
» when A&B are mixed:

AHppix = Pyp |€ap — E(SAA + egp)| = Pape

& . difference between A-B to aveg. of AA. BB

Me =0 AHM = ( Ideal solution

# of bonds # atom

P,g = NyZX,4Xp (random solution)
Avogadro’s #

@e >0 AHM > 0 Pip T UE 552 atom0| =4 20 A& &

o
o

@e<0 AHM <0 Pyl 22 ZE82 atom0 S 20IX2 A58
(less random)

Phase Transformation in Materials %‘A S:C?cjl\iﬁzlr?;?s L



AH,,;, per mol

e

1.3.3. Regular solutions (Quasi-chemical medel)

N /|
N /
\\ // |€|j|' &I-QD; PAB=NAZXAXB jl'/g%!
AN /
b Y% g . AHppi = QX Xp
/ .
PR = regular solution
7 AN
/ —
VY \\ Q -_ NAZE
N
Xp B

AHppe = O Xy Xp = -Q(XB — (XB)Z)

(Xa=1—-Xp)
AGMix = QXAXB + RT(XA lnXA + XB lnXB)
; l

AHmix

/ J

—TASnix

AG iy, always decrease for small Xg

Phase Transformation in Materials nano & Hlexble



ey

1.3.3. Regular solutions (Quasi-chemical medel)

% The Effect of AH_;,, and T on A G,

<0

A

AG

mix

(@) <O, high T

+

Q>0 o

AH,

mix

A

AG

mix

—TAS ik

() >0, high T

S+

Xy —

A

AH

mix

—TAS,

mix

AG

mix

b)OQ<O,low T

+

AH, mix

A Gmix

/7N

A

Xg —

—TASix

(dQA>0,lowT

Phase Transformation in Materials
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1.3.5 Regular solution

Total free energy of alloy (1-39)

GM

= S(AG; + XBG; + ?)‘XAXB + RT(XAlnXA + XBlnXB)\
= Xa|Ga+ Q1 — X2)?+RTInX,|

+ Xp|Gp + Q(1 — X5)?+RTInXg]

(XaXp = XiXp + X5X4)

= UaXq + UpXp

Nua= G+ 01 - X)*+RTINX,
" ug = Gy + Q(1 — Xz)2+RTInX;

Phase Transformation in Materials




1.3 Binary Solutions
“ Activity

Ha = GA + RTlnaA

for regular solution

l (a“) 21— xy)?
ny\—\| = — — Xy
o X,)  RT
Ya = X,
- activity coefficient () = L1 - xp)?
.act|V|ty coertricien XB = BT B
, GB
RTIny, = QX5
GA
a \ —RTlInag
—RTInay,
HB
HA Te
0 A g
11 Phase Transformation in Materials #7% Nano & Flexible

2 Device Materials Lab.



1.3 Binary Solutions

/
N
/ 1 \> .
/ >
/) @
_ Henry’s law @
oklee— - - - 0 o AHmix >0
0 Ky 1
A B

(a) (b)
< Activity related to chemical potential. | #a = Ga + RTlna,

—measure of the tendency of atom to leave the solution
Ex) a or uislow.  — Reluctant to leave the solution.

— g, preferred.

+¢» For dilute solution.

Vg = i—i = const (Henry’s law)
Y4 = ;—j =1 (Raoult’s law)

12 Phase Transformation in Materials

(@ Ideal Solution (as = X4, a5 = Xg)

#9¢ Nano & Flexible
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1.3.6 Real Solutions

00000000
& ®

S04 & 40

SRR <R
o0 00

Ordered substitutional Clustering Random interstitial

% Actual arrangement in real solution

— Compromise between AE & AS for min G

e<0 G | by increasing A — B bonds — ordering
€>0 G Tbyincreasing A— A, B — Bbonds — clustering

* Ordering & clustering tendency | as T 1

- AVM = 0 (size dependence)
Size difference — interstitial solid solution

Strong chemical bonding force — intermediate phase formation

#9¢ Nano & Flexible

13 Phase Transformation in Materials P Device Materials Lab.



1.3 Binary Solutions
* 1.3.7. Ordered Phases - SPO parameter

.0.0‘0.0 > ¢ < 0.0 \ 0.0.0 \/’ 0‘0 0.0
.Q Q.§ 0.0 \g Q.Q.Q. .0.0 & Q.Q.Q 0.0 N
e ..0 00 CORORMI )
ot ¢ ot b ¢ Ll R gl IR R a4
. > 44 Q.Q \d/
*, 0.0 \g 0.0 0.0 *
000, . 00

ST b

(a) Random A-B solution with a total of 100 atoms and X, = Xz = 0.5, P45~100,S = 0.
(b) Same alloy with short-range order P4z = 132, P4g(max)~200,S = 0.32.

If Q < 0, and # P, is greater. — short range order (S) (vs. long range order)

P4sg — Pyg(random)

S =
P,s(max) — Pyg(random)

ion i i #3% Nano & Flexible
14 Phase Transformation in Materials g Nano & Hlexivle



1.3 Binary Solutions

¢+ 1.3.8. Intermediate Phases

G A G A
Gp / e

G |

A Gy

KG.a \/
|
A t B A X : B
Ideal B

(a) composition (b)

“* When small composition deviation cause rapid rise of G

— intermetallic compound.

Usually stoichiometric A, B, (m,n :integer)
15 Phase Transformation in Materials ggg?cjl\i;’::;‘fs Lab.
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1.3 Binary Solutions

“* Ordered structures in Cu-Au system

500
O 400} £\
P 300 / R
o ' /
E CugAulY CuAu 1\
S 200 B :
3
S 100

0 0.1 02 03 04 05 06 07 08 09 1.0
Cu XAu Au

Phase Transformation in Materials

;g_ Nano & Flexible
%5¥ Device Materials Lab.
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1.4 Equilibrium In Heterogeneous 'Systems

“* The Molar Free Energy of Two-phase Mixture

Molar free
energy

G(a +B)

17 Phase Transformation in Materials
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1.4 Equilibrium in Heterogeneous'Systems

BCCA

FCCA

Ha

18

—

1’*
GE 1 | | " —RTln ag
GP
G* G4 N\
Gx A N\Gh I : W
Gl A ae Be B
1 | i S
§ T
B B Z
-
a |
.uglc = Ha . T | & |
y i
FCCB B
:u,(zlz = Uy i P /! !
_ B ' !
:ug = HUp 1 | |
S T q
GE BCC B I
. G ' g9 = aﬁ “AT | |
e GE A '2 | |
0 X 1
O‘e XO Be B

Phase Transformation in Materials nano & Hlexble
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1.5 Binary Phase Diagrams

“* A Simple Phase Diagram
(1 Completely miscible

(2) Miscibility Gap
- Liquid phase (ideal)
- Solid phase (AH,,,;;,, > 0 — A, B dislike)

(3 Ordered Alloy
- AH,,;, <0

@ Simple Eutectic
- Miscibility gap extend into liquid phase

(® Phase diagram containing intermediate phase

Phase Transformation in Materials




1.5 Binary Phase Diagrams

“* A Simple Phase Diagram
Fig 1.29 G T; T (A) T,
L T L
| I
A B A B A b C B
(a) (b) (c)
I I
Vi
T, (B T L, | I
(B) 3 T: [P I I T_(A)
I
L 12 “]_ Liquidus
\/ T, (B)
i
S g 3
Solidus
A B A B A B
(d) (e) (f)
20 Phase Transformation in Materials JZ Nano & Flexible
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1.5 Binary Phase Diagrams(Summary))

Liquid Liquid
B B
. Y
ﬂ " P
(04
A Xg———— B e Xg — B

Phase Transformation in Materials nano & Hlexble
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1.5 Binary

“ System wit

Phase Diagrams

n a Miscibility Gap (AH

S
mix

> AHL . = 0)

Phase Transformation in Materials

;g_ Nano & Flexible
%5¥ Device Materials Lab.
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1.5 Binary Phase Diagrams
<+ Ordered Alloys (AH® .. < 0)

Liquid Liquid
x \ B
a / D §
o+
N\ -
0
XB—> B A XB —_—

Phase Transformation in Materials




1.5 Binary Phase Diagrams

* Eutectic Phase Diagram with Same Crystal
Structure

Solid

#7 Nano & Flexible

24 Phase Transformation in Materials %2 Device Materials Lab.



1.5 Binary Phase Diagrams

“+ Eutectic Phase Diagram with Different Crystal
Structure

Lta | L+p, B
1 1

#7 Nano & Flexible

25 Phase Transformation in Materials %2 Device Materials Lab.



26

1.5 Binary Phase Diagrams

“* More Complex Phase Diagram

\/

A B A B A B
L
I
I
I
: |
I
! I |
a 0(+[3:[3: B+L+y I
[ 1 I
A B A B A B

Phase Transformation in Materials

#9¢ Nano & Flexible
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1.5 Binary Phase Diagrams

“* Phase Diagrams Containing Intermediate Phases

i Pl B
Stable compositions
Stoichiometric
composition (A,,B,,)
Minimum G
27 Phase Transformation in Materials

;g_ Nano & Flexible
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1.5 Binary Phase Diagrams
“* The Effect of Temperature on Solid Solubility

p
G @ Tl \ GaB
G Gb
G%: HB
I
Al oA
Xp —»
Xf; B

a+p
1 p g—— B
X‘é B
ion i i #3% Nano & Flexible
28 Phase Transformation in Materials g Nano & Hlexivle



1.5 Binary Phase Diagrams

“* Equilibrium Vacancy Concentration

A
Al X
Xy

O | >

: AG Xy

I

~TAS=RT In Xy,

29 Phase Transformation in Materials
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1.6 The Influence of Interfaces on Equilibrium

% The effect of interfacial energy on the solubility of small particles.

o

7%) | Phase B in

v Gibbs — Thompson Effect :

Extra pressure due to the curvature of a/f interface

AP 2
Ap =2
r
_’ @ \ @ - PV term in G increase
Atmospheric

/ pressure AG =AP -V
|l e ¥ |

(a) & 2y V.
AG, = YVin

r V... molar volume of f phase

#7 Nano & Flexible
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1.6 The Influence of Interfaces on Equilibrigm

* Transfer of dn mol of g from large to small particle.

dG = AG, - dn

/ @ (AG,: molar free energy difference

: between two particles)

dn mol B
( o dG = ydA
7 7, . .
///////////// (. Large particle — unchanged, small — changed)
/ 7
ydA = AG, - dn
AG dA
r= VY-
dn
2vV,
47rr? dA 94/ 2V, v AG = yT'm
— — 2 — dr __ 2'm
n= 3Vm,A—4nr Wy T

#7 Nano & Flexible
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1.6 The influence of interfaces on Equilibrium

% The effect of interfacial energy on the solubility of small particles

. AGg + Q
i RT
T Gey
G
. ( AGB+Q—2VVm/>
r = exp RT

o -— e - -

Typical value : y = 200 mJ/m?, V,, = 107> m3

X 1 X .
L x~1+ (10 nm — =— = 1.1 (10 % diff))
Xoo r (nm) Xoo
32 Phase Transformation in Materials nano & Flexble o



