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- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System

G, =X,G,+X;G; Jmol || G,=G;+4G_,, J/mol

Ideal solution (AH, ., =0) AG™ =RT(X,InX,+ X InX})

(7 = ATAGA T X.E'GE + RT(XA th.i N X-E' 111 ‘E’-E)

Regular solution AH_ . =P,.& | wheree=¢,, —%(sAA +€55)

G = X,G, + X.Gy+ Q X, X, + RT(X,InX, + X;InX,)

- Chemical potential and Activity

0G' e u,=G,+ RTlng, 111{ z* '\
Ha =
T,P, ng

_ Q (1 X, )3
RT

LA

—= =y, = activity coefficient
pe 2-40] ol Z-E|7| W20 dn, 7t O ZH0FM Zd 3} GLojOF X, 2




- Binary System mixture/ solution / compound

Ideal solution (AH,.,;,=0)

Regular solution

Random distribution

AH .

ABe

@ AH_ ;>0 orAH_, <0

Real solution

Fig.1.8 (€<0, AH_,,<O0

Ordered alloys

Pag T —— Internal E 1

b) €>0, AH
Clustering

Paa: P 1

where € = €,

Ordered structure

1
- E(eAA T 8BB)

E=0

mix>0 (o Whenthe size difference s large
strain effect

Interstitial solution




Q9: Ordered phase II:
“Long range order (LRO)"

(®superlattice, @intermediate phase, ®intermetallic compound)



* Solid solution — ordered phase |
-> random mixing
> entropy 1 O
. Ga
negative enthalpy|
o
AR <0
Large composition range A Xy —a= B
> G l (b)
diate phases: (a) for an intermetallic com-
(b) for an intermediate phase with a wide
* Compound : AB, A,B... g |
-> entropy| .
. . . . B
-> covalent, ionic contribution. g, |
-> enthalpy more negative| AGui,
oo e
AR, <<0 |
. A y Tl B
Small composition range () deal,
composition
9 G l Fig. 1.23 Free energy curves for intermed

pound with a very narrow stability range, (
stability range.

liquid
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Su pe rlattice formation: order-disorder transformation

-e< 0, AH_,,< 0
- between dissimilar atoms than between similar atoms

- Large electrochemical factor: tendency for the solute atoms to avoid each other
and to associate with the solvent atoms
- Size factor just within the favorable limit: lead to atomic rearrangement
so as to relieve the lattice distortion imposed by the solute atoms

(a)L2,:
CuZn/FeCo/NiAl/ICoAl/ '

FeAl/AgMg/AuCd/NiZn-

ar

(_,"r’_—
B brass superlattice viewed as two inter-penetrating cubicdttices 6




AG. . =4H . -T4S,, Ordered phase £€<0, AH,,,<0

Fig. 1.21 Part of the Cu-Au phase diagram showing the regions where the
CujAu and CuAu superlattices are stable.
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Temperature 7
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Cu Xa Au
« The entropy of mixing of structure with LRO is extremely small and the degree
of order decrease with increasing temperature until above some critical
temperature there is no LRO at all.

u

 This temperature is a maximum when the composition is the ideal required
for the superlattice.

« The critical temperature for loss of LRO increases with increasing Q or AH, ;..

and in many systems the ordered phase is stable up to the melting point. !




Order-disorder phase transformation

- Not classical phase change=~not depend on diffusion process

- change of temperature allowed a continuous re-arrangement of
atoms without changing the phase = “2"d order transition”

- boundary: ordered lattice & disordered lattice/phase rule could not applied
there are cases in which an ordered phase of one composition exists

in equilibrium with a disordered phase of a different composition.
- Simple composition of the type AB or AB; can the transformation

(i.e. at the temperature maximum) be considered diffusionless.

Q

a



Ordered Phase
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Intermediate Phase

Tempetrature (C)
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Intermediate Phase

£<<0, AH_.<<0/AH,_ . ~-142 kJ/mol
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1200
1 200—
: Liquid
i 1115
110010545
] 1012 1000
_ 995
1DDD.. 972 75 724 a4 5
- X3
i 935 925
+— C4.5
Q00— Cu &E5 __E'E'___,/g-;_.;
i 362 +t
: . S22
S00— E a97.8
] aCk —H
i 715
T0—
. b
- — r-
] ) & o
i Lo IS = o
5':":' IIIIIIIIIIIIIIIII IIIIIIII IIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o 10 20 a0 40 50 =1 ) =0 a0 100

Cu Atormic Percent  Zr Er 12



1.3 Binary Solutions .
Intermediate Phase

_"different crystal structure as either of the pure component”

3 main factors
determining the structure of Intermediate phase ?

1) Relative atomic size

- Laves phase (size difference: 1.1~1.6 ex: MgCu,)
fill space most efficiently ~ stable

- Interstitial compound: MX, M,X, MX,, M_X
M= Cubic or HCP ex: Zr, Ti, V, Cr, etc, X=H, B, C, and N

2) Relative valency electron

- electron phases ex_a & p brass
# of valency electrons per unit cell
— depending on compositional change

3) Electronegativity MgCu, (A Laves phase)

- very different electroneqgativites— ionic bond _normal valency compounds
ex Mg,Sn 13




AH 5 o> 0 Solld solution — solid state

phase separation (two solid solutlons)
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Q1: “Clustering”? —» Phase separation

Metastable vs Stable miscibility gap

15



*The degree of ordering or clustering will decrease as temp.
increases due to the increasing importance of entropy.

High temp. — Entropy effect I —> Solution stability I

JRCTTITN JRCTTITN 3 XB —
0 0 5
—" - s \ mix (
AGmix
A AGmi)( B A B
(@ 9<O,highT’ (b) <O0,lowT
A Hmix
+
AGmix
0
XB —
~TA Smix
A B




>0, AH. > 0/AH,, ~*+26 kd/mol
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Cooling process in the miscibility gap

~~

Temperature ( C

1600 -

1400 -

1200 -

1000 -

Dendrite / interdendrite formation
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Concentration (at%)

100

Compositional analysis of as-cast CoCrFeNi/Cu HEA (dendrite)

80

60

40 4

20

Co

1 —=— Cr

—=— Fe
—a— Nij

Cu

—_——

I\ ——a—A—5

ROI1,2:14nmXx2nmXx2nm

ROI3 :1.2nmx2nmx23 nm
(1D concentration profile)

ll n

26.19 0.33

Cr 2415 Cr 0.46
Fe 24.59 Fe 0.39
Ni 19.59 Ni 5.00
Cu 4.74 Cu 93.56

m m
25.29 2.01
Cr 25.63 Cr 3.35
Fe 23.63 Fe 2.56
Ni 20.66 Ni 6.90

Cu 4.42 Cu 84.92

Dendrite region: matrix (4.74 at%Cu) +
2nd phase (93.56 at%Cu)

= No segregation at the interface between

Matrix and 2nd phase



Temperature, °C

£>0, AH >0/ AH_, ~+17 kd/mol

Weight Percent Platinum

Atomic Percent Platinum

i It 20 30 40 50 () 7 80 9 ()
]H{][}_1l-|p--..ll ...... r|-r||r||-|||--||‘ -------- l'[l'l"r'r'!!1'|ll[llﬁlllllIll'l'rTlllllILlld |||||| -|||-||!l|11||---------:]_Irﬁuluﬂc
L1 3
14004 3

] 1260°C

: 61 :
1200 3

10164.43 ] (Au,Pt) s
1EKI = =
M= 3

] (Au)+(Pt)

i :
AIH] v N e o o B o o M B i L B

{ 10 20 10 40 50 () 70 B() Yk Hi

000000000

N VY

k>

atalt ¢ V¢ ¢

AR AR

* 0.

LR < il > >
- 0.0 Q‘Q‘Q.Q.‘.O.
(X2 o,

=R -~ R
o0 o0

LI I - < IR I >
000000, 000
M )

20



>0, AH_ > 0/ AH_,~ +5 kJ/mol
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€>>0, AH_,,>> 0 /AH,,~ 160 kJ/mol
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€>>0, AH_,>> 0 /AH,,~ +58 kJ/mol
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Positive heat of mixing relation among constituent elements

» Alloy design considering heat of mixing relation
among constituent elements

AH,;, >0 between A& B

\ 4

creates (meta)stable miscibility gap
in limited composition range

¥
Phase separation to A-rich & B-rich phase

» Different two-phase structure
by initial composition before phase separation

B-rich matrix
A-rich droplet

Interconnected
structure

A-rich matrix
B-rich droplet

Equilibrium condition
Haa=Had> MBa=MBd

AG /
pA,a /\‘\ / ”B,a
= ! . : =MB,g
“A’d - ncix=0 |
A ! ):\tomic fraction B—E—» i B
T, : :
One liquid C, ! :
Tc | (or SCIFL) i i i
1 Cl : ! 1
T2 ..............................

Two liquids
(or SCLs)

spinodal

—-—>

binodal

A Atomic fraction B—> B

Nucleation and growth < Spinodal decomposition without any barrier to the nucleation process



*Ti-Y-Al-Co system

1600

1200 +

1000 +

800 +

600

90 100
Ti_Al_Co Y Al Co

56 24 20

Droplet structure Interconnected structure Droplet str

A1

(Y 56Al154C050) 25(TiseAl 34C050)75 (Y 56Al 24C050)50( Tl 56l 24C0,0)50 (Y 568l 24C050)65( Tl 56Al 24C050) 35



* La-Zr-Al-Cu-Ni system

Zr/Ni-rich La/Cu-rich

Composition (d) |

FIGURE 5.17

Schematic of the miscibility gap and the sequence of phase formation during cooling in the
La—Zr-Al-Cu-Ni system. The positions of letters (a) to (d) in the diagram on the left corre-
spond to the schematic microstructures (a) to (d) on the right. (Reprinted from Kiindig, A.A. etal,,

Acta Mater, 52, 2441, 2004, With permission.) 26
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- Binary System mixture/ solution / compound

Ideal solution (AH,.,;,=0)

Regular solution

AH .

eE | Where e =¢,,

@ AH_ ;>0 orAH_, <0

Real solution

Fig.1.8 (@)€e<0, AH_..<0

mix

Ordered alloys

Pag T —— Internal E 1

Random distribution

1
- E(eAA T 8BB)

Ordered structure

E=0

0 €>0, AH >0 (o Whenthesize differencels large
Clustering strain effect
P. P 1 Interstitial solution
AAr " BB

28




AH S >0 : Solid solution — solid state

phase separation t(vo solid solutiong’

AH S ,>>0: Ilquid state phase separatior
............................. (up to two liquid solutions)
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Q2: How can we define equilibrium
in heterogeneous systems?

30



1.4
Equilibrium in Heterogeneous Systems

A, B different crystal structure — two free energy curves must be drawn, one for each structure.

We have dealt with the case What would happen when
where the components A and B the components A and B
have the same crystal structure. have a different crystal structure?
G = X,G, + X G, — heterogeneous system

+ Q X, Xg + RT(X,InX, + XgInXy)

A
G} Fig.1.25 ¢ Unstable Unstable
f ¢ bcc A c fcc B
a a b
! G” GP
A X B A Ex (fcc) s B Ex (bcc)



1.4
Equilibrium in Heterogeneous Systems

If G7(X3) and G”(X%) are given,

what would be G(a + ) at X3 =7
A

Molar free
energy

G(a + B)

- bcg & acd, deg & dfc GY
: similar triangles

- Lever rule

- 1 mole (a+f3)
: bc/ac mol of a + ab/ac mol Qf o
— bg + ge = be_total G of 1 m XB X{ﬁ X% B

Fig. 1.26 The molar free energy of a two-phase mixture (a+f3)

32



Lever rule

A geometric interpretation:

E‘L Gﬂ. E‘EIL momeant equilibrio m:
s WR- WS
WL Wa 1- W,
aolving gives Lewar Hula
L I |
Sum of weight fractions: W + Wy =1 E i
Q I
Conservation of mass (Ni): Co =W CL+W,Cqo § : +
(1] I I :
Combine above equations: EJ_ I . I
L @
w ~Ca=Co _ S w _Co-G __R S !
Co-G R+S Y Gu-G R4S RS
T, o

L
Composition
33



1.4
Equilibrium in Heterogeneous Systems

In XO, G,f > G, > G,
Exchange of A and B atoms

=) o+ 3 phase separation

Chemical Equilibrium (u, a)
— multiphase and multicomponent
(K =pP=py=...), (a*=af=ay=...)

a — a — .. B
UA—Uf Hp = Uy

Unified Chemical potential of
two phases

34




Variation of activity with com pOSitiOﬂ Activity, a : effective concentration for mass action

with the lowest free energy,
is usually defined as the
state in which the pure
component has unit activity
of A in pure a. 1

The most stable state,
—RTIH QA{

when X, =1 - a, =1

when X, =1 - af =1

: : 0

when a and 3 in equil. 1
a — 5B

aA — aA a,AT

a — 4B
aB — aB

0

Unified activity of Fig. 1.28 The variation of a, and ag with composition for a binary

system containing two ideal solutions, a and 3

two phase 35




Equilibrium in Heterogeneous Systems

In X0, G,f >G,* >G, = «a+ 3 separation =) unified chemical potential

aA(l:aAB

-RT Ing,®
-RT Ing,?

A

3g*=agP
-RT Ing;®
-RT IngP

Up

36
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- Binary System mixture/ solution / compound

Ideal solution (AH,.,;,=0)

Regular solution

Random distribution

AH .

ABe

@ AH_ ;>0 orAH_, <0

Real solution

(@e<0, AH_.<0

mix

Ordered alloys

Pag T —— Internal E 1

®b) €>0, AH
Clustering

Paa: P 1

where € = €,

Ordered structure

1
- E(eAA T 8BB)

E=0

mix>0 (o Whenthe size difference s large
strain effect
Interstitial solution
2




AH S >0 : Solid solution — solid state
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Equilibrium in Heterogeneous Systems

In X0, G,f >G,* >G, = «a+ 3 separation =) unified chemical potential

aA(l:aAB

-RT Ina,
-RT Ina,P

A

3g*=agP
-RT Inag®
-RT Inagh

Up



Contents for today’s class

1.5 Bina ry phase diag FAIMS _variation of the simple phase diagram

complete solid solution — eutectic/peritectic system
1.5.6

e Gibbs Phase Rule F=C-P+1 (constant pressure)

1.5.7

« Effect of Temperature on Solid Solubility

1.5.8
« Equilibrium Vacancy Concentration

1.6 Influence of Interfaces on Equilibrium
1.8

e Gibbs-Duhem Equation: Be able to calculate the change in

chemical potential that result from a change in alloy composition.



Q1: How equilibrium is affected by temperature
in complete solid solution?



1.5 Binary phase diagrams
1) A Simple Phase Diagram

Assumption: (1) completely miscible in solid and liquid.

(2) Both are ideal soln. AHL =0 AHS, =0
(3) T(A) > T,,(B)

(4) T1 > Tm(A) >T2 > Tm(B) >T3

| |
Draw Gt and G as a function {7 brgedodo
" ! el T A 1T (A:
of composition Xg
at Tq, Tin(A), Ty T(B), and Ts. § T NG s Liquidus
....... J T (B)}
Solidus
A B

Fig. 1.29 (f) 7



1) A Simple Phase Diagram

0 0 O ON® O
| I | |
AG, AGm AG,
|
S
S S
|
1500°K 1800 °K 2000°K
A —=Xg B A —=Xg B A -=Xg B
(Zr) (—=X} (u) Zr) fred ) (u) Zr) —X,) (L)

Fig. Free energy curves for liquid and solid phases in the U-Zr system at 15007, 1800" and 2000 "K.



1.5 Binary phase diagrams

Assumption:

1) A Simple Phase Diagram (1) completely miscible in solid and liquid.
.. (2) Both are ideal soln.
1) Variation of temp.: G > G (3) T..(A) > T.(B)

2) Decrease of curvature of G curve (4 T,>T.(A)>T,> T.(B) >T,
m m
(.- decrease of -TAS,;, effect)

G I (A) I

>
by
=l wn
=Y
(
(V]
=

(a)

(b)
|
T
T (B) Ty _ I I
T, 2 I I T, (A)
|
L
\/ i Tm (B)
T
S S 3
Solidus
A B A B A B 9

Fig.1.29  (d) (e) ()



1.5 Binary phase diagrams

1) A Simple Phase Diagram

The simplest type of binary phase
diagrams is the isomorphous system, in
which the two constituents form a
continuous solid solution over the
entire composition range. An example
is the Ni-Cu system.

-y

,

Temperature

Solidification of alloy C,, starts on
cooing at T|.The first solid formed has
a composition of Cg| and the liquid
Co- On further cooling the solid

particles grow larger in size and change
their composition to C¢y and then C,

following the solidus whereas the liquid Composition
decrease in volume and changes its

composition from Cg to C| 3 following
the liquidus. The solidification
completes at T3.



1.5 Binary phase diagrams

Cooling Curves
determination of Phase diagrams

Il
\ 1085°C
T
(thermal arrest)\

T




Q4: How equilibrium is affected by temperature
in systems with miscibility gap?

12



1.5 Binary phase diagrams

2) Systems with miscibility gab
AH:- =0 AHS >0

mi X

‘iquid
Xp / a b c d
\ I I ] I}

Liquid I
(a) (b)
Liquid
T ke ——— — — — — — — — ]
b c
T, - — — - — —
a d
Liquid
f 8
T
Xp —
o'+
Solid I --—\Z e f
_ - - f Li-——f—————— —
e
A Xy —= B
Fig.1.30 © ()

congruent minima

How to characterize G mathematically
in the region of miscibility gap between e and f ?

13



Ideal Solutions “
GZ = Gl +AGmix
&
Regular Solutions o o — 1
AH i _TASmix
G = X,G, + XgGg +iQ X, Xz i+ RT (X, InX, + XgInX,)!
AHmlx ....................
AG i,
Reference state ; /\

Puremetal G, =Gg =0

— TAS,,

AG. ., =AH . - TAS

miX (c) Q> O, high T (dQ>0,lowT



1.5 Binary phase diagrams

2) Systems with miscibility gab
AH. =0 AH_ >0

mix mi X

mix

«  When A and B atoms dislike each other, AH

* In this case, the free energy curve at low temperature has a region

of negative curvature, d*G
dX ;
* This results in a ‘miscibility gap’ of a’ and a” in the phase diagram
p M
T. b p
2 - — — > — — i
Liquid T .

—_—
—

— —

—

15
Fig. 1.30 (9 @ congruent minima



* Variant of the simple phase diagram

AH mix > O AH rcrzix > AH rlnix

AGn

i

|

1 congruent minima
A Y B A B A B

-

Fig. Derivation of the phase diagram (Fig. 29b) from free energy curves for the liquid and solid phases.
Tho=>Tg>T1T,>T, > Ts



3) Ordered alloys_Variation of the simple phase diagram

a I
AHmix <O AHmix <AHmix <O
L
v I
T / % / .
o
Te Ta

o
H o
(v

A B A B
Fig. Phase diagram with a maximum in the Fig. Appearance of an ordered o" phase at
liquidus. low temperatures.

congruent maxima
17



Q2: How equilibrium is affected by temperature
in simple eutectic/peritectic systems?

18



1.5 Binary phase diagrams

4) a. Simple Eutectic Systems AH;, =0 AH_ >>0

« AH_>>0 and the miscibility gap extends to the melting temperature.
(when both solids have the same crystal structure.)

T Ty I3

{ Solid

:[-ll )+ iy | &3

A B A B

19
Fig. 1.32 The derivation of a eutectic phase diagram where both solid phases have the same crystal structure.



(when each solid has the different crystal structure.)

20
Fig. 1.32 The derivation of a eutectic phase diagram where each solid phases has a different crystal structure.



4) b. Simple Peritectic Systems

heating

Peritectic reaction : AB L+B

melting
>

Congruent melting : S, L, 1

Incongruent melting : S,, meltrng= L. Which one here??

Temperature

= ;2 Temperature
Composition of d

liquid formed upon

melting of AB /

Crystallites of B
in matrix of L;

Polyerystalline solid
(compound AB)

AB + B

A+AB

A AB I A AB B

Composition Composition 21



Considerable difference between the melting points

Peritectic reaction |
AH rcr:ix > AH mix > O

T
A L T'ﬂ' l Ta L
(24
44 TB TE:. (rq T
L0] £
& [ eton\ o o+
A B A B A B
(@) (b (c)

Ideal solution AHE > AHL >0 ; increasingly positive AHm

S T B e e

Fig. 61. Effect of increasingly positive departure from ideality in changing the phase diagram from a continuous

Eutectic reaction series of solutions o a peritectic-type.
T L T
\ |
Ts

o
] m o2

A B A oG+, B A
(@) (b) (c)

Ideal solution AHS, :>:.\HL‘>O ; increasingly positive AHm

Fig. 43. Effect of increasingly positive departure from ideality in changing the phase diagram for a continuous
series of solutions to a eutectic-type.

22



Peritectic reaction (when both solids have the same crystal structure.)

ﬁGm Ti TF" Tg

LS
)
8]

A B

Fig. 62. Derivation of the peritectic phase diagram from the free energy curves for the liquid and solid phases.
23



Peritectic reaction (when both solids have the different crystal structure.)

24
Fig. 1.33 Free energy curves resulting in a peritectic phase diagram. T2 is the peritectic temperature.



Cu-Zn Phase Diagram
Euftectoid and Peritectic Reactions

peritectie:
Y+Lg> I P peritectic:
7 d+ L.,‘_I £
P b &
g g
g 600 g
g z
L L
— 1000
i g+ L
eutectoid: — 500 — T
S y+e | I |

B0 0 a0 o)
Composition (wt% Zn)

Eutectoid: one solid phase transforms into two other solid phases upon cooling

Peritectic: one solid and one liquid phase transform into another solid phase
upon cooling

Salid 5

Peritectoid: two other solid phases transform into .
another solid phase upon cooling /w /j\%\

B4




1.5 Binary phase diagrams

5) Phase diagrams containing intermediate phases

T, T T,

[
a a+p
I

A B A B A B

Y

b e e e e e e e e e

I
1B
17
1

Fig. 1.34 The derivation of a complex phase diagram.



1.5 Binary phase diagrams

5) Phase diagrams containing intermediate phases
G

A 7"A B

Nomposition (A, B,)

i Minimum G

Fig. 1.35 Free energy diagram to illustrate that the range of compositions over which
a phase is stable depends on the free energies of the other phases in equilibrium.

27



O phase in the Cu-Al system is usually denoted as CuAl, although
the composition X.,=1/3, X,=2/3 is not covered by the 6 field

on the phase diagram.

Al-Cu

Weight Percent Copper ALCi
i y 1 2:? i : 4 5|ID . (}ﬁl ?tln ; %0 2 mn Struktur-
L Composition,  Pearson Space bericht
; Phase at.% Cu symbol group designation Prototype
10 3 (Al) 0 to 2.48 cF4 Fm3m Al Cu
] e, E B 31.9t033.0 12 [4/mcm Cl6 AlCu
900+ - m 498t0 52.4 oP16oroCl6 Pban or Cimm
] S:ZSDC i nz 493.81t052.3 mC20 Cmyf2
O 8003 3 g 55210 56.8 hP42 P6/mimm
- ] & 55.2t0 56.3 m**
2 E] 539.4 to 62.1 o
B ] 2 550t061.1 KP4 Péyjmme B8,  NiAs
5 el ; 5 59310619  AR® R3m =
S Tl Yo 63 t0 68.5 cI52 I33m D8,  CusZng
e | T = N 5 Y 62510685 P52 P43m D8;  AliCug
500 <[ - B 69.5 to 82 cI2 Im3m A2 W
oz 76.5t0 78
o 8 nf 3 (Cu)  80.31t0100 cF4 Fm3m Al Cu
v 363°C_ 1503
3 u{\ L.L. Murray, Phase Diagrams of Binary Copper Alloys, P.R. Subramanian, D.J.
3001 S e PR i i 9 Chakrabarti, and D.E. Laughlin, ed., ASM International, Materials Park, OH,
Al Atomic Percent Copper Cu el

X.L. Liuy, I[. Ohnuma, R. Kainuma, and K. Ishida, J. Alloys Compds, 264, 201-

208 (1998)
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Summary |: Binary phase diagrams

1) Simple Phase Diagrams

Both are ideal soln. — 1) Variation of temp.: Gt > G5 2) Decrease of curvature of G curve
(.- decrease of -TAS, . . effect)

2) Systems with miscibility gap AH- =0 AHS >0

1)Variation of temp.: Gt > GS 2)Decrease of curvature of G curve + Shape change of G curve by H

mix

3) Ordered Alloys AH- =0 AH3 <O

mix mix
AH,;, < 0 — A atoms and B atoms like each other. — Ordered alloy at low T
AH,_;,<< 0 — The ordered state can extend to the melting temperature.

4) a. Simple Eutectic Systems  AH_, =0 AH_, >>0

— miscibility gap extends to the melting temperature.

Simple Peritectic Systems
— Considerable difference between the melting points

5) Phase diagrams containing intermediate phases

Stable composition ¥ Minimum G with stoichiometric composition 29



Summary |: Binary phase diagrams

- Equilibrium in Heterogeneous Systems

Gf > G, > G,**f = qa + B separation = unified chemical potential

- Binary phase diagrams
1) Simple Phase Diagrams AHL =0AHS =0

mix mix

Assume: (1) completely miscible in solid and liquid. T
(2) Both are ideal soln.

2) Variant of the simple phase diagram

AH? <AH!. <0

AH T

mix

>AH,,, >0

Ordered phase




Eutectic reaction

9 ) |
Ta /
o

| +aor

o m ot

A B A ot ar, B A
(@) (b) (c)

Ideal solution AHZ > AH! >0 ; increasingly positive AHnm

Y

Fig. 43. Effect of increasingly positive departure from ideality in changing the phase diagram for a continuous
series of solutions to a eutectic-type.

Peritectic reaction Considerable difference between the melting points
AH rcr:ix > AH :nix > O

Of' TEI' TE‘;

A{rz

B A B A B
(a) (c)
Ideal solution AHE > AHL >0 ; increasingly positive AHm
e e e e e e ——— e et e Er=—
Fig. 61. Effect of increasingly positive departure from ideality in changing the phase diagram from a continuous 31

series of solutions Lo a peritectic-type.



Q3: “Gibbs Phase Rule”?

Gibbs' Phase Rule allows us to construct phase diagram to represent
and Interpret phase equilibria in heterogeneous geologic systems.

F=C-P+1 (constantpressure)

32



The Gibbs Phase Rule

Degree of freedom (number of variables that can be varied independently)

= the number of variables — the number of constraints

- Mumber of phases : p, number of components : ¢,

- #of controllable variable . composition (c-1)p, temperature © p, pressure : p

- #of restrictions

(p-1)c from chemical equilibrium w=pu=p ==l
@ _ gl _ gy _ F

p-1 from thermal equilibrium " =1 =75 =---=r

p-1 from mechanical equilibrium PP=pf=p=...=p?

- MNumber of variable can be controlled with maintaining equilibrium

- Ifpressureiscomstant . f={c-Dp+p—-(p-Nc—-(p-1)=c—p+1 | (1.50) 33




1.5 Binary phase diagrams

The Gibbs Phase Rule

the number of separate phases (P) and the number of chemical
components (C) in the system. It was deduced from thermodynamic
principles by Josiah Willard Gibbs in the 1870s.

Gibbs phase rule F=C+N-P
F: degree of freedom

C: number of chemical variables

N: number of non-chemical variables

P: number of phases

In general, Gibbs' rule then follows, as:

F=C-P+2 (fromT,P). (149

From Wikipedia, the free encyclopedia
34



Temperature (°C)

The Gibbs Phase Rule ‘

For Constant Pressure, -
(1.500 P+F=C+1 can vary T and
When C=2, P+F =3

composition
Composition (at% Sn) | nde pe nde ntly
0 20 40 60 80 100
o & ‘ two phase
F=C-P+1
500 =2-2+1
=1

200 400

canvary T or
composition

Temperature (°F)

300

| ‘ eutectic point

100

F=C-P+1
i ! =2-3+1
100 — 0
00 20 4|0 6|0 80 ‘ 100 Can t Vary T Or
(Pb) Composition (wt% Sn) (Sn) CompOSItIOH

35



The Gibbs Phase Rule

Application of Gibbs phase rule:

For a binary system at ambient pressure:

C=2 (2 elements)

N=1 (temperature, no prassure)

For single phase: F=2: % and T

(a region)

For a 2-phase equilibrium:  F=1:

% orT (aline)

For a 3-phase equilibrium: F=0, (invariant
point)

L one-phase region

two-phase
equilibrium (line)
d
ﬂ \
three-phase
equilibrium (point)
at+f
Fb S0

36



Q4: “Effect of Temperature on Solid Solubility”?

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

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

37



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

@T, Unstable o for G ,Ug zoGg + Q(l— XB)2 + RTIn XB = :uBIB ~ QGB’S
A is virtually insoluble in B
L AGp AGE[:* :OGB - ng Gg _/ug: Gg — U
¢ °GT — 47 =-Q(1- X,)? -RTIn X,
Stable B form *GB—
et AGET = -Q@1- X,)* - RTIn X,
| RTInX, =-AGS 7 -Q(1- X;)?
)lq‘; Xp — B (here, X ¢ <<1)
I RTINXE =-AGE 7 -Q

L-a

RT

|C(
| B solvus
| PO = AHE 7 -TAS; "7 o] B2
: T ST
| oa+p 5 A ) ,.AHB ....... + Q)
: E R..: RT
i ! A is virtually insoluble in B. B N, AL e TT‘XST .....
)Ifg X 2 L YL - -
Fig. 1.35 Solubility of B in A. 38

Q : heat absorbed (enthalpy) when 1 mole df dissolves in A riche as a dilute solution.



* Limiting forms of eutectic phase diagram

The solubility of one metal in another may be so low.

|
T.h L T l

| +ar | +- A

e
Ta TalTe)
o+f o+ f8 A+ B
4;3; B A B A B
i Al (Al (Sn)
(51 &) (AL ) (b) i (©)

Fig. 53. Evolution of the limiting form of a binary eutectic phase diagram.

|+ A
b) It is interesting to note that, except at absolute zero, % = e
Xge can never be equal to zero, that is, no two compo
-nents are ever completely insoluble in each other. A+B
A B 39

Fig. 54. Impossible form of a binary eutectic phase diagram.



Weight Percent Tin

01020 3 40 50 il Fl Bl S0 L)
Tﬂ.'l'l ! I. I-| I' |I L rlr Bl r|L1|| TeEY Iy IFIJIIIIFI'lIII'lIII TETTFET [ TETETFI T
Ga0. 4527

fHh

S[Hb

4(H)

Temperature, °C

20 3

(Al

1 LA A S T S , ; ’ : !
i} 1] il ] Mk ik} | 50 fall Th B L TIMH
Al Atomic Percent Tin Sn
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Q5: “Equilibrium Vacancy Concentration”?

41



a) Bl 0IXs 222 &

1.5.8. Equilibrium Vacancy Concentration AG=AH —TAS

G of the alloy will depend on the concentration of vacancies and Xf, will be that
which gives the minimum free energy.
1) Vacancies increase the internal energy of crystalline metal

due to broken bonds formation. (Here, vacancy-vacancy interactions are ignored.)

AH CAH, X,

2) Vacancies increase entropy because they change

the thermal vibration frequency and also the conflguratlonal entropy;

Small change due to changes in the vibrational frequencies “Largest contribution”

00

 Total entropy change is thus

ﬂ With this information,
estimate the equilibrium vacancy concentration.



Equilibrium concentration X}, will be that wh

ich gives the minimum free energy.

at equilibrium [ dG ]
Xy =X¢

dX,
AH, - TAS, +RTInX¢ =0

A constant ~3, independent of T Rapidly increases with i

e :;exp AS -AH,,
YR RT
puttlng AG, =AH, - TAS,,
R o
X¢ =ex v
v P

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

43




Q6: “Influence of Interfaces on Equilibrium™?

AG = 2yr\/m Gibbs-Thomson effect

44



The G curves so far have been based on the molar Gs of infinitely large amounts of material of
a perfect single crystal. Surfaces, GBs and interphase interfaces have been ignored.

r
Extra pressure AP due to Curvature of the a/f The concept of a pressure difference is very
useful for spherical liquid particles, but it is less
- @ - convenient in solids (often nonspherical shape).
\ ° S Atmospheric
% ) | pressure dG=AG,dn=ydA AG, = ydA/dn
(@) f P | AP = % Since n=4mr/3V, and A=4mr2 AG = 2}?/”,

Early stage of phase transformation
Spherical interface

Interface (a/B)=y
/ /

dn mol

Planar interface

W77/

X, X, Xg—
Fig. 1.38 The effect of interfacial E on the solubility of small particle Fig. 1.39 Transfer of dn mol of B from large to a small particle.




Gibbs-Thomson effect (capillarity effect): Xg =exp(-

Free energy increase due to interfacial energy

Quite large solubility differences can arise for
particles in the range r=1-100 nm. However,
for particles visible in the light microscope
(r>1um) capillarity effects are very small.

(b)

Fig. 1.38 The effect of interfacial energy on the solubility of small particles.

_ AG, +Q
Xg o =exp(——=
: p( — )
_ AG, + Q-2 /1.
X =exp(———2= 0
: p( o )
= Xg  exp AL
RTr

For small values of the exponent,

X5 wm

2N
=exp
Xr - (

RTr

) =1+

Ex) y= 200mJ/m2 =107 m3 T=500K

A S A 46
For r=10 nm, solubility~10% increase



g ~\

Total Free Energy Decrease per Mole of Nuclei ‘AGO*-VAGV +Ay + VAG,

@ Chapter 5.1  WE|E 93t B PEH, MAME 93 1E5E ol
Driving Force for Precipitate Nucleation ac—>a+5 | AG,
5 5 A Fig. 5.3
— a a
AG = Hp Ki + He X >
: Decrease of total free E of system f ¢
by removing a small amount of material AT
with the nucleus composition (XgP) (P point) - Ax—] l a+ B — [
— P xF By B
AG, = Uy Xy + Mg Xg
: Increase of total free E of system
by forming p phase with compositioniXg? (@ A X, Xo Xp—> XP

(Q point) A

o T oo ) of

e NG _
:AG, i=—" per unit volume of 3
""""""" m  : driving force for B precipitation
For dilute solutions, ;
HA 1

AG, O AX where AX = X, - X,
crarrre AT T, Ty
AG, O AX O(AT):
MesssssssEEEEEsssssssEEEEEEEssEREEEE \...( .....

OCundercooIing below T, (b) 0




Q7: “Gibbs-Duhem Equation”™?

: Be able to calculate the change in chemical potential
that result from a change in alloy composition.

48



1.8 Additional Thermodynamic Relationships for Binary Solutions

‘ Gibbs-Duhem equation: Calculate the change in (dp) that results from a change in (dX)

G=p X, +UgXg Jmol™ = )
(T, P: constant ) -—da
-d(pp—pa)
G ™ duB
dG
[ HB— HA= —
dXB

G-X T4 71&7]

—dHA‘[

Gibbs-Duhem Equation

Xadp, + Xgd g =0 Y 1 Fig. 1.50
Comparing two similar triangles, 0 X{ﬁ XB - 1
_Ou, _Oug _d(Hg—Ha) . dG _ ps — d2G/dX>
Xg X, 1 dXg T 6IdX2=d2G/dX,2)
Substituting right side Ea ...................................................................... dZG ...............
& Multiply X, Xg _XAd:uA = de:uB = XAXBWdXB Eq. 1.7549



Additional Thermodynamic Relationships for Binary Solutions

The Gibbs-Duhem Equation 82X 40| 0|25} (AX)2 QI8 35} ElE 0| 0| A BISHdp) B A&

be able to calculate the change in chemical potential (du) that result
from a change in alloy composition (dX).

® For a regular solution,

G=X,G, +X,G, + QX, X, +RT(X, InX, + X, InX;)

2
jxf . xR; -20
ANB d°G _ RT
For a ideal solution, Q =0, dx? X,X
A \B

Different form — _
Yg= ap/ Xz

Differentiatin
Withres;eztfoXB, d,LIB — RT 1+ XB dyB :E 1+ dlnyB
dXg| X | e dXg) Xg || dInXg -




dys _ RT 14 Xg dys | _ RT 1+dlnyB Eq. 179
dX; | Xg Ve dXg XB din X,

asimilar relationship can be derived for du,/dX 5

] diny diny.
X du. = X.du. =RT {1+ ALdX. = RT {1+ B L dX
AGHA = 2al i { dInXA} 5 { dInXB} 5
« Eq. 1.80

_ _ d°G Eq. 1.81
- X0, = Xy = Xa X T dX

The Gibbs-Duhem Equation XAd,UA + XBd,UB =0

2
X, X, 30 =gy i1+ AV |- gy lq, dINVe
dX dinX, din X;

be able to calculate the change in chemical potential (du) that
result from a change in alloy composition (dX). 51




Summary ll: Binary phase diagrams
- Gibbs Phase Rule F=C-P+1 (constantpressure)

Gibbs' Phase Rule allows us to construct phase diagram to represent
and interpret phase equilibria in heterogeneous geologic systems.

Effect of Temperature on Solid Solublllty

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Equilibrium Vacancy Concentration Xy =exp

Influence of Interfaces on Equilibrium

AG = WV Gibbs-Thomson effect
r

Gibbs-Duhem Equation: X,du, + X du; =0

: Be able to calculate the change in chemical potential that result from a change in alloy composition.

AN S aescialy's S S 5
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