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Contents for previous class

Chapter 1 Thermondynamics and Phase Diagrams

- Equilibrium [dG = 0

- Phase Transformation

Lowest possible value of G
No desire to change ad infinitum

AG=G,-G, <0

- Single component system

Gibbs Free Energy as a Function of Temp. and Pressure
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- Driving force for solidification |G

Clausius-Clapeyron Relation :

CLAT
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- Classification of phase transition

First order transition: CDD/Second order transition: CCD?2



Contents for today’s class

- Binary System

- Gibbs Free Energy in Binary System

Ideal solution and Regular solution

- Chemical potential and Activity



1.3 Binary Solutions

* Single component system  One element (Al, Fe), One type of molecule (H,0)
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=2 o0 0o

* Binary System (two component) 2 A, B
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- Mixture;A-A, B-B;> 229 4& SXl, boundarye= &M,
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- Solution; A-A-A ;> atomic scaleZ 4 A C}t. Random distribution

A-B- Solid solution : substitutional or interstitial
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1.3 Binary Solutions
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1.3 Binary Solutions

- Solution; A=A -A: - atomic scaleZ &4 QU C}. Random distribution

A-B- Solid solution : substitutional or interstitial

A Brass, a substitutional alloy B Carbon steel, an interstitial alloy



1.3 Binary Solutions

- Compound ; A - ;> A, B2 RAXIJI ollE, Ordered state
B




1.3 Binary Solutions
Alloying: atoms mixed on a lattice =) partial or complete solid solution

Solid Solution vs. Intermetallic Compounds

Crystal struct b
_+__‘j___? rystal structure ‘_____’ __.




1.3 Binary Solutions

Solid Solution vs. Intermetallic Compounds
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1.3 Binary Solutions

e Solid solution:

— Crystalline solid
— Multicomponent yet homogeneous
— Impurities are randomly distributed throughout the lattice

 Factors favoring solubility of B in A (Hume-Rothery Rules)
— Similar atomic size: Ar/lr < 15%
— Same crystal structure for A and B
— Similar electronegativities: [x, —xg| = 0.6 (preferably < 0.4)
— Similar valence

« If all four criteria are met: complete solid solution

e If any criterion is not met: limited solid solution
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1.3 Binary Solutions

Cu-Ni Alloys Cu-Ag Alloys
[Cul / % x.B.
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1.3 Binary Solutions

Gibbs Free Energy of Binary Solutions

* Composition in mole fraction X,, Xg X, +Xz=1
1. bring together X, mole of pure A and X; mole of pure B

2. allow the A and B atoms to mix together to make a homogeneous solid solution.

Before mixing After mixing

MIX

*
*
*
*
*
-
*

L
»
*
*
*
*
*
*
-

P A R R

L

X, molA X mol B 1mol solid
Ut
FE.X,G, FE.X5Gs seiian
\ - J . . )
Total free energy= Total free energy =

G = X, Gpat XpGp G2 =G1*AGpiy: 12



1.3 Binary Solutions

Gibbs Free Energy of The System
In Step 1

- The molar free energies of pure A and pure B
pure A; G,(T,P)
pure B; G,(T,P)

X, X (mole fraction) Gy = XpGp + XgGg  J/mol

A

Free energy
per mole
before
mixing

Cg

G
A

0 y 1
A B
==) Free energy of mixture "



1.3 Binary Solutions

Gibbs Free Energy of The System

In Step 2 G,=G, +4G_., J/mol

Since G,=H,-TS, and G,=H,-TS,
And putting 4H_. =H, -H, 4S_. =S,-S,

I's

AGmix = AHmix B TASmix G <

GV

AH . - Heat of Solution i.e. heat absorbed or evolved during step 2

m

AS . o difference in entropy between the mixed and unmixed state.

miXx

=) How can you estimate 4H_.. and A4S

: D
mix mix *
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1.3 Binary Solutions

Mixing free energy AG

- Ideal solution

S AH""X 0: AG .. = 4AH TAS
. A2 BJ} complete solid solution mix = Tmix T T mix
( A,B ; same crystal structure) =) AGmix — 'TASmix 3/mol
; no volume change
Entropy can be computed from randomness
by Boltzmann equation, i.e.,
S=klnw w : degree of randomness, k: Boltzman constant

mix

—> thermal; vibration ( no volume change )
- Configuration; atom 2| B & 28 = (distinguishable )

S=S,+S

config
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1.3 Binary Solutions Ideal solution

Excess mixing Entropy

If there is no volume change or heat change,

Wenig =1 — before _solution _(pureA _ pureB)
(N, +Np)! _ Number of distinguishable way
Weonfig = N, IN! —after _solution_(N,,Ng) €= ¢ otomic arrangement

. |
Asmlx _ Safter _Sbefore — k |n (NA + NB)'_kInl

N !

>N, =X,N,, Ng=X;N,,N, +N, =N, o=z

using Stirling’s approximation [N N!= NInN —N
and R = kNO

= KI(N, INN, = N,) = (X 4N, In X, N, = X N,) = (XN, In XN, = XN,
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1.3 Binary Solutions Ideal solution

Excess mixing Entropy

AS™ =-R(X,InX , + X, InX,)

AG,, =-TAS | = AG™ =RT(X,InX,+X,InX,)

XB_.'

low T
AGmix

A B

Fig. 1.9 Free energy of mixing for an ideal solution. e



1.3 Binary Solutions Ideal solution

Since AH =0 for ideal solution,

G, =Gy + 4G,

= G=X,G, + X;Gy + RT(X,InX, + X;In X;)

Compare G, tion 4
between high and low Temp. Molar
free energy <
low T
| 0 Xg —
e ol o low 7
bgfqre G A Ggix
g G, 4 + highT
1 s 5 A
Gl AGmix

Fig 1.10 The molar free energy (free energy per mole of solution)
for an 1deal solid solution. A combination of Figs. 1.8 and 1.9.



1.3 Binary Solutions 1) Ideal solution

G = H-TS = E+PV-TS
Chemical potential

The increase of the total free energy of the :
system by the increase of very small quantity
of A, dn,, will be proportional to dn,.

= 2% A7 9’k WH o|UX] As} Ak

dG' =p,dn, (T,P, ng: constant)

Up - partial molar free energy of A [ oG’ _[9G*
or chemical potential of A Ha = on, ). . He = ong ) .

For A-B binary solution,  dG'=p,dn, +pgdng

For variable T and P

dG'=-SdT +VdP +p,dn, +p.dn, "



Chemical potential 1t Free E2t2| 2 1) Ideal solution
For 1 mole of the solution (T, P: constant)

G=p, X, +uXg, Jmol™
dG _, 4G
E:“B_“’A HA MB dXB

dG
G= [“B _de Xa T HgXg

B

dG =p,dX, +pudX,

Molar ‘
free energy dG

= U X, _dTXA +Hg Xg
G B
Hg - dG X
£ " T ax,

dG
B =py ——(1-Xg)

dX,
Fig. 1.11 The relationship between the free energy curve for a MB — G +—X A
solution and the chemical potentials of the components. B




1.3 Binary Solutions Chemical potential
G=X,G,+X;G; +RT( X, InX, + X;In X,)
=(G,+RTInX,)X,+(G, +RTIn X)X,

s =G, +RTInX,| &
Hg = Gy +RTIN X,

Gy

—Rfln){h'{

.
.
.
---
.
.
.
.t

Ha A Xq —B B

Fig. 1.12 The relationship between the free energy curve and

. . . . 21
chemical potentials for an 1deal solution.



1.3 Binary Solutions
Regular Solutions

Ideal solution: AH...=0 AG i = AHiy - TAS

mix
Quasi-chemical model assumes that heat of mixing, AH_..,
Is only due to the bond energies between adjacent atoms.

Structure model of a binary solution

22



1.3 Binary Solutions _
Regular Solutions

Bond energy Number of bond
A'A SAA PAA
B‘B SBB PBB
A‘B SAB PAB

Internal energy of the solution
E=Puean +Papgrs + Pag€as

Before mixing After mixing

1
AH . = AgE where ¢ = SAB _E(EAA T 88823



1.3 Binary Solutions

Regular Solutions

Completely random arrangement

1
=0 = gABZE(gAA_l_gBB)

AH_ . =0 ideal solution
P.s =N,zX,X; bonds per mole 4 AN
N, : Avogadro's number aHmix | S\ 7
per mol ~
z: number of bonds per atom " 7
:)\/ > S
S
e<0->P, T e>0>P, 4 e N
/ N
A R
¢~0 - AHmix = Fagt N
A Xp —— 8

AH .. = QX, Xz where Q =N_ze 0 50 0l Ze

Re gu]-a-r SO]-utlon Fig 1.14 The variation of AH_ ;. with composition for a regular solution.



Regular Solutions

G,=G,+ 4G, o -TAS

mix : mix

G = X,G, + XzGy+Q X, Xgi+ RT (X, InX, + XgInXg):

Reference state

XB—--

A‘Hmix
Pure metal G, =Gg =0 \/

AG mix

— G
AGmix — AHmix ) TASmix A Grix B A B
(@) Q<0,highT (b) <O0,lowT7

&Hrnix

aGmix

XB-——-—

=T A Snix

A B
(c) >0, highT7 (d), 9> 0 low7
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Chemical potential 1 Free E2t2| 27| 2) regular solution

For 1 mole of the solution (T, P: constant)
G = E+PV-TS G=p, X, +ugXgs Jmol™

G=HTS G = X,G, + X,G,+ Q X, X5 + RT(X,InX, + X InX,)

= 1, (G, +Q@A- X, )’ +RTInX )+ 15 (G; +Q(L— X ;) +RT In X;)

Regular solution ty= G, + Q(1-X,)* + RT In X,
= Gy, + Q(1-X,)° + RT In X,

u, =G, +RTInX,
us =G, +RTINX,

Ideal solution




Activity, a : mass action2 | oll effective concentration

ideal solution regular solution

u, =G, +RTInX,
pe =G +RTINX | | 5

uA—G 45—RTInaA . Ug=G +5RTInaB :
= Gy +Q(1-X,)? + RT In X, : =Gy #Q (1 x ) 2RI In X
Q :
111[;—1}5(1—}:&)- In( B)— (1 Xg)

—4 =y, = activity coefficient T =

a
) — 28
X, X,



SolutionOl A a2t X2t2| 2|
L& ME activity H3} ag
1

|

0 ___Henry’s law 0
0 Xg — 1
A B
(a)
Line 1 : (a) ag=Xg, (b) a,=X, ideal solution...Rault’s law
Line 2 : (a) ag<Xg, (b) a,<X, AH <0 <= m[&} _ 2 gy
X,) RT
Line 3 : (a) ag>Xg, (b) a,>X, AH_...>0 '
Vg = 9 ~ constant (Henry's Law)
For a dilute solution of B in A (Xz—0) X
v, =§—A;1 (Rault's L)

A



a
a A _ _
degree of non-ideality ? — —XA X, Yar Ap =YaX,

A
v, - activity coefficient

-------------
""""""""""""

* .
Q
.
-
.
y [} ° . 5 .
. . o . A * &7 *
H " 0 b3 o LS 5 .
. . . . |5 . .
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oy .* . . g . S
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..l l-“

*
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o r [

Activity= solution2| AEfE LIEIHLH=
4 1t Chemical potential 1t &2t2H O,

Chemical Equilibrium (u, @) »> multiphase and multicomponent
(m*=pP=py="..), @*=af=ar="..)
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Contents for today’s class
- 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)

G=X,G, +X;G; +RT( X/ InX, + X;In X;)

AG™ =RT (X, In X, +§5 N X,)

Regular solution | A4 _p, ¢ |whereg=¢,, - (eAA +€gg)

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

- Chemical potential and Activity

Q 2
oG' e Ua=G,+RTIlna, I ] = —=(-X,)
Ly = X,
8nA - a, . :
B —= =y, = activity coefficient

X,
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