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* Single component system  One element (Al, Fe), One type of molecule (H,O)
TS AE 2D 20 2ol 2HE

* Binary System (two component) 2 A, B
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Gibbs Free Energy of Binary Solutions

G = H-TS = E+PV-TS
Before mixing After mixing
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Mixing free energy AG

mix

1) Ideal solution

l-x—ll AHmIX 0 . . . AGmix — AHmix B TASmix
; A2+ BJ} complete solid solution

(AB; same crystal structure) wmd)p| AG . =-TAS
mix

mix J/mol

; no volume change

Entropy can be computed from randomness by Boltzmann equation,

S=klnw w : degree of randomness, k: Boltzman constant

—> thermal; vibration ( no volume change )

S=S5,+S _ _ o
- Configuration; atom 2| Hi € 28 == ( distinguishable )

config

If there is no volume change or heat change,

(N, +Np)!

ASmiX :Safter_sbefore:kln —klnl

N !

AS™ =-R(X,InX,+ X InX,)




Mixing free energy AG
1) Ideal solution (AH,,;,=0)

AG,. = -TAS

mix

=

GZ = G1 t AGmix

Free energy
per mole
before
mixing

mix

AG™ =RT(X,In X, + X InX,)

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

Compare G

]

solution

between high and low Temp.

0

Molar
free energy
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high7
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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,.

= &% A7kl A% YR U] W} AN

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

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

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



Chemical potential 2 Free E2Qt2| 2| 1) Ideal solution

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

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

=(G,+RTInX,)X,+(G, +RT In X)X,
|

u, =G, +RTINX,
U =G, +RTINX,

G,

high 7 u.ﬁ:.-




For 1 mole of the solution ~ G=p,X, +pu.X, Jmol™

dG dG

dG =p,dX, +pdX, _dX =Hg “Ha Hp =Hpg — dX
dG
(“B ]X + g Xy
B
Mola ‘ = —dG
erE r:u&*r‘ue-rch:]‘;f B HBXA - 5 XA i MBX
dG
G — _
g = Mg dX A
L : dG
A Xs B —Fe” dX, (1=Xa)
Fig. 1.11 The relationship between the free energy curve fora G 4 d_G X

solution and the chemical potentials of the components.



2) Reqgular solution

Quasi-chemical model assumes that heat of mixing, AH

: AHmiXi 0 AGmix - AHmix B TASmix

mix?

IS only due to the bond energies between adjacent atoms.

Regular solution

G,=G, + 4G

mix

P =N,zX,X; bondsper mole
(# of bond)X(bond E) N_: Avogadro's number
z . number of bonds per atom

c~0

AH_ .. = QX, Xg where Q= N_ze

AG,, =X, Xt RT(XInX,#XeInX5)
N e g S
4 Hf??f}f —74 Smf}(

G = X,G, + XgGg+ Q X, Xz + RT(X,InX, + X;InXj3)




Regular Solutions

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

mix : mix

G = X,G, + XzGy+Q X, X5+ 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

G
| ny, =G, +RTInX, 1
po =Gp +RTINX, | 6,
G, Ga
-RTx3 N |7k {
Hp
Ur=G,+ RTlna, . Ug=Gg+RTInag
pp= Gy +Q(L=X,)” + RTINX, | py= Gy Q(L-X)° + RT In Xof
a (@) a Q
In| -4 [=—(1-X)° In| =2 |=—(1- X;)
X,) RI X, ] RT
a, . . a
—2 = v, = activity coefficient =B
XA V4 ty Vs X,



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

|

0 ___Henry’s law 0
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
Ya =§—A;1 (Rault's Law)

A



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

A
v, - activity coefficient
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Chemical Equilibrium (u, @) »> multiphase and multicomponent
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AGmix — AHmix B TASmix
Real solution: &8t QQHE + JMEEX=2 UHRE

Xtz ZAgto| 14| AH,, = QX, Xg where Q=N,ze
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BOENE + JIE WS USE

Real solution: =&t &
*The degree of ordering or clustering will decrease as temp.
mcreases due 1o. 1;he Increasing importance of entropy.

AG . = AH - TAS
*|n systems where there is a size difference between the atom,

AE = AH_,,, + elastic strain

== quasi- chemical model Ol &Xl AH_. B+ 1

c
= Jeet HF EHe &) flold M2 =8 28 2



Ordered phase €<0, AH_;,<0

e Q<0 = contain short-range order (SRO) = s

P.s —P.s(random)
P.s(max)—-P,;(random)
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Fig. 1.19 (a) Random A-B solution with a total of 100 atoms and X ,=Xg=0.5, P,5~100,
S=0. (b) Same alloy with short-range order P,g=132. PAB (j.,~200, S=(132-100)/(200-
100)=0.32
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Ordered phase €<0, AH_;,<0

* |[n solutions with compositions that are close to a simple
ratio of A:B atoms another type of order can be found.

*This is known as long-range order (LRO) CuAu, Cu;Au and
many other intermetallics show LRO.

* A superlattice forms in materials with LRO

Cu-Au alloy
(a) (b)
@cu Oau Acu orAu
High temp. Low temp.

Disordered Structure CuAu superlattice  Cuj;Au superlattice



AG = AH, -TAS Ordered phase <0, AH_;,<0

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

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

LRO Iti|&l= A 25= Q &2 Ah, . (B0 X))t SIterol et &
=22 HUHM #& &2 SsE Al etE 6tL}.
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Five commmon ordered lattices

(@) L2,: CuZzn (b) L1,: CusAu (c) L1,: CusAu

®Cd OmMmg

(d) DO;: FejAl (d) DO,o: Mg;Cd






Intermediate Phase

* Often the configuration of atoms that has the minimum
free energy after mixing does not have the same crystal
structure as either of the pure components. In such cases
the new structure is known as an intermediate phase.

* Intermediate phase has crystal structure different from
that of either element in pure state. For example, CuZn
has an ordered body centered structure, different from
either Cu (fcc) or Zn (hcp). This particular intermediate
phase has some solubility range whereas other

Intermediate phases may have a very narrow solubility
range for the solute element.



Intermediate Phase

G b G
4G Gg

en I ] Gy

: *E‘Gmix

|

1_.

A f B A b GOREIT -

(@) Ideal (b)

composition

* Many intermetallic compounds have stoichiometric composition
A, B, and a characteristic free energy curve as shown in Fig 1.23a.

* In other structure, fluctuations in composition can be tolerated by
some atoms occupying ‘wrong’ position or by atom sites being left
vacant, and in these cases the curvature of the G curve is much less,
Fig. 1.23b
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Cu-Zn Phase Diagram
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Intermediate Phase

3 main factors determining the structure
of Intermediate phase ?

1) Relative atomic size
- Laves A (9427]8] 71 1.1~1.69) 4%
- 24 3H3HE: MX, MLX, MX,, M.X
2) Valency Electron
- AR WA E AS

3) Electronegativity
- ol e A g o3 5152 Mg,Sn

M.gCu2 (A Laves phase)
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