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Melting and Crystallization are Thermodynamic Transitions

Solidification: Liquid —— Solid

<Thermodynamic>

« Interfacial energy = AT,

Liquid T Undercooled Liquid Solid

No superheatlng required!
vapor

» Interfacial energy = No AT,

Yt <Fev -
Melting: Liquid <— Solid
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Contents for today’s class

- Binary System mixture/ solution / compound
Hume-Rothery Rules for Alloys

- Gibbs Free Energy in Binary System

Ideal solution and Regular solution

- Chemical potential and Activity



Multi-component system:

Q1: What are binary systems?

“Mixture vs. Solution vs. Compound”



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

: Equilibrium depends on pressure and temperature.

* Binary system (two components) > A, B

: Equilibrium depends on not only pressure and temperature
but also|composition,

- Mixture ; A—A, B-B ;- the physical combination of two or

A | more substances on which the identities
B

and boundaries are retained.

Alluvial mining Wi _
innowing

713

wash rice q:’ Select egg

10
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- Solution ; A—A—=A; = atomic scale mixture/ Random distribution

A-B-A Solid solution : substitutional or interstitial

Copper AP

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

- Compound ; A-
B

11




Q2: What s “Alloying™?

Ordered Compounds or Solid Solutions

12



"Alloying”: atoms mixed on a lattice
Ordered Compounds and Solid Solutions

Ordered Substitutional and Interstitials Compounds

Substitutional Interstitial
element replaces host atoms element goes into holes
in an orderly arrangement In an orderly arrangement

€.g., NiAl (hi-Tyield strength), e g. small impurities, clays
Als(Li,Zr) (strengthening) ionic crystals, ceramics.

13



Tempematurs (*3)

Intermetallic Compounds

Composition (at%: Pb)

FOo—

GO0

00

400

200

200

100

Tempamturs | “F)

o '+ MaPb Antifluorite Structure:

e FCC unit cell with anions
occupying FCC sites
« Cations occupying 8

40 a0 a0 100

Composition (wt% Ph) M g 5 Pb {Ph)

octahedral interstitial sites

Intermetallic compounds form lines - not areas - because stoichiometry (i.e.
composition) Is exact.
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- Solution ; A- A - A ; > atomic scale mixing, Random distribution

A-B-A

Two Possibilities for Solid Solutions: B atoms in A atoms

Substitutional Interstitials
‘new element replaces host atoms’ ‘new element goes in holes’

Copper .

~ Zinc

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

15



Q3: “Solution vs. Intermetallic compound”?

16



Alloying: atoms mixed on a lattice =) solid solution and ordered compound

Solid Solution vs. Intermetallic Compound

. | Crystal structure

Surface

17



Solid Solution vs. Intermetallic Compounds

Temperature, °C

Ru, wt.%
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2400 . . . ——
..--{2334°C
2200 Liquid
2000 /
1800 - 70 / 78
1769.0°C l
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Ft—

Atomic Percent P

PbPt — NiAS structure

Assumption: a simple physical model for “binary solid solutions”

: in order to introduce some of the basic concepts of the thermodynamics of alloys
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Particles of New Phase in Solid-Solution Alloys

e Solid solution of B in A plus particles of a new phase
(usually for a larger amount of B)

TG GIR®.
00000

22— Second phase particle
@A osd  --different composition
--often different structure.

Solid Solution phase: B atoms in A

19



5) Microstructure control : @ Secondary phase control

c. Mechanism of Precipitation

Solution heat
treatment
Ty b— -
o (1) g Quench
o g e s
- T _______
Ll e L | [ "\
|
|
r, > ¢(3) s &
A
Ct go Composition i Time (3)
Matrix Atomic diffusmn Precipitate
atom I T T T :3:"".:’).: g,o,ounoooooo
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0 ot o ro OO
.gmmmm
¢ l“ll“l”“
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Q4: How can we classify “Solubility”?

21



Solubility

« Unlimited Solubility

— Hume Rothery’ Conditions

« Similar Size

« Same Crystal Structure
« Same Valance

« Similar Electronegativity

— Implies single phase

« Limited Solubllity
— Implies multiple phases

« No Solubility

- oill and water region

Temperature

.

Alcohol

Liquid solution

Mixing on the
molecular scale

System
composition

Composition

All hquid (Lgyseem)

Crystallites of §§,
in matrix of L

Polycrystalline solid
(SS\\ stem )

22
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* Complete immiscibility of two metals does not exist.

: The solubility of one metal in another may be so low (e.g. Cu in Ge <107 at%.)
that it is difficult to detect experimentally, but there will always be a measure of solubility.

Ta
Ta { T t
| +a L +-A
g
I, ~\\
Ta L Tal Te)
{ N
a+f o+ A+B y
A B A B8
(Si) (A (AD) (Sn)

(a)

(b)

(c)

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

Ta l
Te
[ + A
L+ B
Te =
A+B
A B 24

Fig. 54. Impossible form of a binary eutectic phase diagram.
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Weight Percent Germanium
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Weight Percent Tin
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Q5: Can we roughly estimate

what atoms will form solid solutions?

“Hume-Rothery Rules”

28



Hume-Rothery Rules for Alloys
(atoms mixing on a lattice)

Will mixing 2 (or more) different types of atoms lead to a solid-solution phase?

Empirical observations have identified 4 major contributors through :

Atomic Size Factor, Crystal Structure, Electronegativity, Valences

29



Hume-Rothery Rules for Mixing

Empirical rules for substitutional solid-solution formation were identified
from experiment that are not exact, but give an expectation of formation.
Briefly,

1) Atomic Size Factor The 15% Rule
If "size difference" of elements are greater than £15%, the lattice distortions
(i.e. local lattice strain) are too big and solid-solution will not be favored.

DR%= lsolute ™ Tsolvent y 1900, < +15% will not disallow formation.

Isolvent

2) Crystal Structure Like elemental crystal structures are better
For appreciable solubility, the crystal structure for metals must be the same.

3) Electronegativity DE ~ O favors solid-solution.
The more electropositive one element and the more electronegative the other,
then "intermetallic compounds” (order alloys) are more likely.

4) Valences Higher in lower alright. Lower in higher, it’s a fight.
A metal will dissolve another metal of higher valency more than one of lower
valency. 30



Hume-Rothery Empirical Rules in Action

Is solid-solution favorable, or not?
e Cu-Ni Alloys

Rule 1: r, =0.128 nm and r= 0.125 nm.

DR%-= rSOM;_ lobert 100% = 2.3% favorable
solvent

Rule 2: Ni and Cu have the FCC crystal structure. favorable

Rule 3: E;, = 1.90 and E,,= 1.80. Thus, DE%= -5.2% favorable

Rule 4: Valency of Ni and Cu are both +2. favorable

Expect Ni and Cu forms S.S. over wide composition range.

At high T, it does (helpful processing info), but actually phase
separates at low T due to energetics (Quantum mechanics).

31



Hume-Rothery Empirical Rules in Action

Is solid-solution favorable, or not?
e Cu-Ag Alloys

Rule 1: ro, = 0.128 nm and r,= 0.144 nm.

DR%-= %Ol”’]z(;e:‘i‘)lvem x100% = 9.4% favorable
Rule 2: Ag and Cu have the FCC crystal structure. favorable
Rule 3: E., =1.90 and E,;= 1.80. Thus, DE%-= -5.2% favorable
Rule 4: Valency of Cu is +2 and Ag is +1. NOT favorable

Expect Ag and Cu have [imited solubility.

In fact, the Cu-Ag phase diagram (T vs. c¢) shows that a solubility of

only 18% Ag can be achieved at high T in the Cu-rich alloys.
32
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High entropy alloy (HEA)

Minor element 3 Maior
element 4, 5..
Traditional » ]
alloys ’ Minor element 2 Ma]0r
element 3
Major :
element Major
Minor element 1 element 1 Maior
element 2
Conventional alloy system High entropy alloy system
Ex) 304 steel - Fe74Cri18Nis Ex) Al20Co20Cr20Fe20Niz20
(1) Thermodynamic : high entropy effect (2) Kinetics : sluggish diffusion effect

(3) Structure : severe lattice distortion effect (4) Property : cocktail effect

Yong Zhang et al., Adv. Eng. Mat. P534-538, 2008

Severe lattice distortion — Sluggish diffusion & Thermal stability 34




Q6: How to calculate

“Gibbs Free Energy of Binary Solutions”?

G,=G, +4G_.. J/mol

35



Binary Solutions: binary solid solution/ a fixed pressure of 1 atm
2) Gibbs Free Energy of Binary Solutions

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

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

Before mixing After mixing

4.4»:4.0.¢.¢.¢:¢.+.
IR g < IR < g

9, 960, O, ,
o0 00 O
9

oo’ ‘oo ‘e ‘e
QT < S

00 O 0 00
tatatat Tt +tats
000 . 000
<< T g < g
h ot 09, O, O
o 0 000

XpymolA  XgmolB 1 mol solid
solution
FE X,G, FE XgGg
\ J \ J
Y Y
Total free energy = Total free energy =
G, = X,G + XpGp Gy = G, MGy : .

Fig. 1.7



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 A, Xg (Mole fraction)

G, =X,G, + X;G; J/mol

A

2

Free energy per mole before mixing

0 Xpg — 1
Fig.1.8 A B

==) Free energy of mixture 37



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 AH_, =H,-H;, AS_,=S,-S;°

AG, . =AH_. - TAS

mix mix

G Y

AH_. : Heat of Solution i.e. heat absorbed or evolved during step 2~ Fig.-1.3

AS_. . difference in entropy between the mixed and unmixed state.

m

=) How can you estimate AH_. and AS_. ?

miXx
38



Gibbs Free Energy of Binary Solutions

Q7: How can you estimate

“AG, ;. of ideal solid solution”?

AG,. = -TASh, | = AG™ =RT(X,In X, +X,InX,)

39



1.3 Binary Solutions
Mixing free energy, AG,;,

- ldeal solution

Assumption 1; AH . =0 :

; A & B = complete solid solution AGy = AH - TAS

(A,B ; same crystal structure) m)| AG_.. =-TAS... I/mol
mix MIX

; No volume change

Entropy can be computed from randomness

by Boltzmann equation, i.e.,

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

—> thermal; vibration ( no volume change )
—> Configuration; number of distinguishable ways of arranging the atoms

S=S,+S

config

40



1.3 Binary Solutions Ideal solution

Excess mixing Entropy

If there is no volume change or heat change,

Weniig =1 — before_solution_(pureA_ pureB)
(N, +Np)! _ Number of distinguishable way
Weonfig = N, IN,! —after_solution_(N,,Ng) €= ¢ 550mic arrangement

(N, + Ny)!
NN,
Since we are dealing with 1 mol of solution,

SN, = XNy, Ny = XNy, N+ Ny = N,

using Stirling’s approximation I[N N!= NInN — N

Asm/x _ Safz‘er . SbefOfe _ /(In . k|n1

and R = kNO (the universal gas constant)

=klIN,InN, =N_) = (X N, InX N, —XN)= (XN In XN, — X N,)]
=—R(X,InX,+X,InX,) M



1.3 Binary Solutions Ideal solution

Excess mixing Entropy

AS™ =—R(X,InX, +X,InX,)

AG. = -TASn, | = |[AG™ =RT(X,InX,+ X InX,)

XB —_—

Low T

AG iy

High T

A B

Fig. 1.9 Free energy of mixing for an ideal solution 42



Gibbs Free Energy of Binary Solutions

Q8: How can you estimate

“Molar Free energy for ideal solid solution”?

G,=G,+4G . |=>| G=X,G,+X;Gg+RT(X,InX, + XgInXy)

43



Compare G

Free energy per mole before mixing

1.3 Binary Solutions

1) Ideal solution

Since AH_;, = 0 for ideal solution,

G, =G, +4G,;,

G, ¢

=

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

G,

A
solution P€tween high and low Temp.
0 A \
Low T
 Gb Low T g
&
+ =
High T _E
=]
= AG i
A B
: \
High T
AGmix
0 Xg — 1

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



Gibbs Free Energy of Binary Solutions

Q9: How the free energy of a given phase will
change when atoms are added or removed?

“Chemical potential”

45



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 p,.

== dn,~ small enough
(" ua depends on the composition of phase)

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

Upa - partial molar free energy of A oG' _[ G’
or chemical potential of A Ha = . He = o

~on A ong

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

For variable Tand P

dG'=-SdT + VdP +p,dn, + pgdng 46
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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 p,.

== dn,~ small enough
(" ua depends on the composition of phase)

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

Upa - partial molar free energy of A oG' _[ G’
or chemical potential of A Ha = . He = o

~on A ong

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

For variable Tand P

dG'=-SdT + VdP +p,dn, + pgdng 48



Gibbs Free Energy of Binary Solutions

Q10: “Correlation between chemical potential
and free energy”?

49



1) Ideal solution

Correlation between chemical potential and free energy

For 1 mole of the solution (T, P: constant)
G=p, X, +puX; Jmol™
dG
dG:“AdXA +“BdXB G:[HB_d)(jXA—FMBXB

dG
dX,,

= Hg —Ha

50




Correlation between chemical potential and free energy

For 1 mole of the solution (T, P: constant ) 1) Ideal solution

G=p, X, +pugXg Jmol™

dG
=G+
Hg dx

o 4G
D HB:G-FdTXA

Mg B

(1_XB)

dG
= —(X,+X,)———
Hp ( A B)dx

B

=DA-DC-CB 51



1) Ideal solution

Correlation between chemical potential and free energy
For 1 mole of the solution (T, P: constant)

G=p, X, +pug Xz Jmol™

dG
Mg Mg :G+KXA

Ha = Mg —

Qo
S| @

Molar free energy
Q

=
o

A Xp B

Fig. 1.11 The relationship between the free energy curve for
a solution and the chemical potentials of the components. 52



1.3 Binary Solutions

G=X,G, + X;G; + RT(X;InX, + X;In X})
=(G,+RTIn X, )X, +(G; +RT In X ) X; =HaXs +1eXp
ny, =G, +RTInX,| 4
g = Gg +RTIn X,
'IGB
Ga
—RT IHXA < R lnXB
JIJB

Fig. 1.12 The relationship between the free energy curve and
Chemical potentials for an ideal solution.

N

1) Ideal solution

53



Contents for today’s class

- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System

G, =X,G, + X;G; J/mol

G,=G,+4G_ .. J/mol

Ideal solution (AH_. =0) AG™ =RT(X,InX,+X;InX;)

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

Regular solution | \y__p_¢

1
where € = ¢,, —E(SAA + €gg)

G = X,G, + XgG;+ Q X, Xz +RT (X, InX, + X;InXj)

- Chemical potential and Activity

on,

dn,~ small enough (" p, depends on the composition of phase)

‘N o
- o =G,+RTlha, /% |=="g-x.)
" :[GGJ Ha= YA A ll‘l_ X, ‘ Y
N _
T,P, ng

a . :
—L =y, = activity coefficient
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Contents for previous class

- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System

G, =X,G, + X;G; J/mol

G,=G,+4G_ .. J/mol

Ideal solution (AH_. =0) AG™ =RT(X,InX,+X;InX;)

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

Regular solution

AH, i, = Page

1
where € = ¢,, —E(SAA + €gg)
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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 p,.

== dn,~ small enough
(* na depends on the composition of phase)

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

Upa - partial molar free energy of A oG' _[ G’
or chemical potential of A Ha = . He = o

~on A ONg

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

For variable Tand P

dG'=-SdT + VdP + pn,dn, +pu.dn, 3



1.3 Binary Solutions

G=X,G, + X;G; + RT(X;InX, + X;In X})
=(G,+RTIn X, )X, +(G; +RT In X ) X; =HaXs +1eXp
ny, =G, +RTInX,| 4
g = Gg +RTIn X,
'IGB
Ga
—RT IHXA < R lnXB
JIJB

Fig. 1.12 The relationship between the free energy curve and
Chemical potentials for an ideal solution.

N

1) Ideal solution




Contents for today’s class Il

- ldeal Solution/ Regular Solution/ Real solution



1.3 Binary Solutions AG, =AH - TAS

Q1: What is “Regular Solution”?



1.3 Binary Solutions AG, =AH - TAS
Regular Solutions

: . — This type of behavior is exceptional in practice
Ideal solution : AHmiX_ 0 = and usually mixing is endothermic or exothermic.

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

Assumption: the volumes of pure A and B are equal and do not change during mixing
so that the interatomic distance and bond energies are independent of composition.

Structure model of a binary solution

AABABBA 7

Fig. 1.13 The different types of interatomic bond in a solid solution.



Gibbs Free Energy of Regular Solutions

Q2: How can you estimate

“AH_ ;. of regular solution™?

AH i, = QX, Xz Where Q= N_ze

mix




1.3 Binary Solutions _
Regular Solutions

Bond energy Number of bond
A_A SAA PAA
B_B SBB PBB

Internal energy of the solution

E =P &an T Pagrs + Pag€as

Before mixing After mixing

99, , 9, 9 9O
e, 000 000
O <R < g
9, 90, O, ,
9, 09, O, 009
e 0 00 O

< g ST g}
9,19, 99, 9, O
e 0 000




1.3 Binary Solutions

Reqgular Solutions
Completely random arrangement

1

=0 = € AB ZE(gAA+€BB)

AH ., =0 ideal solution
AS™ = —R(X ,InX,+X,InX,)
P.e =N,zX, X, bonds per mole

N, : Avogadro's number
Z . number of bonds per atom

M e<0>P,T @ £>05P,

® le~0] = AH ,, =P\t

AH i, = QX, Xz where Q= N_ze

AH_;, per mol

N /]
AN 7
AN 7
AN e
AN s
AN e
N7
VRN > Q
e AN
e N
7 AN
. N
\N
A Xg B
If Q >0,

M Fig. 1.14 The variation of AH,;, with composition for a regular solution.
Regular solution

10



Gibbs Free Energy of Regular Solutions

Q3: How can you estimate

“Molar Free energy for regular solution”?
G, =G, + 4G T S —

G = X,G, + XgBg +iQ X, Xg 4 RT (X, IN X, + XgInXy):

11



Regular Solutions

GZ — Gl +AGmiX g ------ Kﬁ--u-u--é é --------------------- ;-i;-A--S;--j ------------------------------ g

G = X,G, + X3Gg + 1Q X, Xg i+ RT (X, IN X, + XgInXy):

Reference state

+
0
0 0
Pure metal G, =G; =0
AG = AH - TAS A AGyiy B A B
(a) QA<O,high T (b)) QA<O,low T
A-H.mix
+
0
_TAS,,
A B

Fig.1.5 (0Q>0,highT (dQ>0,lowT 12



Gibbs Free Energy of Binary Solutions

Q4: “Correlation between chemical potential
and free energy”?

13



2) regular solution

Correlation between chemical potential and free energy

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

G=HTS G = X,G, + X,G,+ Q X, X, +RT (XAIn ><A + xB InX,)

= X ,(G, +Q(1 X, )2 +RTInX,)+ X, (G, +Q(1—X,)*+RTIn X,)

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

u, =G, +RTInX,
s =Gy +RTIn X,
Ideal solution

14




Gibbs Free Energy of Binary Solutions

Q5: What is “activity”?

15



Activity, a : effective concentration for mass action

ideal solution regular solution

A l"LA :GA +RTInXA
_ G, +RTInX,

\ —RTkrag:

"~ GA+5 RTIna, . mp=Gg +§RTInaB :
= G, +Q(=X,)° £ RTInX, - G, 4 2 (LX) 4 RT In X,
f al % B
In| 4 |=—(1-X, In(—)=—(>0-X
n N RT( )? n( B) RT( 5)’
a . : dg
—= = y, = actwvity coefficient Vg = — 16

X, X,



O

Activity-composition curves for solutions

AH,;,=0 t AH_ .. <0 T AH,,;,>0
— W, 1
{a) (b} (e)
Ideql solution

Actunl soluton
AwrB ¥ (A=A + BB
eqg. Au=-5Sn ot 600°C
nl. - D!\n

Actual solution
AsnB<i AeeA+B-—=B)
8.g. Cd-Pb at 500°C
Q™ Gy

e.g- Bi-5n at 235°C
O ™ Qg

Degree of non-ideality

vs =—=—=constant (Henry'sLaw)
For a dilute solution of B in A (X;—0) Xs

Yo=—2=1 (Rault's Law)
Xa
17




AH . =P,z |wheree=¢,, —

1
E(SAA + €gg)

c
o

K%) 4 (3 2 1

S

8 - . *—p <—o . El
o

+ 0

Energy Energy
released absorbed

— 100 - when bond when bond
‘—é foms breaks
S (-Bond (+Bond
= Energy) Energy)

&

& 200 -

@
o

=

@

-
Q. -300-

c
O 400

Q

Q432 =S : 5 -----

e I\Z

+— |

<| -500 2 é T ]

74 100 200 18
(Hz2bond length) | wermuclear distance (pm)



Variation of activity with composition (a) ag, (b) a,

(a) (b) Fig. 1.7
Line 1: (a) ag=Xg, (b) a,=X, ideal solution...Rault’s law
Line 2 : (a) ag<Xg, (b) a,<X, AH_ . <0 - lu‘f a, | _ £ 1-X.)
- A
Line 3 : (a) ag>Xg, (b) a,>X, AH,_. >0 A RT

19



Gibbs Free Energy of Binary Solutions

Q6: “Chemical equilibrium of multi-phases”?

20



~~dn, moles of A

;
ny moles of A nA‘B moles of A

¢ phase ¢ B phase
Kn‘E’f moles of B ng moles of B

Fig. 10. Transfer of dn, moles of component A from the § to the « phase.

21



Activity of a component is just another means of describing the state
of the component in a solution.

a
- : aa =74 84 =7aX,s
degree of non-ideality ? — X, X,
' - activity coefficient
ag Q | z " G. + R"H-.T
I, —=.{= RT(L}(B) Hy= Gy na,
B

L] F
u "
% [ "

" 3
+I .l- L] +I &
* . . ¥ -
s *a - "a "
"+...l.- '-.],..'- "r],.-

Activity or chemical potential of a component is important when several
condensed phases are in equilibrium.

Chemical Equilibrium (p, a) - multiphase and multicomponent
(> = Mﬂ: uy =...), (a* = ail?'= ay’=...)

(Ma*=ppP=ppr =00, (@ =af=a,7=..)
(ng* = pgP=pgr=...), (ag> = agP=agr=...)

22




- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System

G, =X,G, + X;G; J/mol

G,=G, +4G_ .. J/mol

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

G=X,Gy+XpG; + RI(XInX, + Xpln Xp)

Regular solution |y _p ¢

1
where € = ¢,, _E(EAA +€gg)

G = X,G, + X;Gg+ Q X, Xz + RT(X,InX, + XzInX;)

- Chemical potential and Activity

on,

pe 240 25 ZEE 7] IZ0i| dnyZt OHS ZHOFA Z=4d 3 810{OF

oG! * Hp= GA+ RT|I’]8.A In
Ha =
T,P,ng

a, Q ,
— |=—(1-X
o) -

¢l .. .
—4 =y, = activity coefficient
X

23



Contents for today’s class Il

- ldeal Solution/ Regular Solution/ Real solution

24



Q7: What is “Real Solution”?

sufficient disorder + lowest internal E

25



1.3 Binary Solutions AG.., = AH_ . - TAS, .
Real solution: sufficient disorder + lowest internal E

when the size difference is large
(@ € < 01 Al_Imix< 0 ' (c) strain effect 9

Ordered alloys Clustering Interstitial solution

Pag | — Internal E l Paar Pes | 26



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

High temp. —> Entropy effect § — Solution stability 1§

----------------- + XB —_— Do+ XB —
0 = 0 T
— v # P : A H mix
AGmix _:.‘AHmix H :.TASmix,: \,
AGmix
A AGnmix B i A B
(@) Q<O0,highT i (b) o< 0,low T
AMmix
Lo+
AGmix
= 0 X,
—TASmix
A B
(c) >0, high7 (d), 2> 0 low7



1.3 Binary Solutions

Real solution: sufficient disorder + lowest internal E

2) In systems where there is a size difference between the atom
e.g. interstitial solid solutions,

[ L L
.® e
0 ‘e

.

.: + elastic strain

Q
Q
0

=) quasi- chemical model ~ underestimate AE

due to no consideration of elastic strain field

=2 New mathematical models are needed to describe these solutions.

28



Q8: Ordered phase I:

“Short range order (SRO)” in solution

29



1.3 Binary Solutions
Ordered phase e<0, AH_.<0 Pug |

SRO (Short Range Ordering) or LRO (Long Range Ordering)

« ) <0 = contain short-range order (SRO)
AQ=N.ze  GRO parameter = s _ degree of ordering

P.s —P.g(random)
P,z (max) —P,;(random)

1 0 0 0 o Jeeee o 00 .0 O
OBOBOSONC SO OO

4N b e b * 400 ¢
OROBOBOBO )OO o,,oo oo OB O
. . .0

Lo Sl S St STt Y ' ot ¢ o0
O .00

& N SN S 4 g
e 0 0 0 o .. ...

L R ek R it R &/
o 0 06 o O ... ..

& b _& S_& $_4&
OBROBOBORC T 000 . 00
OBSORX

L A N el Rt R e .

e 0 06 0 ¢ Ut TR SR R g

KT S TR Sl ST gl SR
OROBOBORC OBROBOOBONC
oo 00 o

I PRl S SR

P, (Max) @ py (random)  ® P, with SRO

Fig. 1.19 (a) Random A-B solution with a total of 100 atoms and X,=Xz=0.5, P,g~100, S=0.
(b) Same alloy with short-range order P,z=132, P,z(max)~200, S=(132-100)/(200-100)=0.32. 30
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Q9: Ordered phase II:
“Long range order (LRO)”

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

33



* Solid solution — ordered phase
- random mixing
- entropy 1
negative enthalpy |

Large composition range
=G|

* Compound : AB, A,B...
-> entropy|
-> covalent, ionic contribution.
-> enthalpy more negative |

Small composition range
> G|

gl
»GE
£%
A XB — B
(b)

diate phases: (a) for an intermetallic com-
(b) for an intermediate phase with a wide

c |
Gg
GA<
AGmix
|
|
A 1 B

(@) Ideal

composition

Fig. 1.23 Free energy curves for intermed
pound with a very narrow stability range, (
stability range.

liquid

A XH e
liquid
° B
Y
P 8oy

A Xg—

B



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

High temp. —> Entropy effect § — Solution stability 1§

................ + XB ——a . XB —
0 : 0 g
- 5 A p A H pix
AGmix _:._AHmix H :.TASmix,: V
AGmix
A ACnmix B A :
(@) Q<O0,highT P (b) o< 0,low T
AMmix
+
AGmix
0 XB ——
"TASmix
A B
(c) >0, high7 (d), 2> 0 low7

35



Q9-a: Superlattice

36



1.3 Binary Solutions
Ordered phase €<0, AH;;<0

* In solutions with compositions that are close to a simple

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

(The atom sites are no longer equivalent but can be labelled as A-sites and B-sites.)
* A superlattice forms in materials with LRO

Cu-Au allo
2.2

Fig. 1.20 @« O

High temp. Low temp.

_ _ CujAu superlattice 37
Disordered Structure CuAu superlattice



Su perla’[tice 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/CoAl/
FeAl/AgMg/AuCd/NiZn -

.
-~
P

a:v i JJJ

B brass superlattice viewed as two inter-penetrating cubic lattices 38



1.3 Binary Solutions  Fiye common ordered lattices
(a)L2,: (b) L1.: (c) L1,
CuZn/FeCo/NIAI/CoAl/ Cu,Au/NisMn/NisFe/NizAll CuAu/CoPt/FePt
FeAl/AgMg/AuCd/NiZn  Pt;Fe/Au,Cd/Co,V/TiZn,

(d) DO;: (e) DO, 39
Fe,Al/Cu,Sb/Mg,Li/Fe,Al/ Mg,Cd/Cd;Mg/Ti;Al/NizSn/Ag,in/
Fig. 1.22 Fe,Si/Fe,Be/Cu,Al Co;Mo/Co,W/Fe,Sn/Ni,In/Ti Sn



AG., = AH., -T4S,,  Ordered phase <0, AH,,<0

Fig. 1.21. Part of the Cu-Au phase diagram showing the regions where the
CusAu and CuAu superlattices are stable.

°C
— 00T Vacancy/another atoms ASmixmSmall
@ 400}
= 300t At high Temp.,
o
4.200¢ AG._. ~ large (-)
E
2 100r

O 01 02 03 04 05 06 07 08 09 10
Cu Xy 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.

 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.

40



Ordered Phase

e <0, AH, < 0/AH,;~-20 kd/mol
| |

1100 T 7 I | I I 2 =
1064.43°C 1084.87°C
1000 Liquid -
910°C
900 24 —
800 Disordered F.C.C. solid solution B
(Au, Cu)
© 7001 ~
o
=
2 600 —
®
£ 500} -
= 410°C )
4001 AuCull AuCu,ll  380°C -
B 64 \‘\
300 ‘Y AuCu,l 0 o
200 = ..e- X /:"- : % (cubic B
s et AUJCU“-G E': (tetragonal) ( )
W= (cubic) g
0 1 | | | | I l | |
0 10 20 30 40 50 60 70 80 90 100
Au Atomic percent copper Cu 41
(fcc) (complete solid solution) (fcc)



Q9-b: Order-disorder transition

42



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 = “2nd 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.

.

CL

43




Intermediate Phase £<0, AH . <0/ AH_.~ -21 kJ/mol

mix
”':":': 10545
1000
. Liquid
00— o 4
] 5.5
200
2} . E?g.a
— 00— i
> o
— -
= . 595
p o0 e
= - Cu 560
ﬁ -
Order-disorder transformation: 1 468
Low temp. — ordered structure =
High temp. - disordered structure By .
Z00-
E Py
200
1':":' IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
] 10 20 20 40 a0 &0 T0 =20 20 100
(fcc) cu dtomic Percent  Zn zn (hep)

a and n are terminal solid solutions

’ : . . . 44
- B, P,v. © and e are intermediate solid solutions.



Q9-c:

Intermediate phase vs Intermetallic compound

45



Intermediate Phase

Fig. 1.23
6 G ‘
:/,,,_.GB Gg
Gp | Gy
: » A Gpix
|
/|
'
s et 0 gy | e B

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

* In other structure, fluctuations in composition can be tolerated by

vacant, and in these cases theicurvature:of the G curve is much less,
Fig (b). LesssssssssssssmEEEmnEEn " 46



Intermediate Phase Seoete %

£<0, AH <0 XXXN%
() O8O

1600
1555
: AH,_ . ~(-)41 kJ/mol
Liquid
1400 1594
1310
aFe N g
1200 W
B -+ +Fe
a 110z
L.
= .
@ 1000 forthorhonbis
L ) 1
E‘ g2 FE'I':'I] FEEA.IE
o (cubic)
200
Fe &l —
=00
| Al—
|
4':":' IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII LILIL ] IIIIIIIIIIIIIIIIIIIIIIIIIII
1] 10 20 a0 0 S0 &l 7o a0 Q0 100
Fe atomic Percent Al A

(bcc) (fcc) 47



Intermediate Phase
£<0, AH,_,.<0/AH,_, ~-38 kd/mol

1100+ 1054,
10004
300~ Liquid
<5 8004
but i
— | -
™ 700+
a {650
= 2
= 600 =
- S63 -
1 42 £4.7 I
S00— 455 B
i 14.5 B
i MqCus—p
400 3 - é
: 3 (FCC) L
T—Ma > ~
] Fd3m
300 llllllllllllllllllllllllllllllll llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll LB
0 10 20 20 40 50 60 70 80 90 100
M3 (hcp) (Orthorhompxi®ic Percent Cu cu (fcc)
Fddd -
P6,/mmc Emam



Intermediate Phase

£<<0, AH_.<<0/AH,.~-142 kdJ/mol

Temperature (C)

TZ00—
1 200
] Liquid
i 1115
11001054 .5
! 1012 1000 95
1':":":'- a7 75 Ti4 a4 5
- 55
i 935 925
+— 545
apg =Y A5 jL/ﬁ;
i 552
i . G232
200 A q7.5
] ook —+
i 715
TFOo-
7 -+
| — -
i e 4 o
’ Lo I = o
5':":' IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 =0 40 a0 &0 70 20 Q0 100

1 atormic Percent  Zr il § 49



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

MgCu, (A Laves phase)

3) Electronegativity
- very different electronegativites — ionic bond_normal valency compounds
ex Mg,Sn 50




AH S. >0 Solld solution — solid state
phase separation (two solid SolutlonS)

iliquid state phase separation

(up to two liquid solutions)

TEmn
1400
1200

Jioa4 57
1000

Temperature {C)
o
o
T

o
o
T

1455

Liguid

Cu, Mi »

Temperature {C}

TT00Te=g
1600 Liquid
. = 1545 1on
1500 /—/_\ /'WZ§
] 1940
1400
] z 1358 E3) [
1200 P
] stable miscibility gap
12004
] BT y
- o
11004
1000
200 o
SDD_--—ocTI
FO0—trrrereres T T P e P e prrrrrr T
] 10 20 30 40 50 &0 70 a0 a0 100
Ti Atomic Percent ¥ I

liquid

Temperature (C)

1200
1200
Liquid

] 1118

110010545
B 1012 1000 295

1080-] a7z 975 724 4.3
B BE

\ ] a2

P o 1 sas | 095 Loy [P
1 382 44
] | 3

00 E ERE]
] aer —+
] 715

00+
] & .
3] paka e o
] I P = &

E'E":'__ |5 O [} a
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