Thermodynamics

Chec Polint

Byeong-Joo Lee

POSTECH - MSE
calphad@postech.ac.kr

S (o] Juru | OF Byeong-Joo Lee
) ggﬂ?y[ﬂdnﬂ www.postech.ac.kr/~calphad




Fundamentals

=>» Microscopic vs. Macroscopic View Point
=>» State function vs. Process variable
=» First Law of Thermodynamics

=>» Special processes

1. Constant-Volume Process: AU = ¢,
2. Constant-Pressure Process: AH = q,
3. Reversible Adiabatic Process: g = 0
4. Reversible Isothermal Process: AU = AH = 0
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Second Law of thermodynamics - Reversible vs. Irreversible

g

1] Pr,0m

Water
- vapor

Water

Heat bath at temperature T

AS = measurable quantity + un-measurable quantity
= q/T + AS,
= ql'eV/T
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Second Law of thermodynamics - Maximum Work

U, -U,=q-w
oqg =dU + Oow

system

ds _ X +dS,,

system T

dUS Sstem + 5‘/‘/
as .=—2 +dS,

system T rr

Sw=TdS, .  —dU,_ . —TdS,

system system

wsw_ =TAS — AU

system system
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Second Law of thermodynamics - Entropy as a Criterion of Equilibrium

% for an 1solated system of constant U and constant V,
(adiabatically contained system of constant volume)
equilibrium is attained when the entropy of the system 1s maximum.

* for a closed system which does no work other than work of
volume expansion,

dU=TdS - PdV (valid for reversible process)

U i1s thus the natural choice of dependent variable for S and V'
as the independent variables.

% for a system of constant entropy and volume, equilibrium is attained
when the internal energy is minimized.

Sw=TdS . —dU. . —TdS,

system system

PdV =TdS_, —dU._. -TdS,

System System

0=dU +7dS.,

system
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Second Law of thermodynamics - Condition for Thermodynamic Equilibrium

* Further development of Classical Thermodynamics results from the fact
that S and V are an inconvenient pair of independent variables.

+ need to include composition variables in any equation of state and
in any criterion of equilibrium

+ need to deal with non P-V work
(e.g., electric work performed by a galvanic cell)

¢ Condition for Thermodynamic Equilibrium of a Unary two phase system

ds =dS* +dS”’

1 1 g P o p
:( _ deu Pm B e [ B e
T TF T T* T T’

The same conclusion is obtained using minimum internal energy criterion.

isolated _ system
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New Thermodynamic Functions — Reason for the necessity

* Further development of Classical Thermodynamics results from the fact
that S and V are an inconvenient pair of independent variables.

+ need to include composition variables in any equation of state and
in any criterion of equilibrium

+ need to deal with non P-V work
(e.g., electric work performed by a galvanic cell)

dU =TdS — PdV

S, V are not easy to control. Need to find new state functions
which are easy to control and can be used to estimate equilibrium

— K G
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Helmholtz Free Energy - Work Function, F=U - ST
dF =dU - TdS — SdT

For a reversible process
dF = [TdS — PdV — ow’] — TdS — SdT = — SdT — PdV — ow’
dF;=—PdV —ow" =— oWy

> Maximum work that the system can do by changing its state at Constant 7, V/
= -AF.

For a irreversible isothermal process
AFp=[q-w] - TAS
TAS=q+TAS,,
w=PAV+w =w’ For constant V

AFp,+w + TAS,, =0

> If cannot do a maximum work, it’s due to the creation of As, .

Under a Constant 7, V, an equilibrium is obtained when the system has
maximum (w’+ As; ) or minimum F.

r

fa EUI-_T.I Iu.[H Urm Byeong-Joo Lee

www.postech.ac.kr/~calphad

sity of Sci nd Technolo



Helmhomlz Free Energy - Example

Equilibrium between condensed phase and gas phase.

Use Helmholtz Free Energy Criterion
to determine equilibrium amount of
gaseous phase at a given temperature,
and how it changes with changing
temperature

|
|
|
P4

C  nyleq, T, ) Mvfeg, T,) n, n

Fig. 5.3, The effect of temperature on the equilibrium state of a
closed solid-vapor system of constant volume,
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Gibbs Free Energy - Gibbs Function, G=EU + PV —ST
dG =dU + PdV + VdP — TdS — SdT

For a reversible process
dG = [TdS — PdV — ow’] + PdV + VdP — TdS — SdT = — SdT + VdP — ow’
dGpp=—ow’

> Maximum work that the system can do by changing its state at Constant 7, P
= -AG.

For a irreversible isothermal process
AGrp=[qg—wW] + PAV-TAS
TAS=q+TAS,,
w=PAV+w’

AGpp+w' + TAS,, =0

> If cannot do a maximum work, it’s due to the creation of As, .

Under a Constant 7, P, an equilibrium is obtained when the system has
maximum (w’+ As; ) or minimum G.

r
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Thermodynamic Relations - For a closed system

dU = T1dS — PdV

dH = TdS + VdP

dF = —8dT — PdV

dG =—8dT + VdP

= EU"_"'II.I'[H ol 47|

#2595/ Pohang University of Science and Technology

Byeong-Joo Lee
www.postech.ac.kr/~calphad



Thermodynamic Relations - For a multicomponent system

> G = G(T,P,ni,nj,nk,...)

dG = (GGJ dT + (GGJ dP + oG dn, + oG dn; +--
6T P.ninj,-- 8P T.nin;,- ani T.Pn.n, .- anj T P

> Chemical Potential (27(;) =1

i

dG =—SdT +VdP+_ u.dn,
1

Sw=PdV - udn,

— Z :dn.  is the chemical work done by the system
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Gibbs Energy for a Unary System - from dG =—-SdT + VdP

Gibbs Energy as a function of T and P

dG =-S dT +V dP

T P
G(T,P)—G(TO,R)):—IT S dT+jP V dP

C(T)

(@ constant P S(T)= S _|_-“

G(T)=G(T,) - jTT {SO-I— jTT CPT(T) dT} dT

@ constant T G(P)-G(P) = Jj V dP

- B - L
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Gibbs Energy for a Unary System - from G=H - ST

Gibbs Energy as a function of T and P
G=H-ST
G(T,P)=(H(T,P)— H(T, 1))+ H, —(S(T,P)—S(T,,1)+ S )T
=AH+H, —(AS+S)T=H,-S,T+AH -TAS
@ constant P
H(T)=H, +jT C.(T) dT S(I)=S, + f
Cp (T ) 4

C (T)

G(T)=H, ST+j C,(T) dT - Tj

@ constant T
AH = (‘ﬁj ap=[ T(a—Sj +v | dP={ —T(a—Vj "7 dpsz V(1-aT) dP
r, \op Yo | "\ar), | g or ). P,

_j ( de_—'P 8—Vj dP:—':anP
T S

°, \ oT
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Gibbs Energy for a Unary System - Temperature Dependency

G(T)=G(T,) - jTT {SO+ jTT CPT(T) dT} dT

G(T)=H,-S,T+[ C,(T)dT-T] D) yr

Nz UE S280lM 7 2 A2 &2 A~

Empirical Representation of Heat Capacities ¢, =a+bT +cT 2

S 0|20l ?2 = A0l sg8 X = SEotch
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Gibbs Energy for a Unary System

C (T)

G(T)=H, ST+j C.(T) dT - Tj dT+j:VdP

* V(1,P) based on expansivity and compressibility

* (1)

* Syoq: by integrating C /T from 0 to 298 K and using 3rd law of thermodynamics
(the entropy of any homogeneous substance in complete internal
equilibrium may be taken as zero at 0 K)

* H,4s: from first principles calculations, but generally unknown

% H,yg becomes a reference value for G

% Introduction of Standard State

EU}_T.I Iu.[H Urm Byeong-Joo Lee
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Criterion of Thermodynamic Equilibrium, Thermodynamic Relations

=> Helmholtz Free Energy, Gibbs Free Energy
=> Correlation btw Free energy minimum & equilibrium
=> Chemical Potential vs. Gibbs energy

> - Z H.dn. Term as a Chemical Work

=>» Thermodynamic Relations: Importance & Applications
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Statistical Thermodynamics

=> Basic Concept of Statistical Thermodynamics
=> Application of Statistical Thermodynamics to Ideal Gas

=» Understanding Entropy through the Concept of the
Statistical Thermodynamics

=> Heat capacity

=> Heat capacity at low temperature

Byeong-Joo Lee
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Application of Criterion

1.17| 2+ St Pb2| melting point = 600K O| C}.
17|12} oF 590K 2 2 =l M Pb7F SA5HE A
Aol dtgo|2ts A S
(1) maximum-entropy criterion
(2) minimum-Gibbs-Energy criterione= 0| &35}0{ EO[A[2

AH , ine = 4810 J/mole
C,o =324-3.1x10"°T J/mol-K
C,=975x10"T J/mol-K

p(s)

2. 1 :HIOHH o o7t ttE & E7/of| 2 2= 0] RUUCHH
E7| F= Z= ol (BE)HEi 7t 2 WX o FS5HAL
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Numerical Example

* A quantity of supercooled liquid Tin 1s adiabatically contained at 495 K.
Calculate the fraction of the Tin which spontaneously freezes. Given

AH>" =7070 Jat T, = 505K

505 K ‘
C, oy =34.7-92x10°T J/K |
C, sy =18.5+26x10°T J/K
495 K
>

1 mole of liquid x moles of solid
(1-x) moles of liquid
A% EUI-.II Iu.[H Urm Byeong-Joo Lee
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Thermodynamca

Phase Equilibria | Component System
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Phase Diagram for HzO

A
B
Ll T ——— my ]
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Phase Diagram for Fe

2 I : T | i

3057°C

log g, (atm}
.

8| vapor -

A0k / —
19 | [ ! | |

500 1000 1500 2000 2500 3000 3500
temperature,°C
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Phase Diagram for Fe

2800
2550 |
2300
2050

1800+

beeffee

x Kennedy and Newton (1963)

c Kaufman et al (1963}
A Bundy (1965}
+ Strong et al (1973)

bee/hep
+* Bundy (1563)
¢ Miietal {1970)

< 1550} ® Gilesetal (1571)
tee bee/lig
1300 ¢ o Strong ct al (1973)
O Liuand Bassett (1975)
1050
feefhep
800 1 & Bundy (1965}
fee/lig
550 *  Strong et al (1973)
300 ¢ Liu and Bassett (1975)
(b)
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Equilibrium

* Thermal, Mechanical and Chemical Equilibrium
* Concept of Chemical Potential

® [n a one component system, Gi = U,

* Temperature and Pressure dependence of Gibbs free energy

1) -

T T
G(T)=H,-S,T+| Cy(T)dT-T| .

- B - L
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Temperature Dependence of Gibbs Energy

constant pressure constant pressure
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Temperature Dependence of Gibbs Energy - for H,0

AH, =AH, , =6008 J at 273K

4000 I — 7 T T T T

Sy ook = 70.08 J /K
S0k = 4477 JI1K

2000

C,pom =7544 JIK

p -2000

-4000

Comowm =38 J/K

molar enthalpy, H, joules

-6000

| J 1 1 |
260 280 300

[
320 340

temperature, K
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Temperature & Pressure Dependence of Gibbs Energy

® (Clausius-Clapeyron equation (d_Pj _AS _ AH
dr ), AV TAV

®For equilibrium between the vapor phase and a condensed phase

dpP AS AH PAH
AV =V, V. =V — | ===
vapor condensed —phase vapor ( dT jeq AV T VV R T2
dP AH AH AH
=——dT dinP=——dT InP=-——+ constant
P RT RT RT

AH, =AH oy + AC,(T —298) =[AH o, —298AC, ]+ AC, -T

In7T + constant

—+
R

o {298ACP ~AH } 1 AC,
T

AP OFx OF Byeong-Joo Lee
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Phase Diagram - for H,O

C, 100 =30+10.7x10°T+0.33x10° T~ J /K
C,ron=1544 J/K
AC, ., =—4544+10.7x10°T +0.33x10°T* J /K
T

AI{evap,T = AI{evap,.’a73 + 373 Aij(l—)v) dT

AH

dinP=—"dT
log P (atm)=- 297 _ 5.465logT +0.279x107°T +¥ +21.75
T

log P (atm)=- 200 _ 4.65logT +19.732

AS  AH
AV TAV

® for S/L equilibrium (j—;j

pressure, atm

.008

106°C o°C
0 T
0.5 I-
Eq. (7.10)
E10f
&
a
o
=]
15 -
£q.(7.9)
20F
1 1. 1 i 1
2.8 3.0 3.2 3.4 3.6
1000 -1
= K
A
B
___________ m e __ b
‘ |
solid | tiquid i
0 oc |
| 7 I
R, |
B Ty |
p vapor :
LA i
1 | i
1 | l
| | {
c I §
L L
At o
0°C 0.0075°C 100°C

) TS BN

Pohang University of Science and Technology
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Equilibrium vapor pressures vs. Temperature

TABLE 3—'1. Vapor pressures of alements: Iog(Pa/?OEPa).

© T 74 / 4 / Tezp. 21g) Mplg}  Sbig) Shplg)  Gbylgl  Belg)  3ezlg)
2 Mating temparatuta : o .
/ / { / 298,15  -50.643  =76.079 ~39.313  ~31.953 -27.403  -50.135 -101.832
-1 /) 500 -27.348  -41.694  -20.632  ~15.652  -12.975  -27,210 ~56.838
/ / 600 -21.62%  -33,261 -14,045 -11.715 ~5.426  -21.566 —£5.8714
IS cd i 700 ~19.532  -27.253  -12.790 -8.915 -6.9560 -17.538  -37.973
g . / ¥ 800  -14.502  -22.762  ~10.341 -6.827 -5,138  ~14.520  -32.i13

. 999 -12.137  ~19.282  -8.443  -5.215  -3.746 ~12.177 -R7.578

/ / 1500 -10.292 -16.59" ~7.04L  -4.188  -3,097  -10.305 -23.969

1109 -8.805  -14..36  ~-5.908  =3.328  -2.603  -8.796 -2%.03¢2

3 Fi 2 J 1200 —7.570  —12.649  —L.969  -2.638  -2.207  7.306 18,593

- / 1309 =6.529  =11.145  -L.173  -2.063  ~1.887  -6.433 -16.551

Cs (P 1200 -5.640 ~9.86%2  -3.496 1,577 -1,627  -5.517  -14.808

/ 1500 -L.872  -8.775  ~2.C11 1,163 —1.410  ~L.725 =13.307

-4 . 1600 =4.203  =7.79%2  -2.403 0,806 ~1.229  -4.057  -12.037

] i 1780 ¢ -3.674  -6.947  ~1.957  -D.49H  -1.07%  -3.472  -10.950

b i i 1800 «3.09%  -6.200  -1.5860  -0.224  -0.95 -2,958  -9,930

A ,-'q" A sniig) . 1900  -2.628 -5.535  -1.208 -5.030 —G.845 _2.500 -5.1137

-5 : 2000 -2.211 -1.53%  -0.894 9.274  -G.7%53  -2.088  -8.37

r : T ref. 1 1 3 3 3 1 L
VAT AN ATV /.

iog vapor pressure {atm)

© i f( / -—-TEEO’ Bi(g) Biz(g) Cdig} Galgz) Caz(g) crig) Colg)
/ / / 4 " 298,15  -29.928  -30.192  -13.534 -25.232  -50.764 -61.765  -66.943
7 e 500 =15.126  =14.711 -5.659 212,490  -26.715  -33.675  -36.779
f 605 -17.603  ~11.743 _3.7456  -9.623 -20.868  26.975 -29.360
700 -9,167 -3.774 —2.4G4 “To4dd =16.%34 21,855 -24.066
800 -7.348  =7.0%2 —1.511 <5.828 13,684 -18.172  -20.103
-8 %09 ~5.537  -5.656  -0.775 -1.0587 215,347 ~15.314  -17.028
/ / 1000 -4.818 -4 .584 ~0.193 =3.592 -9.505 -713.033 —14-599
] i 1150 -3.897  -3,706 0.268  -2.794  -8.026 -11.172  -12.58L
: 1200 -3.138  -2.990 ~2.162 wb B2 29,626 -10.8393
-9 'f ” 1300 -2.497 -2.338 -1.639 ~5.921 -8.323 -9.434
{ ; 1400 ~1.949  =1.377 -1.19 -5.119 7,210 ~B.297
I / ! 1500 ~1.474  -1.435 _0.812 4437 -6.250  —7.265
0 1 | L 1400 —1.263 -1.055 -0.430  -3,853 —5.é;2 _@.;jgg
1700 -0.697  -0.720 -0.191 -3.341 —dp -5.57
0o 200 400 600 8001000 2000 3000 1800 -0,376 0,427 -4.034 -4.879
1900 =0.090  -0.167 —g é*i? —3; %:
2000 0.155 C.0L7 -2.9 -
temperature, °C A
rel 3 3 3 1,4 1 1 1,5,6

U"-,_T-)' Iu- [" t_slrm Byeong-Joo Lee
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Equilibrium vapor pressures vs. Temperature

Table A-4 The saturated vapor pressures of various substances | In p (atm) =

A
—}-}-BlnT-i—C

Substance A B C Range, K

CzFy,.,. 34350 —4.533 S6.57 298 430
CaFa, s 53780 —4,525 36,08 12301641 (7.0
Calis, .. 50,200 —4.325 53.96 1691-2783 0T,

Fe,., 45 390 —127 23.93 1900 (T, =33300T,;
He.,, 741 —i). 793 17,163 298620 (T,
Mn, . 33,440 —202 37,63 1517 (1,1~2345 /T,
$iCl, ., 3620 — 10,96 373323 (7

7] 13,203 —1.255 2179 607 (7 -1177 (T}

% _;._)1 Iu_ [H UI'.I—II Byeong-Joo Lee
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Gibbs Phase Rule

*Degree of Freedom
number of variables which can be independently varied
without upsetting the equilibrium

*F=p(ltc) - (p-D(2+c)=c—-p+2

Byeong-Joo Lee
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Example - Phase Transformation of Graphite to Diamond
« Calculate graphite—diamond transformation pressure at 298 K, given

H98 gra = Ho8 i = -1900 ]

S208.gra = 2. 74 J/K

Sros.4ia = 2-37 J/K

density of graphite at 298 K =2.22 g/cm?
density of diamond at 298 K =3.515 g/cm?

AG=AH -TAS +[ AV, dP

raphite— diamond

!—!Egs P-I'[" t_jlrm Byeong-Joo Lee
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Thermodynamics

Multi—compone 0geneous System
Solution | rodynamics
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Thermodynamic Properties of Gases - mixture of ideal gases

1 mole of ideal gas @ constant T:

G(P,.T)~G(R.T)=RTIn"%

1

G(P,T)="G(T)+RT In P

Mixture of Ideal Gases

® Definition of Mole fraction: x;

® Definition of partial pressure: p;,

: . — (00
® Partial molar quantities: 0, =£ 9

Q'= Z niQ

dG = VdP—R—;dP RTdIn P

G="G+RTInP

P = XZ.P

L

:ﬂi

) E23 U0

sity of Sci nd Technolo
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Thermodynamic Properties of Gases - mixture of ideal gases

G="G,+RTInx,+RTInP

Heat of Mixing of Ideal Gases

o(G,/T) o(°G,/T) Ty
oT oT l l

AH'mix:Z nH., —Z n'H =0

Gibbs Free Energy of Mixing of Ideal Gases

AG™ = Z n.G, —Z n°G, = Z n.RT Inx,

Entropy of Mixing of Ideal Gases
AG™ = AH"™ —TAS"™™" AS™ =->" nRlInx,

AP OFx OF Byeong-Joo Lee
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Thermodynamic Properties of Gases - Treatment of nonideal gases

Introduction of fugacity, f dG=RTdIn f
%—)1 as P—>0 G="G+RTIn f
For Equation of state V' = RT_ o
f a
VdP = RTd In f dIn| — |=———dP
P RT
ln(ij —1n(i] __oF i:e_“P/RTzl—aP:PVz P
P)o_p P)oy RT P RT RT P,

% actual pressure of the gas is the geometric mean of the fugacity and the ideal P

¥ The percentage error involved in assuming the fugacity to be equal to the

pressure is the same as the percentage departure from the ideal gas law

fa EUI-.II Iu.[H Urm Byeong-Joo Lee
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Thermodynamic Properties of Gases - Treatment of nonideal gases

i f a V 1)
Alt tivel dlnl — |=—dP=|———|dP
ernatively, (P RT 7P
RT P P
ln[ij = = Z—_ldP P 0.98 |-
P, P=0 P '
a’G=Rlenf:Rlen(£j+RlenP |

0.96 y i L
0 50 100 150 200

prassure, atm

Example) Difference between the Gibbs energy at P=150 atm and P=1 atm
for 1 mole of nitrogen at 0 °C

AG =RT ln(ij +RT In150=-76+11373=11297 J
150

AP OFx OF Byeong-Joo Lee
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Solution Thermodynamics - Mixture of Condensed Phases

Vaper A: 9P, Vaper B: 9/ Vaper A+ B: P, + A4
+ —>
Condensed Condensed Condensed Phase A + B
Phase A Phase B
0 G;apor _o0 Gzondensed OG}\;apor _o0 G}cgondensed —\;apor _ azondensed
—vapor —condensed
B — GB
AG""’*:Z nl.(_;l. —Z n.°G, :>Z n.RTlnﬁ for gas
J ! L Opf

Pohang University of Science and Technology
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Solution Thermodynamics - ideal vs. non-ideal solution

Ideal Solution
-7 PB
(0] 0] + Bz*”fﬂ
— — = PA -~
oy = kD, LoXi =k p=xpl |
Nonideal Solution 5 )
' B PA
' _ k _ r e(i) X 0 _ k 0]
FeiyXi =kP;  Pi = iPi P =KX P; 2 5
re(i) Xg —>
fa) IIE['-'qJJr-ﬂ.!'AJ b IIE{.-"I,J'EFE‘-I'-"U
2
" Henry's law "
a 3
3 &
§ g
o X, 1 o X4 1
) EU.._—._. Iu_[" UI'.I_II Byeong-Joo Lee
) o O -
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Solution Thermodynamics - Thermodynamic Activity

P
G(P29T)_G(P19T) =RTIn—=
l§
Thermodynamic Activity of a Component in Solution
a, = f’O — a, :% — Xx;  for ideal solution
/i Pi

Draw a composition-activity curve for an ideal and non-
ideal solution

Henrian vs. Raoultian

<% IIOFR Ot Byeong-Joo Lee
A E o O II.I'L" . 'I_'l'l www.postech.ac.kr/~calphad
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Solution Thermodynamics - Partial Molar Property

Q'ZQ'(T,P,HI,HZ,'“,VIC)

dQ':(an a’T+(an ir+y | % dn,
oT Py oP T,n;,my - i=1 ani T,P.n #n,

> Partial Molar Quantity 0, = [ZQ j
c n
dQ ', =D, Oydn, o
k=1

1

Z n, d@k =0
k=1

Q': Z éknk
k=1
> Molar Properties of Mixture Gibbs-Duhem Equation
dQ:Z Q0,dX, Q:ZXka Z x, dQ, =0
k=1 k=1 k=1

o B -
EUI-_T.I Iu.[H Urm yeong-Joo Lee
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Solution Thermodynamics - Partial Molar Quantity of Mixing

definition of solution and mechanical mixing

AQ,.,=0 - Q"
OQ':ZC: O,

where °Q is a pure state value per mole

C

70" =Y (©,-0,) n, = AD, n,

k=1

2l partial molar quantityS AIE06HOF 6t=J}?

) TR B

¥ Pohang University of Science and Technology

Byeong-Joo Lee
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Solution Thermodynamics - Partial Molar Quantities

G'=n,"G,+n,°G,+RT(n,Ina, +n;lnay,)

" AO ref — phase o ;ref — phase R T 1 1
G'=n,AG), +n,°Gy +RT(n,Ina, +n,Ina,)
G, =x,"G,+x,°G,+RT(x,Ina, +x;1na,)

G, =x,"G,+x,°G, +RT(x,Inx,+x,Inx,)+RT(x,Iny,+x,Iny,)

G, =x,"G,+x,°G, +RT(x,;Inx ,+x,Inx,)+x x,L

EUI-_T.I Iu.[H Urm Byeong-Joo Lee
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Solution Thermodynamics - Partial Molar Quantities

Evaluation of Partial Molar Properties in 1-2 Binary System
* Partial Molar Properties from Total Properties

0,=0+(1-X,)- 49

2

example) AH _=aX X,

* Partial molar & Molar Gibbs energy AEZM = (_;l —°G,=RTIna,
G, =x,"G,+x;,°G, +RT(x,Ina,+x;Ina,)
Gibbs energy of mixing vs. Gibbs energy of formation

 Graphical Determination of Partial Molar Properties: Tangential Intercepts

 Evaluation of a PMP of one component from measured values of a PMP
of the other

I _ _ X _
X, dAQ, + X,dAQ, =0 dAQ, = —?262’AQ2
1
P Xz — X, X dAQZ — )
80, =] 480, = Joly 3 T o example) AH: =aX,
S S EUI-_T.I Iu.[H Urm Byeong-Joo Lee
&Y e www.postech.ac.kr/~calphad




Solution Thermodynamics - Non-Ideal Solution

> Activity Coefficient

RTIna, =RTIny, x,

O(AGY /T) d(Rlny,)  AH!
oT oT T?

O(RIny,) AFTM
o(1/T) ’

> Behavior of Dilute Solutions
lim(x, - Da, =x,
lim(x, - 0)a, =7r"x,

S S OFx OF Byeong-Joo Lee
AR g,,?v? ,I;I'I-[" . 'I—'l'l www.postech.ac.kr/~calphad
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Example

1.Gibbs energy of formationdt Gibbs energy of mixing2
A0l= A CIIH?

2. Solution0l A et &=0| Henrian &£= Raoultian H==
otlt= A= BA= 20|ot=01?

A=2 TT A=

Molar Gibbs energy)t Tt 20| 285 = A-B 2&

Solution phasell Al 28 822 dilute L | A= Henrian
H=Z, rich 990 A= Raoultian Hs=s= EQI0=e A2
SYHOIAI L.

G, =x,"G,+x;,°G,+RT{x,Inx,+x,Inx,}+x x,L

AP OFx OF Byeong-Joo Lee
A E II'H:H m www.postech.ac.kr/~calphad
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Solution Thermodynamics - Quasi-Chemical Model, Guggenheim, 1935.

EA—B — WAAEAA T WBBEBB T WABEAB

1 2
W, =7 Nzx,

1 2
Wes =5 Nzxg
W,z = Nzx ;x,
Nz
E, 5= 5 (X B+ xpEpy +x,X5[2E,, —E,, —Egl)
) TSl ol oSt e

#2595/ Pohang University of Science and Technology




Solution Thermodynamics - Regular Solution Model

xs
AG, =x,xQ ,,

0 ' . ‘ | 500 ! | E ;
+ Sharkey and Poal, 725K {1971)
-50 - - 450 1 * Yazawa et al., 630K (1968} -
O M Wittig and Huber, 743K (1956)

-1004 & - 400 - A Seltz and Dunkerley, 608K (1942) L
£ -150 1 A - £ 350 -
= AR = =
2 -200 A - 2 300~ i
= =
£ -250 - - 250 - -
> 300 R S 200- :
2 a2
T 350 - mBros and Laffitte, 521K (1970) L g 150 - s =
= © Yazawa et al., 573K (1968) c O
© -400 4 © Yazawa et al., 723K (1968) = W 100 + W A a -

A Wittig and Scheidt, 644K (1961) & M A
-450 - * Kleppa, 723K (1856) - 505 0 & B
-500 T ] T y ¢ T T | T
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Sn-In Sn-Bi
(o] goru] Ot Byeong-Joo Lee
o 9? ,I;I'I-[H.,HE www.postech.ac.kr/~calphad




Solution Thermodynamics - Sub-Regular Solution Model

AG, = xAxB[OQAB + (x5 — xA)IQAB]

Weight Percent Nickel

1] 10 20 30 44 a0 a0 T 80 50 160
5 | { ] ] o L Iy ol e : — hd - h
¥Sano et al., (1853), 7O7-850K
PqFiorani & Valenti (1955), 750K /
rs) HyDobovisek & Straus (1960), 773K g
e 4 < XScheii & Muller (1962), 723K - . 4
— m fujul a’
= 0%— * 5 4
X A0z Z x A
T = Hol
o 3 — ~ Ry o
I= 3 2 A * B i W B & s w/¥
* 5 O )\)\ o i -3 “: ...*'-"'-A\\\ v ’,” L
E bS] ] B N A
* LN + o
5 24 & - i NS Vi
M f. Y Kleppa {1955), 703K o] v 81Ste ) D . . A g
2 AKleppa (1955), 798K 5 o 83Den N NS
joR - X 8YKub e ®
r % Oalsen (1957), 695-819K ey TN T T
o 1 AGenat & Hagege (1960), 723K [~ a 7ispe o L a
= Schurmann & Trager (1961), 736K -5~ i Zﬁii‘f a o
Qo (Mltagaki & Yazawa (1975}, 723K ] v
* [FjMoser et al, (1887}, 700K j +
O 1 | I I ) —6 i\ T T T T T T ; T T T
4 0 6 0 8 1 0 a 10 20 30 40 a0 80 70 BG a0 100
0 0.2 0. ' ) - Fe Atomic Percent Nickel Ni
in

Sn-Zn

Fe-Ni

HS 0l

Pohang University of Science and Technology

Byeong-Joo Lee
www.postech.ac.kr/~calphad



Solution Thermodynamics - Regular Solution Model

G =x,"G, +x,°G,+RT(x,Inx, +x,Inx,)+x ,x,Qus

Composition and temperature dependence of £

Extension into ternary and multi-component system

Sublattice Model

Inherent Inconsistency

fa EUI-.II Iu.[H Urm Byeong-Joo Lee

www.postech.ac.kr/~calphad
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Thermodynamics

Multi—compone 0geneous system

Byeong-Joo Lee

POSTECH — MSE
calphad@postech.ac.kr
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Property of a Regular Solution

ﬂﬂ- A I Tﬂﬁpﬂ'rﬂn-lml ] = AGXS : AHmlx : ! ! . x x
A"V B
0.6 0
b
0.4 5
a
AGM

0.2

AN - 2w

i

ﬂl;:'“:'l-lnr:i 28| A XS B

M . 2
-0.2

asMAT - 15

]
A B
'|}.4 ] O /\
i
AGM %
-0.6 m s q
0.8 1 - - :
1] 0.2 0.4 0.6 0.8 1.0 A Xg B
A B

A% OFx OF Byeong-Joo Lee
@3 E o O II'H:H ul www.postech.ac.kr/~calphad
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Property of a Regular Solution
AGY = RT(X,In X, + Xz In Xp) + RTaX, X; — e
M 1000 "x.T._ 000 K LA 4
5 A () = RTw N e
E’EMM—RT(l+i—m) : ' T
(}Xﬁ XA Xg sk T - .{1 : oz o4 i a6 &8 !;1
(-}3&65{ ( 1 1 ) T ZR T T .
S RT e
X% X X%
A




Standard States

AG = AGMY = RIX,; InX, + Xz In Xp)

AN T
AR D L i s
L
|
.&Ggﬂ = RT{XA In XA + XH In Xﬂ-) 3 XH&GFHEB] i M it}
g T e
L
WA
AGY, = RT(X,In X, + XgInXp) — X4AGoy  =| A/
*";’fil
|
I
Iq . )
| | i}
:u |
:i




B

Standard States /\/ 2
I [
|

Liguid and Solid Standard States | 281

If pure solid B is chosen as the standard state and is located at the point g in Fig.
10.8¢, then the length gn is, by definition, unity, and this defines the solid standard
state activity scale. The line ghij then represents ag in the solutions with respect to
solid B having unit activity at g. The line is obtained from the variation of the tan-
gential intercepts from the curve aefb to the Xz = 1 axis, measured from the point b.
On this activity scale Raoult’s law is given by jg, and the points i and h represent, re-
spectively, the activity of B in the coexisting liquid solution e and solid solution f.
The point m represents the activity of pure ligurd”B measured on the )ﬁ%gf standard
state activity scale of B. This activity is less unity, being give “(ﬁi ratio
mnlgn. For B in any state along the aefb Gibbs free energy curve, in which state the
partial molar Gibbs free energy of B is Gjp. the following relations hold:

EB = Gpuy + RT In (ap with respect to liquid B)

and 52 I "
i f
Gy = Gy + RTIn (ag with respect to ligufd B) |
- r |
Thus fa/f -
s s ( ag with respect to solid B ) e 5 :
AR ) "\ 4, with respect to liquid B : I
| | fi}
| i T

SETN |
Go) 2SS L Sl ]
- |

¥ Pohang University of Science and Technology
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1000 5‘0;;0(9 GBI,U
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|m’ﬁl et AGpp)
G5 0 1 -
anaar ates AL %)
- 1000
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-2000 ggﬁ.ilﬂons gglli:ljtions_
shall we use? I I s P
T T
| m,A
o 0 unmixed liquids - .
e B %
AGm(B)
-1000 —'E'—I——‘Gé’(s)
AGM j51es
-2000 &
Eiq;]icl:]
solutions : ; solid
i . ; : siolutmns (b)
1000 T T T T Gém
AG,
0 unmixed solids P ] m(B) g
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Phase Diagrams - Relation with Gibbs Energy of Solution Phases

Gibbs

Energy and Binary Phase Diagram

=X

Broperty

Help

Choose a phase diagram type:

" Animation

Show

|Eutectic

ﬂ f+ Show manually

475,00 _|:|

an extra feature:

|Mane

=

Ielting points:
A EQDH K
B: 600 K
Interaction parameters:

Liguid:
Sthlid! 10000 .J /ol

Molar Gibbs Energy

4000 |

3200

a

D1 02 03 04 05 06 07 08 09 1

X(B)

— Liguid
— Saolid

Temperature (K)

‘\8%7

Phase Diagram

300

540

780

720

G0

B0

540

450

420 +

360

300

Liquid

Y,

Solid

0
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Phase Diagrams - Binary Systems

°C

Temperature

1800

1600 —

1400 —

1200

1000

800

600 J

liguid

400

200

Si

°C

Temperature

1800

1600

1400

1200

1000

800

liquid

600

400

<= foo

200

AN

T
0.2
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Phase Equilibrium

1. Conditions for equilibrium

N A L R e A P A

dSSySJ.SO_(Ta Tﬂde J{T“ TﬂJdV ;(T 7 [
2. G1bbs Phase Rule

f=plc+)—(p-D(c+2)=c—p+2

3. How to interpret Binary and Ternary Phase Diagrams
> Lever-Rule

n,x’ =n’x"+n"x"
0 _ &€ L L _ pre_c¢ £ L _ re¢ £ L L
X=fx"+fx=fx+A-f )" =f"(x"-x")+x

x° —x°

— L
L £ f =

x _x xL_x&'

<% IIOFR Ot Byeong-Joo Lee
SRR ggﬂ‘? ,I;I'I-[" . ul www.postech.ac.kr/~calphad
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Driving force of CVD Deposition - from N.M. Hwang, SNU

X Example: Deposition of Silicon
SiH, + 2Cl, = Si + 4HCI

2000 p L - . ' !
1800+ | P :
| .
|
¢ 1600 - : e
g ' i
2 1900 | w
2 ! R ]
£ ! ~.10
2 1200 FRELL
'II' --\-\-\-\--""-\—\_\_\_ =
1004+ "~ — i
-:].:n"H%E”H' iy 7
800 +—r  T— s L

| [
D 01 02 03 04 05 0F
N(Si)

Fig. 1. CVD phase diagram of the 5i-Cl-H system at 10666
FPa and composition of N(H) = 200 and N(Cl)}= 1. The dashed

) (o] o] Of Byeong-Joo Lee
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