Contents of Today

S.J.T.U
Phase Transformation and Applications

Review previous / Quiz
Equlibrium

Thermodynamic activity

Chemical equilibrium

Gaseous equilibrium

Solid-vapor equilibrium

Sources of information on

Chemical equilibrium and adiabatic flame temperature
etc.

Science research is an adventure, 1s an interest-driving learning process.
It takes more time to think than to do. — Ke Lu
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Quiz Question 1

S.J.T.U
Phase Transformation and Applications

1) Consider an isolated system consisting of a kilogram of lead and a
kilogram of water illustrated below.

T=20° funiferm throaghoni sysiem) Tinar = 277 (uniform throaghout system)

1 Kg Liguid Water

Figure : Isolated system illustrated before and after.

The heat capacity of 1 kilogram of Pb is given by C,,, ; the heat capacity of 1 kilogram of
water 1s given by Cy,; all other heat capacities in the isolated system can be neglected. C,,
and Cp,, may be considered independent of any constraints (e.g., constant pressure or
constant volume) and to be independent of temperature.

1 Derive an expression for the final temperature after a process leading to the figure on the
right of the illustration.

11 Would the temperature be larger or smaller if the block of lead had fallen to the left (i.e.,

1 Kg Ligquid Water [
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Into the Vva'te]éZTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 8 Chemical equilibrium



Quiz Q1 Answer

D
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ﬁsformation and Applications

1-3-1 Derive an expression for the final temperature after a process leading to the figure on the
right of the illustration.

Change in internal energy of system =Heat flow into Pb and water
|??i.gh.| :-f:.'ph[:Tera; — QDII —+ G’HEDII'T_fmag — Qﬂ)
|[mgh|
Cpb + CH,0

.T}'ina.i = 20 +

1-3-ii Would the temperature be larger or smaller if the block of lead had fallen to the left (i.e.,
into the water)?

Tricky. The answer is that the temperature will be lower.

The center of mass of the water will raise and so part of the potential energy of the lead weight
will be converted to potential energy of the water. |mgh| would be decreased by an amount
corresponding to the raise of center of mass of the water.
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Quiz Question 2

S.J.T.U
Phase Transformation and Applications

2) 1mol HARS AR K2R A2, SKQ,W,AUAH, ¥ # A0
SRS ER MBS, AR () K 2RER2,
KQ,W,AUAH, J5EEM122[1)i& Mﬂ b

Pt 3(V,,T,)

1(V,,T) 2 (V,Ty)
-V
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Quiz Q2 Answer

S.J.T.U
Phase Transformation and Applications

1mol @*ﬁ TS i H@U%jwz, KQ,W,AUAH., #¥ BARSAR GG E R I EPIRAS,
SRIGREER (nli) AKEPRA2, SKQ,W,AUAH, Jf5 EHZEM BRI .

1 mol HARS AR T 32 M 1 3225 ik 1 mol FAR AR 12 35E 25 A
j: -Py X (V,-V))=-R(T,-T)) i W1=0

KiAz: CpX(T,-T)) #22: AHL = CpX(T,-T))
WEEZEIL: CyX(T,-T)) NREZ: AUL=CyX(T,-T))

: Q=AU-W= CyX(T T+ R(TyT)=CpX (T T) gy, g1=AU-W= Cy X (T,-T))
1 mol FIARASARM3RN2 (A3 SR ZAK

l\\\

Pt 3(V,,T,)
AU2=0, AH2=0 P, dV=PdV
Q2=AU2-W2
V2 vV 2 RT2 V2
2 _—Ll pdV _—LI dv =-RT, 1nV—1
1(V,,T) 2 (V. Ty)
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15. HTTRAEN, REN AU.AH LS AG B RFT
(1) ERAS AT RERR;

(2) BEARPHIELE;

(3) 7E 100°C,101325Pa T 1mol 7K 78 & BOKFE ;s

(4) sl E.

16. METH&ER.
(1) E—o] M BrhaEF 7w,

2) iR | 22,
(3) ZCHAH 25 L 2R SR P00 MO B B

(4) ERFEY ¢ RRAEMERFNNRER;
(5) 12 HRBRREUANTARLRNEER.
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Quiz Q3 Answer

S.J.T.U
Phase Transformation and Applications

15. T T RIEN, RAM AUAH LS A AGITERET
(1) EEBASENFHEERT;

(2) BEARTRERTHE;

(3) £ 1009C,101325Pa T 1mol 7K 38 B REAKFE S

(4) R THTE.

158 1) WEEARAL A0, 45380, HAE 0, HHHEZRM A0,
2) : WEEZAL K0, BN —E N0, BAA—E N0, HHBEZILA
—E N0,
3) HHAEZMH N0, 5, FEEUNMHBRLFEFNEEN0, AW A0,
4) HEMA N0, HiRIEZ.
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Review previous lecture (1)

S.J.T.U
Phase Transformation and Applications

Condition of equilibrium
Phase equilibriumAH~F-f7/4k, 2% J¢ IV (-7

oW =0

rev.1»2

,Ui,z — zui,l Gi,Q — C_;\'i,l
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[HIR T (0A GIOP): = AV KRN

S.J.T.U.

Phase Transformation and Applications
7E298K M latm N, 188 HTERS 208K  f15%(G) -> & N4 (D)

LU A ok A< WA IR AR R A 7 AR AR AR A
0, 1900 J.mol!, 5.73 J.mol'.K, 2.43 J.mol!l.K"!
298K A s MG NI 3 R . 2.22 g.om?, 3.515 g.cm™

V, =12/3.515=3.414cm’-mol ™'
V. =5.405cm’ -mol ™

Diamond

Q) ey

|
|
|
|
: T = Constant
|
I
I
I

i
AG, (298K latm) = AH_—TAS_ |~ Gaphite
=1900—298(2.43—-5.73)=2883 J -mol ' > 0 i
PIO Equililbrium
pressure
8AG Pressure =
[J = AV = VD _VG < O Figure 4.3 Specific Gibbs free energy versus pressure at con-
@p T stant temperature for graphite and diamond.

SJTU Thermodynamics of Materials Spring 20ur  © X.J.Jin Lecture 8 Lhemical equiiprium



Review previous lecture (2)

S.J.T.U
Phase Transformation and Applications

Clapeyron equation in vapor equilibria

Clapeyron equation A P*and T*song
dp*/ __AH K
dT*  TeAvV P

Change of the melting point of tin resulting
from a pressure change of 500 atm

Ap™ AH 7196 r—
e = g — = — Figure 4.4 Pressure-temperature relationship
AT T & A\i 505x4.39%x10 for equilibrium between phases A and B.

Ap™ =500atm AT™ =+1.58K
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S.J.T.U
Phase Transformation and Applications

Variation of vapor pressure with particle size

The pressure on a small droplet is the sum of the
Imposed gas pressure and the internal pressure
generated by the surface tension of the material

2
27y = ar“Ap
2
Ap — _7/ T
r \i| pT = RT ln S Figure 4.7 The force holding two
T hem5pher§s together is 2mry; the
€ fo;ce p;;hmg them apart is - AP,
2 T where = 2v/r.
V, (—7) ~RTIn "
r T, The vapor pressure above the small

1n7z-:\il (27/j
r, RT T

SJTU Thermodynamics of Materials

particles 1s greater than the vapor pressure
above the large particles. Material would
then move through the gas phase from
small particles to larger ones. Coarsening

ing 2007 © X. J. Jin [fecture 8 Chemical equilibrium



Second-order transition

S.J.T.U
Phase Transformation and Applications

First derivatives of G with respect to T and p are
continuous and the second derivatives of G with

respect to T and P are discontinuous

Sp =194
T S=5(T,p)
d§:(§j dT (ﬁj dp
oT ), op ),
0S
d§=&dT—(a—\ij dp p:T(a_Tj
T oT ), P
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Second-order transition (2)

S.J.T.U.

C
ds =P dT —(5_!) dp
T oT ),
dS,=dS
=A —B Cp,B _Cp,A eq eq
A8, —dSg =0=—"2 =2 dT ~(V gy =V a2, )dp
V,=Vg=V
dp™ _ ACp The thermal expansion
daTe VT “Ax coefficient does change!
dp™ A«
dT™ Ap
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Superconductivity: an example

2

oH

— # ()
dT Jarr

Normal
state

N

Super
conducting
state

Tg—>

Figure 4.8 Critical temperature as a function
of magnetic ficld for a superconducting
material.
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Index of nomenclature

S.J.T.U
Phase Transformation and Applications

Activity: ¥
Fugacity: 1R
Reference state / standard state: S5 / Pl
1 4

Ellingham diagrams: Ellingham

|

Equilibrium constant:

R
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Introduction

S.J.T.U
Phase Transformation and Applications

Physical equilibrium.

Chemical equilibrium.

Activity

Fugacity

dG =VdP(dG = —SdT +VdP, withdT = 0)

dngTdezRlenP
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5.1 THERMODYNAMIC ACTIVITY (1)

S.J.T.U
Phase Transformation and Applications

dG =VdP(dG = —SdT +VdP,with dT = 0)

If the gas is ideal (V. =RT/P) then:

dngTd?P:RlenP

For a real gas , we can define a function , fugacity (f) ,by analogy to pressure :

dG =RTdIn f Limf /P =1 P—>0

—_ - - f2 f
AG:Gz—G1=RTL dln f :RTlnf—2
1 1

f2

My =y =RT lnf—

1
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5.1 THERMODYNAMIC ACTIVITY (2)

S.J.T.U
Phase Transformation and Applications

. fi No Units
ai — f R Reference state: temperature, pressure and physical form
i Standard state: pressure and physical form

Gas: pure gas at one atmosphere

Condensed mater: pure liquid or solid under one atmosphere
dG, =G —G; =RT lnLio =RT Ing,

dG, =Gi -G, =RT ln% -RTIne, Ideal gas

[ ]
Q&)

o

[ ]
@ G.') ‘

o

The fugacity of a condensed phase is equal to the fugacity of the vapor in
equilibrium with it.

The value of thermodynamic activity changes not only with pressure but
also with composition.
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5.1 THERMODYNAMIC ACTIVITY (3)

S.J.T.U
Phase Transformation and Applications

Pure
fB = Xg fBP
A 1
f B X B f BP q_im Cﬁm
g = = ;
f B f B
Standard state 0

v

Pure A Pure B
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5.2 CHEMICAL EQUILIBRIUM

S.J.T.U
Phase Transformation and Applications

bB+cC=dD +eE Expression for a chemical reaction
Mrev =AG = daD + eag — bas — Cac

Gs =Gs +RT Ina,
AG =d(G, +RT Inea,)+e(Gg +RT Ina. ) —b(Gg + RT Iney) —¢(G. + RT Iner )

AG =AG" +RTInJ,
AG’ =dG] +eG; —bG; —cG,
Equilibrium constant
_ opag

Yo = g AG® =—RT InJ = —RTInK_

a(equilibrium)
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5.3 GASEOUS EQUILIBRIA

S.J.T.U.

Phase Transformation and Applications

1

50. >0 AG°=AG‘;O—1AG;O =187,800 — 0 = 187,800J

2 > 2 )
AG" = —RTIn-%_— RT In—0_

0!02 I:)O2
) K _ 10

o __ACT_ 187800 _ ) o Sz =1.5x10

Fo, RT  (8.314)(1000) 0,
Since P, + P,, = latm P02 =1-P,

P,=(1.5x10"")(1-P)"* P, =15x10""
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4Cu(s) +0,(g) — 2Cu,O(s) T=1000 K

. Cey0
AG" =—-RT InK_ =—-RT In

AG" =-339,000-14.24T InT +247T
AG" =-190,360=8.314x10001In R,

InP, =-22.90,R, =1.14x10""atm
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5.4 SOLID-VAPOR EQUILIBRIA (2)

S.J.T.U
Phase Transformation and Applications
o
50,000 |- 1
Stability range
~100,000 -,
T Cu»0 stable
S | ~150,000
4]
i
= o~ 0
£ -200,000 R
e 4 G‘U' 4
| -250,000 (—
z
-300,000 Cu stabie
-350,000 —
| t i ! I i ! f i | I
0 200 400 600 800 1000 1200

Temperature (K} —3
Figure 5.2 AG® versus T for the reaction 4Cu + O, — 2Cu,0, showing regions of
stability of Cu,0 and Cu. "
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5.4 SOLID-VAPOR EQUILIBRIA (3)

haé ansformatlon and Applications

0

-50,000 I~

= 00,600 — CuO stable

-150,000

-200,000

-250,000

8G®=RT In Fo,, (J) —>

-300,000 Cu stable

L
350,000 [~

T T D B S R B S L
0 200-- ~ 400 600 800 1000 1200
Temperature (K) —>

Figure 5.3 AG® versus T for oxides of copper, showing regions of stability for Cu,
Cu,0, and CuO.
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5.5 SOURCES OF INFORMATION ON A G (1)

S.J.T.U
Phase Transformation and Applications

AG: = YnAG;, - YnAG;,

products reactants

AG; = AH; —TAS;

i
AH; = AHS; + [ AC:dT

298
AC:
=

)
AS; = ASjr + ] (=2)dT

AG;; =A+BT +CTInT
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J.T.U
Tr

o]

5.5 SOURCES OF INFORMATION ON A G (2)

r'\sformation and Applications

Table 5.1 Standard Gibbs Free Energy Changes

Reacuon o A B C Range (°K)
2A1(s) + 30.(g) = Al,O4(s) —1,676,990 —7.23 +366.7 298-923
2AI1(1) + 20,(g) = ALO,(s) —1,697,700 —15.69 +3859 9231800
C(s) + 2H,(g) = CH,(g) —69,120 +22.26 —65.35  298-1200
C(s) + 30,(g) = CO(g) —111,710 —87.65 298-2500
C(s) + Oy (g) = CO.(g) —394,130 —0.84 298-2000
2Ca0(s) + Si0O,(s) = Ca,SiO.(s) —120.360 —5.02 298—-1700
2Co(s) + O.(g) = 2Co0O(s) —476,560 +155.23 298-1300
2Cr(s) + 20.(g) = Cr,0,(s) —1,120,270 +259.83 208-2100
4Cu(s) + O,(g) = 2Cu.O(s) —339,000 —14.24 +247.0 298-1356
2Cu,0O(s) + 30,(g) = 2CuO(s) -—146,230 —11.08 +185.35 208-1300
H.(g) + 30,(g) = H.O(g) —246,740 +54.81 - 298-2500
Mg(s) + 30.(g) = MgO(s) — 603,960 —5.36 +142.05 298-923
Mg1) + 30.(g) = MgO(s) —608.,140 —044 +112.76 . 923-1380
Mn(s) + 30,(g) = MnO(s) —384,720 +72.80 298-1500
Ni(s) + 30.(g) = NiO(s) —244 560 : +98.53 298-1725
Pb(s) + 20, = PbO(s) —221,120 —6.27 +141.6 298-600
S, + 20, = 250, — 724,840 +144.85° 298-2000
Si(s) + 2Cl, — SiCl.(g) —616,300 —6.61 -+178.24 298-600
Si(s) + SiOy(s) = 2S8i0(g) + 666,330 25.07 —508.6 . 298-1700
Si(s) + O.(g) = SiO,(s) — 881,150 —5.45 +218.49 298-1700
Zr(s) + Ox(g) = Zr0O.(s) —1,087,800 —18.44 +322.17 298-2000
(s) = solid '
(1) = liguid
(g) = gas ,
Source: Values from O. Kubaschewski and E. L. L. Evans.

Spring 2007  © X. J. Jin Lecture 8 Chemical equilibrium
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5.5 SOURCES OF
ST INFORMATION ON A G

Phase Transformation and Applications

AH: = AHZ,, + AC: (T —298)

T The difference in heat capacities
ASt = ASyp5 + AL, In(—) between reactants and products 1s
298 . .

small or 1f the data upon which
the standard free values are not
AG. = AH° = TAS®| sufficiently precise to justify the
T inclusion of differences in heat
capacity.
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5.6 ELLINGHAM DIAGRAMS (1)

S.J.T.U
Phase Transformation and Applications

AG" =+RTInP,

2H,+0, - 2H.0

2
I:)H ,O0

a |2
PHZ POZ

P
Po, = ! (22
K, P..

a

)2
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5.6 ELLINGHAM DIAGRAMS (2)

J.T.U
e Tra

r'\sformation and Applications

O 'w-—,________
;':-:r.h
:""::""‘--._ P = 10-3
-50,000 | NS =l = fop ltm=10
\‘ ""-.._“ --‘""w-
100,000 - LTt Te~a 5 |
f b ' '\ "'..,..“ """-..‘_--‘ PDZ (atm}=10
.\ -‘_‘“ -..___..‘
S -150,000 " ... Rt S
< G “ss. Po, fatm) = 10-9
= -200,000 . T
E . \~ “‘h“
W 250,000 - . .
g . q
5 \q
-300.000 - Pg,(atm)= 10712 O\
N
-350,000 N
| [ ! ] 1 | L ! I !
0 200 400 600 800 1000 1200

Temperature (K) —>

Figure 5.5 Plot of AG® versus T, where AG® = RT In P,
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0

i
Po, (atm) = 103 :

-.50.000 —
-100.000
l—lSO.DDO —
-200,000 —~

-250,000

AGC=RTIn POZ (J) ==

-300,000 (~

- -350,000 |~

0 200 © . 400 600 800 1000 1200

Temperature (K) = - _
- 1050 K

Figure 5.6 Superposmon of Ficures 5.2 and 5.5. At 1050 K, ethbnum oxXy gﬂn pres-
sure in the reaction 4Cu + O, — 2Cu,0 is 10® atm.
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S.J.T.U
Phase Transformation and Applications

8G" mRTIN g, ) ——3m

=1100

! (]
° 200 400 600 B0 1000 1200 1200 1600

5.6 ELLINGHAM DIAGRAMS (4)

rd i a
HaHo0 ratia % 0?7 j0% 1o

T77 7 7 ra -
1o-i4 1o=ii ag-d 1% 104

7 e
10°% 10-7 106

e

” -
0 fa1m) 10-100, L1020 (1060 1p-%0 1042 . 1g-38

o2

o

1073

105 |

105

7 ot

L]
10% 108 |

1ol
101305,

103, q1o)
1012
10012
<

1011
~

1013

e IToRE
1047

1014)

1012

Figure 5.7 Ellingham diagram for some oxides.
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5.6 ELLINGHAM DIAGRAMS (5)

S.J.T.U.
Phase Transformation and Applications .
Reaction
Temperature
(xveen pnressure
Py rm L ..___I:'-L BE e e . nd .
,'.'."'.""-"' © WM el gt gk gt md jaa o teed 2l
1 wrd
= 1 sy
- [ O T .'“.j_ |
| \ Fl : e I:_l
L = |
30 - = ol 1
F u !
- Rl T
H .- ey £
= b |
) fr—— :-- g i '_:..I'- :
— =]
e
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U

Hsformation and Applications

Q

5.6 ELLINGHAM DIAGRAMS (6)

8G=RTIn Pp, (1) —>-

4 Cu+ 0z — 2 Cup0

. Cuand Cuy0 -

r

]

H]
Cu (liquid)

Cuz0 (solid)

]

!

i}
Cu and
CU20
(liquid)

600

4Cu(s) — 4Cu(l)

SJTU Thermodynamics of Materials

4Cu(s)+0,(g) — 2Cu,0O(s)

4Cu(l)+0,(g) » 2Cu,0(s)

800 1000 1200 1400 1600 ' 1800 2000
. Temperature (K) =

Figure 5.8 Plot of AG® = RT In P, versus for 4Cu + O, — 2Cu,0, showing change
in the slope of the curve at the melting points of condensed phases.

Spring 2007

Entropy change
Slope change

~129.2 J.mol 'K
AS’ =4x9.7 I mol 'K

AS’ =-168 J.mol'K™

Lecture 8 Chemical equilibrium



#h e

S.J.T.U
Phase Transformation and Applications

AT E B S RV AAL G A
AR PR
FERRKZNIE, PPN RERE, NS SE, R D
HE 5Lk
o P A5 S
C(s)+0,(g) —>CO,(9) AS’ =0

2C(s)+0,(g) > 2C0O(9g) AS’ =42 J.mol™'K™
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5.7 VARIATION OF EQUILIBRIUM CONSTANT WITH TEMPERATURE

S.J.T.U
Phase Transformation and Applications

d(AG®) = —AS°dT AG® = AH® —TAS®

d(aG") = 22-dT - 2T

Multiplying by 1/T , we obtain:

d(AG") _AG" .= AH

dT
T T’ T’

d(A?GO) =d(-RInK )= AH"d(Tl)

d(inK,)=-=2-d ()
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5.7 VARIATION OF EQUILIBRIUM CONSTANT
WITH TEMPERATURE

S.J.T.U
Phase Transformation and Applications

Ky __AH {1 _1}

K, R [T, T,

As an example :

: lnk’a——a—

Temperature(K) Pressure(atm)
1030 0.10
921 0.01
0.10 AH"(109) - 1 () —>

In(———) =1In10 = |
0.01 (8.314)(921)(1030) Figure 5.9 Plot of In X, versus

- UT. For the reactioni represented,
the slope of the line is —AH°/R.

AH" =+166,000J
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5 . 8 GASES DISSOLVED IN METALS (SIEVERT'S LAW)

S.J.T.U.
Phase Transformation and Applications

H,(g)=2H (in copper solution)

oy = [H] o 1.0 B

. S C—

o _IuT . ,

a 1 em3(STP)/100 gCu
H, [Hl(concentration of H) —>=

Flgure 5.10 Plot of activity of dissolved hydronen versus
concentration, .
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5.9 CHEMICAL EQUILIBRIUM AND ADLABATIC
FLAME TEMPERATURES (1)

J.T.U.
e Tra

Not completion

nsformation and Applications

First law
Chemical equilibrium IChemlcal equilibrium
~\ Egs5.36a and 5.36b Firs
\ (Chemical equilibrium) _
T 08— \
o B Eq. 5.37(AFT)
c 0.6 . .
kS \ '
5 \
E .
w 0.2 \
\
5 : “\ e 8 . ! :
0 1_-'!111!'1?_"5.._11"!!jl'xrllrl_ll'!nliu
0 2000 4000 60007 8000 10,080 12,000 14,000

Tnmperatme (K) —>-

Figure 5.11 The extent of the reaction 2H — H, as a funcuon of temperature
for the AFT and chemical ecmhbnum calculations (Eqgs. 5.37 and 5.36a,
respectively). . .
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Review

S.J.T.U
Phase Transformation and Applications

Thermodynamic activity

Chemical equilibrium

Gaseous equilibrium

Solid-vapor equilibrium

Sources of information on Gibbs free energy
Chemical equilibrium and adiabatic flame temperature
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Homework

S.J.T.U
Phase Transformation and Applications

*Exercises in Chap 5
P 144,5.3,5.6,5.15
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