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CH6 C,, Enthalpy & Entropy as a function of T, C,(T),
H(T), AH(T), S(T), AS(T), 3™ Law of Thermodynamics
§ Heat Capacity
_(Rrev) (oU) _(0dS
CVZ( dT }V_(aT)fT[a_TJV

() 3,5
"Lt ), ot ), \or),

dU=C,dT , dU,/=nC,dT (n moles)
dH,=C,dT , dH,=nC,dT

T2
constant P, AH = Hz(rz,P)—Hl(rl,P):ITl C,dT - (*1)

C . 72C
ds, =T”dT CLAS, =S,(T,,P)=S,(T,,P)= | ?pdT---(*Z)

In order to do integration, C,(T) must be known
Experimental experience: for the same material state
C,=a+bT+CT™> (p546 Table A2)

e.g. 298K =T=1478K, a-ZrO,
C,=69.62+(7.53x107)T—(14.06x10)T* (J/mole - K)
1478K =T=Tm=2950K,  B-ZrO2
C,=74.48 (J/mole - K)

* Kopp’s Rule: C,(AnB,)=mC,(A)+nC,(B)
Heat capacity of a solid compound is equal to sum of C, of its constituent
elements.

§ Hy(T), AH(T), and Q, (Heat of Reaction)

* constant P=1 atm
closed system of fixed composition ; T;—T,

T2
AH, =H,(T,,P)=H,(T,,P)= [ "C,dT

“dH =TdS =,
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" AH=Q,

* H does not have an absolute value

convention: “Elements” in their stable state at 298 K (25 °C), 1 atm (STP),
H=0

SHM=[ codT

298 P

* Chemical Reaction:
A+B=AB at (T(), Po)

AH(T(), P()):HAB(T(), Po) — [HA(T(), P0)+HB(T0, Po)] <Hess’s Law>
/\ H>0, endothermic

/\ H<0, exothermic

* Enthalpy of a compound at 298 K is simply heat of formation of the

compound from its elements at 298 K.
eg(l) M, %02 -MO, T=298K P=Iatm

1
AH298 = HMO _HM _EHO

Hy =0, Hy =0 at 298 K
" Hyo=/A\H,os (Data, P547 TableA-3)
(2) mA, +nB =A,B,,

H AnB, AH g (Data. 4 £ )

* Equilibrium phase transition:
equil. meltlng A(s)_)A(l) T:TmA:T1

AHy=Haq—Hae) heat of melting (fusion)

* Non-equilibrium phase transition:
A(s)—>A(1) T=Ty#Tna
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N\ Hp(Tp)=?
S AH1=Haq)(T2) —Ha(T2)

i.e. AH(d—c)=H, — Hi=AH(d—a)+ AH(a—b)+AH(b—c)

. T1 [ ] T2
. AH :szcp(s)dT +|H gy M) = Hopey () +jn Cyp, AT

T2 T2
=AH, +[ C, dT—-["C, dT

P 1 P

T2
=AH, + [ [C,, ~Cp) T

Pay

L AH(T)=AH, + [ AC,dT

If AHp,, Tm are known, them heat of melting at any other temperature
can be calculated. When C,) and C,;) are known.

Note: AH,>0 (endothermic)

* In general (phase transition or reaction)
state 1 — state 2

oH
M)
P ar ),
oH
Cp(z):(a_-l-sz
asz (aHlj
-|—| =C,, -C
@) M
[GT o LT ), P P

{G(Hz_;Hl)L _AC

p

0

p

or [%} =AC
or |,

T2
AH = AH; —AH; = [ "AC,dT
T2
AH. =AH; + [ "AC,dT
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If AHZ>0 (endothermic)

e.g. (1) S—I, AH,>0

(2) state 1 — state 2
low T phase — high T phase
Heating ——=> system moves to high-temp phase

“Le Chatelier’s Principle”:

When a system, which i1s at equilibrium, is subjected to an external
influence, the system moves in the direction which nullifies the effect of
external influence.

* If heat of formation of an oxide is known, then heat of oxidation
reaction at other temperature can be calculated.

Pb + %oz = PbO AH(T)=?

7 /\Hroo9s=Hroo(os=—219000 J/K - mole
Cp,Pb=23.6+9.75x10°T J/K - mole 298K <T=T,py
Given Table 6.1| C,,Pby=32.4+31x10°T J/K - mole  Tpp,=T=1200K

Cp,PbO=37.9+26.8x10”T J/K - mole 298K =T =Ty, po

Cp,025=29.96+4.18x10°T-1.67x10°T ", 298 < T <3000
A\Hp py=4810 J/ mole
\Tmp=680 K,  Tppro=1159 K

. Tm T
- (Heo(M)=0+[ " C,.PbdT +AH.Pb+ [ C,.Pb,,dT

(s)

T
H OZ(T)=O+J.298CD’OZ(g)dT T < 1000K

1
2

A

(H o (T) =-219000+ [/ C,.PbO,,,dT

©)
(1) For 298 K =T =T, Pb(600K), /AHpyo(T)=?
. AHppo(T)= Hppo(T)  — [Hpp(T)+H1/202(T)]

1.e. AH(f > g)=AH(f - a)+AH(@a—>d)+AH(d — g)
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298 1 T
=[1C,.Phy, +2C;0,4, 1T + AH 0 (298) + [,,,C,,PbO dT
T T 1
= AH o (298)+ [ C,,PbO,dT ~[ [C,,Phby +2.Cy0y) 0T

T 1
= Ao (298)+ [, {C,,PBOy,, =[C,, P, +-C;, 05 11T

. T
" AH o (T) = AH 0 (298) = [ AC, -dT

1
-—C_,0
(s) 2

p>=2(9)

AC, =C,,PbO,, ~C,,Pb

(s)

(2) For T,,,Pb(600K)=T =T,,Pb(1159K), AHppo(T)=?
AH(l —->e)=AH( > k)+AH(k - j)+AH(j > a)+AH(a—>d)+AH(d —>e)

600 1 298 1
- J;' [C p’ Pb(l) + EC p ’02(9) ]dT + (_AH m) + J660[Cp s Pb(s) + EC p° Oz(g) ]dT
T T
+AH ;0 (298)+ [ C,,PbO,dT +[ C,,PbO, dT
680 T
AH oo (T) = AH 10 (298) — AH_ + ng AC,  dT + LOO AC,,,dT

1

AC,, =C,,PbO, —C,,Pb _Ecp :Oxg)
1
AC,, =C,,PbO,, -C,,Pb, _ECP’OZ(Q)
* General oxidation
M +%oz _ MO AH=2
If: Tm,M < Tm,MO <T
. Tm,M 1
.AH, = AH ,, + L% [ ore) ~ Comes —ECp’oz(g)]dT
Tm,MO 1
—AH mm T ijM [C p,MO(s) C pM() EC p,02(g) ]dT
T 1
+AH o + IT Mo [Cpmom ~Coma _Ecp,oz(g)]d-r

Introduction to the Thermodynamics of Materials



National Tsing Hua University

§ S(T) and the 3" Jaw of thermodynamics

2™ Jaw: dS = %

dH C dT
constant P: dS = Xy =P __F
T T T

* For a closed system of fixed composition, T;—T,

nC,
AS =S(T,, p)=S(T,, p) = [T

. TC, d
..sa)=so+LfF-T
So: molar entropy at 0°k
* S():?

Nernst (1906) postulation:
For chemical reactions between pure solids or pure liquids

When T—0 (aaA_TGj 50 (AS—0)
p

(aAH

T o0 a6

""G=H-—-TS

dG=dH—TdS —SdT

constant T,P dG=dH—TdS

S.AG=AH—TAS

() (2] o) -

aor J, ar J, ar J,

"."dG=—SdT+VdP

(ﬁj s (%j S
ar J, ar J,

Note: G, ) (%6
ot ), Lot
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..[a(ez—el)} =[8AGJ _As
ot ], Lot ),
,-,(%) _T(%) ~0
ar J, ar J,
(8AH) :T(OAS) _ Ac,
aor ), ar J,
Two, From Nernst postulation:

T—0 AS—0
O0AS

ANC,—0  (f (a_Tj p —¢p )

Nernst’s theorem:

For all reactors involving condensed substances
/A\S=0, at T=0
Reaction: A+B=AB

AS:SAB_ SA_ SBZO, T=0°K

If S,=0, Sg=0 then S,z=0
Therefore, S¢=0

3" Law (Plauds):

Entropy of any homogeneous substance in complete internal
equilibrium is zero at 0°K.

Example of non-equilibrium and inhomogeneous:
1. Glassy state: noncrystalline solid (supercooled liquid metastable
state.)(kinetically not able to transform into equil.)

glass—crystalline solid T<T,,

So(glass)#0
2. Inhomogeneous solution:
Nonequil. degree of order, S;20  (A+%B)
3. Inhomogeneous mixing of isotopes. (pure solid)
4. Non-equilibrium concentrations of vacancy
5. Non-random orientations of molecular solids
e.g. CO solid
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§ Experimental verification of 3™ Law

* Phase transition at 0°K o _sulfur B /\Sp—0
AS, =AS, +AS | +AS,
_ (" S g, AH +j°—C"<" dT
0T T, T
_AH, +J'° (Cop =Cowlyr
T,

sulfur monoclinic T>368.5K .".T=368.5K

orthorhombic T <368.5K AH#=400 J/mole

sC(orth
Exp:as, :Lms—p( )47 =36.86 J/K - mole
as, = A _ 400 60 K - mole
T, 3685
C,(mono
AS,, = 3(;85%(” =-378  J/K - mole

JUAS, +AS +AS,, =0.15 J/K - mole =0 !! within exp. Error

* Assign S¢=0

s =j§%dT

C
(1) S, = LTT"dT (see table A-3 p585)

C
(2) T#298  S(T)=S,,, + j;ngdT

(3)298<T,<T ,e.g. 298 <Tm<T

C C
S(T) =Sy + [ 0T 4 a3, +f 20 dT

298

T

AH
=—" (AG, =0
=20 (46, =0)

m

AS

* Richard’s Rule:

“Metals” AS :A_:__'—m;8.4 J/K - mole

m
m
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exp. [ FCC metals: AH;=9.61Tm+0.01
BCC metals: AH,=8.25Tm=0.19

* Trouton’s Rule

AH
“Metals”  AS, =—2=88 J/K - mole

b

exp. { All metals AH=127T,—43

T, <2100K AH=87T,—0.4

* Entropy change of oxidation reaction
1

Py + g, = PDOy,

1
AS(T) = S; poo = St _EST,OZ

1

AS,p = 5298,Pb0 - S298,Pb _55298,02
1
=67.4-649— E x 205
=-100 J/K - mole
. 1
CAS(T) = __ST,02

2

For Oxidation reaction of a metal, the entropy change is similar to that
comsed by the dissappearance of O,

.'. S(gas) > > S(condensed phase)

§ Influence of P on AH and AS
1. Hi(P) dH=TdS+VdP
dH=CpdT+V(1 —aT)dP

(G_H} :T(ﬁj +V
oP ); OP J;
:—T(ﬂj +V
ar J,
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= -VaT +V =V (1 -aT)

J.constant T,  dH=V(1 —aT)dP
AH =H(P,.T)=H(P.T)= [ V(-aT)P

* Condensed phase: AH= V(1 —aT)(P,—Py)

usually, H, S, G, C,, o of condensed phases are insensitive to P
e.g. Fe(o) V=7.1 cm’/mole
[ 0=3x10" /K
T,=298K, P;=1 atm, P,=100 atm

A

C,=37.12+6.17x10°T  J/K - mole

AH = (7.12107)[1 - (3x107°) x 298] x (100 1) = 0.696 atm - liter =71 J

T,=301K, AT=3K, AH(z):AH(I)

2. S+(P) dsz(§) dP+(§j dT
oP ). ot ),

constant T dS = (ﬁj dP
oP ),
_ _(ﬁj dp
oT o
= —VadP

C.AS =S(P,,T)=S(P,T)= —I:ZVadP

* For condensed phase, AS~—Vao(P,—P))
e.g. Fe, T)1=298K, P;=1 atm, P,=100 atm

T,=297.73K, AT=—027K ASe= ASy

v "."H, S are insensitive to P for condensed phases.
.".In materials applications, in which the pressure range is 0 to 1 atm,
the influence of pressure on H and S of condensed phases can be
ignored.
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* For a closed system of fixed composition
(Tla Pl)_)(T% PZ)

AH = H(T,,P,)~ H(T,,P) :EchdT +j:V(1—aT)dP

. C, P,
AS :S(Tz,Pz)—S(Tl,R):LI T —L} VadP

*constant b, T AG=AH—-TAS

.".Equilibrium state at (T, P) can be determine

Exl: UF,#2Mg—2MgF,+U
* exothermic reaction
* Uqy anf MgF,y are immiscible
* Starting reactunts UF,/Mg=1:2 (molar ratio)
Adiabatic container 298K
Ask: 1. Can Tybe 1773 K?
2. T¢=? composition of final products?
Given: Gy, u(y» Cp, up)» Cp, ums Co, u> Cp, Mera(s), Cp, Mer2)
U: Typ=941 K, AH=28001]
Tp,~1049 K, AHg,=4800 J
Tmu=T,~1408 K, AH,=/\H,,;7=9200J
MgF>: Timer2=1536 K, AHpm Mer2=58600 J

HMgF2,298: — 1124200 J/mole

HUF4,298: — 1919600 J/mole
Sol: (1) Heat of reaction at 298 K, /\Hog
1. AH205=(2Hwmgr2tHu) — (2Hmg THurs)

=2x(—1124200) —(—1919600)

=—328800J

(2) Heat required to bring (U+2MgF,) from 298K to 1773 K

*U: 298 K—1773 K, AH;

Tap TBy
AH = [ CouwdT +AH , + [ C dT +AH,

p.U (%)

™
o dT +AH +jwc
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1773

], CpuadT =76395 J

* 2 moles MgF,: 298 K—1773 K, /AH,

1773

Tm,MgF 2
AH2 = 2x[ ng ComgraedT +AH  + Cpmgr20)dT ]

Tm,MgF 2
=353696
AH1773:AH1+AH2:430091 J

""AHp73> | AHags | .".1773 K can not be attained
2. 941 1049 Tmu 1408 1536

T=298— TO‘B — TBY — Tyl — T
/A\Hg /A\Hgi) /\Hgiii) A\Hy)
118866 24601 76692 36458

<. AHpse=AHa+ AHgt AHgyt AHg=256617 1

Heat remaining Q=/\Hogt/\Hs536=— 72183 ]

m,MgF2

Assume x mole MgF,, melts
S AHm,MgF2=72 183

72183,

"= S8600
.".Final temp, T=Tn mer2=1536 K
Final composition: Uy+MgF,TMgF,1=(1:0.77:1.23)

Note: 1. If T=1773 K is required
Insufficient heat Q: ‘ AH1773 ‘ - ’ AHzgg ‘ =1012911J

. Ti
© e ,[298 (Zcp,reacrants )dT =101291

[ 12C, wgee) + Cpue)dT =101291

298

. Ti=859 K
prefect reactants to T;=859 K, then T=1773 K

EX2: Thermit reaction

2Al+Fe,03—2Fe+AlO;

adiabatic container at 298 K, T=? Composition=?
Given: H 103298, Hre203,208

CpA1203(s) 5 CpFe(a) 5 CpFe(y) 5 CpFe(S) 5 CpFe(l) ) CpAIZOS(l)
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Fe(ay), AHg=670 T=1187 K
Feys, /A\H,:=840 T=1664 K
Feoy, AHnp=13770 T=1809 K
Fe(og, AHyr=340159 T=3343 K
ALOs—t, AHmapos=107000, T apos=2325 K

/N\Haog= Hapo3,208 — Hre203,20s=— 852300 J

298 K 1187 1809 2325 3343
[ @ \ 4 L J L J >
Feqoy Feq—s) Fei_ Feq_g
2Fe: < >
A1203: [ AHZ ] 2 Fe(l) AHQ E AHﬁ N _E’
AH, 1 Al,Os3¢) _ A\Hx | EA1203(1) /A\Hs '
AHp e /NHp A1203 5
Tm, Fe
AH, = [ Chomose T = 183649 J
Tay 76 Tm, Fe
AH, =2 [ 7Cp 0T +AH,, +J‘Tapr,Fe(7)dT +AH + [ . CordT
+AH |
=157541 J AH, + AH, =341190 J
Tm,Al203
AH, = [ o ComaonedT = 71240 J
Tm,Al203
AH, =2 "7 Cor dT1=43178 3 AH, +AH, +AH,, 50, = 221418 J
Th,Fe
AH, :J.Tm,AI203 p~A'203(')dT
Th,Fe
AH, = Lm,Alzos p’Fe(')dT =272600 J

UV AH 4 = (AH, + AH, )+ (AH, + AH, + AH | 0,) + (AH + AH ) = 835208 J

. AQ =AH o + AH;,; =-17092 = boiling Fe,,,

AQ

x moles Fey boiling .". x= =0.05
b,Fe

{TFTb,Fe=3343 K
composition: Al,O3g+FeqtFe): [1:1.95:0.05] moles
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Note: If T=T,,e=1809 K = Add. Fe
.. AQ'= AH,, +(AH, + AH,) =-511110 J
y moles Fe(s) melts:
AH,
= A )
) _aoy

y=6.49 moles
..starting (FeTFe,Os31Alg)=(6.49:1:2) moles

y(

EX3:
Supercooled 1mole Sn;—Sn,  T=495 K, x=?mole solidified
Given: AH,,=7070J, T,,=505 K

Cpy=34.7—9.2x10°T  J/K - mole

Cpe=18.5—26x10"T  J/K - mole

Sol: Final state:[ T=T,,=505 K
T,=505K 1T f x mole Sn), (1-x):Sng,
I I\ Adiabatic: AH=0
i . AH=AH, =AH,
T=495K T AH, =["C, . dT

105 = P-Sn(1)

AH, =x-(-AH,)

505
Co=X-AH + [ CLodT =0, x=0.0426
495 >

<&>  AH =AH,, +AH, =0
505 505
AHy =x- [, CoodT +(1=x)[ C,\dT

p(s)

495
—AH,, =x-{AH + LOS[C p(hy Cp(S)]dT}
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