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Choice of Fundamental Equation of Thermodynamics

@ In the materials science, the commonly chosen natural variables are
(T, s) and (p,v), therefore, the most commonly employed
fundamental equations in molar quantities are

f(T,v)=u—Ts=—pv+pu—df =—sdT — pdv

g(T,p)=u—Ts+pv=p—dg=dp=—sdl +vdp

NE

Kunok (KHU) Thermodynamics September 18, 2024 4/22



Table of Contents

© Molar Helmholtz Free energy change

NE

Kunok (KHU) Thermodynamics September 18, 2024 5/22



Molar Helmholtz Free energy change

e We have T ;
f(T,v) :fo(To,vo)/ sdT/ pdv
To 0
with
F(To,v0) = u®(Ty, vo) — Tos® (To, vo)
f(T,v) =u(T,v) —Ts(T,v)
e We have

T v v
u(T,v) — u’(Tp, vo) :/ cvdT—FT/ aBrdv —/ pdv

To vo vo

T v
s(T,v) — s°(Tp, vo) :/ cpd(InT) +/ aBrdv

To Vo
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Molar Helmholtz Free energy change

@ Proceed to
f(Ta U) - fo(T07 UO) = U(T, U) - uo(T(]: UO) - TS(T, U) + TOSO(TO’ UO)

@ RHS is

T v v
/ cvdT—i-T/ aBTdv—/ pdv + Typs®(To, vo)

To vo Vo

T v
so(To,vo)+/ cvd(lnT)—i-/ aBrdv

To Vo

-T

@ Therefore,

T T T
—/ sdT—/ cvdT—so(TO,Uo)(T—To) —T/ cpyd(InT)

To To To
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Chemical Potential change

@ Since we have at reference state,

1°(To, po) = h°(To, po) — Tos° (1o, po)

and at state (7, p)

w(T,p) = W(T,p) — Ts(T,p)

@ The enthalpy and entropy are given by

T

P
]’L(T,p) = hO(To,po) —1—/ deT +/ U(l - Ta)dp
To Po

T cp D
() = @) + | 2T~ [ vady
0 Po
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Chemical Potential change

@ Then

T

W) =) + [ [ (Tom)]ar + [ o1~ Ta)dy

/Tcpd " vad
T—/vap
ToT Po

-T

therefore,
T T, D
W) =i (Ton)+ [ ey o) dr =T [ Zar [oap
To To po
@ The volume is given by
v(T, p) = vo(To, po) exp [T — Tp) — Br(p — po)]
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Chemical Potential change with phase change

@ At T =T,, a and 3 phases are under equilibrium, for a phase,
T

ha(T,Po) = ho,a(To,po) Jr/ ngT
To
T cQ
s*(T,po) = s”*(To, po) +/ Lar
7, T
T T c&
# (T po) =M°’“(To,po)+/ Cfa‘dT_T/ 7dT
To To

@ For 3 phase,

T
WA (T, po) = h*(To, po) + ARS(Tu, po) + / Sar

e

B
Cp
—=dT
T

NE
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Chemical Potential change with phase change

@ The chemical potential of 3 phase,
2 (T, po) = h(T, po) — Ts" (T’ po)
= h*(Te,po) — T's*(Te, po) + Ah(Te, po) — TAs (T, po)

s e
+/ cpdT—T/ 7T

€
@ By rearrangement,

T T B
C
BT = i Cpo) + [ [~ Tapldr -7 [ Far

o At ( eap0)
,U,ﬁ(Te,po) = Ma(TeaPO)
Te (T =T, )&

= h>*(To,po) — Tes™(To, po) + / Ldr
To T NE
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Reference State for Helmholtz free energy

@ The reference state for molar Helmholtz free energy has almost always
been associated with the state at 0K,

f(T'=0K,v) =u(T =0K,v)
@ By third law of thermodynamics,

lim s(7T,v9) — 0 lim ¢,(T) — 0

T—0K T—0K
li T)—0 li T)—=0
A () A ()

@ The Helmholtz free energy is

T T
f(T,v) =u(v) + /OKCUdT — T/OKcvd(lnT) — po(v —vg)

—/ BTdv—i—v/ BTd(lnv)

vo 0] NE
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Reference State for Chemical Potential

@ In general, the enthalpy of the pure element at 1 bar and T' = 298 K,

h°(298 K, 1bar) =0
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Fundamental Equations with Multiphysics Effects

@ The differential internal energy of the system
dU = TdS — pdV + Vo(olsdel; + EidD;) + ¢dg + vdA + pdN;

where Uflj and aglj are deviatoric components of stress and strain and ~

is the interface energy.
@ The differential Helmholtz and Gibbs free energies are

dF = —SdT — pdV + Vo(olsdel; + EidD;) + ¢dg + vdA + pdN;

dG = —SdT + Vdp + Vo(elsdo, + EidD;) + ¢dg + vdA + pdN;
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Fundamental Equations with Multiphysics Effects

@ The volume densities at constant 7" and p are
duy = Tds, — pde + o;del; + EidD; + ¢dpg + yday + pide;

df, = —pde + olidel; + BdD; + ¢dpy + yday + pide;
dgy = —clidol; + EidD; + ¢dpg + vday + pide;
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Electrochemical Potential

@ At constant 7" and V' and constant interface area and displacement,

d
dF = ¢dq + jsdN; = (<z> proy m)dNi

= (¢pzieNa + pi)dN; = (pz; F + ju;)dN;

where z; is the valence of the species i, e is the elementary charge, Na
is Avogadro's number.

o Let the electrochemical potential of species i is

fli = i + 2. F ¢
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Chemical Potential Including Surface

@ At constant T" and p,
dG = vdA + pdN

Proceed to

0A\ [ oV 0A
dG = 7(81/) <8N>dN+udN 'yv<av)dN+,udN

it becomes
0A
dG = [7 <8V> +u

(A,

0A/Or
My =YV +p
T,p

dN

Let

For solid particle r,

ov/or
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Chemical Potential Including Surface

@ Assume the particle is spherical,

4
A= dnr? V= T8
3
therefore,
2vv
r = —+
,
@ Since r — 00,
H = Hoo
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