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Q1: “thermodynamic equilibrium”?

Lowest possible value of Gibb’s Free Energy

— The main use of thermodynamics in metallurgy is to allow
the prediction of whether an alloy is in equilibrium.



Chapter 1
Equilibrium
Mechanical equilibrium matchbox ‘

|
! v

(a ®) (©

. total potential energy of the system is a minimum.

Thermal equilibrium we e [we we
30C 32C
: absence of temperature gradients in the system 35“64004(:0% 32“039052“0
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Chemical equilibrium

: no further reaction occurs between the reacting substances
i.e. the forward and reverse rates of reaction are equal.

Thermodynamic equilibrium

: the system is under mechanical, thermal and chemical equilibrium
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The properties of the system-P, T, V, concentrations-do not change with time.



Chapter 1.1

Relative Stability of a System B Gibbs Free Energy

Gibbs free energy : G=E +PV-TS=H-TS

Useful when P is constrained during thermodynamic process.

H : Enthalpy ; Measure of the heat content of the system
Mixture of one or more phases

H=E+ PV
H = E for Condensed System

E : Internal Energy, Kinetic + Potential Energy of a atom within the system

Kinetic Energy :
Atomic Vibration (Solid, Liquid)
Translational and Rotational Energy in liquid and gas.

Potential Energy : Interactions or Bonds between the atoms within the system

T : The Absolute Temperature

S : Entropy, The Randomness of the System



Chapter 1.1

Equilibrium  Lowest possible value of Gibb’s Free Energy
No desire to change ad infinitum
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Q2: What is single component system?

Different elements or chemical compounds



1.2 Single component system

One element (Al, Fe)

One type of molecule (H,O)

- Allotropic forms?

- How is phase stability measured?
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* What is the role of temperature on equilibrium?

Q3:C, vs.C,?

Specific heat

(the quantity of heat (in joules) required to raise the temperature of substance by 1K)
at constant volume VS. atconstant pressure
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H=E+ PV :dE:&Q_PdV

When V is constant,

0

8Q dE v oQ oE ok
o dT Pﬁz CEGr =Gy (G=Gp or E =& g

Experimentally, it is easy to keep constant P (Cp) than constant V because it
is difficult to make constant V (Cv) = pressure ex) 1 atm,

When pressure is constant,

H=E+PV > dH =dE + PdV +VdP
=R —w+ PdV +VdP
dE =Q—-P-dV =R —PdV +PdV +VdP
- d_HZQJrVd—P = +VdP
dT dT dT
dP . dH O
m) ﬁ: 0 when P is constant (d?)P = (d—'?)P = Cp H :J‘deT

In alloy work one usually consider systems at constant pressure so that

enthalpy changes are more important then energy changes. 2



C; ; tempeature-dependent function

C.,=a+bT+CT™’
(empirical formula above room temp)

r

0 .
0 T (K)

Molecules have internal structure because they are composed of atoms

that have different ways of moving within molecules. Kinetic energy

stored in these internal deqrees of freedom contributes to a substance’s

specific heat capacity and not to its temperature. "



* What is the role of temperature on equilibrium?

Q4: How is C related with H and S?
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Draw the plots of (a) C,vs. T, (b) Hvs. Tand (c) Svs. T.

How Is Cp related with H and S?

oH

- (5

H=?

-
H=[ cC.dT

298

H = 0 at 298K for a pure element
in its most stable state.

: When considering a phase transformation or a chemical

reaction, the important thing is not the value of the

thermodynamic function, but the amount of change.

Enropy : S:%
()
T \oT ),

Enthalpy H
=

Entropy S G

~
(@]
o

T (K)

Slope =§U/

T (K)




* What is the role of temperature on equilibrium?

Q5: How to draw the plots of H vs.T and
G vs. T in single component system?
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Compare the plots of Hvs.Tand G vs. T.

G=G(T,P)

I dG :(@j dT +(§j dp
oT ). oP ).

Slope=C,

¥ G=H-TS

~T() 4G =dH —d(TS)=dE +d(PV)-d(TS)
15 dG =TdS — PdV + PdV +VdP —TdS — SdT
=VdP - SdT

Slope=-§

() s (E)
ot ), oP ),

dG =VdP —SdT

G(P.T)=G(R,.T,)+ [ V(T,,P)dP— [ 'S(P,T)dT
’ ’ 17



* What is the role of temperature on equilibrium?

Q6: G> vs G as a function of temperature?

18



1.2.1 Gibbs Free Energy as a Function of Temp.

| H (liquid) g 4
Which is larger, H- or H? /! o)
HL> HS at all temp. adl

Which is larger, St or S$?
« SL>SS at all temp.

—> Gibbs free energy of the liquid
decreases more rapidly with increasing
temperature than that of the solid.

Solid _bf‘_Liquid G (liquid)
stable stable f

Fig. 1.4 Variation of enthalpy (H) and free energy (G) with temperature for the
Solid and liquid phases of a pure metal. L is the latent heat of melting, Tm the
Equilibrium melting temperature.

« Which is larger, G- or G at low T?

¢« GL> GS (atlow Temp) and GS> Gl (at high Temp)
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Considering b, T G =G(T,P)
dG =VdP - SdT

G(P.T)=G(R,.T,)+ [ V(T,,P)dP~[ 'S(P,T)dT

1 S(water) = 70 J/K
S(vapor) = 189 J/K

|
\s

35S
|
|

phase T(K)
A transformation
G -
dlamOnd
2.9 kJ )
I gr. S(graphite) = 5.74 J/K,

\
Phite S(diamond) = 2.38 J/K,
P =1 bar
|

300 800 1300 T (K)
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Q7: What is the role of pressure on equilibrium?

_AH
0 TAV

* Clausius-Clapeyron Relation : (g—ij

(applies to all coexistence curves)
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1.2.2 Pressure Effects

When the two phases with different molar volumes are in equilibrium, if the
pressure changes, the equilibrium temperature T should also change with pressure.

If a & B phase are equilibrium, At equilibrium, (d_P) _S8/-8" _AS
" F, dT /o VZP-V* AV
dG* =V “dP -S“dT dG” =dG AH
H =—
dG” =V dP - S#dT ere, AS T,
* Clausius-Clapeyron Relation : (d—Pj = _AH
20001 Liquid iron ) dT eq TquV
- (applies to all coexistence curves)

1600
—_ &-Iron
o
> 1200 - ..
E . For, y —liquid; AV (+), AH(+)
E y-iron
:EJ‘T 400 - Fcc (0.74) ‘ dP _ AH -0
= - dT TquV

400 -

a-Iron e-Iron FOI‘, oa—y AV (—), AH(+)
Bcc (0.68) hcp (0.74)
O 1 I 1 1 I 1 1 dP AH aG
25 50 75 100 125 150 175 = <0 — | =V
Pressure (kbar) dT TquV 5P T

Fig. 1.5 Effect of pressure on the equilibrium phase diagram for pure iron



Q8: How to classify phase transition?

“First order transition” vs “Second order transition”
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P ‘ Solid cifical point
melfing
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Examples: Vaporization, Condensation, Fusion, Crystallization, /
Sublimation. '




2
-
A .
@ solid — -
= critical
point
0 -
0K Temperature

The Second Order Transition

Second-order transition

No Latent heat
Continuous entropy

* Second Order Phase Transition at T

G 1s continuous at T,

— First derivatives of G (V. S. H)

[9G ) (9G]

V= S=

1 I
(')P v oT/ P
— Second derivatives of G (o, B, C))

(3H) L (V)

# = | a | )
\oT/, viar/,
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Q9: What is the driving force for

“Solidification: Liquid — Solid™?
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1.2.3 Driving force for solidification

GL = HL—TSL AG=AH-TAS
GS> = H5-TSS L:AH=H'-H>
(Latent heat)

T=T, - AT

=
[3)
o
[5)
)
£
= | G°
C
S |
I
«— AT —>I GL
I

AG =0=AH-T, AS
AS=AH/T, =L/T,.

AG =L-T(L/T,)=(LAT)/T,,
(eq. 1.17)

Temperature
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4 Fold Anisotropic Surface Energy/2 Fold Kinetics, Many Seeds



4.1.1. Homogeneous Nucleation

Liquid
Liquid
Solid
(a) G, (b)  G,=G,+AG
G, = (Vs "'VL)GVL G, :VSG\? +VLG\/L +As Vst

G., G, : free energies per unit volume
_ _ L S
AG =G, -G, =V (G -G+ A 7g.

for spherical nuclei (isotropic) of radius : r

3 : 29



AG

4.1.1. Homogeneous Nucleation

Interfacial
energy ocr?

AG

Volume free

energy o<r>AT

Unstable equilibrium

"1"

Fig. 4.2 The free energy change associated with
homogeneous nucleation of a sphere of radius r.

Why r" is not defined by AG, = 0?

r <r1* : unstable (lower free E by reduce size)

r > 1* : stable (lower free E by increase size)

r* : critical nucleus size

Liquid

olid

Gz—_ 61‘* AG

—>  dG=0
................... 432
AG, = —gnr AG, + 4ar” yq
AG* 27/5L :
: r*



1.2.3 Driving force for solidification

solidification Liquid 4 >

Liquid — Solid

31



T : ~3000 °C
P:~107 Torr

Heating laser °
He-Ne laser ~

e g

KRISS material : Dr. G.W.Lee
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Temperature (°C)

Cyclic cooling curves of Zr,, ,Ti 5 gCuy, :Ni, Be,,
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* The homogeneous nucleation rate - kinetics

7 ’H.jﬁ T | G’g) 1670 g _1;3 T }1;2 )
L = T eXPRY T T L1 eXPY oo T T,
h BT 3L2(AT)2kT

: insensitive to Temp.

How do we define nucleation temperature, AT ? 1

— critical value for detectable nucleation
- critical supersaturation ratio
c - critical driving force

22 - critical supercooling

— for most metals, AT\~0.2 T, (i.e. ~200K)

The homogeneous nucleation rate as a
j function of undercooling AT. AT is the

0 ATy AT  Critical _undercoollng for homogeneous -
nucleation.




* Relationship between Maximum Supercoolings and T,

1800 /
1600 /
1400

1200

—

1000 | (f
800
600
400

200

-200
-273 -
0 100 200 300 400

Maximum supercooling, °C

Fig. 3.7. Maximum supercooling as a function of melting point. (From Thermo-
dynamiecs in Physical Metallurgy, American Society for Metals, Cleveland, 1911,
p.11.)




Solidification: Liquid —— solid
casting & welding

single crystal growth
directional solidification

- rapid solidification

Nucleation in Pure Metals
Tm . GL = GS
- Undercooling (supercooling) for nucleation: 250 K ~ 1 K

<Types of nucleation>
- Homogeneous nucleation - Heterogeneous nucleation

37




Q10: What is the driving force for
“Melting: Solid — Liquid”?
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* Driving force for melting

GL = HL- TSt AG=AH-TAS AG =0=AH-T_AS
GS = HS-TS® L:AH=H"-H® AS=AH/T =L/T,,
(Latent heat)
AG =L-T(L/T,)=(LAT)/T,,
(eq. 1.17)
: AG =—
@ : T
83 m
n.'-‘!.‘:: ‘& S .................................
k: | AG ©
2 Yy
| \ o
le— AT—
|
T T 30

Temperature



Nucleation of melting

Although nucleation during solidification usually requires
some undercooling, melting invariably occurs at the equilibrium
melting temperature even at relatively high rates of heating.

In general, wetting angle = 0 ==) No superheating required!
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Melting and Crystallization are Thermodynamic Transitions

Solidification: Liquid — Solid

<Thermodynamic>

- Interfacial energy = AT

Liquid T Solid

No superheating required!
vapor

* Interfacial energy = No AT}

Yot Hy T -
Meltlng Liquid «<—  Solid
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