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- Binary System mixture/ solution / compound

Ideal solution(AH,,;,=0) Random distribution
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AHS >0: Solld solution — solid state AH S ,>>0: llquld state phase separation
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Equilibrium in Heterogeneous Systems

In X% Gyf >G,* >G, = a + 3 separation = unified chemical potential
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1.5 Binary phase diagrams

Assumption:

1) Variation of temp.: Gt > G¢ (3) T..(A) > T.(B)
2) Decrease of curvature of G curve (4 T,>T.(A)>T,> T, (B) >T,
(.- decrease of -TAS,, effect)
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1) Simple Phase Diagrams (1) completely miscible in solid and liquid.
(2) Both are ideal soln.
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1.5 Binary phase diagrams

2) Systems with miscibility gab
AH ., =0 AH_, >0
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2) Variant of the simple phase diagram

o I
AH . <0 AH . <AH_. <0
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Fig. 32. Phase diagram with a maximum in the Fig. 33. Appearance of an ordered " phase at
liquidus. low temperatures.

congruent maxima



1.5 Binary phase diagrams

4) Simple Eutectic Systems AH;, =0 AH_, >>0

« AH_>>0 and the miscibility gap extends to the melting temperature.
(when both solids have the same structure.)
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Fig. 1.32 The derivation of a eutectic phase diagram where both solid phases have the same crystal structure.



(when each solid has the different crystal structure.)

Fig. 1.32 The derivation of a eutectic phase diagram where each solid phases has a different crystal structure.
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1.5 Binary phase diagrams
5) Phase diagrams containing intermediate phases
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1.5 Binary phase diagrams

5) Phase diagrams containing intermediate phases
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Temperature, °C

O phase in the Cu-Al system is usually denoted as CuAl, although
the composition X.,=1/3, X, =2/3 is not covered by the 0 field

on the phase diagram.
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J.L. Murray, Phase Diagrams of Binary Copper Alloys, P.R. Subramanian, D.J.
Chakrabarti, and D.E. Laughlin, ed., ASM International, Materials Park, OH,
18-42 (1994)

X.L. Liu, . Ohnuma, R. Kainuma, and K. Ishida, J. Alloys Compds, 264, 201-
208 (1998)
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Summary | : Binary phase diagrams

1) Simple Phase Diagrams

Both are ideal soln. — 1) Variation of temp.: G- > G® 2) Decrease of curvature of G curve
(- decrease of -TAS, ., effect)

2) Systems with miscibility gap AH- =0  AH> >0

1)Variation of temp.: Gt > GS® 2)Decrease of curvature of G curve + Shape change of G curve by H

4) Simple Eutectic Systems AH- =0 AH’ >>0
— miscibility gap extends to the melting temperature.
3) Ordered Alloys AHL =0  AH>. <0

AH,;, < 0 — A atoms and B atoms like each other. — Ordered alloy at low T
AH, ;<< 0 — The ordered state can extend to the melting temperature.

5) Phase diagrams containing intermediate phases
Stable composition ¥ Minimum G with stoichiometric composition
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The Gibbs Phase Rule

Degree of freedom (number of variables that can be varied independently)

= the number of variables — the number of constraints
- Number of phases : p, number of components : ¢,

- #of controllable variable : composition (c-1)p, temperature : p, pressure : p

- #of restrictions :

: ey P

(p-1)c from chemical equilibrium ,U, ﬂ, ,u, = H;
— 78 —

p-1 from thermal equilibrium r'=r"=r"=..=717¢

p-1 from mechanical equilibrium PP=pf=p =...=p?

- Number of variable can be controlled with maintaining equilibrium

14

- Ifpressureisconstant : f=(c-Dp+p-(p-Dc—-(p-D=lc-p+1




1.5 Binary phase diagrams

The Gibbs Phase Rule

the number of separate phases (P) and the number of chemical
components (C) in the system. It was deduced from thermodynamic
principles by Josiah Willard Gibbs in the 1870s.

Gibbs phase rule F=C+N-P
F: degree of freedom

C: number of chemical variables

N: number of non-chemical variables

P: number of phases

In general, Gibbs' rule then follows, as:

F=C-P+2 (fromT,P).

From Wikipedia, the free encyclopedia
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The Gibbs Phase Rule

L  one-phase region

Application of Gibbs phase rule:

For a binary system at ambient pressure:
C=2 (2 elements)

two-phase
equilibrium (line)

N=1 (temperature, no pressure) / \
For single phase: F=2: % and T “
(a region)
For a 2-phase equilibrium:  F=1: ,
% orT (aline)
For a 3-phase equilibrium: F=0, (invariant three-phase
point) equilibrium (point)
a+h
Pb Sn
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0 : heat absorbed (enthalpy) when 1 mole of B dissolves in A rich a as a dilute solution.



* Limiting forms of eutectic phase diagram

The solubility of one metal in another may be so low.

T t T t
| +a L +-A
cq
Ta Tall)
o+f o+ 8 \ A+B
A B A B A B
i Al Al (5n)
(s - (A (AD) ) . (c)
Fig. 53. Evolution of the limiting form of a binary eutectic phase diagram.
e Q ........................... e . 1
Xg=Aexpi———¢: a)i TT mp X T :
..................................... T mrrmmrmnmmmmamrmammamraanmasraareer Ta
| + A
_ . L+ B
b) It is interesting to note that, except at absolute zero, T =
Xg® can never be equal to zero, that is, no two compo
-nents are ever completely insoluble in each other. A+B
A e

Fig. 54. Impossible form of a binary eutectic phase diagram.
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a) Yol vAl= 55 I

1.5.8. Equilibrium Vacancy Concentration AG =AH -TAS

G of the alloy will depend on the concentration of vacancies and X‘f, will be that
which gives the minimum free energy.

1) Vacancies increase the internal energy of crystalline metal
due to broken bonds formation. (Here, vacancy-vacancy interactions are ignored.)

AH = AH, X,

2) Vacancies increase entropy because they change

Small change due to changes in the vibrational frequencies “Largest contribution”

 Total entropy change is thus

m) With this information,
estimate the equilibrium vacancy concentration.



Equilibrium concentration X will be that which gives the minimum free energy.

dX,

at equilibrium ( dG j 0
X, =X

AH, - TAS, +RTIn XS =0

A constant ~3, independent of T

S ~AH
X? =iex Viex v
VPP TR IPTRT
putting AG,, = AH,, — TAS,,
.............................. T
X, =ex v
v =S

* In practice, AH, is of the order
of 1 eV per atom and X,°
reaches a value of about 10-4~10-3
at the melting point of the solid

Rapidly increases with i

A

AHy Xy

Ihcreasing T

~TAS=RT In Xy

Fig. 1.37 Equilibrium vacancy concentration.

: adjust so as to reduce G to a minimum
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The G curves so far have been based on the molar Gs of infinitely large amounts of material of
a perfect single crystal. Surfaces, GBs and interphase interfaces have been ignored.

1.6 Influence of Interfaces on Equmbrlum b) Bl X AW

AG APV = AG—27V

r
Extra pressure AP due to curvature of the a/ The concept of a pressure difference is very
useful for spherical liquid particles, but it is less
- @ - convenient in solids (often nonspherical shape).
\ ¢ - | Atmospheric
” )" | pressure dG = AGdn =pdA  AG,=ydA/dn
() ! P | AP = 277/ Since n=41rr3/3V,, and A = 41rr2 AG = 27?/m

Early stage of phase transformation

Spherical interface

Interface (a/B)=y /ﬁ
-

dn mol B

Planar interface

W7

Fig. 1.38 The effect of interfacial E on the solubility of small particle Fig. 1.39 Transfer of dn mol of B from large to a small particle.
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Gibbs-Thomson effect (capillarity effect): X; =exp(—————

Free energy increase due to interfacial energy

Quite large solubility differences can arise for
particles in the range r=1-100 nm. However,
for particles visible in the light microscope
(r>1um) capillarity effects are very small.

I

|

|

|

]
Xg— XxB

(b)

Fig. 1.38 The effect of interfacial energy on the solubility of small particles.

_ AG, + Q)
Xg "~ =exp(—=
B p( RT )
) AG, +Q-2N _/r
Xy =exp(——2= .
B p( RT )
2N
= X5 7 ex U
B p( RTr )
For small values of the exponent,
X' (D wm)NH 2N,
X = RTr

Ex) y= ZOOmJ/m2 n=10" m3 T=500K

For r=10 nm, solubility~10% increase



Total Free Energy Decrease per Mole of Nuclei

AG, o« AX where AX =X, - X,

.................................... .,r\. Ty
AG <  AX oc(AT/
..................................... My eerfonnad

o undercooling below T, (b)

AG,=-VAG, +Ay + VAG,

@ Chapter 5.1 . HE|Z SI8t HH FE/AMNS 93 2SS ofy
Driving Force for Precipitate Nucleation a—>a+pf | AG,
_ a vy p a vy p A
AG, = pp Xy + 1 Xg T, | -
: Decrease of total free E of system . f ¢
by removing a small amount of material AIT
. oy B M —
with the nucleus composition (XgF) (P point) Tk AX— a+ P B
_ By P By P
AG, = py Xy + tg Xg /
: Increase of total free E of system
by forming B phase with composition XgP @ A Xe Xo Xp— xP
(Q point) A
oo e @,
AG. = AG, — AG,;i (length PQ) ’
peressesnes AG .
:AG, i=——" per unit volume of S
""""""" Vm : driving force for f precipitation
For dilute solutions, ; }_
HA {

O XB_"'

uf



1.8 Additional Thermodynamic Relationships for Binary Solutions

=) Gibbs-Duhem equation: Calculate the change in (dp) that results from a change in (dX)

P 7
G™ _ - r_dPA
- <
[~ d(up—Ha)
G - g - dip
~dx; J
PR - up- = 4G
— £ — — — — — — y X,
—dPA{
X o0, + X0y =0 ® ; e )
Comparing two similar triangles, 0 X% Xg — 1
_ 7N _ dug _ d( g — #a) o dG _ Mg —Hpn  d2G/dX2
Xg X, 1 dXg 1 d2G/dXg2=d2G/dX,2
Substituting right side Eq de ...............

& Multiply X, X, _XAd/’lA:XBd/’lB:XAXBdeXB Eq. 1.65
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Additional Thermodynamic Relationships for Binary Solutions

The Gibbs-Duhem Equation 2=s=zuei sizwst @2 ast stersimae) olawiskd 2 At

be able to calculate the change in chemical potential (du) that result
from a change in alloy composition (dX).

® For a regular solution,

G =X,G, + X,G, + OX, Xy +RT(X, INX, +X,InX;)

2
jx% _ xR; ~20
ANB d°G RT
For a ideal solution, Q=0, dX 2 B X . X
ANB

® gg.f?fsgt rorm g = Gg +RTInag :/GB +RTInygXg
Y= ap/Xp

Differentiatin
WithreséeitfoXB, d/uB _ RT 1+ XB d7/B :ﬂ 1+ dlnyB
dX, Xgo | 7 dX.| X,| dlnX, .




d,UB:RT 1_|_XB dye :E 1_|_d1n7/8 Eq. 1.69
dX;| Xg ys 0Xg Xg dln X,

a similar relationship can be derived for du,/dXg

) dlny dlny
X, du, =X.du, =RT<1+ A LdX, =RT<1+ B LdX
AU Hp sU g { lnXA} B { dlnXB} B
Eq. 1.70

d’G
- =Xy = Xty = X, X =X Eq.1.65

The Gibbs-Duhem Equation

2
xAxB—df:RT 1o 47 L prly, din
dX din X, dIn X,

be able to calculate the change in chemical potential (du) that
result from a change in alloy composition (dX). o8




Summary ll: Binary phase diagrams
- Gibbs Phase Rule F=C-P+1 (constantpressure)

Gibbs' Phase Rule allows us to construct phase diagram to represent
and interpret phase equilibria in heterogeneous geologic systems.

Effect of Temperature on Solid Solubility

Equilibrium Vacancy Concentration Xy =exp v

Influence of Interfaces on Equilibrium

AG = 2Nm Gibbs-Thomson effect
r

Gibbs-Duhem Equation: Be able to calculate the change in

chemical potential that result from a change in alloy composmon

g2agol vjawist (dX)2 QI3 stetmRIde) 0] ¥ sHdp) S A



Topic proposal for materials design

Please submit 3 materials that you
want to explore for materials design
and do final presentations on in this
semester. Please make sure to
thoroughly discuss why you chose
those materials (up to 1 page on each
topic). The proposal is due by
September 26 on eTL.

Ex) stainless steel/ graphene/ OLED/
Bio-material/ Shape memory alloy
Bulk metallic glass, etc.
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