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Contents for previous class

- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System
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* Binary System (two components) > A, B

: Equilibrium depends on not only pressure and temperature
but also composition.

Solid Solution vs. Intermetallic Compounds

- atomic scale mixture/ Random distribution on lattice  -fixed A, B positions/ Ordered state
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Hume-Rothery Rules for Mixing

Empirical rules for substitutional solid-solution formation were identified from
experiment that are not exact, but give an expectation of formation.

e Solid solution:
— Crystalline solid
— Multicomponent yet homogeneous

— Impurities are randomly distributed throughout the lattice

« Factors favoring solubility of B in A (Hume-Rothery Rules)
— Similar atomic size: Ar/r £ 15%
— Same crystal structure for A and B
— Similar electronegativities: [y, — xg| < 0.6 (preferably < 0.4)

— Similar valence
o If all four criteria are met: complete solid solution

e If any criterion is not met: limited solid solution



Cu-Ni Alloys
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Assumption: a simple physical model for “binary solid solutions”

: in order to introduce some of the basic concepts of the thermodynamics of alloys
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1.3 Binary Solutions 1) Ideal solution

G = H-TS=E+PV-TS
Chemical potential
The increase of the total free energy of the

system by the increase of very small quantity
of A, dn,, will be proportional to p,.

== dn,~ small enough
(* pa depends on the composition of phase)

dG' =u,dn,| (T, P, ng: constant)

“lon A ong

Upa - partial molar free energy of A oG' [ oG’
or chemical potential of A Ha = . He = S

For A-B binary solution,  dG'=p,dn, +pgdng

For variable Tand P

dG'=-SdT +VdP +pu,dn, +p.dn, 6



1.3 Binary Solutions

u, =G, +RTInX,
lg = Gy +RTINX,

Ga

—RT lnXA <

HA
Ha

Fig. 1.12 The relationship between the free energy curve and

Ha
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Chemical potentials for an ideal solution.

1) Ideal solution
G=X,G,+X;G; + RT(X;/InX, + X;In Xy)

= (G, +RTINX )X, +(G, +RTIn X)X,
Hg

> —RT In Xp

‘l-lB



Contents for today’s class

- Binary Solid Solution

Ideal solution and Regular solution
: Chemical potential and Activity

Real solution

- Ordered phases: SRO & LRO, superlattice,
Intermediate phase (intermetallic compound)

- Clustering

- Equilibrium in heterogeneous system



1.3 Binary Solutions AGp, = AH i, - TAS

Q1: What is “Regular Solution”?



1.3 Binary Solutions AGp, = AH i, - TAS
Regular Solutions

. . — This type of behavior is exceptional in practice
Ideal solution : AI_|miX_ 0 = and usually mixing is endothermic or exothermic.

Quasi-chemical model assumes that heat of mixing, AH,.,
Is only due to the bond energies between adjacent atoms.

Assumption: the volumes of pure A and B are equal and do not change during mixing
so that the interatomic distance and bond energies are independent of composition.

Structure model of a binary solution

Fig. 1.13 The different types of interatomic bond in a solid solution.



Gibbs Free Energy of Regular Solutions

Q2: How can you estimate

“AH_ .. of regular solution”?

AH_ i, = QX Xg Where Q =N_zg

11



1.3 Binary Solutions _
Regular Solutions

Bond energy Number of bond
A‘A SAA PAA
B‘B SBB PBB
A‘B SAB PAB

Internal energy of the solution

E =P, &an T Pagtes T Pagtas

Before mixing After mixing




1.3 Binary Solutions

AHmix

=0

Regular Solutions
Completely random arrangement

=0 —

Ideal solution

P.s =N,zX,X; bonds per mole

N, : Avogadro's number
Z . number of bonds per atom

M e<0>P, T @ £>05P,

(3)

e~0

=> AH_ . = Ppgt

AH_ i, = QX Xg Where Q =N_zg

Regular solution

AH_;, per mol

IN: :E(gAA +&gg)

> Q

If Q >0,

Fig. 1.14 The variation of AH,,,, with composition for a regular solution.



Gibbs Free Energy of Regular Solutions

Q3: How can you estimate

“Molar Free energy for regular solution™?
G, =G, + 4G, e

miXx

G = X,G, +XG+QXX .+RT(X INX, + X,InX,)’

-----------------------------------------------------------------------------------------

14



Regular Solutions

G,= G, +4G, ., e B 7V I —

mix : : mix

G = X,G, +XG+QXX +RT(X In X, +XInXB)

Reference state Xy —

o+

Pure metal G, =G, =0

() QA< O,high T (b) Q<O,low T
A-H.mi)(
+
0
_TAS,
A B

(c)Q>0,high T (d)Q>0,lowT 15



Gibbs Free Energy of Binary Solutions

Q4: “Correlation between chemical potential
and free energy”?

16



2) regular solution

Correlation between chemical potential and free energy

For 1 mole of the solution (T, P: constant)
G = E+PV-TS G=p, X, +ugXgs Jmol™

G=H-TS G = X,G, + X;G;+ Q X, X, +RT(X In X , +XBInXB)

= XA(GA+Q(1—XA) +RTIn X, )+ X, (G; + Q- X5)*+RT In X;)

Regular solution =G, + Q(1-X,)° + RT In X,
=G, + Q(1-X;)* + RT In X,

u, =G, +RTInX,
s =Gy +RTInX;
Ideal solution

17




Gibbs Free Energy of Binary Solutions

Q5: What is “activity”?

18



Activity, a : effective concentration for mass action

ideal solution regular solution

+ |u. =G, +RTInX,
U =G, +RTINX,

T GA+ RTIna, . pg=Ggti RTInaB
=6, HOA-X,)’ + RTIn X, -G, £ (1 X> ..... + RT In X}
f al !
In| =4 | = =2 (1-X In(—)=—=(01-X
n N RI( 4’ n( B) RT ( 5)’
a, . : dg
—= = y, = activity coefficient Vg = — 19

X, © X



Activity-composition curves for solutions

( ‘&Hmi:-i:U f &Hmix{{] t ‘ﬁ‘l-lr'r1i:-:::h|:]I
o
0 — 1
{a) (b (e)
Ideal solution

Actunl scluton
AwrB >F (AeseA + BeeB)
eq. Au=Sn ot 600°C

Actual solution

A smB<H Aw-eA+B-—B)
8.g. Cd-Pb at 500°'C

e.g. Bi-5n at 335°C
O, ™= ﬂ-s,.

a, = Qe 9™ Oy
. Degree of non-ideality
vs =——=constant (Henry'sLaw)
+  For a dilute solution of B in A (X;—0) Xg
Y= oa = (Rault's Law)
X4

20




Variation of activity with composition (a) ag, (b) a,

ap

AinB —
I random mixing_~Z

0
1
B
(a) (b)
Line 1: (a) ag=Xg, (b) ap,=X, ideal solution...Rault’s law
Line 2 : (a) ag<Xg, (b) a,<X, AH_. <0 4= lu‘f o2y
- A

Line 3: () ag>Xg, (b) a,>X, AH_. >0 \Ay) KT

21



Gibbs Free Energy of Binary Solutions

Q6: “Chemical equilibrium of multi-phases™?

22



—~dn, moles of A

)
n% moles of A

o nf moles of A

o phase ! B phase

N moles of B

® KR

\ Nng moles of B

/

Fig. 10. Transfer of dn, moles of component A from the § to the « phase.

23



Activity of a component is just another means of describing the state
of the component in a solution.

a
- : aa - =Ya 8y =7aXa
degree of non-ideality 7 — X, X,
' - activity coefficient
as | Q 2 e G,+RTi |
I, —=.{ = =T (1 X5) Ha= Gy na,
B

L] F
u "
v [ . " &
+I .-l. L] +I &
* . . ¥ m
.r’ +l- " 1.., "
+...I-- 1]".‘ r.I._--

Activity or chemical potential of a component is important when several
condensed phases are in equilibrium.

Chemical Equilibrium (p, a) - multiphase and multicomponent
(e = uiﬁ= uy =...), (a* = aiﬂ= ay=...)
(Ma® = uaP=ppr=00), (g =af=a,7=uu))
(pg* = pgP=pgr=...), (ag*=agf=ag’ =...)

24



- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System

G, =X,G,+X;Gy Jimol | G,=G,+4G_. J/mol

X

Ideal solution (AH_;, =0) AG™ =RT(X,InX,+X;InX})

G=X,G+XpG; + RI(XjInX, + Xpln Xp)

Regular solution | Aq _p ¢ whereg=¢,, _%(gAA + €gg)

G = X,G, + XgGz+ Q X, X; + RT (X, InX, + X;InX;)

- Chemical potential and Activity

W, = X, RT
8nA - a, . :
P, ng —£ = y, = activity coefficient
pe 20 ols ZEE7] =20 dny”k O 2HOFA =g 3t G101 Of X4

- Chemical equilibrium 25



Q7: What is “Real Solution”?

sufficient disorder + lowest internal E

26



1.3 Binary Solutions AG, = AHpi - TAS
Real Solutlon sufficient disorder + lowest internal E

when the size difference is arge
3 £<0, AHp,<0 | ©  strain effect 9

Ordered alloys Clustering Interstitial solution

Pag | — Internal E l Paar Pes | 57



*The degree of ordering or clustering will decrease as temp.
Increases due to the increasing importance of entropy.

---------------- + XB . e XB .
0 : 0 AH :
— P B : mix
AGmix _iAHmix H ::TASmix.E \/
5Gmix
A A Gmix B A B
(@) ©<O0,highT (by o<0,lowT
AHmix
: o+
&Gmix
: 0
: XB ——
=T Smix
A B




1.3 Binary Solutions

Real solution: sufficient disorder + lowest internal E

2) In systems where there is a size difference between the atom
e.g. interstitial solid solutions,

(L L]
.® e
" '0

= AE = AH + elastic strain

mIX

=) quasi- chemlcal model ~ underestimate AE
due to no consideration of elastic strain field

=) New mathematical models are needed to describe these solutions.

29



Q8: Ordered phase I:

“Short range order (SRO)” in solution

30



1.3 Binary Solutions
Ordered phase ¢<0, AH_. <0

SRO (Short Range Ordering) or LRO (Long Range Ordering)

« Q<0 = contain short-range order (SRO)
AQ=N,ze  SRO parameter = s _ degree of ordering

P.s —P.s(random)
P,z (max) —-P,;(random)

000, OO
o. .o *’*88 ..oo.: .oo
ot ¢ ot b b N4
‘e e . o .o o0 .
)OBSOBON

+,
... ..

Prg (Max) @ P,s (random) ® P, with SRO

Fig. 1.19 (a) Random A-B solution with a total of 100 atoms and X,=Xz=0.5, P,g~100, S=0.
(b) Same alloy with short-range order P,;=132, P,z(max)~200, S=(132-100)/(200-100)=0.32. 31
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Q9: Ordered phase II:
“Long range order (LRO)”

(®superlattice, @intermediate phase, ®intermetallic compound)

34



* Solid solution — ordered phase
-> random mixing
-> entropy 1
negative enthalpy |

Large composition range
=2 G|

* Compound : AB, A,B...

- entropy|
-» covalent, ionic contribution.
- enthalpy more negative |

Small composition range
> G|

A XB-—- B
(b)

diate phases: (a) for an intermetallic com-
(b) for an intermediate phase with a wide

¢}
Gg
GAI
‘&Gmix
|
|
A 1 B

@) Ideal

composition

Fig. 1.23 Free energy curves for intermed
pound with a very narrow stability range, (
stability range.

liquid

A Xg
liquid
% B
v
B B+y

A Xg—

B



*The degree of ordering or clustering will decrease as temp.
Increases due to the increasing importance of entropy.

High temp. —> Entropy effect § — Solution stability §

................ + XB — D4 XB .
. . . . 5 : " |
— mix
AGm|x — AHm|x 3 TASmlx \/
AG mix
A AGnix B : A 8
(@) Q<O0,highT i (b) <O0,lowT7

(c) @>0, high7 (d), 2> 0 lowT7

36



1.3 Binary Solutions
Ordered phase &<0, AH,;;,<0

* In solutions with compositions that are close to a simple

* This is known as long-range order (LRO) CuAu,
Cu;Au and many other intermetallics show LRO.

(The atom sites are no longer equivalent but can be labelled as A-sites and B-sites.)
* A superlattice forms in materials with LRO

Cu-Au alloy

. Cu O Au
High temp. Low temp.
Disordered Structure CuAu superlattice

CujAu superlattice 37



Su perlatti ce formation: order-disorder transformation

-e< 0, AH ;<0
- between dissimilar atoms than between similar atoms

- Large electrochemical factor: tendency for the solute atoms to avoid each other
and to associate with the solvent atoms
- Size factor just within the favorable limit: lead to atomic rearrangement
so as to relieve the lattice distortion imposed by the solute atoms

(@)L2,: P
CuZn/FeCo/NiAl/CoAl/ f

FeAl/AgMg/AuCd/NizZn - Y

—— ﬁi-l i
%
= = I

B brass superlattice viewed as two inter-penetrating cubic lattices 38



1.3 Binary Solutions  Fjye common ordered lattices
(a)L2,: (b) L1,: (c) L1,:
CuZn/FeCo/NIAI/CoAl/l CuzAu/NizMn/NisFe/Ni;All  CuAu/CoPt/FePt
FeAl/AgMg/AuCd/NiZn  Pt;Fe/Au,Cd/Co,V/TiZn,

(d) DOs: (e) DOy, 39
Fe,Al/Cu,Sbh/Mg,Li/Fe,Al/ Mg,Cd/Cd;Mg/Ti;Al/Ni;Sn/Agsin/
Fe,Si/Fe;Be/Cu,Al CozMo/Co;W/Fe;Sn/NisIn/TizSn



AGy = AH - TS, Ordered phase <0, AH,,<0

Fig. 1.21. Part of the Cu-Au phase diagram showing the regions where the
Cu;Au and CuAu superlattices are stable.

°C
— 2001 Vacancy/another atoms ASmix~SmaII
o 400t
‘3300“ At high Temp.,
8 200 AG_. ~ large (-)
E
2 100r

O 01 0Z 03 04 05 06 07 08 095 10
Cu Xau Au
« The entropy of mixing of structure with LRO is extremely small and the degree
of order decrease with increasing temperature until above some critical
temperature there is no LRO at all.

« This temperatureis a maximum when the composition is the ideal required
for the superlattice.

« The critical temperature for loss of LRO increases with increasing Q or AH,_ .,

and in many systems the ordered phase is stable up to the melting point. 40



Ordered Phase
€ < 0, AHmiX< 0 /AHmix~ '20 kJ/l‘l‘lO'
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1001 (cubic) E
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AL Atomic percent copper Cu

(fcc) (complete solid solution) (fcc) *



Order-disorder phase transformation

- Not classical phase change=~not depend on diffusion process

- change of temperature allowed a continuous re-arrangement of
atoms without changing the phase = “2"d order transition”

- boundary: ordered lattice & disordered lattice/phase rule could not applied
there are cases in which an ordered phase of one composition exists

in equilibrium with a disordered phase of a different composition.
- Simple composition of the type AB or AB; can the transformation

(i.e. at the temperature maximum) be considered diffusionless.

L

CL

42



Intermediate Phase <0, AH,;,<0/ AH,;~ -21 kd/mol

”':":': 10545
1000
900
] 55.5
200 ‘
Pl ]
— 00— v
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:l -
® 600 . Sa~
= . Cu S60
ﬁ -
Order-disorder transformation: 1 aes
Low temp. - ordered structure
High temp. - disordered structure Bl
Z00-
E Fly
200
1':":' IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40 a0 &0 T0 100
(fcc) cu dtomic Percent  Zn zn (hcp)

a and n are terminal solid solutions

- B, Pp,y, o and e are intermediate solid solutions.



Intermediate Phase

......... {3‘ . !
G a0 i Ga
: > L\ Gmix :
1
-
1
(@) Ideal (b)

composition

* Many intermetallic compounds have stoichiometric composition
A, B, and acharacteristic free energy curve as shown in Fig (a).

*

In other structure, fluctuations in composition can be tolerated by

Fig ), »



Intermediate Phase
€ <:(), ZS**nﬂx<:()
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Intermediate Phase
£<0, AH_.<0/AH_.~-38 kd/mol
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Intermediate Phase

£<<0, AH,_. <<0/AH_.~-142 kd/mol

Temperature (C)
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1.3 Binary Solutions .
Y Intermediate Phase

_"different crystal structure as either of the pure component”

3 main factors
determining the structure of Intermediate phase ?

1) Relative atomic size

- Laves phase (size difference: 1.1~1.6 ex: MgCu,)
fill space most efficiently ~ stable

- Interstitial compound: MX, M, X, MX,, M_X
M= Cubic or HCP ex: Zr, Ti, V, Cr, etc, X=H, B, C, and N

2) Relative valency electron

- electron phases ex_a & p brass
# of valency electrons per unit cell
— depending on compositional change

MgCu, (A Laves phase)

3) Electronegativity
- very different electronegativites — ionic bond normal valency compounds
ex Mg,Sn 48




Q10: “Clustering”?

— Phase separation

49



*The degree of ordering or clustering will decrease as temp.
Increases due to the increasing importance of entropy.

High temp. —> Entropy effect § — Solution stability §

Xg —o=

------
........
‘‘‘‘‘‘‘‘

+
0

o+

&Gmix

(@) ©<O0,highT (by o<0,lowT




e >0, AH_ ;> 0 /AH,,;,~+26 kd/mol

Temperature (C)
o
=
T

u)]
o
T

Ji0E4.57

Liquid

/

Cu, Ni

3045

—~—

oy t oo

1455

¢ 20

i1

10

20

A0

=10

atomic Percent

EL
i

a0

20

100
Mi 51




Concentration (at%)

100

Compositional analysis of as-cast CoCrFeNi/Cu HEA (dendrite)

8

40

20

Co

S ———

_._Fe
—=— Ni

= Cu

A

ROI1,2:14nmx2nmx2nm

ROI3 :1.2nmx2nmx 23 nm
(1D concentration profile)

- -

26.19 0.33

Cr 24.15 Cr 0.46
Fe  24.59 Fe 0.39
Ni 19.59 Ni 5.00
Cu 4.74 Cu  93.56

25.29 2.01
Cr 25.63 Cr 3.35
Fe 23.63 Fe 2.56
Ni 20.66 Ni 6.90
Cu 4.42 Cu 84.92

Dendrite region: matrix (4.74 at%Cu) +
2nd phase (93.56 at%Cu)

= No segregation at the interface between

Matrix and 2nd phase



Temperature, °C

€>0, AH >0/ AH_;~+17 kJ/mol

Weight Percent Platinum
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e >0, AH.;,> 0/ AH,,,~*+5 kd/mol

Temperature {C)

951.4

10

Liquid

1034.9

-

20

A0

1) S0 &
dtormic Percent Cu

0

=0




g >>0, AH,;,>> 0 /AH;~+60 kd/mol

Temperature (C)
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aE.4
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- 510
1 14 a5.7
2010
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700
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g >>0, AH,;,>> 0 /AH;,~ +58 kd/mol

JiE70
1600 Liguid
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Phase separation

let structure

~ Dro
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Contents for today’s class

- Binary System mixture/ solution / compound
Ideal solution (AH,,;,=0) Random distribution

1

Regular solution | AH,, =P,;e | where e =¢,; _5(8”‘ +&55) €~ 0
@ AH;x> 0 or AH;, < 0
Real solution Ordered structure

@e<0, AH,;,<0 ®) >0, AH,>0 (o Whenthe suzedlfference 5arge
Ordered alloys Clustering strain effect
P,s | — Internal E | Pan Pas 1 Interstitial solution
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