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- Binary System mixture/ solution / compound

- Gibbs Free Energy in Binary System

G, =X,G, + X;G; J/mol

G,=G, +4G_., J/mol

Ideal solution (AH, . =0) AG™ =RT(X,InX,+X;InXj)

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

Regular solution | Ay _p ¢

1
where € = ¢, —E(SAA + €gg)

G = X,G, + X;Gg+ Q X, Xz + RT(X,InX, + XzInX;)

- Chemical potential and Activity

pe =0 2o ZEE7| W20 dny 7t O ZHOFA =g 3t 8100

;

— a Q 3
Ha = on !
A /T,P ng A 74 = activity coefficient

X4

- Chemical equilibrium - Gibbs phase rule



Regular Solutions

G2 — Gl +AGmIX g ----- Kﬁ --------- g g- --------------------- - %Kg"-- ------------------------------- §

G = X,Gp + XsGp + :Q X, Xg i+ RT (X, INX, + XgInXp):

Reference state Xy —

Pure metal G, =G, =0

AG ., =AH_. - TAS, . AG

mix mix A mix B A B

() Q< O,high T (b)QA<O,low T
A-Hrmix

+

—TAS,;,

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



At T, the term d*(AG,,)/d(X,)* will be zero.

Since _
d*(AG 1 1
( ,’;‘) = —2NC+NkTC( + )= 0
d(X») X, 1-X,
then . ....................................... .
kT, 2CX\(1-X)) i
2C = : or iT, = A= Xa)
XA(1-Xy) k :
The term 7, will b2 a maximum when X, = (1-X ) =051t follows that
C
.= 101)
° " 2k (

A high value of the critical temperature is associated with| a high positive value for C
(= z[Hpg—3(Haa+ Hgp)))-

The stronger the attraction between similar atoms, the higher 7. In those binary phase dia-
grams with a miscibility gap in the solid state the gap has not the symmetrical form shown in
Fig. 21. This is primarily because the initial simplifying assumption that the energy is the sum
of interaction between pairs of atoms is never absolutely valid. The systems Pd-Ir*, Pt—Ir**

and Pt—-Au*** all have miscibility gaps in the solid state with varying degrees of asymmetry.

Most binary phase diagrams with a positive value of AH,, do not show a miscibility gap with a
closure at temperature 7. since melting occurs before 7. is reached (for example the Ag-Cu

system).
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Activity, a : effective concentration for mass action

ideal solution regular solution

A “’A =GA +RTInXA
i, = G, +RTINX,

ny= G+ RTInaA . pg=Gg+t RTInaB :
= Gy +Q (LX) + RTINX, -G, 00 x..a) ..... LRI X
/ al !
In| -4 === (1-X In(—)=—=(@1-X
I Ny RT( ) n( B) o7 ( 5)°
a, w . dg
—=- = y, = activity coefficient Vg = — 6

X, X,



O

Activity-composition curves for solutions

AH =0 f AH, ;<0 t AH,;>0
{a) (b} (e)
Ideal solution

Actual soluton
A=eB >¥ (A=A + B=eB)
eq. Au=Sn ot 600°C

Actual soiution

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

e.g. Bi-5n at 335°C
O ™ Qg

a, = Qe Q, ™= Ogy
a Degree of non-ideality
vg =——=constant (Henry'sLaw)
For a dilute solution of B in A (X;—0) Xg
Y= aA =1 (Rault's Law)
XA
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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

- Mumber of phases : p, number of components : ¢,
- #of controllable variable © composition (o-1)p, temperature - p, pressure : p

- #of restrictions :

(p-1)c from chemical equilibrium ;:15‘ :‘,-;,-:J_’ﬂ =,.-',.-:].’F — "'Z,HJ-P
& By mp

p-1 from thermal equilibrium rm=r"=r"=...=T

p-1 from mechanical equilibrium pr_pt_pr_._ . _p?

- Mumber of variable can be controlled with mamntaining equilibrium

F=le-Dp+p+p-(p-De—-(p-1)—-(p-=c—-p+2
f=c—-p+2

- Ifpressureisconstant . f=(c-Dp+p—-(p-De—-(p-1)=c-—p+1




Q1: What is “Real Solution”?



1.3 Binary Solutions AG.., = AH_. - TAS ..
Real solution' sufficient disorder + lowest internal E

a) € < O, AHm|x<

strain effect
Ordered alloys Clustering Interstitial solution

Pag I—" Internal E l Paas Peg 1 10



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

High temp. —> Entropy effect § — Solution stability 1§

JUTTTIo + Xy —o= N Xg —e=
0 - 0
— y o P : AH pix '
AGmix _'-_‘AHmix:-:' E;TASmix:f \|/
E 5Gmix
A &Gmix B A 8
(@) <O0,highT (by o<0,lowT
AHmix
© o+
&Gmix
: 0 Xy —
=Ta Smix
. A B
(¢) 9>0, highT :(d), 2> 0 lowT "



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. mterstltlal solid solutions,

= AE = AH ; + elastic strain

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

=) New mathematical models are needed to describe these solutions.
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Q2: Short range order in solid solution?
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1.3 Binary Solutions
Ordered phase <0, AH_. <0

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

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

P.s —P.s(random)
P.s(Mmax)—-P,;(random)

000, o OO
BOBODS ) OO

OROEC NS 00 o, HOO
o . o0 SOR X

R *r e
... .. . .

o ¢

P,g (Max) @ pg(random)  ® P, with SRO

Fig. 1.19 (a) Random A-B solution with a total of 100 atoms and X,=Xg=0.5, P,5g~100, S=0.
(b) Same alloy with short-range order P,g=132, P,g(max)~200, S=(132-100)/(200-100)=0.32. 14
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Ordered phase: “Long range order (LRO)”

(®superlattice, @intermediate phase, ®intermetallic compound)
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AH > <0: Solld solution — ordered phase AH > <<0: :Compound : AB, AB..

* Solid solution — ordered phase | liquid
-> random mixing
-> entropy 1 o O
negative enthalpy | i

g e :

AR, <0 a
Large composition range A Xy —= B m
3G (b)

diate phases: (a) for an intermetallic com- A XH B B
(b) for an intermediate phase with a wide
liquid
* Compound : AB, A,B... G *
-> entropy| .
=> covalent, ionic contribution. g, | B
=> enthalpy more negative | AG.. a 8
g
Ay <<0 l o Y
. A j B B+y
Small composition range (@) i T
composition
9 G l Fig. 1.23 Free energy curves for intermed

pound with a very narrow stability range, ( -
stability range. A XB B




Q3: Superlattice
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*The degree of ordering or clustering will decrease as temp.
Increases due to the increasing importance of entropy.

High temp. —> Entropy effect § — Solution stability 1§

JOCTLE IS LT + XB — P4 XB — -
T T 0 0 o _
—_ vl 5 . mix
AG;, _'-_‘AHmix:: {TASmix:: \/
AG mix
A A Gmix B: A 8
(@) Q<O0,highT i (b) R<O,low7

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

(a) (b) (c)

. Cu O Au Cuor Au

High temp. Low temp.

_ _ CusAu superlattice 21
Disordered Structure CuAu superlattice



Superlattice 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

(a)L2,: ;i
CuZn/FeCo/NiAl/CoAl/ |

FeAl/AgMg/AuCd/NiZn - : ! cu

iJ

I
:ht,__u_ulﬂ

B brass superlattice viewed as two inter-penetrating cubic lattices 22



1.3 Binary Solutions  Fiye common ordered lattices
(a)L2,: (b) L1,: (c) L1,
CuZn/FeCo/NIAl/CoAl/ CuzAu/NisMn/NisFe/NiAll CuAu/CoPt/FePt
FeAl/AgMg/AuCd/NiZn  Pt;Fe/Au,Cd/CogVITiZn,

(d) DO;: (e) DO, 23
Fe,Al/Cu,Sb/Mg,Li/Fe,Al/ Mg,;Cd/Cd;Mg/Ti;Al/Niz;Sn/Ag,In/
Fe,Si/Fe;Be/CuAl CozMo/CozW/Fe;Sn/NigIn/TigSn



AG,, =4H.,, -T4S,,  Ordered phase <0, AH,,,<0

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

°C
— S00r Vacancy/another atoms ASmixmSmall
@ 400}
= 300} At high Temp.,
o
8.200¢ AG_. ~ large (-)
E
2 100r

O 01 0Z 03 04 05 06 07 08 09 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 temperature is 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. 24



Ordered Phase
€ <0, AH_ < 0/AH,;,~-20 kJ/mol

1100 | | I | | I I I I I : I | I CBOBOSCOEO
1064.43°C 1084.87°C
1000 — Liquid !
910°C
800 i —
800 Disardered F.C.C. solid solution &
(Au, Cu)
© 700 -
&
=
2 600 -
@
£ 5001 -
= 410°C _
400 AuCull AuCu,ll  390°C —
i s 644
300 : . \ —
dr? AuCul 286 T ' AUCU,l s
200+ A + % (cubic) —~
P e i: (tetragonal)
100 (cubic) E
0 I | | | | I ] | |

0 10 20 30 40 50 60 70 80 90 100

AL Atomic percent copper Cu

(fcc) (complete solid solution) (fc)



Q4: Order-disorder transition
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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 = “2nd 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

27



Intermediate Phase <0, AH_.<0/ AH_. ~-21 kJ/mol

1054.5

- | Liquid

- \
Fa.5
I
595
T 2

=E0

GO0

= s Cu
Order-disorder transformation:

perature (C)

| _45s

Low Temp. ‘ aE
— intermediate ordered phase (stable), Bl .

High Temp. \

— intermediate solid solution (stable) .
N

200

100
0 10 20 =0 40 20 &0 To =20 20 100

(fcc) cu Atornic Percent  Zn En(hcp)
o and n are terminal solid solutions
- B, Py, o and e are intermediate solid solutions.




Cu-Zn Phase Diagram
Eutectoid and Peritectic Reactions

peritectic:

v+ Lq_'ﬁa""“‘ P peritectic:
fad o+ I_.-.,‘_I E
1200
3 L +
u i
£
z T
g E
—1000
l + L
eutectoid: — 00— v
—> .
5.. v+ & | I |

Bl 0 a0 O
Composition (Wt Zn)
Eutectoid: one =olid phase transforms into two other solid phases upon cooling

Peritectic: one solid and one ligquid phase transform into another solid phase
upon cooling

Salid 5

Peritectoid: two other solid phases transform into o

&

another solid phase upon cooling /w /f\wa\




Q5: Intermediate phase vs Intermetallic compound

30



Intermediate Phase

(_;l ................................................................. . |
| Gg | Gg
G ¥y . Ga
: *ﬂsmix :
1
-
1
(@) Ideal - (b)

composition

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

* In other structure, fluctuations in composition can be tolerated by

Fig ), -



Intermediate Phase
e<0, AH ;<0

1600
1555
: AH,. . ~(-)41 kJ/mol
Liquid
14001594
1310
oFe i
ﬁ12|:||:| W 1169 1160
= 41— Fe
a 1102
.
- .
@ 1000 orthorhomlPl
i ) 1
E‘ g2 Fedl FEEH]E
o (cubic)
S00
Fedls—
B00
| Al—
|
4':":' IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII LILILE L IIIIIIIIIIIIIIIIIIIIIIIIIII
] 10 20 a0 40 a0 &0 7o a0 =11 100
Fe dgtomic Percent Al Al

(bcc) (fcc) 3



Intermediate Phase
£<0, AH_.<0/AH,_. ~-38 kd/mol

1“:":'_ 1054,
1000
200 Liquid
o 800
PO
= -
™ 700
=2 4650
= i
~  &00- " =
i — 552 B
42 47 |
SO0 455 gt
. 145 B
_ FMaCuys—h
400 a3 e é
. R (FCQO) &
M £ - |
Fd3m
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P6,/mmc Fmam



Intermediate Phase

£<<0, AH_ << 0/AH,_.~-142 kd/mol

Temperature (C)

1200
1 2004
] Liquid
] 1115
110010545
i 1012 1000 -
10007 o 975 729 ad
i =6 3T 925
+— B4.5
Q00— Cu G55 ,E‘L a0
i 352
i \ 522
200 E a7.4
] ek —+
] 715
TO0-
] i
] SE £ 5 "
] glE o5 = r
5':":' IIIIIIIIIIIIIIIII IIIIIIII IIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o 10 20 =0 40 a0 &0 70 20 =11 100
-y atormic Percent  Zr il o



Q6: Main factors determining the structure of
intermediate phase
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1.3 Binary Solutions .
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_o & 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 %0




“Clustering”? - Phase separation

Q7: Metastable vs Stable miscibility gap

37



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

High temp. —> Entropy effect § — Solution stability 1§

Xg —o=

. + +
- o 0 0

LTS
. Ve,
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‘s
: .
.
)
. oom
"
mix:
o »
. N
®, *
*

*
.
-
L)
a
« 1
X i
H
L4
L4

AGmix :':_‘AHmi

A &Gmix
(@) <O0,highT (by o<0,lowT




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

Temperature {C)
o0
=
T

u)]
o
T

Ji0E4.57

Liquid

/

Cu, Ni

3045

—~—

o] + o

1455

¢ 20

i1

10

20

A0

=10

atomic Percent

EL
i

a0

20

100
Mi - 39




Cooling process in the miscibility gap

Dendrite / interdendrite formation

1800 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
Dendrite Interdendrite
FCC
1600 - —
~~ _ B
3 1400 \
e - , N X
) S v
; 1200 - —
cs - // \\ »
$ 1000- i
2 Iy Feet+Fee? |
2 800- \r
600+ L
400+ — T T T T T T T T T A\

I‘I
0 10 20 30 40 50 60 70 8 90 100
FeCrNiCo Cu content (at %) Cu



Microstructure of as-cast CoCrFeNiCu HEA

ez . BF image

ADF STEM image 50.nm

M dendrite

1200

—— As-cast
[ CulCoCrFeNi HEA® (111) ° Fcc

I (200)
[ ]




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

100

Co ROI1,2:14nmmXx2nmXx2nm
| &

80-—'—E? . ROI3 :12nmx2nmXx 23 nm
2 — (1D concentration profile)
= e
£ a0 J ; 26.19 0.33
]
§ g A N Cr 2415 Cr  0.46

N
o
1

——n—— '~l<=i::\\ A
/ k\\ ' Fe 2459 Fe 0.9

e : 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 & matrix (4.74 at%Cu) ¢ 2nd
phase (93.56 at%Cu)Z 742

» Matrix ¢ 2nd phase A|d A ¢
segregation &



Temperature, °C

£>0, AH_. >0/ AH_, ~+17 kJ/mol

Weight Percent Platinum

0 10 20 0 40 50 () 70 80 %) L)
]E{][P_1--n----|| ------ rl-r||p||--|1---|| -------- 1'|'I'P1rll1'|lI:!l'!llllrllilq'l'rlll!llhllq ------ 1---.!111|.---------:]?ﬁuluﬂc
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e >0, AH_.> 0/ AH,;,~ +5 kdJ/mol

Temperature {C)

q51.9

1054.9

Liquid 3
E

] 10 20 20

40 =l &0 o a0 20 100

gtormic Percent Cu - !




Temperature {C)

e >>0, AH_..>> 0 /AH ,;, ~ +60 kd/mol
TEQD—
1535
] Liquid
10549
1095
a4
Cu
- 510
1 14 a%.7
S
700
EII:":l IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
] 10 20 =0 4] 50 &0 7O =20 20 100
Fe Atormic Percent  Cu -1




Temperature (C)

g >>0, AH_,.>> 0 /AH,;~ +58 kd/mol
JiIE7a
1545 '
1522
X
L1+ L2 1941
s, + aY
1355 &1 a9
e
: ﬁll l:-:"l'l
E &70
_:= S
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
O 10 20 A0 40 2l &l T0 =20 =1l 100
Ti Atomic Percent Y W 46




“Clustering”? - Phase separation

Q8: Spinodal decomposition

47



5.5.5 Spinodal Decomposition

Spinodal mode of transformation has no barrier to nucleation

: describing the transformation of a system of two or more components in a metastable phase into two stable phases

spinodal

(a)

G (Ty)

| |
| I
(b) A X, Xg — X, B

Fig. 5.38 Alloys between the spinodal points are unstable and can decompose
into two coherent phasees a; and a, without overcoming an activation energy
barrier. Alloys between the coherent miscibility gaps and the spinodal are
metastable and can decompose only after nucleation of the other phase.

o How does it differ between
Chemical Inside and outside the inflection
point of Gibbs free energy curve?

1) Within the spinodal d°G

dX2<O

: phase separation by small fluctuations in composition/

1 “up-hill diffusion”

2) If the alloy lies outside the spinodal,
small variation in composition
leads to an increase in free energy

and the alloy is therefore metastable.

The free energy can only be
decreased if nuclei are formed
with a composition very different

from the matrix.
— nucleation and growth 43

: “down-hill diffusion”



a) Composition fluctuations b) Normal down-hill diffusion

within the spinodal outside the spinodal
A \ :
up-hill pa 1 x, down-hill
. [ ¥ i S —— x --—-——-————- . .
diffusion 2 2 diffusion
Xo
Xo
>l x| ]
Y x| T ]
Increasing - N
. B
time P i,
Xl ____________ Xl - - - I

X2 [ - =] X2 - — —_——— ——
Y
interdiffusion
coefficient X T - X, —— —
D<0 Distance

Distance

Fig. 5.39 & 5.40 schematic composition profiles at increasing times in (a) an alloy quenched into the
spinodal region (X, in Figure 5.38) and (b) an alloy outside the spinodal points (X, in Figure 5.38) 49



Q9: Phase separation
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Positive heat of mixing relation among constituent elements

» Alloy design considering heat of mixing relation
among constituent elements

AH_;, >0 between A & B

¥

creates (meta)stable miscibility gap
in limited composition range

$
Phase separation to A-rich & B-rich phase

» Different two-phase structure
by initial composition before phase separation

C=C1 C=C2 C=C3

A-rich matrix Interconnected B-rich matrix
B-rich droplet structure A-rich droplet

AG

Ma.a
=Mad

\

Equilibrium condition
Maa=Had: MBa=MBd

b c
/.'\/_\;:‘\O! / Me.a
! 7 _

=Mg ¢

One Iidluid
(or SGL)

I
|
1
1
I
|
1
1
I
)

Atomic fraction B-—> B
i C, o

——

A

Two liquids
(or SCLs)

spinodal

binodal

Atomic fraction B—> B

Nucleation and growth < Spinodal decomposition without any barrier to the nucleation process



*Ti-Y-Al-Co system

I 90 I 100
Y56A|240020

Droplet structure
%.

(Ys6Al,,C0y0) 25(TisgAl,C0x0)75  (Ys6Al4C050)50(TisgAl,COy0)s0 (Y56Al24C0,0)65(TisgAl,C0y) 35



* La-Zr-Al-Cu-Ni system

ZriNi-rich La/Cu-rich

Composition (d)

FIGURE 5.17

Schematic of the miscibility gap and the sequence of phase formation during cooling in the
La—Zr-Al-Cu-Ni system. The positions of letters (a) to (d) in the diagram on the left corre-
spond to the schematic microstructures (a) to (d) on the right. (Reprinted from Kiindig, A.A. etal.,
Acta Mater, 52, 2441, 2004, With permission.)
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Q10: Microstructure determining parameters of
phase separation in metallic glasses

(a) Composition
(b) Critical temperature, T,

(c) Asymmetry of the spinodal curve/decomposition range

(d) Glass-forming ability of the separated liquid

55



Synthesis of metallic glass composites using phase separation phenomenon

Possibility of two phase !!!

=== Ti-Al-Co, Gd-Al-Co

(a) Composition section selected by rectangular plane intersection in

energy surface of liquid phase:at 1000 K for the composition section:

given in (a). This Gibbs free energy surface shows;_ two minima (arrows);

implying that the phase separation can occur in that region.

(b) -ts000

AG (J/mol)

. == SN Tigal,



(a) Composition

Thermodynamic calculation using CALPHAD 'K'gf
_Y—g—l >

Co(Cu)
2200 2200
2000 20001
' " 01 02 3 -
1800} At 18001 U=1 U:2 U=3
‘5 1600 i i \ E 1600 - 1 1 1
bt L 1 ] = 1 ] 1
5 P 2 : : .
@ 1400 P o i P
2 i ; g 14001
~ 1200F +H [ 2 1200t \
. T
. | L
1000 — 1 1 \ 1000 | 1 1
i i \ : "
R - L+l
Ol 111 Lo T o 1R 1 1 vlg 800Lud v 1w v N/ NAC N
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 M M v

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

Gd55A|2SC°20 XTi - Ti55A|25C°20 Gd55A|250U20 xTi [ Ti55A|25COZO



(a) Composition
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Microstructure evolution (GdTiAlCo) 1y
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(a) Composition

Microstructure evolution (GdTiAICu) igi._y'ST_é
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(b) Critical temperature

Spinodal critical point Spinodal critical point -
o Gd,:TizpAlcCoy (at 1950 K) mGdlgTig?AIEECum (at 1300 K)
g 1“]]-— g |HI|-—
£ 1ﬂ]l]- g lEIII-
i b
1400 - 400 L
g I % S >
= 20 =
I ! s mm- |
800 : TR V‘ L L o 08 n.m'u:ﬁ'u.l.n'u.zs'a;h:'n.las n,:ﬁ'ugﬁxulm 05
I].[IJMEIH[I I]15I]3][J.Eﬂ.i’ﬂl].35llf-l] [l.ilﬁ[l!i]ﬂ.:'ﬁ
Gd:Al,:Co,, X, — TissAl:Coy Gds5Alp5CUz X5 =  TissAlsCuy

Scale of interconnected
structure

«—Several um

200~300 nm—




L Ny, ",

L
r"i"-:‘ -

() Asymmetry of spinodal curve / Decomposition range  [KJ)
<+ Symmetric spinodal curve / smaller decomposition range
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* Schematic drawings of the microstructures showing variation of microstructure
depending on alloy composition and second phase separation mechanism,

1st phase separation; 1st phase separation; Ti-rich amorphous

nucleation & growth spinodal decomposition matrix |
N

Gd-rich a
matrix

oo
o\

2nd phase separation; Gd-rich crystalline

nucleation & growth 2n pha_se separation; droplet
nucleation & growth
(a) O1 alloy (b) O2 alloy (c) O3 alloy

1st phase separation;

15t ph tion;
phase separation, spinodal decomposition

nucleation & growth

Gd;ri_ch a rich - ‘ ' Ti-rich
matrix . ' : ' amorphous
s erystalline | [T 47 ¢ £ P
e Y plet : o
il 2 _. ol |Gd-rich
", . s .
> % 1 llcrystalline
] b3

(d) Glass-forming ability

2"!phase separation; 27 phase separation; of the separated liquid
nucleation & growth spinodal decomposition

(d) U1 alloy (¢) U2 alloy 62
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L 0: Solld solution — solid state

""""" phase separation (two solid solutlons)

I|qU|d state phase separation
“(up to two liquid solutions)

Temperature {C)

1400} Liguid

Jioa<.a7

o0
(]
T

Cu, Mi

o
o
T

1455

liquid

1700 15?0
1600— Liguid
] = 1545
1522
15EICI— e
a0
14DD—
- ] '2 1558 79
2 1300
]
£ stable miscibility gap
5 12:::0—
= ETi
E. ot
= 11004
L ]
10004
200 a70
SDD_'-—ocTi
FO0—Hrrrrrrre Ndassanan Raaasaaan Rdaaaanay Raaasaaan Rdaaaaaay Raaxaaany Iaaaaazay Nddaaaany Naaaaaaay
a 10 20 30 40 50 &0 70 a0 =] 100
Ti Atomic Percent ¥ I
...........................
...........................
1300
1200
Ligud
] 1115
11001054 3
— 1 1042 1000 535
2 10007 470 75 729 3
g a8 \ 5 925
% sood ™ aes |25 gt
= ] 352
z ]
£ ] | i
2 =004 E EEE]
] il —+
4 715
700+
7 =
] Fa P £ o
' T e b
£00 213l 3 2 e
SO0~ T i e e e T T e e
B 0 10 z0 20 40 50 &0 70 &0 an 100
Cu Atornic Percent  Zr 2r



2021 Spring

“Phase Equilibria in Materials”

03.18.2021

Eun Soo Park

Office: 33-313

Telephone: 880-7221

Email: espark@snu.ac.kr

Office hours: by an appointment



Contents for previous class

Real solution: AG., =AH,, - TAS_ .

T S T N St
e ¢ & o &
& ¥ % B % § $ »
e & & & »

* Fo B R

Ordered alloys Clustering
€<0, AHx< 0 e>0, AH;,> 0



liquid

a+f

Y

B+y

B A

Xg y

TEa0
1400%
1200%
1000

£00-]

Jioas &7

erreeena resmenees
: mix
--------------------------

3

z

a

o

P

[

[=9

E

L L]

=

o
o
T

400

200-]

Liguid

Cu, Ni

1455

atomic Percent  Mi

»

1200
1200
Liquid
] 1115
110010545
] 1012 1000
— - 395
D00 o 475 X 993
1 EE
g . £ 025
' so0d ™ ses | 8 rdoat
) ] 2|+
=9
£ 1 N 525
~ 800 2 78
] wi—H
715
el
1
L = 4
£00 [a] [a] EEp] fa) a
500~ aRaaizy akaaaizy RAaanizy Riaanizy Maaanizy T e e e
B o 10 20 30 40 a0 &0 Jo 20 20 100
#tomic Percent  Zr Zr

|IC|UId state phase separation

"(up to two liquid solutions)

Temperature (C}

T700Jemg
1600 Liquid
7 lq 1545 152
1500 -
] 340
1400 d,,f”/;zjﬁ
] = 1555 &1 EE]
1200 .
] stable miscibility gap
1200
] ETi .
-1 o
11004
10004
200 a70
SDD_:-—ocTi
OO0~ prerrrrer prrrrrrr prrvrrrT prrrrrrr prrrrrr [rrerrrrTy prevrrrr prrrrrrr prerrrrr
] 10 20 20 40 50 &0 70 g0 a0 100
Ti Atomic Percent Y i




Ordered phase: “Long range order (LRO)”

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

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

JUSSEEEEsEEsEEEEEEEEEEEESE "

Large composition range
2> G|

* Compound : AB, A,B...
-> entropy|
-> covalent, ionic contribution.
-> enthalpy more negative |

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

Small composition range
=G|

;|

Ga

A XB-—- B
(b)

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

6 |
Gg
GAI
ﬂGmix
[
|
A 1 B

@) Ideal

composition

Fig. 1.23 Free energy curves for intermed
pound with a very narrow stability range, (
stability range.
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Ordered Phase
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Intermediate Phase
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Intermediate Phase
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Intermetallic compound
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Clustering — “Phase separation”

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

High temp. —> Entropy effect § — Solution stability 1§
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5.5.5 Spinodal Decomposition

Spinodal mode of transformation has no barrier to nucleation

: describing the transformation of a system of two or more components in a metastable phase into two stable phases

spinodal

(a)

G (Ty)

| |
| I
(b) A X, Xg — X, B

Fig. 5.38 Alloys between the spinodal points are unstable and can decompose
into two coherent phasees a; and a, without overcoming an activation energy
barrier. Alloys between the coherent miscibility gaps and the spinodal are
metastable and can decompose only after nucleation of the other phase.

o How does it differ between
Chemical Inside and outside the inflection
point of Gibbs free energy curve?

1) Within the spinodal d°G

dX2<O

: phase separation by small fluctuations in composition/

1 “up-hill diffusion”

2) If the alloy lies outside the spinodal,
small variation in composition
leads to an increase in free energy

and the alloy is therefore metastable.

The free energy can only be
decreased if nuclei are formed
with a composition very different

from the matrix.
— nucleation and growth ¢4

: “down-hill diffusion”



Positive heat of mixing relation among constituent elements

» Alloy design considering heat of mixing relation
among constituent elements

AH_;, >0 between A & B

¥

creates (meta)stable miscibility gap
in limited composition range

$
Phase separation to A-rich & B-rich phase

» Different two-phase structure
by initial composition before phase separation

C=C1 C=C2 C=C3

A-rich matrix Interconnected B-rich matrix
B-rich droplet structure A-rich droplet

AG

Ma.a
=Mad

\

Equilibrium condition
Maa=Had: MBa=MBd

b c
/.'\/_\;:‘\O! / Me.a
! 7 _

=Mg ¢

One Iidluid
(or SGL)

I
|
1
1
I
|
1
1
I
)

Atomic fraction B-—> B
i C, o

——

A

Two liquids
(or SCLs)

spinodal

binodal

Atomic fraction B—> B

Nucleation and growth < Spinodal decomposition without any barrier to the nucleation process



* La-Zr-Al-Cu-Ni system

ZriNi-rich La/Cu-rich

Composition (d)

FIGURE 5.17

Schematic of the miscibility gap and the sequence of phase formation during cooling in the
La—Zr-Al-Cu-Ni system. The positions of letters (a) to (d) in the diagram on the left corre-
spond to the schematic microstructures (a) to (d) on the right. (Reprinted from Kiindig, A.A. etal.,
Acta Mater, 52, 2441, 2004, With permission.)



Q: Microstructure determining parameters of
phase separation in metallic glasses

(a) Composition
(b) Critical temperature, T,

(c) Asymmetry of the spinodal curve/decomposition range

(d) Glass-forming ability of the separated liquid

17



Contents for today’s class

CHAPTER 3
Binary Phase Diagrams_Two-Phase Equilibrium

- Equilibrium in Heterogeneous Systems

- Binary phase diagrams

1) Simple Phase Diagrams

2) Variant of the simple phase diagram
a. AH >0 AH_ >AH r'nix Systems with miscibility gab
b. AH_ . <0 AH <0

“ < AH!
C. Pressure-Temperature-Composition phase diagram

mix mix
for a system with continuous series of solutions
18



Q1: How can we define equilibrium
in heterogeneous systems?

19



1.4
Equilibrium in Heterogeneous Systems

A, B different crystal structure — two free energy curves must be drawn, one for each structure.

We have dealt with the case What would happen when
where the components A and B the components A and B
have the same crystal structure. have a different crystal structure?
G = X,G, + X,G, — heterogeneous system
+ Q X, Xy + RT(X,InX, + XzInX,)
G4 G‘Unstable Unstable
f ¢ bcc A c fcc B

B
| Ga G

A Ex (fcc) X8 B Ex (bcc)
(a) (b) 20




1.4
Equilibrium in Heterogeneous Systems

If G*(X%) and G”(X%) are given,
what would be G(a + f) at Xg =?
A

Molar free
energy

G(a +pB)

- bcg & acd, deg & dfc GY
: similar triangles

- Lever rule

- 1 mole (a+f)
: bc/ac mol of a + ab/ac mol of 8 o
— bg + ge = be_total G of 1 mol A XB X% XBB B

Fig. 1.26 The molar free energy of a two-phase mixture (a+f3) 21



Lever rule

A geometric interpretation:

CL Co Cp moment aquilibriu m:
R T g ﬁ{l= W, 5
WL Wo 1- W,

aolving givea Levar Rula

L
Sum of weight fractions: W + Wg =1 E E
Conservation ofmass (Ni): Co =W L CL+WoCqo % E ':' !
Combine above equations: g_ i ; E
w GG 5| [ GG _=r| & et
C,-(y R+S C.-0G R4S RS
T, o

Composition



1.4
Equilibrium in Heterogeneous Systems

In XO, Gof > G > G,
Exchange of A and B atoms

=) o+ B phase separation

Chemical Equilibrium (u, a)
— multiphase and multicomponent
(Lr=pP=pr=...), (a*=af=ay=..)

a a _ ..B
IJAZUAB Hp = Hp

Unified Chemical potential of
two phases




Variation of activity with composition

—RTID aa {

The most stable state,

with the lowest free energy,
is usually defined as the
state in which the pure
component has unit activity

of A in pure a. ]

when X, =1—>a; =1

when X, =1—-af =1

. . 0
when o and B in equil. 1
o _ AP
aA o aA a:AT
o _ AP
aB o aB 0

Unified activity of

Activity, a:

effective concentration for mass action

G* GP
( —RTlnag
|
: ]
a; B. B
| —A°
q, T
7l
| o
/
| |
p/| |
| |
I |
SN | |
I a
|
| |
| |
| L\
1

Fig. 1.28 The variation of a, and ag with composition for a binary
system containing two ideal solutions, a and 3

24

two phase



Equilibrium in Heterogeneous Systems

In X9, Gyf > G, >G; = a + f separation =» unified chemical potential

aBu:aBB

'RT InaBa

Ug

25



Q2: How equilibrium is affected by temperature
in complete solid solution?

26



- Two-Phase Equilibrium

1) Simple Phase Diagrams

Assumption: (1) completely miscible in solid and liquid.

(2) Both are ideal soln. | A\t _g AHS =0
(3) Tm(A) > Trn(B)

dG* = V°dP—-S*dT+pl dX5+ s dX3

dGI - V'IdP_SIdT‘}‘ui dXi—l—j,L:'g dX.I',B. LIC-ZIUid (0
At equilibrium

dG* =dG, i =44 and pp=pp T S Ta
At constant P
—(5°—8)dT = (ua—pp) (dX, —dX}).
Differentiating with respect to X ,, A ——Xs 3
) | dT dXSA dXL Fig. 22. |
(S -S)E = (Ua—tin) (m - dXA> (102)

If the boundary between liquid and solid were as shown in Fig. 22, then X3 = X} (the liquid

and solid would have the same composition when in equilibrium at a point on the line T,T5).
From eqn. (102)

(s°=§' dT—G
>,
A



From eqn. (102)

s (h dT
(8°—8)—=0.
dX,
Since S°s S' then dT/dX , = 0. Thus the condition X% = X/, is only associated with dT/dX, =0,
i.e. with a minimum or a maximum in the line T, T, of Fig. 22. Except for this particular case

therefore X5 # X .. There is a difference between the composition of the liquid and solid phase

in the generai case.

T
T T, 2

A Liquid (1) ! | | T (A)

|

» I3 | Liquidus
T T,
Solid () ° | Ttn (B)
3 -
Solidus
A —— B A B



* Consider the free energy curves for liguid and a phase at a temperature T,
where T,>T>Tg. The standard states are pure solid A and pure liquid B at
temperature T. — Derive the free energy curves for the liquid and a phases.

1) Free energy curve for the liquid phase

For an ideal solution with a reaction
X, moles of 11qu1d A + X3 moles of liquid B = 1 mo]e liquid solution

i AG,, = RT(X} In X} + X} In XB)5 (61)

But the standard state for A is pure solid A. To obtain the free energy change, AG., for the
formation of the liquid solution, we must allow for the conversion of X, moles of solid A into
X, moles of liquid A, i.e.

X, moles sohd A=X, moles liquid A

where AG, is the difference in free energy between liquid and solid A (the free energy of fusion
of A).
Hence for the reaction
X, moles of solid A—l—XB moles of hqmd B = 1 mole hqmd solution

29



2) Free energy curve for a phase

For an ideal solid solution formed according to the equation
X 4 moles of solid A+ X moles of solid B = 1 mole « solid solution

Since the standard state for B is pure liquid B, allowance must be made for the free energy
change on transforming X moles c:f 1iquid B to Xj moles of solid B, i.e.

where AGjy 1s the difference in free energy between hquld and solid B. It is a negative quantity
since the liquid phase is the more stable at temperature 7.

For the reaction
X 4 moles of solid A+ X moles of liquid B = 1 mole « solid solution

30



At temperature 7' the chemical potential of component B is identical in the o and liquid
phases. Therefore

........ 8 AGf,,oAGI ........
L L0Xy Xy
0AG, AGg+RT1 X d 3Aan AG,+RT]1 ia
_ _ n - e : —
aXB B n Xi d aXB A-[_ nxi
Therefore
Xe X5
AG,—AGg = RT (111 — — In )
XA XA
or,

X5 X5
AG,—AGy = RT (m— — In _)
xL T xt

We can relate AG, and AGy to AH, and AHp, T, and Ty, i.e. to the respective molar heats of
fusion of pure A and B, and their melting points. For example, for component B at Tg:

AGB - AHB_TBASB = 0

or,

At a temperature T,

AGy = AHgz— TASg # 0.



Therefore

1y
5 o : T ;
e X X P = AHp (1 — ).
86,-86, = KT (137 = o 1) A B( Tnl....
Substituting,

T T X5,
TA
or,

XS
1n~ﬂ—&n)
B XA B
X X;
in—% —In —;
X

2 B
As the temperature approaches
will approach 1/T}.

Hence near Ty:

B

__AHA(l 1) AHB(I 1)
A xt R \T T,

the quantities X% and X, will approach unity, and 1/T

(103)
Similarly, if the temperature approaches Ty, X5 ~ X3 — 1 and 1/T — 1/T. Near Ty:

: (104)
Knowing AH,, AH;, T, and T5, the above two equations can be used to determine the com-

positions of co-existing phases at a series of temperatures, 7, between T, and Ty

. — Fig. 23f



1.5 Binary phase diagrams
1) Simple Phase Diagrams

Assumption: (1) completely miscible in solid and liquid.

(2) Both are ideal soln. | A\qt _g AHS =0
(3) Tm(A) > Trn(B)

(4) Ty > Tin(A) >T,> Ty (B) >T;

Draw Gt and G° as a function
of composition X;

1T, (A
at T, T.(A), T,, T.(B), and Ts.

| Liquidus
A\ T'm (BY

() 33



1.5 Binary phase diagrams

Assumption:

1) Simple Phase Diagrams (1) completely miscible in solid and liquid.
(2) Both are ideal soln.

(3) Tm(A) > T(B)
(4) Ty > Tr(A) >T,> Ty (B) >T;

T, (A) T,

€
(
K

(a)

7 |
@ el e
l “L Liquidus
T, (B)

Solidus

g
=
¥ ]
w)
=
¥ ]
= wh‘]
o
|

(d) (e) ()



* Consider actual (or so-called regular) solutions
inwhich  AH,, # 0, but AS,, = AS,, ;4ear

AG', = AH' + X \AG,+RT(X, In X\ + X5 In X3).
Since

AG, = AH,—TAS,
then,

AG' = AH! + X'\ AH, — X, TAS,+RT(X} In X, + X} In X}).

The free energy curve for the solid phase is:
AG,, = AH,,— X3AGg+RT(X, In X, + X5 In X§)

or,
AG), = AH, — X3AHyz+ X3TASy+RT(X In X\ + X3 In X3).
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1) Simple Phase Diagrams a) Variation of temp.: Gt > Gs
b) T | — Decrease of curvature of G curve

(. decrease of -TAS,;, effect)
0 O O 0 O 0
BN | |
AG, AG, NG,
|
=
S s
|
1500°K 1800°K 2000°K
A —=Xg B A —=Xg B A ~—Xg B
(Zr) - (—=X,) (v (2r) [ (U) (Zr) (—Xy) (L)

Fig. 26. Free energy curves for liquid and solid phases in the U-Zr system at 15007, 1800" and 2000 "K.

It was assumed that AH,f1 = AH,
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1.5 Binary phase diagrams

. . Assumption:
1) Slmple Phase Dlagrams (1) completely miscible in solid and liquid.

(2) Both are ideal soln.
(3) Tn(A) > T (B)
(4) Ty > T(A) >T,> T (B) > T

a) Variation of temp.: Gt > G
b) T | — Decrease of curvature of G curve
(.- decrease of -TAS, . effect)

mix

G T (A) I

oS
~
(il EY !
o
(
V]
-

(a) (b) (c)
| | Tie line
T, (B) T z
m h T, (A)
L
\/ - T (B)
T
S g 3
Solidus
A B A B A B

(d) (e) ()



Referring to Fig. 23f, if A is regarded as the solvent, for very dilute solutions of B in A we

can write
XA_)]‘ and —IHXAEXB.

In terms of eqn. (104):

T,—T
_ ) (105)

As T approaches T, (in dilute solutions of B in solvent A), the denominator on the right-hand
side of eqn. (105) can be written RT2. Therefore

X5 — X = AHA(T T) | (106)
B B — RT: A
or,
dxs dXxi AH
( e ) (107)
dT  dT /;r—r, RT?

Equations (106) and (107) are referred to as the Van’t Hoff relation. They give the depression

of the freezing point for a liquid solution in equilibrium with a solid solution. The difference in
initial slopes of the solidus and liquidus curves, the slopesat 7' = T, and X, = 1, are dependent
on the latent heat of fusion of pure A (AH,) but independent of the nature of the solute.




1.5 Binary phase diagrams

1) Simple Phase Diagrams

The simplest type of binary phase
diagrams is the isomorphous system, in
which the two constituents form a
continuous solid solution over the
entire composition range. An example
is the Ni-Cu system.

Selidification of alloy C starts on
cooing at T ). The first solid formed has
a composition of Cg| and the liquid
Co On further cooling the solid

particles grow larger in size and change
their composition to C.7 and then C,

Temperature

following the solidus whereas the liquid Cu
decrease in velume and changes its
composition from C5 to €| 3 following

Composition Ni

the liquidus. The solidification
completes at T3,




1.5 Binary phase diagrams

Cooling Curves
determination of Phase diagrams

Il
\ 1085°C
T
(thermal arrest}\

Tl




1.5 Binary phase diagrams

Example

At temperature T |, alloy Cg is in the dual phase region,
comprising the liquid phase and the o-phase.

(i) Determine the compositions of the two phases;
(ii) Determine the weight fractions of the two phases

Read from the T T
Liquid phase:Cu- 3 D% MNi
o-phase:  Cu-55%Ni

S0%Ni




2) Variant of the simple phase diagram

AH . >0 AHZ, >AH,

mix

TB

o — — ——
b s — o S— —

(@) ' _ (b)
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2) Variant of the simple phase diagram

AH mix > O AH gix > AH rlnix

AGH

|
|
|
|

A Y B A i A =)

Xg ’

Fig. 30. Derivation of the phase diagram (Fig. 29b) from free energy curves for the liquid and solid phases.



2) Variant of the simple phase diagram
Systems with miscibility gab AH >0 AH

mix

liquid
Xg / \u b ¢ d
\ T T
| |

(@) (b)

(<)

congruent minima

* > AH!

mix
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2) Variant of the simple phase diagram

AH_ . <0
l y
TA /
TE
«
A B
Kg—

Fig. 32. Phase diagram with a maximum in the
liquidus.

AH® <AH! <0
i
% / :
(1.4
Te
+ o
o
A (]
-~ A

Fig. 33. Appearance of an ordered o” phase at
low temperatures.



3.2.6 Pressure-Temperature-Composition phase diagram
for a system with continuous series of solutions

Fig. 35. Pressure-temperature—composition phase diagram for a system with continuous series of solutions



3.2.6 Pressure-Temperature-Composition phase diagram
for a system with continuous series of solutions

Fig. 36. Formation of a three-phase tie line Vi
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3.2.6 Pressure-Temperature-Composition phase diagram
for a system with continuous series of solutions

Ta Tg

P Ka

Kg
P —~h
F’a pa

l

FL\ /” 4
Fa

T

Fig. 37. Two-dimensional prejection of Fig. 35 on the P-T plane for component A.

P, 0, — equilibrium between ¥ and o, ; PgOg — Vg and og; Op T4 — Iﬁ and oy ; OgTg —
Vs Iy and oy ; O — Vg, Iy and og;

V.-"!l and l!r 5 OBKB S VB aﬂd frB, O OB — VAE’ !rﬂB ﬂ.nd OCAB:. OA —
KAKB _ V;"’LB = EAB



3.2.6 Pressure-Temperature-Composition phase diagram
for a system with continuous series of solutions

R Py just below P,
r v a \ v
T ' T . |
| b ! ‘ V1
- i [+
OF o
d V4o
o o
o
A Xg—m B A ¥y — =} A Xe B
Fig. 38. T-X section through Fig. 39. T—X section through Fig. 40. T-X section through
Fig. 35 at a pressure P, where Fig. 35 at a pressure P, where Fig. 35 at a pressure just
KB ::" P1 = OA' _Pg = OA beIOW Pg.
5 F
y f -
TI g T| v
v s
iy I o K
@ l ;
o
A B A B
XB—-———-— Kg— =

Fig. 41. T-X section through Fig. 35 at a pressure Fig. 42. T-X section through Fig. 35 at a pressure
P, where O, > P; > Og. P, where Og > P, > Pp.



Contents for today’s class

- Equilibrium in Heterogeneous Systems

GoP >G,* >G,*P = «a+ B separation = unified chemical potential

- Binary phase diagrams

1) Simple Phase Diagrams

Assume: (1) completely miscible in solid and liquid. T

AH- =0 AH3 =0

mix mix

(2) Both are ideal soln.

2) Variant of the simple phase diagram

AH% >AH! >0

mix mix

miscibility gab

Iy

T3

1
L

AH% <AH! <0

mix mix

Ordered phase

Solidus
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