Phase Equilibria

Reading: West
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PHASE DIAGRAMS

A Also called equilibrium or constitutional diagrams

A Plots of temperature vs. pressure, or T or P vs.
composition, showing relative quantities of phases at
equilibrium

A Pressure influences phase structure
I Remains virtually constant in most applications
I Most solid -state phase diagrams are at 1 atm

Fk [ OC]

A Note: metastable phases N
do not appear on TN
equilibrium phase 1, — Fei Fe,C
diagrams f IOUU*J " phase
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PHASES

A phase is a homogeneous portion of a system with uniform physical and
chemical characteristics, in principle separable from the rest of the system.

A difference in either physical or chemical properties constitutes a phase

gaseous state

Aseemingly only one phase occurs (gases always mix)

liquid state

Aoften only one phase occurs (homogeneous solutions)
e.g., salt water, molten Na ,0-SiO,
Atwo immiscible liquids (or liquid mixtures) count as two phases

solid state

Acrystalline phases : e.g., ZnO and SiO, = two phases
Apolymorphs: e.g., wurtzite and sphalerite ZnS are different phases

Asolid solutions = one phase (e.g., Al,O,-Cr,O, solutions) .




PHASE EQUILIBRIA

The equilibrium phase is always the one with the lowest free energy

DG =DH1 TDS

The driving force for a phase
change is the minimization of free

energy

Equilibrium Y state with
minimum free energy under some
specified combination of
temperature, pressure, and

composition |

e.g., melting

unstable

N

Free energy

metastable

equilibrium state i 436



GIBBS PHASE RULE

NOn the Equilibrium of Het78rp
P+F =C+2
F=CiP+2

Gibbs

P: number of phases present at equilibrium
C: number of components needed to describe the system
F: number of degrees of freedom, e.g. T, P, composition

The number of components (C) is the minimum number of chemically
Independent constituents needed to describe the composition of the
phases present in the system.

e.g., Asalt water. C = 2 (NaCl and water)
Asolid magnesium silicates. C = 2 (MgO and SiO ,)
Asolid MgAl silicates. C = 3 (MgO, Al ,0,, SiO,)

The degrees of freedom (F) is the number of independent variables

that must be specified to define the system completely. .



ONE COMPONENT PHASE DIAGRAMS

P+F =C+2
withC =1
P+F =3

Composition is fixed,
only T and P can vary

Three possibilities:

AP
AP =
AP

FPressure

WN -

Solid

Melting

Deposition

Triple point

Critical
point

Freezing

Vaparization

Condensation

Gas

Temperature
F = 2 fleld) vari ant
F = 1 (@wve) vari at
F = 0 ointnvari ant
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EXAMPLE: BOILING WATER

P+F=C+2
218
C =1 (water) atmp— - — -
P = 2 (vapor + liquid)
E atm@ Seaeiy
F=1(eitherTorP , E '
but not both ) & 458 :
Y coexistence curve torr [Besieies |
(gas) |
I |
0 100 374
0.0098

*once we specify either T or P of -
our boiling water, the other Temperature (°C)
variable is specified automatically
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CLAUSIUS-CLAPEYRON EQUATION

Expresses the pressure dependence of phase transitions
as a function of temperature (gives slopes of coexistence curves).

P+dP

218
atm

1 atm

Pressure

4.58
torr

_____ - Liguid - _ 2
water
(liquid)

| |
0% 100 374
0.0098

Temperature (“C)

From a to b, starting from Gibbs

-Duhem equation:

dm =-sdT +v,dP

dm =-s,dT +v,dP

dm=dm

dP s,-s Ds

d_T_vz- V,  Dv
m:% dP _ DH

dT TDV

derived ~1834



Pressure

218
atm

1 atm

4.58
torr

______ _Liquid __2

—t—vater

vapor

/ Th I{gE:"E}l
1] I
0% 100 374
0.0098

Temperature (°C)

Slope of the coexistence curves:

dP _ DH
dT TDV

DH positive along arrows
(melt, sublime, vaporize)

DV negative only for melting

*Ice less dense than water
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ONE COMPONENT PHASE DIAGRAMS

120

Carbon

30 250515 150

aa

HFHT

aynthesis
icatalvhe L "
HFHT ssmthesi

2l

Freszsure f 3Fa

L%

ot

2000 2000 4000 2000

Temperature /K
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More than 100 tons of synthetic diamonds are
produced annually worldwide by firms like Diamond
Innovations (previously part of General Electric),
Sumitomo Electric, and De Beers.

Gemesis, GE, Sumitomo Electric, and De Beers



ONE COMPONENT PHASE DIAGRAMS

SiO e
2 1800 | Liquid .~

~~r

-~=— Cristobalite

1500 |
-1 High-quartz
]
};_,_- Tridymite
1200 |+
!
Lo ]
GE //
. /
$ 900 yd
£
[F]
l—

/ ~ 3
f.rl Stishovite | 4.287 glcm
/ | P4,/mnm
/
{f -
I I SN S SN S A SN S I
40 50 60 70 80 90 100

Pressure, kilobars

there are also many metastable phases
(not shown) aad




OTHER EXAMPLES

lce 018 different crystalline phases!

0K S0K 100K 150K 200K 260K 200K 350K 400K 450K 500K S50K @00KTemperature
1TPa T i 10Mber
1 X {hexaganal)
100 GPa 1100 K, 62 GPa EEiiEE X 1 Mbar
10 GPa 4 ” , V ! ! 100 kbar
f ~ N278kK 2.1 GF ‘
SESEEEEREE: G2 . .
1 GPa XV I 1218 K, 620 MPa . 1355.00 K, 2.216 GPa Wi
72.99 K, 632.4 MPa .
NP (EESEE . 344.3 MPa ## 256,164 K, 250.1|MPa
HI SIEEK, 212.5 MPa | \251.165 K, 209.5 MPa 11 ;
100 MPa | ' N ' | » Critical point 1 kb
7 : ARdER 647 K, 22.064 MPa/
Solid it Liquid 2
10 MPa » : ! ! {100 ber
v [ i |
5 ' .
w : ! 1
w 1MPa i 10bar
v i iy i !
o
Xl le {1 Ih
100 kPa 15 rtho- [Freezing point at 1 atrr] Boiling point at 1 atm 2 -
rhombic 273.15K, 101,325 kP4 373.15K, 101,335 kPa
|
10 kPa =ty 1100 mbar
+ $ 4
'
1 kPalsE it I EEEE z T : T 1 t lemlm-
Solid/Liquid/Vapour triple point
|273.16 K, 611,73 Pa
100 Pa ! {1 mber
Vapour ;
10 Pa ettt ' t {100 pbar
i
i
1Pa 10 pber

-50°C 200°C -150°C -100°C 53 °C 0°C 0°C 100

)*C 150°C 200°C 250°C 200°C 350°C

hex ice
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OTHER EXAMPLES
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OTHER EXAMPLES

Sulfur
4 153°C,
1420 atm
Monoclinie Ligquid
" 9539°C, 115.21°C,
- I atm | atm
E I atm 444.6°C,
Ehombic i

115.18°C,

95.31°C,
5.1 x 107%atm

Temperature

3.2 % 107" atm

(as
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TWO COMPONENT (BINARY) DIAGRAMS

P+F =C+2 Composition is now variable: T, P, and
withC =2 composition can vary

When vapor pressures are
negligible and nearly constant :

Condensed phaserule: | P+F =C + 1

Pressure is no longer a variable: only T and composition matter

P+F =3

Three possibilities (as before):
AP = 1 é F = 2 fleld) vari a
AP = 2 é F = 1 (Ccww)i v a o
AP = 3 e F - 0 Olntl) V arsl a



SIMPLE EUTECTIC SYSTEMS
simplest binary diagram for solids P+F =3

Al mett (liquid)

1500

TemperaTure  (in C)

Crystalsii 0B

) 10 2 3 40 50 60 70 80 80 100
A Composition {molecular % or weight %) B 449



Ano compounds/solid solutions in solid state
Aonly single phase liquid at high temperatures
Apartial melting at intermediate temperatures

TemperaTure  (in C)

Crystalsii 0B

0 10 20 30 40 50 E0 70 80 a0 100
A Composition {molecular % or weight %) B 450



First, specify overall composition of the system
Second, pick a temperature.
Y The compositions of the phases (1 or 2) are then fixed

e.g., start - Iisoltherlm I
with liquid - A )
at a certain N Liquid ?
composition | 1490°C

E‘ L \——19vid,, 70% A

= 30% B

% 1300

: .

12040

Crystalsii 0B

0 10 20 30 40 50 E0 70 80 a0 100
A Composition {molecular % or weight %) B



now, slowly

o All Melt
cool liquid 1500

crystals of A
begin to form

1400{[ .
T\ :

1300

TemperaTure  (in C)

12040

Crystalsii 0B

1100
0 0 20 3 40 S50 &0 Y0 80 80 100

A Composition {molecular % or weight %) B

Liquidus curve : specifies the maximum temperature at which crystals
can co-exist with the melt in thermodynamic equilibrium 5o



LIQUIDUS CURVE

Maximum T at which crystals can exist.
aka Saturation Solubility Curve

Melting point
depression: the effect
of a solubleimpurity
on the melting point of
pure compounds.

o

TemperaTure  (in C)

CrystalstAr-+HB

0 0 20 30 40 30 &0 7O 80 80 100
453

A Composition {molecular % or weight %) B



For example, consider salty ice:

+0 | | | |

+30 - ]

+20 Hrine brine + MaCl ]
£ +10 - -
L
=
9
L4 b
o
= |
& biring +

+2H0 NaCl-2H,0 + NaCl
lce +
-30 — NaCl-2H,0 —
40 | | | | | | | |

|
0 10 20 30 40 50 60 70 80 90 100
Weight Percent NaCl

add salt, freezing point fmall



keep cooling
oo All Melt
more crystals of A Ta
form, depleting melt
1) 1400

o T

£

2 [ 1200

:

: I

12040

Crystalsii 0B

1100
0 0 20 3 40 S50 &0 Y0 80 80 100

A Composition {molecular % or weight %) B

the system is now a mixture of crystals of pure A and the melt
of composition y jee



TemperaTure  (in C)

Crystalsii 0B

0 10 20 3 40 50 60 70 80 80 100
A Composition {molecular 9% or weight %) B
Along the isotherm XfY , the relative amounts of the phases A and melt

vary but the composition of the individual phases does not vary.
Along XfY , the two phases are pure A and melt of ~60% A & 40% B.




All Melt
1500
TE
"1-‘1}“— . I.
o 7 Liguiy, Ue line
£ #
s
= P L f‘\i
§ Melt+ A 5
=
A I

12040

Crystalsii 0B

1100
0 0 20 3 40 S50 &0 Y0 80 80 100

A Composition {molecular 9% or weight %) B
The relati ve amount sphasdcomphsgion® Wo c plme

determined by using the lever rule along the tie line XfY :
Amount of A= fY /XY and amount of liquid = XfIXY . 457



cool more

All Melt
1500
TEI
X note that liquid
1400 . - -
S| T L,qm%becomes richer in B
£ |
2 | 1ac0
:
&
o Tg
1200
Crystalsii 0B
1100
0 10 20 3 40 50 60 70 80 90 100
A Composition {molecular % or weight %) B
We can use the phase diagram to determine the phase composition ,

the relative amounts of A and melt at a certain T and bulk comp.



PHASE COMPOSITION AND LEVER RULE

Lever rule : the fractional amounts of two phases are inversely
proportional to their distances along the tie line (isotherm) from the
bulk composition axis

oObal ance tthoet tteeredt
fL =fL, y

",

1,
I

I o
|

|

|

|

|

|

|

.. Phase 2
',
h,

 —

Phase 1

L, _fY




H i : EHPhase 2
% X “ﬂ't'l' l i ¢ HHY
T
‘_ ___________________ E—
o 'f o ’ 'f D5
i e

Overall Composition  Fraction of liquid

0 Xfto / XY = 10%
XfIXY = 60%
00 Xftoo [/ XY = 85%
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cool some more
All Melt
1500
TEI
. . last of the liqui
just above solidus: aS. (.). e liquid
. solidifies as crystals
fraction A: fe/Xe 5T Liguiq, of A and B
melt fraction: Xf/Xe| &
2 | 100
g
z
. = TE:
passing through the 1200
solidus is called the
eutectic reaction:
Liq. e +A A A +B Crystalsii 0B
1100
) 10 20 3 40 50 6O 70 80 90 100
A Composition {molecular % or weight %) B

Solidus curve : gives the lowest temperature at which liquids can
exist in equilibrium over a given compositional range 61



cool some more
All Melt
1500
TEI
- sample is now
below solidus: .
b aoo. mixture of A and B
fraction A constant 5| & Liguicg, crystals
at fY /XY e \
¥
fraction B constant E 1300 —
at Xf /XY <
o TG

12040

Crystalsii 0B

1100
¢ 10 20 30 40 50 € 70 80 90 100

A Composition {molecular 9% or weight %) B

not much interesting happens below the solidus line. The solid just
further cools with no change in composition. 160



crystals of A
1500 precipitate first
(A primary ) Ts
crystals of B
1 1400 precipitate first
gl &
c
= ~0% A
" ~100% liq.
2 | 1300
g Melt+ A
%
o Tﬂ
1200
Erysialstas==Np
1100

0 0 20 30 4 50 80 YO 8 0 80 100
A Composition (molecular % or weight %) B «



TempeRATURE  (in C)

1500

1300 —

1200

1100

O

=

10

slow heating is
the reverse of
slow cooling

20 30 40 Lath] G0 70 80 a0
Composition (molecular % or weight %)

100

Q
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EUTECTI C COMPOSI TI ON

system with the eutectic composition will melt/freeze congruently
(i.e., completely, with no change in composition) and at the lowest T

composition with the
lowest melting point

eutectic point is invariant
P+F =3
F =0

»

TemperaTURE  (in C)

- 3 phases present
(A, B, liquid e)

ErystalstAr+NB

0 il 20 30 40 50 B0 70 80 o0 100
A Composition {molecular % or weight %) B

465
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TemperaTURE  (in C}

Erystalssar:np

0 20 30 40 50 60 YO B) 80 100
Composition (molecular % or weight 96) B .



Vapor-Liquid'-Solid Nanowire Growth

vapor : _
nanowire

metal I
catalysts %8% \ ’

LV

1000

\ L
Allovin ///‘
800 ying

g |
e = cleatio
2 [
£ 600 Growth
g | 1l
g ]
=
400 360°C
200 I I 1 I
0 20 40 60 80 100
Au Ge
Weight %Ge

Unidirectional growth is the consequence of an anisotropy in sohliquid interfacial energy.
Y. Wu et al.J. Am. Chem. So2001, 123 3165
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BINARY SYSTEMS WITH COMPOUNDS

Type 1: single compound AB that melts congruently

(a)

AAB melts congruently
(no change in composition)

Alooks like two simple

eutectic systems stitched
together
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BINARY SYSTEMS WITH COMPOUNDS

Type 2: single compound AB that melts incongruently

AAB meltsincongruently at T,
(liquid composition is X,
liquid fraction is zy/zx)

Ax is aperitectic point
(3 phases: A, AB, liquid Xx)

AAB melts completely at T,

Aliquid compositions between
X and m precipitate AB first

Peritectic point: an invariant point (liquid & two solids) in which the
composition of the liquid phase is not between that of the two solids oo
(not a minimum in the intersection between two  liquidus lines)



