S.J.T.U
Phase Transformation and Applications

Contents of Today

Review previous
Freezing Point Depression

The lever rule

Simple eutectic diagram

Cooling curves
Review of today

SJTU Thermodynamics of Materials

Spring 2007  © X. J. Jin

Lecture 14 Phase diagram |

Page 1/36



Review of Last

S.J.T.U.
Phase Transformation and Applications Page 2/36

|

e Phase rule : A4
e Phase diagram : #H &
e One-component systems

SJTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 14 Phase diagram |



=3

wi AT AR

S.J.T.U.
Phase Transformation and Applications Page 3/36

-%ﬁ%ﬁ%ﬁﬁ?%ﬁjéﬁh MRS H
FE 5 20 e AR (7] 9 A B IR .
o JLAMLSALFEAH. I A L,
—ﬁ%%b$@ﬁ%&ﬂﬂﬁm~%ﬂ FH 45 1)
JEAEZ ANV R T BT AT R P PR RIS, PR RN
PEJRANSS [ BB I 18] 38 £ (RS B A SRR S
— W ITC R YE S AR R Sy, 1T L 1] DUk ST AR,
M4l 5y CLEBAEY))
— AT AAE o Y AT R A T R B AT ]
FH TR 2 5500 2k 1R s K AR B

F=C-P+2

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 14 Phase diagram |



Jai B 7E

S.J.T.U.
Phase Transformation and Applications Page 4/36

o (EAHAR LN Al BEAEAE IR A 1 —

1 MNEMIA . T PLgg H — AR A ]

eS8 4 . EAIX, EIABES HiX
%ﬁ\%ﬂﬁﬁhwuao

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 14 Phase diagram |



B
d\
:
N
S

S.J.T.U.
Phase Transformation and Applications Page 5/36

o MHEHT
F=C-P+2 C=1 |P=1LF=2
P>1LF >0 P=2F=1
P=3F=0

o VIRSHAL T FES

dP A H p = B A
= g — P:Aexp _Aaﬂ —(AE&—(A'{{Q
dT  TAV RT
N H ] ¥
A AT K-AT
ANV T,

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 14 Phase diagram |



= 7y

S.J.T.U.
Phase Transformation and Applications Page 6/36

o WTUK A G

[15']6 1] UEﬁAUﬁHTﬁfﬁ%?ﬁﬁﬁﬂ%H& BIVFE SR B vk 71 9 FE 1 T VK 7E 273K LA

WA IE I, AR - R LT E KB SRR LE RSN S
AEXEJE%;“'E@ 1 4 < 273K B oK B9 B B AR AR V) = 1.091 x 107 mPkg ™, i K B R B A B

Va=1x10"° m’kg™", UK A B L ALH,, = 335 kJ-kg ™!, Fr LA

dp ___ AH
dT_T(Vl

AEVKRETE 263K TF 4 @Ak , BT 7% 18 B 4 FE F7 2 135MPa, 3 RE K B FE 3R VK 2 R BE R 2 19, L B
UE B, 8 KBt UK 1 J5 308 il Ak 32 B2l 0K 0 5 oK 2 1] A 9 5 R R BT B

P ANH
dT TN’V

SJTU Thermodynamics of Materials Spring 2007  © X. J. Jin Lecture 14 Phase diagram |

)—135x105Pa K1,




J.T.U

r'\sformation and Applications

2
" -
[¢)
—
=
Q

Pressure —=

Temperature —

Figure 8.1 Phase diagram for water (one component). In the
phase diagram for water, the solid-liquid equilibrium line
slopes up and to the left from the triple point because the
volume change upon solidification is positive. In most mate-
rials, the volume change upon solidification is negative, and
the solid-liquid equilibrium line slopes up and to the right.
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Nomenclature

Freezing Point Depression: &t & & T fF
The lever rule: T E &

Simple eutectic diagram: faj 5.4 S AH
Cooling curves: %14k

R
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In condensed systems, modest variations in pressure do not appreciably

alter phase relationship

=

Phase rule for condensed system

F=C-P+1

Binary Phase Diagrams

It is possible to plot phase stability regions for two-component (binary)
systems in two dimensions. C=2, F=3-P

Composition on abscissa (horizontal axis)
Temperature on the ordinate (vertical axis)

SJTU Thermodynamics of Materials
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Binary System
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Degrees of freedom available in the system (F):

F=C-P+1 F=C-P+2

F: the number of system variables that we may freely vary, or arbitrarily fix
C: components
P:. phase

C=2 P=1F=2 B A X
D -2 F =1 7 4 B A X
D -3 F=0 A 2

4

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 14 Phase diagram |



S.J.T.U.
Phase Transformation and Applications Page 12/36

o Y& ALK
-‘%méﬁﬁﬁﬁ_@%
o FLAFERE
o é}tﬂéi%

o AHIHhZ

SJTU Thermodynamics of Materials Spring 2007 © X. J. Jin Lecture 14 Phase diagram |



i A 2EA S TR AR R -1
ghgét;r'i'rgﬁsformation and Applications Page 13/36

* The dissolution of pure, solid A in the
liquid solution is the sum of the two
pProcesses:

— The melting of pure A

— The dissolution of pure liguid A in the liquid
solution
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9.1 Freezing Point Depression (1)
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A=A Liquid

f| aI pure .
AG =RT In—=RT In| — |~ Tm (melting temperature)
1:s as,pure
T .
AG=RTIna . Ifa =1 solid
AG =0 atT,_,two phasesinequilibrium
& pure =1 Fig. 9.1 Phase diagram of a single-

component system.
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9.1 Freezing Point Depression (2)
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/\\‘E WR Ab A
At the temperature lower than Tm, the l @%AE% | /MET%{% Q EE 55/}21'{
value of Gibbs free energy change for the L
melting of pure A L= TmA§meIting or A_melting R
Agmelting = Aﬂmelting _TAgmelting = I—_TA§melting "
L: latent heat of fusion AG . = L(l_Tj _ L@, -T)
~— melting
Tm Tm

Assuming no difference in heat capacity
between liquid and solid

a L(T —T)
— AG, g = RT In 12X = —2m
ACp — O ~— melting a T

s, pure m

At melting temperature Tm

AG ~0 At the temperature below Tm, the activity of
~ melting — pure liquid A is greater than ?
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9.1 Freezing Point Depression (3)
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. 20 ARE NS H HBEM AR 4L
The case for addition of material B to A
A and B are immiscible in the solid state

1.0 aA,I,pure:1
Form ideal solution in the liquid phase

Liquid of composition X, ; in equilibrium with
pure solid A at temperature T below T

=)
2
AI , pure = Ai ,solution =
c5<
AG RT |n solutlon
aI,pure
As,pure — Al,solution A Xg — B
Fig. 9.2 Plot of the activity_ (_)f Aiquid
at T < T, A versus composition.
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9.1 Freezing Point Depress4ion (4)
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The liquid solution is in equilibrium with P U ) A E
the pure solid, 4 aA,I,pure:1 T

— X
_ a .
Ag _ L(Tm T) + RT |n l,solution _ O L
m aI,pure - | !
=
L(T. -T : : =
L0, =T) —RT InX,, uion  ideal solution <
m (¢
If Tisclosetothe T

In XA,I,sqution = _% A XB—» B
m Melti ' ' . - -
elting pointdepression | ;- o 5 pyot of the activity of Aiquig
LT —T) AT =T,-T at T < T, 5 versus composition.
Xg = m Inl-z)=-z smallz
RT?
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Example

Lowering of the melting point of silver caused by the
addition of one mole percent of lead

AT = RTrr?XB ~11.2K Provided T, L
L
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9.1 Freezing Point Depression (5)
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Liquid: the equilibrium phase is a liquid A-
B solution

Two phase region: L+S, pure solid Ais in
equilibrium with a liquid solution

At T,, pure solid A is in equilibrium with a
liquid solution of composition Xg .

Phase rule? For L+S region as a condensed system

Xg,|
F=C-P+1=2-2+1=1 Xg —>

Fig. 9.3 Portion of an A-B phase diagram.

Once T is specified, composition is specified, not amount
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9.2 The Lever Rule (1)

Page 20/36

In a two-phase region of a condensed system, if the overall composition is given, the
quantities of the various phases can be calculated, beside to the the composition.

The relative quantities or fractions of liquid
and solid using a mass balance.

Xg = F1XB,I + Fs Xp s
Fl(XB,I — XB) — Fs (XB _ XB,s)

F=fraction liquid
F.=fraction solid
F+ Fs=1, and a mass balance

Fl Xg — XB,S Xg — XB,s

= F1:

Fs XB,I o XB XB,I o XB,S

SJTU Thermodynamics of Materials

Xp

\ Liquid

N

L+S

___________________________________

Fig. 9.4 Illustration of the lever rule.

Spring 2007

© X. J. Jin Lecture 14 Phase diagram |
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Example

500K, a lead-tin binary alloy containing 50
mol % tin, at 500 K,

the equilibrium composition of the liquid 59
mol % tin,

the composition of the solid is 24 mol % tin.

The fraction of liquid at 500 K ?

F, =

Xg, —Xgs 0.59-0.24

At equilibrium, the alloy will
be 74 % liquid at 500 K, on a
mass basis.

SJTU Thermodynamics of Materials

Xg —Xgs 0.50-0.24 0.74

9.2 The Lever Rule (2)

Page 21/36

A

Xgs

Fig. 9.4 lllustration of the lever rule.
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9.3 Simple Eutectic Diagram
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A-B system, A and B are immiscible in the solid state, but completely miscible in the
liquid state.

When the melting point depression lines

intersect, the material will solidify totally into
solid A and solid B, eutectic temperature.

The lowest temperature at which a liquid m.A
solution of A and B may exist at equilibrium

with solid A and B. eutectic composition.

At eutectic point: / phase rule

Tm,B

L+Solid B
L+Solid A

T

Eutectic

Liquid = solid, + solidg T Solid A + Solid B
F=C-P+1=2-3+1=0 '

XEutectic

_ A
If all three phases are present, at equilibrium, Xg —

the system must at the eutectic temperature and
the liquid will have the eutectic composition.

Fig. 9.5 Simple eutectic phase diagram.
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9.4 Cooling Curves (1)
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Pure A, cooled below T, by removing thermal energy at a constant rate, assuming the
equilibrium is maintained at all times.

Liquid or solid state @3#@5’3

The removal of thermal energy lowers its IS TN
temperature. >N HHJT]

Melting point
The removal of thermal energy results in T,
solidification. T
The temperature does not change, a
thermal arrest in the cooling curve.

Pure material

F=C-P+1=1-2+1=0

Eutectic composition binary material Fig. 9.6 Cooling curve for a pure material
F=C-P+1=2-3+1=0 (or eutectic).
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9.4 Cooling Curves (2)
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Composition other than eutectic composition, cooled below T, by removing thermal
energy at a constant rate, assuming the equilibrium is maintained at all times.

Below T1 some solid A is formed
upon cooling, and the rate of
temperature change is diminished.
Three is a change in the slope of the
cooling curve because to solidify A,
energy must be removed from the
L+SolidB | L system.

Tm,B

Liquid

L+Solid A

TEutectic T

T Solid A + Solid B

Xg —»

ALy B Time ——

Fig. 9.7 Phase diagram for a system A-B. Fig. 9.8 Cooling curve for alloy X;.
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o fRjHIL AR
o WA ELK
o [HFTEEAR

T Liquid B
T \ L+Soli

L+Solid A N\ dB

T Solid A + Solid B

o [V SEE HH

TItT T

Fig. 9.5 Simple eutectic phase
diagram.
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9.5 Complete Miscibllity (1)

S.J.T.U.
Phase Transformation and Applications Page 26/36

A two-component system A-B in which A and B are completely miscible in both solid
and liquid states, and form ideal solutions in both.

Given the information about the melting temperatures and the enthalpies of melting of
the two components, the equilibrium phase diagram can be predicted.

L(T. —T) Chemical potential of A in liquid solution
Agmelting = T = lulp B luSp P . .
m Hay = HMa +RTINna,, ideal solution
_ P
Tm Melting temperature —Ha RT In Xl
L Enthalpy of melting Molar Gibbs free energy of the liquid solution

P P : : L
Chemical potentials of pure liquid G =X X
Hir Hs and pure solid, respectively — ;,u A Bp’u 8
= Xptdpy + Xglg) + RT(Xa, INX,, + X5 INXg )

Similar for the solid solution
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9.5 Complete Miscibllity (2)
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Phase Transformation and Applications

The pure liquids A and B are chosen as the standard states.

G, = XAﬂE,u 0 XBIUBP,I +RT (X0 INX ) + X5, InXg ) = RT (X, INXy, + X5, INXg)

L L
G =RT(Xys INX, s + X5 5 INXg5) — XA,SlzT (T —T)} - XB,S|:-I- (Tone —T)}

m,A m,B

Assuming the melting temperatures for A and B are 900 K and 1300 K respectivley.
The value of L/T_ was assumed to be 9 J/K (Trouton’s rule).

AEALES NI S A B R REAR AL

_RT In Stre _ LT = T)
a T

s, pure m

AG

— melting
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9.5 Complete Miscibility (3)
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Figure 9.9 Molar Gibbs free energy for ideal solutions (solid and Tiquid): (a)
at temperatures above the melting points of A and B, (&) at temperatures below
the melting points of A and B, (c) at the melting point of A, and (d) at temper-
atures between the melting points of A and B.

SJTU Thermodynamics of Materials

Spring 2007
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9.5 Complete Miscibllity (4)

S.J.T.U.
Phase Transformation and Applications Page 30/36

If , at a given temperature, the molar Gibbs free energy curves for two phases intersect,
there is a range of compositions over which the two may exist at equilibrium, X , and Xg ,.

The extent of this region can be determined by drawing the common tangent line
between the two curves.

The intercepts of the tangent to a Gibbs free energy of mixing curve on the vertical axes
are the chemical potentials of both A and B.

The intercepts of the common tangent indicate that the chemical potentials of A in both
phases are equal; hence the two phases are in equilibrium.

The result of a calculation based on this principle is a phase diagram, with a lens-like
stability region for the coexistence of liquid and solid.
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9.5 Complete Miscibility (5)
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J.T.U
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Figure 9.10 Phase diagram for a system A-B:
ideal solutions, solid and liquid.
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9.5 Complete Miscibility (6)

Page 33/36

If the solid and liquid solutions of A and B are non-ideal, then the lens-like liquid-solid

phase region can have other forms.

Liquid

~

Solid

A B
Figure 9.11 Possible phase diagram for a sys-
tem A-B with complete miscibility of the com-
ponents in liquid and solid but nonideal
behavior.

SJTU Thermodynamics of Materials

’T \ L+S

Liquid

~
—
+
w

Solid

A B
Figure 9.12 Another possible phase diagram for
the system A-B described in Figure 9.11.
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B 58 2 B A B
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*Exercises in Chap 6
P 234,94
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