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1.5 Binary phase diagrams

1) Simple Phase Diagrams

7}&: (1) completely miscible in solid and liquid.
(2) Both are ideal soln.

(3) Tw(A) > T,(B)

AH; =0 AH;, =0

mix mix

(4) Ty > Ti(A) >T,> T1,(B) >T,

Draw Gt and G° as a function

of composition X;
at Ty, T.(A), T,, T _(B), and Ts. §




1.5 Binary phase diagrams

1) S|mp|e Phase Diagrams 714: (1) completely miscible in solid and liquid.
(2) Both are ideal soln.
(3) Tn(A) > T (B)

(4) Tl > Tm(A) >T2 > Tm(B) >T3
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1.5 Binary phase diagrams

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

mix

liguid
Xg / \u b ¢ d/
T I I T
hw/ . i | :

(a)

(<)

congruent minima

How to characterize G° mathematically
in the region of miscibility gap between e and f ?



Ideal Solutions !
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1.5 Binary phase diagrams

2) Systems with miscibility gab
AH: =0 AH> >0

mix mix

« When A and B atoms dislike each other, AH . >0

MiIx

* In this case, the free energy curve at low temperature has a region
of negative curvature, 4G
dX ;

 This results in a ‘miscibility gap’ of a” and a” in the phase diagram

o~
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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 denvation of a eutectic phase diagram where both solid phases have the
same crystal structure. (After A H. Cottrell, Theoretical Structural Metallurey,
Edward Arnold. London, 19535 ©51r Alan Cottrell )




(when each solid has the different crystal structure.)

Fig. 1.33 The derivation of a eutectic phase diagram where each solid phase has a
different crystal structure. (After A Prince, Alloy Phase Equilibria, Elsevier,
Amsterdam, 1966.)



1.5 Binary phase diagrams

Eutectic Systems

Pb-5Sn phase diagram

_ 350
The Pb-5n system is
characteristic of a valley in the Liquid
: . ; 300
middle. Such system is known as -
the Eutectic system. The % LI
. : 250 =
cer_ﬂ:rai point is the Eutect_lc = Eutectic
point and the transformation *@' point
though this point is called o 200 -
Eutectic reaction: L4+ 0i+f = '
E 150 4 solidus
Pb has a fcc structure and Sn has : P PRESC: Soan
o phase: solid solution of Pb in
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1.5 Binary phase diagrams

Solidification of Eutectic Systems

Alloy 1

At point |: Liquid

Sclidification starts at eutectic
point (where liquidus and solidus
join)

At point 2: L4 (0i+f) (eutectic
reaction)

The amounts of & and P increase
in proportion with time.
Solidification finishes at the same
temperature.

At point 3: 0+
Further cooling leads to the
depletion of Sn in O and the
depletion of Pb in .

Pb-Sn phase diagram
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1.5 Binary phase diagrams

(1)

MNucleation of colonies
of « and g laminates

Eutectic structure of
intimate mix of « and g to

minimise diffusion path




1.5 Binary phase diagrams

Solidification of Eutectic Systems

Pb-5Sn phase diagram

F"LHEJ}’ l: 350
At point |: Liquid

Selidification starts at liquidus

At point 2: L+ 300
The amount & T with 1 T
Solidification finishes at solidus

At point 3: &

Frecipitation starts at solvus

At point 4: 0+

Further cooling leads to formation
and growth of more P precipitates
whereas 5n% in O decreases

following the solvus. 100
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1.5 Binary phase diagrams

Precipitates in a Al-Si alloy;
(a) optical microscopy,
{b) scanning electron

microscopy of fracture surface

" -."'.. L 1 @ " fe ] ]

15



1.5 Binary phase diagrams

Solidification of Eutectic Systems

Pb-5Sn phase diagram
Alloy I

At point |: Liquid 350
Solidification starts at liquidus | . I
At point 2: L#L+0 (pre-eutectic Of) 300 A
The amount & T with | T

At point 3: L4 (0(+P) (eutectic
reaction)

Solidification finishes at the eutectic
temperature

At point 4: 6+ (pre-eutectic o +
(0l+p) eutectic mixture)

Further cooling leads to the depletion
of Sn in O and the depletion of Pb in

Liquid

P2

n
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B. 100 |
1
|
The cooling curve of this alloy is a 50 4 r
combination of the two cooling curves }
r[

shown in slide 9. 0 | L1 N B
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1.5 Binary phase diagrams

Cooling curve

Eutectic laminate
of e and p

17



1.5 Binary phase diagrams

Solidification of Eutectic Systems

350
300
Can you describe the 350
solidification process of alloy IV,
including microstructure
evolution, morphology of phases 200
and cooling curve!?
150
|00
50




1.5 Binary phase diagrams

Cooling curve

Eutectic laminate
of e and p

19






1.5 Binary phase diagrams
3) Ordered Alloys AH_, =0 AH_; <0

Jb. AH.,, <0 - A atoms and B atoms like each other.
How does the phase diagram differ from the previous case”?

Lt. What would happen when AH_.. << 0?

- The ordered state can extend to the melting temperature.

mix

liquid
L
2\ o

A Xg—= B

(a) .
congruent maxima 21



Ideal Solutions !

Molar
GZ — Gl + AGmix free energy l;:vf
&G i
high T
Regular Solutions 0 Xg—= 1
e

G = X,G, + XgGp +1Q X, X5 4 RT (X, I X, + XgInXg):

-+
0
Reference state

Pure metal G, =G5 =0

EZEGrl.'lli'.ut

— Q< 0, highT by <0,low T
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1.5 Binary phase diagrams
Intermediate Phase

* Solid solution |
—> random mixing
- entropy 1 Ot
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negative enthalpy |
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5G| (b)
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* Compound : AB, A,B... G *
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. . . . B
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mix
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1.5 Binary phase diagrams

5) Phase diagrams containing intermediate phases

o |0 vV aimB:B: Balay

B} B
I L 1 [ |
A B A B A B




1.5 Binary phase diagrams

5) Phase diagrams containing intermediate phases

G

/
N/

SR T . SR 28 B
. Stable compositions

Stoichiometric
X.E?E‘f‘ﬂ?ﬁiﬂ?ﬂ (Am Bn)

25



Cu-Zn Phase Diagram
Eutectoid and Peritectic Reactions

peritectic:
T+ L,‘__"' I P peritectic:
7o S+ I_.-.,‘_I E
3 g &
5 g
§ 600 &
g &
L L
— 1000
] e+ L
eutectoid: — 00— T
S yte | | |

Bl 0 ad 1
Composition (Wt Zn)
Eutectoid: one solid phase transforms into two other solid phases upon cooling

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

Solid 8
Peritectoid: two other solid phases transform into B

o]

another solid phase upon cooling /w /j\wg\




The Iron—Iron Carbide (Fe—Fe,;C) Phase Diagram

In their simplest form, steels are alloys of Iron (Fe) and Carbon (C).
The Fe-C phase diagram is a fairly complex one, but we will only
consider the part up to around 7% carbon of the diagram.

Compasition {at% Ch

Leoa? 'l:. JlLI 15 20 25
1538°C ] ]
E,ELIIECTIC reaction
Eutectoid reaction o LY T FesC
T > a - FE3C
% =, AULIENITR 214 430 S %—
§ 1000 ‘§
5 v+ Fes 5
— 1500
737°C
~ 0.76
T Coaoez
00 Mﬂ. Fesrite & + Firgl
Camentibe inj}b T
400 | | | | .
0 | 2 3 4 5 & 6.70
(Fel Composition (wi C)
912°C 1394°C  1538°C

¢ (BCC)«< v (FCC)<s5 (BCC)<s liquid Pureiron



Development of Microstructure in Iron - Carbon alloys

« Microstructure depends on composition (carbon content) and
heat treatment.

» In the discussion below we consider slow cooling in which
equilibrium is maintained.

Eutectoid steel

When alloy of eutectoid composition
(0.76 wt % C) is cooled slowly it forms ¢
lamellar or layered structure of o« and
cementite (Fe;C). This structure is
called pearlite.

Mechanically, pearlite has

properties intermediate to soft, 205m
ductile ferrite and hard, brittle the dark areas are Fe,;C

cementite. layers, the light phase is «
-ferrite




Microstructure of hypoeutectoid steel

Compositions to the left of eutectoid

11400

(0.022-0.76 wt % C) hypoeutectoid
alloys 1000
- less than eutectoid (Greek) ‘
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Microstructure of hypereutectoid steel

Compositions to the right of eutectoid
(0.76 - 2.14 wt % C) hypereutectoid
alloys.
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1.5 Binary phase diagrams

The Gibbs Phase Rule

In chemistry, Gibbs' phase rule describes the_pgssible.number. of .

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

M: number of non-chemical variables

F: number of phases

In general, Gibbs' rule then follows, as:

F=C—P+2 (fromT, P).

From Wikipedia, the free encyclopedia
31



Temperature (°C)

The Gibbs Phase Rule

For Constant Pressure,
P+F=C+1

Composition (at% Sn)
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100 [—
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11200

— 100

(Pb) Composition (wt% Sn)

80

100
(Sn)

Temperature (°F)

single phase
F=C-P+1
=2-1+1
=2
can vary T and
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independently
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1
1
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F=C-P+1
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0

can'tvary T or
compositign



The Gibbs Phase Rule

L one-phase region

Application of Gibbs phase rule:

For a binary system at ambient pressure: two-phase
C=2 (2 elements) equilibrium (line)
MN=1 {temperature, no pressure) rd \
For single phase: F=2: % and T o
(a region)
For a 2-phase equilibrium:  F=1: r
% orT (aline)
For a 3-phase equilibrium: F=0, (invariant three-phase
point) equilibrium (point)
atf
Pb SN
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M= A A
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< Ashby map > .
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M= A A

Menu of engineering materials

High GFA

Metallic
Glasses

High plasticity

composite higher strength

lower Young’'s modulus
high hardness

high corrosion resistance

good deformability

Ceramics

Elastomers

35



M= 2 A FH M

O|tH st7|0ff HO|UA ZAlSHED A S
MME 3 7IX|LF O 0|8 E ZF 1 page M
Mglsfd 242X H=5HAlL.

Ex) stainless steel/ Carbon nanotube/
Bio-material/ Dendrimer etc.
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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

- MNumber of phases : p, number of components : ¢,

- #ofcontrollable variable © composition (2-1)p, temperature © p, pressure : p

- #of restrictions :

(p-1)c from chemical equilibrium u=ut =g == !
@ _ g8 gy — TF

p-1 from thermal equilibrium =1 =r=-=r

p-1 from mechanical equilibrium P=pf=p=.=pF

- MNumber of variable can be controlled with maintaining equilibrium
f=le-Dp+p+tp-(@p-De-(p-)-(p-))=c-p+2

f=c—p+2

37
- Ifpressureisconstant . f={c-Dp+p—-(p-lc—-(p-1)=c—-p+1
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