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CHAPTER 4
Binary Phase Diagrams
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4.3. Three-Phase Equilibrium : Peritectic Reactions

2) Eutectoid reaction

3) Peritectic reaction
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Non-stoichiometeric compounds
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According to the condensed Phase Rule, T=C—-p +1

For a binary system the equilibria possible are summarized below.

Number of Number of Variance Equilibrium
components phases
c=2 p=1 f=2 bivariant p=c-1
c=2 p=2 f=1 monovariant p=c
c =2 p =3 f=0 invariant p=c+1

Invariant reactions which have been observed in binary diagrams are listed below,
together with the nomenclature given to such reactions.
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eutectic reaction  (e.g. Ag—Cu system)
eutectoid reaction (e.g. C—I'e system)

monotectic reaction (e.g. Cu—Pb system)
metatectic reaction (e.g. Ag—Li system)
peritectic reaction (e.g. Cu-Zn system)
peritectoid reaction (e.g. Al-Cu system)
syitectic reaction (e.g. K—Zn system)

Invariant reactions involving liquid phases have a name ending in —tectic while
those occurring completely in the solid state end in —tectoid.



Considerable difference between the melting points

Peritectic reaction .
AH. >AH_. >0
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Fig. 61. Effect of increasingly positive departure from ideality in changing the phase diagram from a continuous

Eutectic reaction series of solutions to a peritectic-type.
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Fig. 43. Effect of increasingly positive departure from ideality in changing the phase diagram for a continuous
series of solutions to a eutectic-type.



Peritectic reaction

Surrounding or Encasement: During peritectic
reaction, L+ o— f} , the beta phase created surrounds

primary alpha.

Beta creates diffusion barrier resulting in coring.

a+f B

A C e d B

Fig. 65. Freezing of the peritectic alloy P.
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Iguid
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Figure 8.19




4.3.4. Formation of intermediate phases by peritectic reaction
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Fig. 68. Formation of an intermediate phase, f3, by peritectic reaction.

B: different crystal structure with those of the component
older literature_ intermediate phases ~regarded as a chemical compounds
Thus, called intermetallic compounds but, cannot expect from valency
considerations & not fixed composition (different with chemical compounds)




* Intermediate phases

(1) Size-factor compounds ~ relatively large size differences of the constituent atoms

e.g. a) Laves phases, which are intermediate phases based on the formula AB,,
where atom A has the larger atomic diameter.

b) Interstitial compounds: metal carbides, nitrides and borides

(2) Electron compounds ~ similar electrochemical properties and a favorable size-factor
occurs at one of three valency electron-to—atom ratios.

e.g. a) 3:2 electron compounds CuZn, Cu,;Ga, and Cu:Sn
different %Cu, same electron concentration and similar crystal structure (BCC)

b) 21:13 electron compounds vy brass (complex cubic lattice with 52 atoms per unit cell)
c) 7:4 electron compounds close-packed hexagonal structure similar to ¢ brass

(3) Normal valency compounds (partly-ionic compounds) ~ obey the valency rules

e.g. Mg,SI, Mg,Sn, Mg,Pb and Mg,;Sb./
much common in ionic compounds such as NaCl and CaF2



1) Peritectic point virtually coincides with the liquid composition.
But, thermodynamically, points P and b is not possible to coincide.

At equilibrium, dG* =dG', 1} = 1!, 1 = 1}

At const P and differentiating with respect to X,

dT dX > dX'

(S° )W = (4 — ,UB)( XA )
vy B OXp =X, 5°-8"Y——=0
......... : " (5°=5) o,

Temp maximum or minimum must be present.
Fig. 72. Limiting case of the peritectic reaction. (next page)

Peritectic point and the liquid composition are so close to each other that
the experimental techniques used were not able to distinguish them.
More refined methods would be expected to produce evidence of a
compositional difference these two points.




2) Decreasing solubility of Zn in Cu with rise in temperature
in contrast to the normal decrease in solubility with fall in temperature
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Due to an equilibrium with a disordered intermediate phase
(e.g. the B phase above 454 °C, Fig. 71)

This has been explained as being due to a greater relative movement of
the free energy curve of the intermediate phase compared with the a
solid solution with rise in temperature. 9




4.3.5. Non-stoichiometeric compounds
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4.4 Congruent phase transformations

Congruent vs Incongruent

Congruent phase transformations: no compositional change associated
with transformation

Exa m plESI Composition (at% Ti)
1500 30 40 50 60 70
« Allotropic phase transformations | | ' | =
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 Pertectic Reactions

« Eutectoid reactions r



4.4. Congruent transformations

Congruent transformation:

(@): a melting point minimum, a melting point maximum, and a critical
temperature associated with a order-disorder transformation

(b), (c) and (d): formation of an intermediate phase (next page)
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Fig. 76. Examples of congruent transformations.
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4.4. Congruent transformations

b. More usual type of congruently-melting intermediate phase

«+f ; B+y
|

A X B |
Fig. 78. Phase diagram with a congruent Microstructure of a cast Al-22% Si alloy
intermediate phase. showing polyhedra of primary Si in eutectic matrix

— Partial phase diagram A-X and X-B Similar with eutectic alloy system/ primary p phase with
well-formed crystal facets (does not form dendrite structure)

In many cases, X = normal valency compound such as Mg,Si, Mg,Sn, Mg,Pb

or Laves phase, particularly stable compounds 13



Temperature °C

b. More usual type of congruently-melting intermediate phase
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Binary Phase Diagrams

Limited Solubility in Both the Liquid and Solid State

1) Limited Solubility in Both the Liquid and Solid State

2) Monotectic reactions

3) Syntectic reactions
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1) Limited Solubility in Both the Liquid and Solid State
So far, complete miscibility in the liquid state and limited solid solubility

mm) partial solubility even in the liquid state
Free energy and activity curves for (a) kT/C<0.5, (b) kT/C=0.5 (c) kT/C>0.5

AG . .
. Limiting condition

Two points of inflection
for the appearance of
a miscibility gap
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where,

AG, = NCX,(1—X)+NkT[X,n X, +(1-X)In(1-X)]| c—. [H.w ~ HM: IBE]

: energy term

I I [ I T L T I

'_

< roel dimensionless term k7/C
~E a

O

<

Low temp.

1.00 High temp.
1 | |

-05 | | | | | |
0

* The curves with KT/C < 0.5 show
two minima, which approach
each other as the temperature rise.

| * With KT/C = 0.5 there is a

continuous fall in free energy from
X,=01to X,=0.5 and X,=1.0 to
X,=0.5. The free energy curve thus
assumes the characteristic from
one associates with the formation
of homogeneous solutions.

Exactly the same treatment
could have been applied
to liquid solutions.

01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 (OX°]

xA—————

Fig. 14. Variation of free energy with composition for a homogeneous solution with AH, > 0.
composition curves are given for various values of the parameter k7/C.

1.0
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Effect of very large positive deviations from ideality in changing the

phase diagram from a eutectic to a monotectic reaction
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Eutectic reaction: Liquid <o+p

Monotectic reaction: Liquid1 < Liquid2+ solid

The reversible transition, on cooling, of a liquid
to a mixture of a second liquid and a solid 18
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Temperature

2) Monotectic Phase Diagram

Liquid state miscibility gap
L, L, *Aregion of immiscibility (non-
mixing) develops in the L phase

Liquid 1
+

Liquid 2

« example: oil and water

* Liquid1 = Liquid2 + a (solid)
Monotectic isotherm
L2

I
I
I
o | L+«
I
I Eutectic reaction:
Ty : Liquid < a+p
Eutectic isotherm
| The temperature invariant
I +B reaction could be peritectic in
I i nature but this is not usual.
A B
XM Ap—

G.A. Chadwick, Brit. J. App. Phys., 16 (1965) 1096 20



Monotectic

Source: Reed-Hill, Abbaschian, Physical Metallurgy Principles, 3rd Edition,
PWS Publishing Company, 1994.

cool

Monotectic Reaction: L —— L, + Solid

Atomigpercent lead
1 I0 20 30 40
| | [

heat

Pb and Cu do not mix in solid state:

e RT: Cu in Pb < 0.007%
e RT: Pb in Cu ~ 0.002 - 0.005%

Crystal Electro r (nm)
Structure | npegativity
Pb FCC 1.8 0.175
+ 9
Cu| FCC 1.9 0.128 26.8%

1 1
1 1
0 ! 5I . 50 60 70 80 100
1200 ——— I I | T B Ak e
1084.87° | '
0811 87°C E Liquid
: ! 64 + 1%, 995 + 5°C
1 OOO — 95 oC ! 1 —
5 — E — ! —--\
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o 800 | 360 | &
3 1 1
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é ! Liquid :
340 | —
@ 6001 E (Cu) + L C::U + |_2
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| s 2 R !
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1
1 ~326°C ' 327.502°C
1 : Eutectic at 99.9 "
— (Gu) ! (Pb) -
200 L | L& | l ' | |
0 ! 10 20 30 40 50 60 170 80 90 100
1 1
Cu Weight percent lead | Pb
v

Hypo-monotectic:

Interdendritic divorced eutectic
between an a dendritic matrix

Eutectic reaction (divorced eutectic):

The eutectic composition is usually very
close to the low-melting point component
(B) and therefore the eutectic liquid
deposits an overwhelming amount of
compared with a.

Slow cooing: Two layers ~ Cu-rich liquid L1 top layer / Pb-rich
liquid L2 bottom layer (Rapid quenching: droplet structure) —

At T,,, L1 — monotectic reaction/ L2 — a precipitates

—

At T, top: a + pools of divorced eutectic/ bottom: small

particles of a in a divorced eutectic matrix

21



Morphology in monotectic solidification

(gl a) (cl

Figure 2. Solid-liquid interface morphology

for different interfacial energy conditions:

(@) ¥81L2 = ¥81L1 + ¥ LiLa (B) ¥8112 = V811
— YLi1L2 €08 0O, (€) Y8111 > Y81Ls T VLiLe.



Case 1:

YVer, T 711 <7al,

Hg-Te single crystal
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Case 2: Ve, =Vet, — Vi, COSO
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Growth mechanism of alloy of monotectic composition
to produce a fibrous structure
-0.5
A ocV
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Case 3:

25



D.A. Porter and K.E. Eastering, "Phase Transformations in Metals and Alloys"

4.1.3. Heterogeneous nucleation

32
From AG+* — 167y T 1
3Ly

Fig. 4.7 Heterogeneous nucleation of
spherical cap on a flat mould wall.

Liquid

? ............................................ E . -’.h 50[ | d 5 Ly R

T =75 0080 Vs s ( TIIIT ST 77
cosO= (Y. —¥sm)!7sL r Mould

You

AGpo = VAG, + Ag vg + AsuZsm — Asw¥mL

In terms of the wetting angle (6 ) and the cap radius (r) (Exercies 4.6)

Incentive H4

where S(0) = (2+cos8)(1-cosb)’ /4 26



S(0) has a numerical value <1 dependent only on 0 (the shape of the nucleus)

_ ................................... . . 2 7/SL * 16727/; .
..é?b.ef ........ S(O)AGy,y, | = 1= g Y ACT=Tg SO
S(0)
0.5}
0=10 — S(0) ~ 10
¢ oal  0=30>S(6)~0.02
g =90 S(6) ~ 0.5
EQ 0.3}
3
0.2+
01}
o— s

6 in degrees
27



S(0) has a numerical value <1 dependent only on 0 (the shape of the nucleus)

w_ 27a «_ 167y
AGhet—S(H)AG — T = AG. and AG —W‘S(Q)

\ Vv

hom

AG

Fig. 4.8 The excess free energy of
solid clusters for homogeneous and
heterogeneous nucleation. Note r* is
independent of the nucleation site.




The Effect of AT on AG*, ., & AG*

hom .

b Plot AG*, ., & AG*
_*_
G A 8G hom hom VS AT
\ and N vs AT.
\\ * Critical value
\ AG het for detectable
\ nucleation
P PN, W' el
| -""--._____'
(@) O % e i =
|
! | | AT
| |
. |
: :
N | Nhet : Nhom N,,, =1lcm™s
' |
|
| :
I y
I I
|
(b) O -

Fig. 4.9 (a) Variation of AG* with undercooling (AT) for homogeneous and heterogeneous nucleation.
(b) The corresponding nucleation rates assuming the same critical value of AG* 29



Barrier of Heterogeneous Nucleation

3 3 _ 3
AG* — 167z7/2L S(0) = 167zy52L (2-3cosd +cos” 0)
3AG;, 3AG;, 4
B ..é?hst....‘....?..(..‘?..).éﬁhefn .......
. . (2-3cosé+cos’H
m AGSub = AGhomo [ A ]
V. ] e
B V, 2—3C0sd+cos (9:8(6?)5
V, +V, 4

How about the nucleation at the crevice or at the edge?

30



Nucleation Barrier at the crevice

What would be the shape of nucleus and the
nucleation barrier for the following conditions?

= 1 .
contact angle =90 ZAG
groove angle =60

— homo homo
1 homo 2 4
31



How do we treat the non-spherical shape?

VA
! l VA
~ Substrate | | |
V5 Substrate |V,
Good Wetting Bad Wetting
* * V
AG‘sub — A(':"homo -
V, +V,

Effect of good and bad wetting on substrate

32



Fig. 85. Derivation of the monotectic phase diagram from the free energy curves for the liquid, e and f§ phases.



* Limiting forms of monotectic phase diagram

Ty— Ta Te— Ty
i
/ \ W \
p lnu' ‘.[2 (J ["‘L? 'l-l.: |1f12
' J ity \ \ T,
2
| M s
lE‘FA A"“.i A*l:
[zq-ﬁ'
‘“ Te E Ta
= E
J ”‘"ﬁ A+ B A+B A+B

Fig. 86. Limiting form of the monotectic phase diagram.

>

The solubility is so small as to be undetected experimentally to date.

34



* Limiting forms of monotectic phase diagram

Weight Percent Tungsten

O 10 20 30 40 50
T T [ oot S S A E:ﬂ ?'D s'ﬂ g'ﬂ i
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L, f \
1 L, +
‘.! 1 1"2 \ L/Z
[ \
b 3240°C V-
. If:‘-l ——————————————— ';;Il--qq—-—]
3000+ | -

1 1 On cooling, the bottom layer (W) solidifies first at the freezing point of

W and the top layer solidifies subsequently at the freezing point of Cu.

re—
LI B B

- ]': 3422°C
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5 2000- '
5 .] L
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T et R P e e S e 8
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0 g B S e RS a e e e T
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The solubility is so small as to be undetected experimentally to date.



SyntECtiC reaction : Liquidi+Liquid2 <+ o \ L1+12 /
/S

This reaction will proceed at the interface between the two liquid layers.
~ difficult to maintain equilibrium conditions in a syntectic system

s N\
’ Y
[\
~
LE
KZn TEn
ly +KZNya
KZn
T1-|: : 3
Zn
Hi—HEﬂﬂ
K Hznm ZI"I
(a) (b)

Fig. 87. Svntectic phase diagrams. (a} Schematie: (b) the K—Zn system.

€.g. K-Zn, Na-Zn, K-Pb, Pb-U and Ca-Cd
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Contents for today’s class
* Monotectic reaction:

Liquid1 < Liquid2+ Solid

(b)

* Syntectic reaction:
L 1ol L y X
Liquid1+Liquid2 < o 1 2 L/ e X
Lz\\/
L1+|_2 vI"CZn“ Tz
Ly JKZnys
IR\ . o
Zn
K-Zn, Na-Zn, e B2
K-Pb, Pb-U, Ca-Cd K KZrs Zn




Contents for previous class

Review of Invariant Binary Reactions

Positive AH
Eutectic S>—N 5 Al-Si, Fe-C
o+ B 4 N
Peritectic I/ - @ Fe-C
|+ a a
Monotectic ! )
o) N\ ¢ Cu-Pb
l, o+,
Synthetic reaction \Liquid1+Liquid2 / K-Zn, Na-Zn,

Liquid1+Liquid2 < o

[\

K-Pb, Pb-U, Ca-Cd



Review of Invariant Binary Reactions

Eutectic Type
Eutectic S>—N2 5 Al-Si, Fe-C
|~ o + 7 N
ot f3
Eutectoid
N (8 Fe-C
ot
Monotectic l;
" > \/ \ \|2 Cu-Pb
Monotectoid o) :
oalll \/ <B Al-Zn, Ti-V

ooy + P

On cooling one phase going to two phases

Metatectic reaction: p <+ L + &  Ex. Co-Os, Co-Re, Co-Ru



Review of Invariant Binary Reactions
Peritectic Type

Peritectic  / :? Fe-C
00

|+ B a
Peritectoid ol \B CU-Al

a+ Py Y
Synthetic reaction \ b+l2 K zn, Na-zn,
liquidi+liquidz <« /> \ KPbPbU Cacd

On cooling two phases going to one phase
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Contents for previous class
* Monotectic reaction:

1

N

\ /
/ L+S \

Liquid1 «Liquid2+ Solid

(a) (b) ()

* Syntectic react

L L+t i ra 3
Liquid1+Liquid2 | \ /e [\
LZ
Li+l2, 1@.&&
Ly JKZny
75 T,‘
In
K-Zn, Na-Zn, K+KZny

K-Pb, Pb-U, Ca-Cd

K K Zn



Contents for previous class

Review of Invariant Binary Reactions

Positive AH_,
Eutectic a} \/ <B Al-Si. Fe-C
o+ B
Peritectic  / : Fe-C
|+ B o o
Monotectic Q N . Cu-Pb
o+,
Syntectic reaction \L'qu'd1+L'q“'d2< K-Zn, Na-Zn,
Liquid1+Liquid2 < o K-Pb, Pb-U, Ca-Cd



Barrier of Heterogeneous Nucleation

3 3 _ 3
AG* — 167z7/52L - 5(0) = 167[7/32L (2-3cosf +cos” 0)
3AG; 3AG; 4
0 AGyy = S(O)AGy,,
. . (2-3cosé+cos’H
m AGSub = AGhomo [ A )
V. pee— s .
B V, :2 3coséd +cos 6:8(6’)
V, +V; 4

How about the nucleation at the crevice or at the edge”?



How do we treat the non-spherical shape?

VA
! l VA
~ Substrate | | |
- Vs  Substrate |V,
Good Wetting Bad Wetting
. . V
AGsub — AGhomo 2
V, +V;

Effect of good and bad wetting on substrate



Contents for today’s class

Chapter 6
Binary Phase Diagrams: Reactions in the Solid State
* Eutectoid reaction: o < B+ v

* Monotectoid reaction: a1 «+ B + a2

* Peritectoid reaction: a + f < vy

Chapter 7
Binary Phase Diagram: Allotropy of the Components

* SYSTEMS IN WHICH ONE PHASE IS IN EQUILIBRIUM WITH THE LIQUID PHASE

* SYSTEMS IN WHICH TWO PHASES ARE IN EQUILIBRIUM WITH THE LIQUID PHASE

* Metatectic reaction: p <+ L + a Ex. Co-Os, Co-Re and Co-Ru
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Chapter 6
Binary Phase Diagrams: Reactions in the Solid State

~ Only the kinetics of the reaction differ By _
B> -V : 'JJT (a)

Eutectoid reaction: a < p + y

Monotectoid reaction: o, < B + «,

\“v jj,
Peritectoid reaction: a + p < vy o« - = (S
fg ¥y \
* Transformation can only proceed if —AG ;. > *AG; iertace TAGeirain
By nucleation and growth mechanism ~ Strain energy factor

~ nucleation sites of transformation

Disordered atomic arrangement at grain boundaries will reduce the strain
energy factor and the interfacial energy needed to nucleate a new phase.

The finer the grain size, and hence the larger the grain boundary area, the
more readily will the transformation proceed. “allotropic transformation”



Iron-Carbon System

Diagram is not ever plotted past 12 wt%

20 T 1 Boiling poinit | | |
Pee =1atm
2500 PFB =0.1 atm i -
2420°
Pe,=001atm
2000 2% .

1500

Temperature, °C

L+C

11547

1000

- — Cementite

500 - o+ G — -
oro + Fe,C — FeSC .o .
| e | Hégg carbide
o+ X : Fe2.20
0 | | | | | L' | | | l
0 1 2 3 4 5 6 7 8 9 10 11 12

Weight percent carbon

Source: Reed-Hill, Abbaschian,_Physical Metallurgy Principles, 3rd Edition, PWS Publishing Company, 1994. 8




Iron Carbon Phase Diagram

Eutectoid reaction: y «+ o + Fe;C

1600 | I | | | | I | | I I T |
. 3 Peritectic point
ferrite i —145° .
CC 1400 Liquid Formation of Ledeburite

1300

1200 FCC

utectic point

v Phase '\ " |
1100 |~ . ! [
(austenite) L 1% ]
I

1000 (- | | -

1 A .
911.5% A I v + Fe,C (austentite + cementite)

900 ¢ < ' A i -

Y/ ™ .

0.22% 7270

Pd
A

perature °C
[0.2]
(=]
o
T

A., (Eutpctoid Temperature)

™ Eutectoid ppint I
1

v . |

7

600

Cementite 6.7%

100 : | %88 = Source: Reed-Hill, Abbaschian, Physical
|/ ! l/ Metallurgy Principles, 3rd Edition,
| B L | L | | ' | PWS Publishing Company, 19%51.
0O 05 10 15 20 25 30 35 40 45 50 55 60 65

Weight percent carbon

I
. g ' < Formation of Pequlte
o ferrite 500 5y ! | o
BCC 400 % : E o+ Fe,C (ferrileicementite) o
g ! . [
300 3 I ' _
+<— Steel >'«— Castlfons —
200 : i [ _




Cementite — What is it?

Iron Carbide — Ceramic Compound

Purple: Carbon atoms

 Cementite has an orthorhombic lattice with approximate
parameters 0.45165, 0.50837 and 0.67297 nm.

e There are twelve iron atoms and four carbon atoms per unit

cell, corresponding to the formula Fe,C.

Source: 10
H. K. D. H. Bhadeshia


http://www.msm.cam.ac.uk/phase-trans/2003/Lattices/cementite.html

Y2 Ferrite
branch

Pearlite: What Is it? ‘”

The eutectoid transformation:

Y

v(0.77% C) — a (0.02%C) + Fe,C (6.67%C)

Alternate lamellae of ferrite and cementite as the
continuous phase

Diffusional Transformation

“Pearlite” name is related to the regular array of the
lamellae in colonies. Etching attacks the ferrite phase
more than the cementite. The raised and regularly
spaced cementite lamellae act as diffraction gratings and
a pearl-like luster is produced by the diffraction of light
of various wavelengths from different colonies

11



Pearlite

« Two phases appear in definite
ratio by the lever rule:

6.67—0.77
o =
6.67

cementite = ? ~12%

~ 88%

Fig. 18.6 Pearlite consists of plates of Fe,C in a matrix of

ferrite. (Vilella, J. R., Metallographic Technique for Steel, ASM | ® Sin Ce th e d en Siti e S are Sam e ( 7 ] 8 6

Cleveland, 1938.) 2500X.

Reed-ill, Abbaschian, 1994, [5] and 7.4) lamellae widths are 7:1

 Heterogeneous nucleation and
growth of pearlite colonies - but
typically grows into only 1 grain

12



Lamellae Nucleation

; T Y2
Mobile Cementite Mobile ' Cementit
e

boundaries lamellae boundaries lamella
&

Immobile boundaries iR .
cementite layer

Y Y

Fig. 18.7 The two primary methods of nucleating pearlite.

(Pitsch-Petch relation)..(B) Nucleation of pearlite at a grain- Reed-Hill, Abbaschian, 1994

13



Lamellae Nucleation

Cementite
Ferrite

Assumed carbon
concentration to

nucleate cementite

O08%} —'-/

0%

Carbon concentration
in austenite

~%——— Distance =——
(B)
Fig. Growing cementite and ferrite lamellae may nucleate each otlﬁr.
Reed-Hill, Abbaschian, 1994



Eutectic Solidification (Kinetics)

If o is nucleated from liquid and starts to grow, what would be
the composition at the interface of a/L determined?

— rough interface (diffusion interface) & local equilibrium

How about at g /L? Nature’s choice? Lamellar structure

— — + AGg = m|n|mum
- G= Gbulk + Ginterface - GO + YA ZA'% ..................................
Interface energy + Misfit strain energy
o B-rich liquid
> Eutectic solidification
B A : diffusion controlled process
interlamellar B A-rich liquid
e 1) A l - eutectic growth rate?
spacing - )
* > B-rich liquid but 2) A ! - o/ interfacial E, y T
— lower limit of A
B —_— V
=) fastest growth rate at a certain A

What would be a role of the curvature at the tip?

15
— Gibbs-Thomson Effect



Interlamellar Spacing

Interlamellar spacing A is almost constant in pearlite formed
from y at a fixed T.

Temperature has a strong effect on spacing - lower T (large

AT) promotes smaller A.
- Pearlite formed at 700°C has A ~ 1 mm and Rockwell C - 15.

- Pearlite formed at 600°C has A ~ 0.1 mm and Rockwell C - 40.

Zener and Hillert Eq. for spacing (eq. 4.39):

4o, Fe3CTE

A H AT [H6: derive A with maximum growth rate
\ at a fixed AT (eutectic case)
O, /re,c = Interfacial energy per unit area of a/Fe;C boundary
Ty = The equilibrium temperature (Ae,)
AH, = The change in enthalpy per unit volume

AT =The undercooling below Ae, 16



Effect of Undercooling on A

4.0
To
A —+—< + 0.78% C Steel
N © 0.80% C Steel
3.8 N s O 1.0% Ni Steel
' AN b ® 3.0% Ni Steel
N . ¢ 1.5% Mn Steel
¥ \ SR ? 3.5% Mn Steel
N +\3\|&§ h N O 1.0% Co Steel
3.6—of o \J_“\: 2 A 2.0% Co Steel
N ' \ 3
T A, o I N
TRO L N ~
% N AL
= 34 AN \+ N\ >
w fa) A Qo . -\
g h \c ' ™~ RN
| \‘ N ofa ] ~& e o
O N 8 ) \
3.2 Jr\ °
\\A\ +
"0 BN
. NE
\\
Q
2.8
20 40 60 80 100 120 °C 140

T — AT] — 2
Fig. 2.4. Average true interlamellar spacings of pearlite,

S,. as a function of undercooling below Ae, for various
steels as indicated. (Ref 2.1)

undercooling

Krauss, Steels, 1995 17



Effect of Interlamellar Spacing

PEARLITE SPACING, (S), A

2400 - 2000 1600 1200
ol | | | I
30 |- o -
(o
& o p @ y-GRAIN SIZE
v 2= ® FINE =l
% A MEDIUM
g | O COARSE
10 L. —
100f -
:': ——
(4]
=
M — R
.
~ Hardness

YS. 1

PEARLITE SPACING, (s7%), (&™) Yield Strength
FIG. 16— Yield strength and hardness versus pearlite interlamellar spacing [49].

Stone et al, 1975 18



Iron-Carbon (Fe-C) Phase Diagram

3 Invariant points:

-Peritectic (C) [0.17%C:

L+d =y

-Eutectoid (B) [0.77 %q:

Y = +Fe3C

-Eutectic (A) [4.32 %C:

[ =y +Fe;C

Q)

1600

1400

1200 |

)
1000 .E
)
800 727°C = T eytectoid CIE)
o, eutectol \9/
600 H\ Lgn
OL+Fe3C Sf
400 !
0 076 3 44 30 5 6 6.7
(Fe) C, wt% C

Fe3C (cementite-hard)
o (ferrite-soft)

C eutectoid

19



Hypoeutectoid Steel

weo =s/(r+s) /600
wy =(1- wa)

pearhte
pearllte
wao =5/(R+5) 20

We.c =(1-wo)

Fe;C (cementite)

| | | |
3 4 5 6 6.7
C,, wt% C




Proeuctectoid Ferrite — Pearlite

0.38 wt% C: Plain Carbon — Medium Carbon Steel

21



. . Monotecti
6.3 Monotectoid reaction: o, < p+a, Ionoe 'T oy
1—otl
L
B
B:-
]gl‘-:
ﬁtr *ﬁ'l'u
/ s fra \
r Ta

Fig. 93. The monotectoid reaction in the Ta-Zr system (schematic).

Bzr &+ o + PTa

Both Bzr and BTa have the same crystal structure (b.c.c.)
but different lattice spacing.

22



Monotectic o \IJ/ \ |
Monotectoid reaction: o, « p+a, L, <o+, g h

a o+ p

() (b)

Fig. 94. The monotectoid reaction in the Al-Zn system (schematic). (a) Previously accepted phase diagram;
(b) recently proposed modification.

Both a and o’ are face-centered cubic phases,

differing only in lattice spacing.
23



Peritectic /

[ ] [ ] [ ]
I
Peritectoid reaction: a + p < vy |+pa A
1100 T—T T T T T T T T ; —  — T T e
A ligquid £ | 700 i
B
liquid+ &~ = e “iquid *‘3 -
1000 |-
600 4N W : _ | e st ey i i |
., : A 0% NN PR TP S .
OU \ ¥ y
= ' 3y 72
=
— 3
v B / B 400[|—t s L Tr W I W
e b
o 80O - B B+ / o e e
2 o £
2 1l @ , \
] =~ 300 s T
: |
= 700 = O +)
b
| 200+~ ——- il o S
600 |- + 1
6 P /e 100 - S SN R |
F H :
v 3
Q"J; ‘
1 1 1 i i 1 1 1 1 1 1 1 i 1 1 I 0
AR 2 4 6 8 10 12 14 16 o 10 1 12 13 14 15 15
Cu Weight /. Al Al (%)

Cu-Al phase diagram Revision of Cu-Al phase diagram



Temperature [C)
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Peritectoid reaction: a + p < vy

Peritectic /

|+ B a a

Ag-Al phase diagram (schematic)



Order-disorder transformations

s +7 7 +Sn .
189°C _l 186°C
0 Tn' Sn
@ = i T | |
40 50 o0 70 80 S0 100

Weight *. Sn

Peritectoid reaction: n+& < n' Eutectoid reaction: n <+ n'+ «

“ 1
. 189° 1860 *
7 \
(b)

Sn

Fig. 97. (a) A part of the Cu-Sn phase diagram (after G. V. RAYNOR; courtesy Institute of Metals}‘;(b)cqt_li!ih-
rium relationships if the data in (a) are considered limiting cases of the peritectoid and sutectoid reactions.

28



CHAPTER 7

Binary Phase Diagrams. Allotropy of the Components

Several commercially important metals exist in more than one crystalline form.

25 5
Ex. Iron- three allotropes o, v, & \jz/
24
J

Titanium - two allotropes close-packed hexagonal

hJ
L
|

o Ti stable at low temp. and body-
centered cubic 3 Ti stable at high temp.

rJ
=
|

Plutonium - six allotropes _ the highest number

of modifications /

| 1 1 |
100 300 500 700 900
Temperature (°K)

Atomic volume (A3)
[y
[
|

M
o




a. SYSTEMS IN WHICH ONE PHASE IS IN EQUILIBRIUM WITH THE LIQUID PHASE
Such systems can be further divided according to whether the high
temperature allotrope forms a continuous series of solid solutions with the
other component or not.

7.1.1. The high temperature phase forms a series of solid solutions with the other component

L |

Monotectoid reaction:

BZI’ <o+ l}Ta
B B p
L a+f
ad O.’+ﬁ Loop-shaped phase region
A B |
B @) A ) 8
; t
B
& | N~
e | g g
a.p \ W \
Ta “/ ‘Y %
a+y |
ir Ta " = , )

(c) (d)
Eutectoidal decomposition



7.1.1. The high temperature phase forms a series of solid solutions with the other component

Temperature, °C

Types of phase diagrams formed when the high
temperature allotrope forms a continuous series of

solid solutions with the second component.

L

B

(a) single component have two allotropic modifications. @B
a
A B
(a)
Weight Percent Titanium MO Weight Percent Titanitum
3200 e s U L I A g e o e IO i . v L
3020°C HBC: E
3000
28004 2400 E
; L L
- 2200
2400+ g
2000+
2200-
2000 (OJK s
2 E1670°C
1800+ 216002 3
£
1600+ 1670 & B {Mo,BTi) E
L400- (Ta,BTi) EE, .
1200+
1200
1000+ 1 3
3 850°C 882°C
500- 882°C g00- /;.
: 695°C ]
: ] 38 E
. (aTi) - 600 (aTi)—pk
i __,..'-"""-_—-—.__ E
4000 IJ[] 2|cl 1IU v T T T T T T - 4005
’ - 2 2 n & %0 100 0 10 20 30 40 50 60 70 50 90 100
e Atomeio Percent Titaiiuin Ti Mo Atomic Percent Titanium Ti

allotropic modification

allotropic modification



7.1.1. The high temperature phase forms a series of solid solutions with the other component
(a) single component have two allotropic modifications.

| . v e .
°r Weighi Bercent Tron allotropic modification Weight Percent Vanadium
0 10 20 30 an 50
I?lo 80 ' IEJIUI 0 2000 et ol Ko ) L .610 J?ro 80 Tuiu 100
F1o1rc
4 L
1600 B
1513°C et 1538°C 153K‘CZ"‘--—-.________ C
75 : H;ﬂl C
3 1394°C
1394°C
1300 3 1252°C "
"U ] E‘J 1200 (aFe.V)
o o (vFe)
= (Cr,aFc) =
2 1004 =
g & 912°C
g 2
5 F912°C E mud .-~ s
f—~ 9004 - = 7C
770°C
T =
400
300+
300 T T T T T T T T T 0 T T T ‘ oy T T s | T T
0 0 20 o 0 2 5 0 o 5 o 0 10 20 a0 4n 50 60 70 30 9y 100
Cr Atomic Percent Iron Fe Fe Atomic Percent Vanadium vV

Loop-shaped phase region

Y X

Fig. 99. Cooling of alloys through the f loop.

T1 T2 T3
o o+ o

oc B oc



7.1.1. The high temperature phase forms a series of solid solutions with the other component

(b) Both components have two allotropic modifications.

l l

ar
A . B
(d)
Eutectoidal decomposition Complete series of solid solutions
of high temperature allotrope g into a are formed between each of the allotropes

and vy, the low temperature allotropes of
components A and B respectively. 33



7.1.1. The high temperature phase forms a series of solid solutions with the other component

(b) Both components have two allotropic modifications.

Weight Percent Zirconium

0 10 20 30 40 50 60 70 80 90 100
Zm - 1 T 1 - 1 T L 1 L ; 1 T 1 T — - 1 :
] 1855°C
1800 L -
1670°C]
16{)0_‘\ 1540°C
L 14009
=]
g
E o
8 (PTi,pZr)
5 s
ﬁ 2 1000
§82°C] B63°C
£00 3
{r+ * ,8 ]
o ] 605°C :
600+ e
a (oTi,olr)
400 T g : T r T BaaaazanoyaLL o s -
0 10 20 30 40 50 60 70 20 90 100
Ti Lr Ti Atomic Percent Zirconium Zr

Fig. 100. The Ti-Zr phase diagram (schematic).

Complete series of solid solutions
are formed between each of the allotropes in the system Ti-Zr.
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a. SYSTEMS IN WHICH ONE PHASE IS IN EQUILIBRIUM WITH THE LIQUID PHASE

7.1.2. Both phases form limited solid solutions with the other component

FEsEEEEEEEEEEEEEEEEEEEEEEEEE SEsssEEssssEEEsssEEsssEEEsEEs | sEEssSSEEsEEEEEEEEEEEEEEEEES

+

\?

: |

o oty

High-temperature B phase, as well as the low-temperature a phase form
limited solid solutions with component B.

35



Polymorphism: the ability of a solid material to exist in more than one form
or crystal structure (Both a and B are allotropes of A)

Eutectoid reaction: o « p + y Peritectoid reaction: a + p < v
Weight Percent Zirconjum
e (. i 3 e R W W W
w :_uss-c
] L
1600
L 14004 3
na-mrc ] (P
= 12355C i -
SRS s Aot
‘Evi 5
= 1000 (a0
B0 9
T- m]n_fl 97 E_HEET
(aZr)— Pk |
o o« +y ~
.;uu: T Ty — : —_— F
A - E. 0 10 20 30 40 50 0 70 80 % 100
Gd Alomic Percent Zirconium Zr

(b)

Simple eutectic system with solid-soild phase transitions
36



b. SYSTEMS IN WHICH TWO PHASES ARE IN EQUILIBRIUM WITH THE LIQUID PHASE
BorL+B&L+yorL+y&L+6

i Peritectic
’ [+ B
A
femmeeeeerenn————— (a)..
f :
¥
y
b
B
A
b ﬂ+ é

o +ﬂ
A ()

Fig. 102. Examples of phase diagrams in which both allotropes are in equilibrium with the melt.

Metatectic reaction: p <+ L + a Ex. Co-Os, Co-Re and Co-RU



Metatectic reaction: p <« L + o Ex. Co-Os, Co-Re and Co-Ru

(Both a and B are allotropes of A)

A e :-EB

Fig. 103. The metatectic reaction. 38



Metatectic reaction: p <+ L + a Ex. Co-Os, Co-Re and Co-Ru

T
W )

'

1
! '
i i
i h
[} [
L]

c:+,6:

o

S ———

L+ L o | +ox

(d) (e) )

| ——

9

Fig. 104. Derivation of the metatectic phase diagram (Fig. 103) from the free energy curves for the liquid,
o and [§ phases.



b. SYSTEMS IN WHICH TWO PHASES ARE IN EQUILIBRIUM WITH THE LIQUID PHASE

L+ a &L+ BorL+B&L+yorL+y&L+5d

|
i
B
Monotectoid
o a, oy +f
A B

(c)

Temperature, °C

Weight Percent Nickel
0 10 20 30 40 50 60 70 80
1600 < TI l‘ s II I‘ LI 1l I_l |I -

.

2
)

7

400 =

200

1538°C 4.9 @
X7 7y, A EILAS I
141H) it
1394°C

(8F¢e)

(yFe,Ni)

Eutectoid

Fe Atomic Percent Nickel

40



b. SYSTEMS IN WHICH TWO PHASES ARE IN EQUILIBRIUM WITH THE LIQUID PHASE
L+ a & L+BorL+B&L +y

1600 | | | | | T | T 1 | T I
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|
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Review of Invariant Binary Reactions

Eutectic Type
Eutectic S>—N 5 Al-Si, Fe-C
o+ 4 N
Zoatf3
Eutectoid
N (8 Fe-C
ot
Monotectic l;
" ) \/ 1\ \|2 Cu-Pb
Monotectoid o, -
oclll \/ <B Al-Zn, Ti-V

ooy +

On cooling one phase going to two phases

Metatectic reaction: p < L + o Ex. Co-Os, Co-Re, Co-Ru



Review of Invariant Binary Reactions
Peritectic Type

Peritectic \ / :p Fe-C
0}

|+ B o
Peritectoid o/ \B Cu-Al

o+ By Y
Syntectic reaction \ U+l2 sk zn, Na-zn,
Liquid1+Liquid2 < o / /(} \ K-Pb. Pb-U, Ca-Cd

On cooling two phases going to one phase



MIDTERM: 23rd April (Friday) 2 PM - 5 PM,

33 Dong 330 & 331 Ho

* [ will post your designated seat in front of the classroom on the day of the test.

Scopes: Text ~ page 117/ Teaching note ~10

and Homeworks
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Eutectic Solidification (Kinetics)

If o is nucleated from liquid and starts to grow, what would be
the composition at the interface of a/L determined?

— rough interface (diffusion interface) & local equilibrium

How about at g /L? Nature’s choice? Lamellar structure

— — + AGg = m|n|mum
- G= Gbulk + Ginterface - GO + YA ZA'% ..................................
Interface energy + Misfit strain energy
o B-rich liquid
> Eutectic solidification
B A : diffusion controlled process
interlamellar B A-rich liquid
e 1) A l - eutectic growth rate?
spacing - )
* > B-rich liquid but 2) A ! - o/ interfacial E, y T
— lower limit of A
B —_— V
=) fastest growth rate at a certain A

What would be a role of the curvature at the tip?

45
— Gibbs-Thomson Effect



Eutectic Solidification ‘

.

How many o/ interfaces per unit length? —1/Ax2 *

For an interlamellar spacing, A, there is a total of (2/ A) m?
of a./p interface per m3 of eutectic (£4%] £ A E).

LAT 2)/ Molar volume |
AG=duz=——  S5AG=Au=="-xV,
m A
Driving force for nucleation = interfacial E at eutectic phase

For very large values of A, interfacial E~ 0 Total undercooling

A®, AG(w0)=Au=2HAT

T Interfacial E term
AG(4)=? = —AG (c0) + X m

Solidification will take place if AG is negative (-). A Xz

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

What would be the minimum A? Critical spacing, A" 1 AG(1")=0 :

46



Gibbs-Thomson effect

T = Al m I I iti : Cf)r*=.275|_=(@m] 1
A=+ AH — identical to critical radius AG, L, @

in pure metal L, : latent heat per unit volume

L = AH =H!- HS

* Growth Mechanism: Gibbs-Thomson effect in a AG-composition diagram?

1) At A=A* (<00),
) ( ) The cause of G increase is the curvature of the

o/L and /L interfaces arising from the need to
balance the interfacial tensions at the «o/f/L
triple point, therefore the increase will be
different for the two phases, but for simple

cases it can be shown tobe 2#Vm for both.
A

@ Ty - AT,

All 3 phases are in equilibrium.

G(¥) T GP(\) . e
2%V 1) If A=A%, growth rate will be infinitely
T AG () T L i :
\/ \/ \* slow because the liquid in contact with
G(eo) l GP(e0) both phases has the same composition,
} X, in Figure 4.32.
A Xz Xs—. B

S 47



0> A >A*, F AAHX] A E G, and Gg are

2) At A= (c0>) A (>A%),
G @ Tg-AT,

Concentration of B must be higher ahead of the a phase

B rejected from the a phase — the tips of the growing 8

GL

/
l
P/&@I Xp_

B concentratl n ahead B con entratlon ahead
(a) of the B hase [-—-—-— of{the a phase

d

—~— .-—""'

- A .

(b)

correspondingly reduced. - XBL/ > XBL/ B

* Eutectic growth rate, V

— if a/L and B/L interfaces are highly mobile
— proportional to flux of solute through liquid
- dlffu5|on controlled process

dC L/a L/
1/o<:D—o<:(XB — X3 ﬂ)
oc 1/effective diffusion distance.. 1/A
}2yﬂﬁvm et
A AX
v =kD—
Ao K aX g [T Z s
p=emax=ax, 0 ZA0ET)
(next page) AXO o ATO
AT ya
v=k,D=2(1-2)
A A

Maximum growth rate at a fixed AT A = 21*

Fig. 4.33 (a) Molar free energy diagram at (T - AT,) for the case A*< A< o0,

showing the composition difference available to drive diffusion through the liquid 48
(AX). (b) Model used to calculate the growth rate.



AX will it self depend on A. ~ maximum value, AX,

LLCLE LT TP PP TP P PP P ET PP PE PP ET PP * ....... _1_.]' LHE7]'X']§7C:,]—?—

A=X4,AX =0 | AX = AX (1——) E>AX oc AT,
A =0, AX = AX, ST

T“

~
AXy

(A=)

A Xg — B

Fig. 4.34 Eutectic phase diagram showing the relationship

between AX and AX, (exaggerated for clarity) 49
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