Phase Diagrams

« When we combine two elements...
what equilibrium state do we get?

* |n particular, if we specify...
--a composition (e.g., wt% Cu - wt% Ni), and
--a temperature (7)
then...
How many phases do we get?
What is the composition of each phase?
How much of each phase do we get?



Phase Equilibria

Simple solution system (e.g., Ni-Cu solution)

Crystal | electroneg | r(nm)
Structure

NI FCC 1.9 0.1246

Cu FCC 1.8 0.1278

« Both have the same crystal structure (FCC) and have
similar electronegativities and atomic radii (W. Hume —
Rothery rules) suggesting high mutual solubility.

« Ni and Cu are totally miscible in all proportions.



Phase Diagrams

Indicate phases as function of 7, Cp, and P.

For this course:
-binary systems: just 2 components.

-independent variables: 7and Cp (P=1 atmis almost always used).

°C)

* Phase 1600

Diagram 1500
for Cu-Ni

system 1400
1300
1200
1100

1000

L (liquid)

(FCC solid

solution)
|

0

20 40

|
60 80 100 Wt% Ni

2 phases:
L (liquid)
Ol (FCC solid solution)

3 phase fields:
L
L+ o

0

Adapted from Fig. 9.3(a), Callister 7e.
(Fig. 9.3(a) is adapted from Phase
Diagrams of Binary Nickel Alloys, P. Nash
(Ed.), ASM International, Materials Park,
OH (1991).



Phase Diagrams:
# and types of phases

 Rule 1: If we know 7 and Cp, then we know:
--the # and types of phases present.

°C
« Examples: 175-;(00 )
L (liquid)
1500 CL% ‘606 CU'Ni
B(1250°C, 35): 1400F £ phase
2 phases: L + « 2 diagram
1300 [ =

(FCC solid
solution)

1200

Adapted from Fig. 9.3(a), Callister 7e.
(Fig. 9.3(a) is adapted from Phase 1100 §
Diagrams of Binary Nickel Alloys, P. Nash
(Ed.), ASM International, Materials Park,

1000 L 111 | -
OH, 1991). 0 20 40 60 80 100 Wt% Ni
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Phase Diagrams:

composition of phases
* Rule 2: If we know 7and Cp, then we know:

--the composition of each phase.

« Examples:
CO = 35 wt% Ni
At T 4= 1320°C:
Only Liquid (1)

C; = Cp (= 35 wt% Ni)

At 7p=1190°C:
Only Solid ( o)

Co = 60(235Wt% NI)

At 7Tp=1250°C:
Both v and L

C1 = Cliquidus (=32 wt% Ni here)
Co = Csolidus (=43 wt% Ni here)

Cu-Ni
7-(0C) system
T A T tieline (qus
1300 - L (liquid) W
xS
TB """"""" 60\‘\6\)5
@ I | 0
1200 LY A D (solid)
Tpp A
I !
20 383235 4043 50

CiCo  Co wit% Ni

Adapted from Fig. 9.3(b), Callister 7e.

(Fig. 9.3(b) is adapted from Phase Diagrams
of Binary Nickel Alloys, P. Nash (Ed.), ASM
International, Materials Park, OH, 1991.)
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Phase Diagrams:
weight fractions of phases

 Rule 3: If we know Tand Cp, then we know:

--the amount of each phase (given in wt%). Cu-Ni
« Examples: 7°C) system
= 0 '
Co=35wt% N Y- *:A tie line . qs
At T 4. Only Liquid (L) 1300 |- L (liquid) : e
Wy =100 wt%, W =0 ; L¥ .
At 7p. Only Solid ( ) 2 = ,‘50\\6\)
W =0, Wy =100 wit% Cx0 A <
_ 1200 LI (solid)
At Tp. Both aand L TDf > i---4 :
1! i
43 — 35
= S |_ _ 73wty D 3@62% 40463 50
R+S| 43-32 LCo o wt% NI
R Adapted from Fig. 9.3(b), Callister 7e.
(Fig. 9.3(b) is adapted from Phase Diagrams of
= = 27 Wt% inary Nickel Alloys, P. Nas ),
,/,/OL R+ S Witzo f\ternJ;t/i\c/)n/;I,/ll\thgriallas lIglarkr? (C)E:,)lgsll\./;




The Lever Rule

« Tie line — connects the phases in equilibrium with
each other - essentially an isotherm

7(°C) How much of each phase?
fle fine o Think of it | teeter-tott
1300 L £ (liquid) \\Q\)\@ ink of it as a lever (teeter-totter)
:B L)( ML MOL
=Y o = ]
xO & /\
1200 L I dSO|Id) — |
RS R S
-
20 30c, c, 40 ¢, 50 M_-S=M, R
wit% Ni Adapted from Fig. 9.3(b), *
Callister 7e.
W, = M, _ S :Ca—CO W, = R :CO—CL
M +M, R+S C_ -C R+S C_-C,




Ex: Cooling in a Cu-Ni Binary

* Phase diagram:
Cu-Ni system.

« System Is:

--binary
l.e., 2 components:
Cu and Ni.

--iIsomorphous
l.e., complete
solubility of one
component in
another; a phase
field extends from
0 to 100 wt% Ni.

» Consider
Ca = 35 wt%NI.

Adapted from Fig. 9.4, CO wt% Ni
Callister 7e.

TCO) £ (liquid) L 35Wt%Ni
, Cu-Ni
1300 RS system
L: 35 wt%
o: 46 wt
P wit% Ni
1200 B wt% Ni
1 wWt% Ni
b Wt% Ni
(solid)
1100 | l
20 30 35 40 50



Mechanical Properties: Cu-Ni System

 Effect of solid solution strengthening on:

--Tensile strength (75) --Ductility (Y% EL,%AR)
E‘E\ [1\1: 60 Yo EL for pure Cu
= 400~ S 50 9% EL for
;—_4_3.) TSfor ¢ pure NI
.2 40/~
< 300]- pure NI =
= @)
p] c -
- [¢— TS for pure Cu c_lj 30
D 2 N R — I N
8 OOO 20 40 60 80 100 200 20 40 60 80 100
= Cu . Ni Cu - N
Composition, wt% Ni Composition, wt% N
Adapted from Fig. 9.6(a), Callister 7e. Adapted from Fig. 9.6(b), Callister 7e.

--Peak as a function of Cp --Min. as a function of Cop



Binary-Eutectic Systems

/ \ has a special composition

2 components with a min. melting T.
Cu-Ag
°C
Ex.. Cu-Ag system 127(;(0 ) pi
« 3 single phase regions L (liquid) :
(£, 0, B) 1000F |
» Limited solubility: s00l® Lo 05 Pt
a: mostly Cu 7727 /80 719 91
B: mostly Ag 6001 |
« 7-: No liquid below 7, a+p
« Cz: Min. melting 7 400 i
composition ' ' T
P 2005 20 40 60 C-80 100

Eutectic transition C,, wt% Ag
L(CE) S (},(CaE) + B(CBE) Adapted from Fig. 9.7,

Callister 7e.
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EX. Pb-Sn Eutectic System (1)

For a 40 wt% Sn-60 wt% Pb alloy at 150°C, find...
--the phases present: o + [3

--compositions of phases:
C, = 40 wt% Sn
C, =11 wt% Sn
C‘B =99 wt% Sn
--the relative amount
of each phase:
W = S G- Co
@7 RtS T G- C,
~99-40
- 99-11
P=Res T G, -
_40-11 29

-~ = — =33 wt%
99 - 11 88

_ 59 0
= a8 =67 wt%

C(l
C

(04

150
100

CC)

Pb-Sn
system

300

200

L (liquid)

S

0 11 20
COL

Adapted from Fig. 9.8,
Callister 7e.

40
Co

60 80 90100
C Wt% Sn P
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EX: Pb-Sn Eutectic System (2)
For a 40 wt% Sn-60 wt% Pb alloy at 200°C, find...

--the phases present. o + £

--compositions of phases:
C, =40 wt% Sn
C, =17 wt% Sn
C, = 46 wt% Sn
--the relative amount
of each phase:

C,-Co, 46-40

Wo="c . c = 16-17
6
25221wt%
C,-C, 23
Wy = CL'Ca: 29 =79 wt%

. Pb-Sn

7°C) system
300
220
200

100

0O 1720 40 46 60 80
Co Co L Wt% Sn

Adapted from Fig. 9.8,
Callister 7e.

100
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Microstructures
In Eutectic Systems: |

Co <2 wt% Sn 47O(O°C) L C,wi% Sn
Result:

--at extreme ends

--polycrystal of a grains
l.e., only one solid phase.

300t

I
¢
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
[

2(7)'0:' o’ C, Wt% (Pb-Sn
o I System)
1001
o+
| |
0! 10 20 30
Adapted from Fig. 9.11, Co Co’ wit% Sn

2

Callister 7e. (room 7 solubility limit)
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Microstructures
In Eutectic Systems: |

¢« 2wWt% Sn < Cp<18.3 wt% Sn4og'(°C)

L: C,wt% Sn

/

* Result:
= [|nitially liquid + o
= then o alone
= finally two phases

» o polycrystal 2001
> fine B-phase inclusions *

L

3007

10071

@

+ O

e

ot 3

0] 10

Adapted from Fig. 9.12, 2
Callister 7e. (sol. limit at 7room)

|
20

30

£, Wt% Sn

Pb-Sn
system

G | C,, wt% Sn

o
18.3

(sol. limit at 72
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Microstructures

In Eutectic Systems: Il

* Co=CE
* Result: Eutectic microstructure (lamellar structure)
--alternating layers (lamellae) of o and 3 crystals.

7-(0C) Micrograph of Pb-Sn
eutectic

L: C,wt% Sn

160 um
Adapted from Fig. 9.14, Callister 7e.

t% Sn

0 20 40 60 80 1100

18.3 Cr 97.8
Adapted from Fig. 9.13, 61.9 C, wt% Sn

Callister 7e. 15



Lamellar Eutectic Structure




Microstructures
In Eutectic Systems: IV

e 18.3 wWt% Sn < Cp < 61.9 wt% Sn
e Result: « crystals and a eutectic microstructure

CC)

L: C,wt% Sn

o

* Just above 7.:
Co = 18.3 wt% Sn
C, =61.9wt% Sn
= = 0
Wo ot S 50 wt%
W, = (1- Wo) = 50 wt%

L

i . ' : * Just below 7.:
100}/ 1 op ! i Co. = 18.3 Wt% Sn
: | | Cp = 97.8 Wt% Sn
| ! I I| 1; eutectic p Wo, = S =73 wt%
0 20 40 60 1100 R+ S
18.3 61.9 97.8 M3 =27 wt%

Adapted from Fig. 9.16,

Callister 7e.
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Hypoeutectic & Hypereutectic

300

o]

Adapted from Fig. 9.8, T( C)
Callister 7e. (Fig. 9.8 200
adapted from Binary Phase 77
Diagrams, 2nd ed., Vol. 3,

T.B. Massalski (Editor-in-

Chief), ASM International, 100
Materials Park, OH, 1990.)

(Pb-Sn
System)

o+

e,

|
| A

' | ) Ll
0 ,28¢ 40 60 80 10w
) eutectic
hypoeutectic: C,= 50 wt% Sn 6119
e AN /,"//"&y MG MGIIN A :

N\

(Figs. 9.14 and 9.17
from Metals

, ',:z;"_-(l'?; ;’ t gf{w
azn il A j s
Handbook, 9th ed., . PP

| eutectic:  C,=61.9wt% Snl

Y]
Vol. 9, \\ N \ S
Metallography and \ N PE
Microstructures,

American Society for
Metals, Materials
Park, OH, 1985.)

-

N ~\ r’ j//,;‘ f‘u e g )
NS Aoiiest Brar et s
k 0\ {hf‘;// LRl T2 .- '}.-k i)

Adapted from eutectic micro-constituent Adapted from Fig. 9.17,
Fig. 9.17, Callister 7e. Adapted from Fig. 9.14, Callister 7e. (lllustration

Callister 7e. only) 18



Eutectoid

« Eutectic - liquid in equilibrium with two solids

/[ cool o + ﬁ
heat

« Eutectoid - solid phase in equation with two solid

phases

iIntermetallic compound
S, = 5+5; / - cementite

y L9 o+ Fe,C (727°C)

heat
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lIron-Carbon (Fe-C) Phase Diagram

« 2 Important
points
-Eutectic (A):
L=7 +FesC

Eutectoid (B):

120 um
Result: Pearlite =
alternating layers of
a and Fe;C phases

(Adapted from Fig. 9.27, Callister 7¢e.)

Fe,;C (cementite)

C)
1600
1000 !
@ v+Fe;C
8%% N 727°C = Teutectoid
6 AL S
7 ! o+Fe,C
400 —— | | ] |
0 2 3 4 5 6 6.
(Fey 0.76 \ 430° ¢ Suos
S Fe,;C (cementite-hard)
s o (ferrite-soft)
-
QCD Adapted from Fig. 9.24, Callister 7e.

2
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Hypoeutectoid Steel

7C)

1600
1400 L
Fe-C
y v+L (
200 _ _System)
(ewustenite) e
! ' % Adapted from Figs. 9.24
+ apted from Figs. 9.
! : b Fe3C E and 9.29, Callister 7e.
O  (Fig. 9.24 adapted from
r 727°C L Binary Alloy Phase
Q Diagrams, 2nd ed., Vol.
. S, ™ 1, T.B. Massalski (Ed.-in-
Wo, =5I(r+5) 60 S o+Fe,C ij Chief), ASM International,
Wy =(1- i) I : Materials Park, OH,
I | | | | | 1990.)
= 2 4 5 6 6.7
(Fe) c, @ ' A CO, wt% C
%pearhte '
Wpearlite = WY
Hypoeutectoid
Wo, =SI(R+S) 100 pm steel
Wre, =(1-1) :
C . ‘:.’ Y\ . .
pearlite _— proeutectoid ferrite

Adapted from Fig. 9.30, Callister 7e.
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Hypereutectoid Steel
7°C)

1600
1400 (Fe-C
System)
1200 1| .
auster j=
o
c
\ QO  Adapted from Figs. 9.24
Fo.C E and 9.32, Callister 7e.
3 S o QO  (Fig. 9.24 adapted from
800 8 Binary Alloy Phase
Diagrams, 2nd ed., Vol.
o ('ao 1, T.B. Massalski (Ed.-in-
WFe C —f/(r+5) 600 ij Chief), ASM International,
Materials Park, OH
wy =(1-w - OH,
Y FeCoT00 | 1990.)
6 6.7
Xpearlﬁge) C,, Wt%C
Whpearlite = 7 A
W =SI(R+5) ‘

Wre,c =(1-0)

60 umHypereutectoid

steel
\

@ 7. 7 v proeutectoid Fe;C
Adapted from Flg 9.33, Ca///sz‘er 7e. 22




Example: Phase Equilibria

For a 99.6 wt% Fe-0.40 wt% C at a temperature
just below the eutectoid, determine the
following

a) composition of Fe,C and ferrite (o)

b) the amount of carbide (cementite) in grams
that forms per 100 g of steel

c) the amount of pearlite and proeutectoid
ferrite (o)
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Phase Equilibria

Solution:

b) the amount of carbide
(cementite) in grams that
forms per 100 g of steel

a) composition of Fe,C and ferrite (o)

C,=0.40 Wt% C

Cre.c=6.70 Wt% C

160
Fe3C _ CO _Ca %100 7'(°C1)4O L
Fe3C Ta CFe3C o COL 1200 = L+Fe,C ©
0.4-0.022 (a:Ustenite) 3 E
= — """ x100=5.79  100q : &
6.7-0.022 : %
800 L
= O
Fe3C =57 g 600 &m
a = 943 g . | | | | | |
40 1 2 3 4 5 6 67

C,, Wt% C FesC

24



Chapter 9 — Phase Equilibria

c. the amount of pearlite and proeutectoid ferrite (o)
note: amount of pearlite = amount of y just above 7.

C,=0.40 wt% C

160
Cpear”te — CY — 076 Wto/o C
7'(°C1)40 : L
v _Co=Cq x100=51.29g 120 i ¥ [+FeC| ©
v+o C,-C (austenite) =
Y a %
1000 y +Fe,C %
800 i 727°C S
ACHE O
pearlite =51.2 g 60g : : o +Fe,C o
proeutectoid oo = 48.8 g 200——— | | | | |

Co ™ C,, wt% C
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TEutectoid (°C)

Alloying Steel with More Elements

* Teutectoid Changes:

T T T T T ]
1200 Ti -
] Mo Si 4
1000+
Cr
8001 L —t
- Mn
600
I I I

0 2 4 6 81012
wt. % of alloying elements

Adapted from Fig. 9.34, Callister 7e. (Fig. 9.34
from Edgar C. Bain, Functions of the Alloying

Elements in Steel, American Society for Metals,

1939, p. 127.)

Ceutectoid (Wt%C)

Ceutectoid Changes:

00 2 46 8101214

wt. % of alloying elements
Adapted from Fig. 9.35, Callister 7e. (Fig. 9.35
from Edgar C. Bain, Functions of the Alloying

Elements in Steel, American Society for Metals,
1939, p. 127.)
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Summary

* Phase diagrams are useful tools to determine:

--the number and types of phases,
--the wt% of each phase,
--and the composition of each phase

for a given 7 and composition of the system.

 Alloying to produce a solid solution usually
--increases the tensile strength (7.5)
--decreases the ductility.
« Binary eutectics and binary eutectoids allow for
a range of microstructures.
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