Chapter 9: Phase Diagrams

ISSUES TO ADDRESS...
When we combine two elements, what equilbrium
state do we get?
In particular, pick
-a composition (e.g., wt%Cu-wt%Ni)
-a temperature (T)

How many phases do we get?

What is:
-the weight fraction of each phase (e.g., wt%A-wt%B)?
-the composition (e.g., wt%Cu-wt%Ni) of each phase?
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Components and Phases

* Components:

The elements or compounds which are mixed initially
(e.g., Al and Cu)

* Phases:

The physically and chemically distinct material regions
that result (e.g., a and b).

Aluminum-
Copper
Alloy

Callister,
Fig. 9.0
3rd ed.
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The Solubility Limit

* Max. concentration for which only a solution occurs.

100
~ Solubility.
. . g 8o Limit L
* Phase Diagram: o (liquid)
Water-Sugar System 2 ¢ L +
& 40l (liquid solution S
g' i.e., syrup) (solid
Q@ 20 j sugar)
) ! 1 |
* Example: 020 40 6065 80 100
-What is the solubility limit at 2 Co=Composition (wt% sugar) &
20°C? Answer: 65wt% sugar = Callister, a
-if Co < 65wWt% sugar: syrup £ Fig. 9.1 g
a a

-if Co > 65wt% sugar: syrup + sugar

¢ Solubility limit increases with T
-e.g., if T=100°C, solubility limit = 80wt%sugar
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Effect of T, Composition (Cp)

¢ Changing T can change # of phases: path AtoB
* Changing Cq can change # of phases: path B to D

B(100,70) D(100,90)
1 phase 2 phases

100 =
—_ L
g 8or (liquid)
water- o +
5 60 L s
sugar 5 o _ )
$ 40| (liquid solution (solid
SyStem g— i.e., syrup) sugar)
o 20— »/A\(70,20)
= 2 phases
0 | I |
0 20 40 60 70 80 100

Co=Composition (wt% sugar)
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Phase Diagrams
* Information about phases as function of T, Cq, P
e For this course:

-binary systems: just 2 components
-independent variables: T and Cqg (P = 1atm is always used).

T(°C)
1600 * 2 phases:
1500 o L (liquid)
phase L (liquid) a (FCC solid solution)
diagram 4490 « 3 phase fields:
for L
Cu-Ni ™% L+a
system 1200 a
1100 (FCC solid
solution)
1000 11

0 20 40 60 80 100 Wt% Ni

Anderson 205-9-5

Phase Diagrams: Composition of Phases
* Rule#2: If we know T and Cg, then we know:
the composition of each phase.

* Examples: Assume T(°C)

Co = 35wt%Ni T [ .

AtTA: 1300} L (liquid)
Only Liquid (L) 5
CL = Co ( = 35Wt% Ni) Tg| L

AtTo: 1200 - »
Only Solid (a) To| - ,D qsolid)
C4 =Co (= 35wt% Ni S

At% o ( wt% Ni) 20 303035 4043 50

B: ClCo Ca wt% Ni

Bothaand L phase diagram for
CL = Cliquidus ( = 32wt% Ni here) Cu-Ni system

Ca = Csolidus ( =43wt% Ni here) (magniied) :
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Phase Diagrams: # and Types of Phases

* RULE #1: If we know T and Cg, then we know:

the # and types of phases present.

T(°C)
1600

1500} L (liquid)

Examples: & &2
1400 o ,
&
1300 o
B(1250, 35): 12000 (FCC solid
2 phases:L+a solution)

1 | 1 1
10002020 60 80 100 Wt% Ni
phase diagram for
Cu-Ni system
(magnified)
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Phase Diagrams: Weight Fractions of Phases
* Rule#3: If we know T and Cg, then we know:
the amount of each phase (given in weight %)

* Examples: Assume
Co = 35wt%Ni
At TaA: Only Liquid (L)
WL =100wt%, W5 =0
AtTp: Only Solid (a)
WL =0, W, = 100wt%

AtTg: Both a and L Tpl1>  (solid)
- I S
W = S = 43- 35 =73wt% 20 303235 4043 50
R+S|™43- 32 ClCo Ca wit% Ni
R phase diagram for
a=pis | T 27wt% Cu-Ni system (magnified)

THE “LEVER RULE” I
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The Lever Rule: A Proof

Sum of weight fractions: WI_+W3 =1

Conservation of mass (Ni): Co =W CL+W;Cg
Combine above equations:
_Ca-Co__S w.-Co CL_ R
Cy-CL R+S a7Cca-CL R+S

CL Co

Ca

RT S

WL

Wa

A geometric interpretation:

moment equilibrium:

WLR =W;S

solving gives Lever Rule
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Cored vs Equil. Solid Phases

Ca changes as we solidify

Cu-Ni case:

First a to solidify has C5 = 46wt%Ni

Last a to solidify has C5 = 35wt%Ni

Fast rate of cooling:
Cored structure

typical grain

46wt%Ni
e

First a to solidfy:

Slow rate of cooling:

Equilibrium structure
Uniform C5:
35wt%Ni
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Example: Cooling in a Cu-Ni Binary

Phase diagram:
Cu-Ni system

TCC)[L (liquid) ‘L: 35wWt%Ni

1300~ ¢ ;
Rt Ny
: 35wtfoNi L
a: 46wtoNi B

%11
ot

System is:

-binary

(2 components: Cu & Ni)
-isomorphous

(complete solubility of
one componentin
another: a phase field

extends from 0 to
100wt% Ni) 110

200

L: 32wt%Ni
: 43wt%Ni
: 24wt%Ni
: J6wt%Ni

‘a: 35wt%Ni

(solid)

20

30 35 40 50
Co wi% Ni
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Mechanical Properties: Cu-Ni System

Effect of solid solution strengthening on:

-Tensile Strength (TS)

»
o
T

w
o
o

L/TS for pure Cu

202? 20 40 60 80 100

Tensile Strength (MPa)

Composition, wt%Nl

-Peak as a function of Cq

TS for pure Ni

-Ductility (%EL, %AR)

a 60 %EL for pure Cu

& 50 L%EL for
c pure Ni
£ 40

[+

g

§ 30

w

C')og

1
20 40 60 80 100
Composmon wt%Nl

-Min. as a function of Cq
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Bi/nary-Eutectic Systems

2 components there is a special Co
with a min. melting T

Ex.: Cu-Ag system Jo(oc)
* 3single phase regions I

(L,a,b a
+ Limited solubility: Te800T A

a: mostly Cu 600}

b: mostly Ni

o 400;

e Tg: No liquid below TE ‘
e CEg: Min. melting T 200, 20 40 60 dEéo 100

Co, Wt% Ag
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Ex: Pb-Sn Eutectic System

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

+ the composition of T(C)
the phases: 300} o
Ca=11wt%Sn L (liquid)
0 20002 |- *2 183° % [
Cph=99wt%Sn - be3 =5 97.8\b
* the relative amounts ool /' R S ‘
of each phase: i a+b
59 H 1 1 i
W, =88 =67wt% 011 20 40 80 80 99100
29 Go Co, Wt% Sn
W - — =33wt%
b~ 88
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Ex: Pb-Sn Eutectic System

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

 the composition of T(°C)
the phases 3000
200+
150
100+

1 1
go 60 80 100
i©  Cg,Wt% Sn
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Microstructures in Eutectic Systems-|

Co < 2wt%Sn
* Resulit:
Polycrystal of a grains

T(°C

) : Cowt%Sn
400

i L

y a

3001

20t | (Pb-Sn

1007

H 1
0; 10 20 30
Co Co, Wt% Sn

2
(room T solubility limit)
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Microstructures in Eutectic Systems-l|
2wt%Sn<Cg, < 18.3wt%Sn

Result:
a polycrystal with

fine b crystals

: Cowt%Sn

3001

1007

it Cowt%Sn

(Pb-Sn
System)
a
b
1 1
0] 0 | 120 30
Co | Cq, Wt% Sn

2
(sol. limit at Troom)

18.3
(sol. limit at Tg) ® 10
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Microstructures in Eutectic Systems-IV
18.3wt%Sn < C,, < 61.9wt%Sn

Result: a crystals and a eutectic microstructure
L *Just above Tg:

T(°C)

3001

Cowt%Sn

a

2
% oa ) jtb
100 |
- atb :
| primary a
! i I; \ | eutectic a_
00 b0 20 50 30 1‘00eutectlc b
18.3 Co 61.9 97.8
(Pb-Sn Co, Wt% Sn
System)

Ca = 18.3wt%Sn
CL = 61.9wt%Sn

=S _
Wa =5 g =50wt%
WL = (1-W5) =50wt%

* Just below TEg:

Cay =18.3wt%Sn

Cp =97.8wt%Sn
=S 73wt

Wa R+S 73wt%

Wp = 27wt%

* !
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Microstructures in Eutectic Systems-ll|

Co = CE
Result: Eutectic microstructure
-alternating layers of a and b crystals

T(°C)

L: Cowt%Sn
300F L : ‘
—
I ey
a- o f +
o a 183°C B (Pb-sn
1 System)
100~ a+hb i
i . 97.8Wt%Sn
a:’18.3wt%Sn |
0 ] ] ] : ] i
0 20 40 60 80 100
18.3

CE 97.8
61.9 Co, Wt% Sn

Micrograph of Pb-Sn
eutectic
microstructure
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Hypoeutectic and hypereutectic cases

T(°C)
300} L

W¥ra

Y i
(=]

ta+h |

100F ! ! ;
e, *Q)
o , hypoeutectic 'hyperPllh:rh
0 20 40 60 80

183 eutectic 97.
Co=50wWt%Sn 619

hypoeutecti

eutectic micro-constituent

(Pb-Sn
System)

100 Co, Wt% Sn

illustration only)
3 1
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Iron-Carbon (Fe-C) Phase Diagram
* 2 important 160'5(°C)

points 4 ﬁ
-Eutectic (A): 1400 L
Lb g+Fe3C gL
i . 12000 G I ) e I
'EUteCtOIFd (g)' (austenite R 5 g
gb a +Feg 10001 ' c
- o Ty Ny %ﬁ . g+Fe3C UE’
8[2) 727°C = Teutectmd Eg’
Q
600, \@; a+Fe30 |'§)
400 |
2 3 6 6.7
1200m (ve) 0. 71’ 4 30 Co, Wt% C
Result: Pearlite = '9 Fe30 (cementite-hard)
alternating layers of § a (ferrite-soft)
a and Fe3C phases. 3 CR L
(o] Anderson 205-9-21 4E

Hypereutectoid steel

T(°C) I
1600
d
14o<j L (Fe-C
L
@p oot g 1148°C +Fe3C ASystem)
O 0 8
q. 1000 T
Y Fe3C (]
,:e3 O g+ 3 GE)
Q).; 800 8
A1 S
Weesc =r/(r+s | +
Wg=(1-Wresc) ! a+FesC &
! ) | | | |
4000 6 6.7
%pearlite c Co, Wt% C
Wpearlite = Wg

w5 =S/(R+S)
Weeac =(1-w3a)

60Mm Hypereutectoid
steel
* !
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Hypoeutectoid steel

T(°C)
1600
d\ﬂ L
1400 (Fe-C
(austenite 2
(@l 1000 2
o ﬂ gtFe3C OEJ
727°C §
O
a+Fe3C o
(e
| | | | |
4 5 6 6.7
! Co, Wt% C
w5 =S/(R+S) : 100mm Hypoeutectoid
WEe3c =(1 -Wa) steel

Alloying Steel with additional elements

* Teutectoid changes:

= -
o N
[=} o
o o

TEutectoid (°C)

* Ceutectoid changes:

Ceutectoid (Wt%C)

0
0 4 8 12
wt. % of alloying elements
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