CHAPTER 9: Phase diagrams

ISSUES TO ADDRESS...
 When we combine two elements...
what equilibrium state do we get?
 |n particular, if we specify...
--a composition (e.g., Wt%Al - wt%Cu), and
--a temperature (T)
then...

How many phases do we get?
What is the composition of each phase?
How much of each phase do we get?

Phase A
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The Solubility limit

o Solubility Limit: 100
Max concentration for | Solubility
which only a solution © 80 Limit diquic)
) j .
OCCurs. § 60 L n
© .. .
« Ex: Phase Diagram: g 4o (liquid Solutlt)vn S
_ = l.e., Syrup (30|id
Water-Sugar System S 20t sugar)
Question: What is the | | ] |
solubility limit at 20C? 0 20 40 6065 80 100
Answer: 65wt% sugar. o & Co=Composition (W% sugar) o g
> o0 35
If Co <65wt% sugar: sugar & = o o
If Co > 65wt% sugar: syrup + sugar. Adapted from Fig. 9.1,

Callister 6e.

o Solubility limit increases with T:
e.g., iIf T = 100C, solubility limit = 80wt% sugar.
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Components and phases

e Components:

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

e Phases:

The physically and chemically distinct material regions
that result (e.g., o and B).

»

Aluminum- B (||ghter
Copper
Alloy phase)
o (darker
phase)
Adapted from
Fig. 9.0,

Callister 3e.
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Effect of t & composition (Cy)

 Changing T can change # of phases: path A to B.
e Changing Co can change # of phases: path B to D.

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

100 ®
~ 80 L
e water- g) (liquid)
sugar ~ B +
system % 60 L S
[ _ (liquid solution lid
8_ 40 l.e., syrup) sfjg;r)
aE) 20 ®A (70, 20)
= 2 phases
Adapted from O I I I
Fig. 9.1, 0) 20 40 60 70 80 100

Callister 6e.

Co=Composition (wt% sugar)
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Phase diagrams

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

T(°C)
 Phase 1600
Diagram 1500 F L
for Cu-Ni L (hquid)
system 1400

1300

1200

1100

1000

(FCC solid

solution)
| |

| |
0 20 40 60 80 100 wt% Ni

Tell us about phases as function of T, Co, P.
For this course:

» 2 phases:

L (liquid)

oL (FCC solid solution)
e 3 phase fields:

L

L + ol

oL

Adapted from Fig. 9.2(a), Callister 6e.
(Fig. 9.2(a) is adapted from Phase
Diagrams of Binary Nickel Alloys, P. Nash
(Ed.), ASM International, Materials Park,
OH (1991).
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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
e Examples: 16(00 )
| L (liquid)
1 .
. = &2 4 CuNi
B(1250, 35): 1400F @ WZ|  phase
2 phases: L + a Lo 2o diagram
1300 Z ol
--------- (FCC solid
1200 solution)

Adapted from Fig. 9.2(a), Callister 6e. 1100
(Fig. 9.2(a) is adapted from Phase
Diagrams of Binary Nickel Alloys, P. Nash

Ed.), ASM International, Materials Park,
E)H,)1991). 1000 L I : I

0O 20 40 60 80 100 Wt% Ni
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Phase diagrams: composition of phases

 Rule 2: If we know T and Cq, then we know:
--the composition of each phase.

e Examples:
Co = 35Wt%Ni
At TA:
Only Liquid (L)
CL =Cp (= 35wt% Ni)

At TD:
Only Solid (o)
Co = Co (= 35wt% Ni ) |
20 3030 35 4043 50
At TR: ClLCo  Cou wit% Ni
Both oo and L Adapted from Fig. 9.2(b), Callister 6e.

] ] . . (Fig. 9.2(b) is adapted from Phase Diagrams of
CL — C|IC|UIdUS ( = 32wt% Ni here) Binary Nickel Alloys, P. Nash (Ed.), ASM

- Int ti |, Materials Park, OH, 1991.
Ca = Csolidus (= 43wWt% Ni here) oo Meerms st )
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Phase diagrams: weight fractions of phases

e Rule 3: If we know T and Cop, then we know:
--the amount of each phase (given in wt%) -

e Examples:

Co = 35wWt%Ni

At Ta: Only Liquid (L)
W[ = 100wt%, W ¢ =0

= 73wt %

At Tp: Only Solid (o)
W| =0, Wy = 100wt%
AtTg: Both aandL
S 43 -35
W = =
RTS| 43-32
R*S

1
20 303235 4043
ClCo Cqu
wt% Ni
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The lever rule: a proof

* Sum of weight fractions: W +W, =1
« Conservation of mass (Ni): Co =W C_ +W,C,

« Combine above equations:

WL:COL_CO: > Woc:CO_CL: :
Co~CL R*S Ca=CL RTS
e A geometric interpretation: "
C moment equilibrium:
WL WOL 1_WOL

solving gives Lever Rule
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Ex: Cooling in a Cu-Ni binary

* Phase diagram:  T(°C)[, (liquid) R —

Cu-Ni system. Cu-Ni

. /
e System Is: 1300 1 system

__binary L: 35wt? X
i.e., 2 components: * "

Cu and Ni.

--isomorphous 1ot
l.e., complete L oo
solubility of one 1200 .
component in HWEONI
another; a phase BW%oN
field extends fr_om (solid)

0 to 100wt% NiI.
 Consider 1100 | |
Co = 35wWt%Ni. 20 30 35 40 50
Adapted from Fig. 9.3, Co wt% NI
Callister 6e.
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Cored vs equilibrium phases

 C, changes as we solidify.
e Cu-Nicase: First o to solidify has Cq, = 46wWt%Ni.
Last o to solidify has Cy = 35wt%Ni.

 Fast rate of cooling:  Slow rate of cooling:
Cored structure Equilibrium structure

Uniform C ¢
35wt%Ni

First a to solidfy:
46Wt%Ni

Last o to solidfy:
< 35wWt%Ni

Chapter 9- 11



Mechanical properties: Cu-Ni System

« Effect of solid solution strengthening on:

--Tensile strength (TS) --Ductility (%EL,%AR)
CCE E 60 YoEL for pure Cu
= 400~ © 50 %EL for
=1 TSfor o pure Ni
.2 40
E 300 pure Ni =
7 2 30
P A/TS for pure Cu ﬁ
‘n 200 S I — | I |
<70 20 40 60 80 100 200720 40 60 80 100
= Cu o NI _ Cu o NI ]
Composition, wt%Ni Composition, wt%Ni
Adapted from Fig. 9.5(a), Callister 6e. Adapted from Fig. 9.5(b), Callister 6e.
--Peak as a function of Cq --Min. as a function of Co
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Binary-eutectic systems

\ has a special composition

2 components with a min. melting T.

T(°C) Cu-Ag
Ex.. Cu-Ag system 1200 system
e 3 single phase regions L (liquid)

(Lo B \
e Limited solubility: al] L+a

{ 779°C +

o. mostly Cu TS8O0 8.0 71,9 91.: p

B: mostly Ni 600"
 TE: Noliquid below T E o+ P
« Cg: Min. melting T 40

composition ! ! | !

P 200 20 40 60 Cg80 100

Adapted from Fig. 9.6, CO, Wt% Ag

Callister 6e. (Fig. 9.6 adapted

from Binary Phase Diagrams, 2nd ed., Vol. 1, T.B.
Massalski (Editor-in-Chief), ASM International, Materials
Park, OH, 1990.)
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Ex: Pb-Sn eutectic system (1)

e For a 40wt%Sn-60wt%Pb alloy at 150C, find...
--the phases present:
o+ 3 T(°C)
--the compositions of
the phases: 3001

Pb-Sn
system

L (liquid)

200

150
100;

o) 20 40 60 80 100
Co 0

Adapted from Fig. 9.7, CO’ Wt /O Sn

Callister 6e. (Fig. 9.7 adapted

from Binary Phase Diagrams, 2nd ed., Vol. 3, T.B.

Massalski (Editor-in-Chief), ASM International, Materials
Park, OH, 1990.)
Chapter 9- 14



Ex: Pb-Sn eutectic system (2)
For a 40wt%Sn-60wt%Pb alloy at 150C, find...

--the phases present: a + 3 Pb-Sn

--the compositions of T(°C) system
the phases: ~
Ca = 11wt%Sn 3001

L (liquid
CB = 99wt%Sn (liquid)

--the relative amounts

200t ¢
of each phase: /183
59 150 :
WOL =—=6/Wt% 100+ R S E
- SO
Wp ~gg ~ oW i . ;'

|
0 11 20 40 60 80 99100
C
Adapted from Fig. 9.7, ° CO; wt% Sn

Callister 6e. (Fig. 9.7 adapted
from Binary Phase Diagrams, 2nd ed., Vol. 3, T.B.
Massalski (Editor-in-Chief), ASM International, Materials

Park, OH, 1990.) Chapter 9- 15



Microstructures
IN eutectic systems-|

e Co < 2Wt%Sn IO(;C) J: Cowi%Sn
 Result: )
--polycrystal of a grains. o
300+ L
L+
2p0% | (Pb-Sn
System)
100t o+ P
| |
0 10 20 30
Adapted from Fig. 9.9, COZ CO, wt% Sn

Callister 6e. (room T solubility limit)
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Microstructures
IN eutectic systems-I|

o 2Wt%Sn < Co < 18.3wt%Sn 40g(°C) -+ Cowtdhsn
 Result:

--a. polycrystal with fine
B crystals. 3007

ZQIC_:)ZZ

100} A
a+p Pb-Sn
system

| |
0| 10 20 30
Adapted from Fig. 9.10, 2 Co Co, wt% Sn

Callister 6e. (sol. limitat T room) 18.3
(sol. limitat T g)
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Microstructures
INn eutectic systems-Il|

o CO — CE
 Result: Eutectic microstructure
--alternating layers of o and [ crystals.

Micrograph of Pb-Sn
T(°C) grap

eutectic
Cowt%Sn microstructure
3001 L -
Pb-Sn |
SyStem | +q 7 3 X
200 ¢ | 183°C
100=/ 1 a+p i 160 um
I : 97-8\:/ %SnN  Adapted from Fig. 9.12, Callister 6e.
i ¢ 18.3wt%Sn | (Fig. 9.12 from Metals Handbook, Vol. 9,
| i 9th ed., Metallography and
0 | ' ' ' ! Microstructures, American Society for
0 20 40 60 80 97:1800 Metals, Materials Park, OH, 1985.)
Adapted from Fig.:bSIE CE :
Callister 6e. 61.9 CO, wt% Sn
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Microstructures
INn eutectic systems-1V

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

. *Justabove T E:
04
/i Co, = 18.3W1%SN
CL =61.9wt%Sn
— 0
R+S 50wt%
+P W = (1-W¢q,) =50wt%

W(x:

e Just below T E:
Ca = 18.3wt%Sn
Cp = 97.8wt%Sn

pirimary o
| eutectic o

o+ \

L

! L | 1 tecti _
0 D 40 60 80 100U P W =—S— =73wi%
18.3 Co 61.9 97.8 R+ S
0
Adapted from Fig. 9.14, CO’ Wt% Sn WB = 27Wt%
Callister 6e.
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Hypoeutectlc & Hypereutectic

Adapted from Fig. 9.7,

Callister 6e. (Fig. 9.7 \/ﬁ/ Pb-S
adapted from Binary Phase , ! 3 ( -on
Diagrams, 2nd ed., Vol. 3, i ! Svstem
T.B. Massalski (Editor-in- ! o+p i y )
Chief), ASM International, 109~ i ! .L
Materials Park, OH, 1990.) e *b |
; i hypoeu?ectl hypereuteki
0 4:'eo 0 etp 80 o Co, Wt% Sn
18.3 eutectic 97.8
hypoeutectlc | C 0= 50wt%Sn °x° hypereutectlc (|IIustrat|on only)
(Figs. 9.12 and 9.15 o ?“ A RN
from Metals 2 R
HandbOOk, gth ed., eutectIC C O 61 9Wt%S .. 3
Vol. 9,

Metallography and
Microstructures,
American Society for

///

\,\3’.
Metals, Materials it IR . ? \\\ 7 o J-%z:,
Park, OH, 1985.) e :\“," N eit]
P - .}\ RS i)
175um \ / 160 um

Adapted from eutectic micro-constituent Adapted from Fig. 9.15,
Fig. 9.15, Callister 6e. Adapted from Fig. 9.12, Callister 6e. (lllustration

Callister 6e. only) Chapter 9- 20



Iron-carbon (Fe-C) phase diagram

e 2 important T(°C)
points 1690
-Eutectic (A):
L =7 +Fe3C

-Eutectoid (B):

S
at+Fe3C
Iy I T I E

] 2 3 4., 5 6 6.7
(Fey 0.7 \ 430 7 cq, with C

Fe3C (cementite)

120 um
Result: Pearlite =

_ 2 Fe3C (cementite-hard)
alternating layers of 11 farrit ft
o and Fe 3C phases. = o (ferrite-soft)
(Adapted from Fig. 9.24, Callister 6e. (Fig. d) Adapted from Fig. 9.21,Callister 6e. (Fig. 9.21 adapted
9.24 from Metals Handbook, 9th ed., Vol. 9, from Binary Alloy Phase Diagrams, 2nd ed.,
Metallography and Microstructures, American Vol. 1, T.B. Massalski (Ed.-in-Chief), ASM International,
Society for Metals, Materials Park, OH, Materials Park, OH, 1990.)

1985.)
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Eutectoid decomposition

Eutectoid reaction — All solid phases

v (0.76 %C) +—— 0 (0.022 %C) + Fe,C (6.7 %C)

Austenite, FCC Ferrite, bce Cementite, iron carbide
| (Metastable, bct)

Pearlite (mixture of phases)
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Hypoeutectoid steel

T(°C)
1600
0
1400 (Fe-C
System
1200 y )
I~
I
1000 2 Adapted from Figs. 9.21
Q and 9.26,Callister 6e.
&  (Fig. 9.21 adapted from
800 8 Binary Alloy Phase
Diagrams, 2nd ed., Vol.
1, T.B. Massalski (Ed.-in-
W, =s/(r+s) /600 M Chief), ASM
Wy :(1 Wa) v International, Materials
400 Park, OH, 1990.)

t% C
Woearlite = Wy
W :S/(R+S)

100um ypoeutecioid
Wreac =(1-w )

steel

Adapted from 7 § v
Fig. 9.27,Callister

6e. (Fig. 9.27 courtesy Republic Steel Corporation.) Chapter 9- 22



Hypereutectoid steel

T(°C)

1600

1400

1200

(Fe-C

System)

Fe3C (cementite)

pearlite

=SI(R+S)
Wreac =(1-W )

%éw pearlite =

copyright 1971 by United States Steel Corporation.)

Adapted from Figs. 9.21
and 9.29,Callister 6e.
(Fig. 9.21 adapted from
Binary Alloy Phase
Diagrams, 2nd ed., Vol.
1, T.B. Massalski (Ed.-in-
Chief), ASM
International, Materials
Park, OH, 1990.)

6.7

- » Cpo, Wt% C

Wy
60um Hypereutectoid
steel

Adapted from
Fig. 9.30,Callister iy
6e. (Fig. 9.30 A
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Amounts of pearlite & pearlite
constituents

y+L Amount of
austenite left
above eutectoid

temperature, Wy
transforms into
pearlite

727°C

| ' 6 6.7
Co, W% C

above eutectoid

temperature, Wy (austenite) »—
transforms into pearlite

Amount of austenite “?,\ :

Fe3C (cementite)

Wo, =S/(R+S) | |
Weeae =(1-W ) Amounts of pearlite constituents

Amount of pearlite = Amount of austenite left

above eutectoid temperature, Wy
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Alloying steel with more elements

* Teutectoid Changes:

éilZOO

=
-
o
o

800

TEutectoid

o)}
-
o

Ti

1

Mo

INi

Si

Cr

Mn

W

0

4

12

wt. % of alloying elements

Adapted from Fig. 9.31,Callister 6e. (Fig. 9.31
from Edgar C. Bain, Functions of the Alloying
Elements in Steel, American Society for Metals,
1939, p. 127.)

* Ceutectoid Changes
@)
?\f 0.8
S |

0.6 NI
% Cr
S 0.4
2 n
-
(33 0.2 Ti Mo

0 | | |
0 4 8 12

wt. % of alloying elements

Adapted from Fig. 9.32,Callister 6e. (Fig. 9.32
from Edgar C. Bain, Functions of the Alloying
Elements in Steel, American Society for Metals,
1939, p. 127.)
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Nomenclature for AISI and SAE steels

10xx
11xx
15xx
40xX
41xX
4 3XX

44xX
46XX
48XX
51xx
61xX
81xX

86XxX

87xX

Plain carbon steels*

Plain-carbon (resulfurized for machinability)

Manganese (1.0-2.0%)

Molybdenum (0.2-0.3%)

Chromium (0.40-1.2%), molybdenum (0.08-0.25%)

Nickel (1.65-2.00%), chromium (0.40-0.90%),

molybdenum (0.5%)

Molybdenum (0.5%)

Nickel (1.40-2.00%), molybdenum (0.15-0.30%)

Nickel (3.25-3.75%), molybdenum (0.20-0.30%)

Chromium (0.70-1.20%)

Chromium (0.70-1.10%), vanadium (0.10%)

Nickel (0.20-0.40%), chromium (0.30-0.55%),
molybdenum (0.08-0.15%)

Nickel (0.30-0.70%), chromium (0.40-0.85%),
molybdenum (0.08-0.25%)

Nickel (0.40-0.70%), chromium (0.40-0.60%),
molybdenum (0.20-0.30%)

Silicon (1.80-2.20%)

XX - carbon content, 0.xx All plain carbon steel contain 0.50% Mn Chapter 9-



Summary

 Phase diagrams are useful tools to determine:

-- the number and types of phases present,

-- the composition of each phase

-- and the fractional amount wt% of each phase,
-- and the microstructure of the alloy

for a given T and composition of the system.

 Alloying to produce a solid solution usually

--increases the tensile strength (TS)
--decreases the ductility.
e Binary eutectics and binary eutectoids allow for

a range of microstructures.
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