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Chapter 9: Phase Diagrams
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Introduction

“There is a strong correlation between microstructure and mechanical
properties”

“Development of microstructure of an alloy is related to the
characteristics of its phase diagram”

“Phase diagrams provide valuable information about melting, casting,
crystallization, and other phenomena”
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I nt rO d u Cti O n The solubility of

sugar (Clezzon) na

. . sugar—water syrup.
Components: pure metals and/or compounds of which an alloy is

composed. 100

| | — 200
For example, in a copper—zinc brass, the components are Cu - I——
' 80 |— olubility limit —
and Zn. “Solute and solvent
o —1{150
e 60— _
5 Liquid solution (syrup) Liquid
® s solution
2 +
System 5 O R
“Series of possible alloys consisting of the same 2ol
components, but without regard to alloy composition (e.g., . _Is0
the iron—carbon system)” 0 | | | |
Sugar 0 20 40 60 80 100
Water 100 80 60 40 20 0
[ ] L] [ ] [ J C t ( t%)
Solubility limit: MY
“Maximum concentration of solute atoms that may dissolve This solubility limit of sugar in water depends

. ) ) on the temperature of the water
in the solvent to form a solid solution”
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PHASES

— 200

— 150

— 100

— 50

Phase: 100
“homogeneous portion of a system that has uniform physical | |
and chemical characteristics™ 01— Solubility limit —__
5
> 60— T
. . . E Liquid solution (syrup) Liquid
Different physical properties E oo
- One is a liquid, the other is a solid 5 O e
. . 20 —
Different chemically
- One is virtually pure sugar, the other is a solution of water anc 5 | | | |
Sugar O 20 40 60 80
sugar. Water 100 80 60 40 20

“When two phases are present in a system, it is not necessary that there
be a difference in both physical and chemical properties; a disparity in
one or the other set of properties is sufficient”

Composition (wt%)
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PHASES

“When water and ice are present in a container, two separate phases exist; they are

physically dissimilar (one is a solid, the other is a liquid) but 1dentical in chemical
makeup”

“When a substance can exist in two or more polymorphic forms (e.g., having both FCC
and BCC structures), each of these structures is a separate phase because their
respective physical characteristics differ”

“Sometimes, a single-phase system is termed homogeneous. Systems composed of
two or more phases are termed mixtures or heterogeneous systems”

“Most metallic alloys and, for that matter, ceramic, polymeric, and composite systems
are heterogeneous”

Materials Contents in this Slides adapted from : Materials science and engineering: an introduction / William D. Callister, Jr., David G.
Rethwisch.—8th ed.



PHASE EQUILIBRIA

Equilibrium  “In a macroscopic sense, it means that the characteristics of the
system do not change with time, the system is stable”

Phase Equilibrium:
“Equilibrium as 1t applies to systems in which more than one phase may exist”

“Phase equilibrium is reflected by a constancy with time in the phase characteristics
of a system”

Nonequilibrium or metastable
Changes as time progresses
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ONE-COMPONENT (OR UNARY)

PHASE DIAGRAMS

Also called: equilibrium diagram
Parameters affect phase structure:

- Temperature
- Pressure
- Composition

For a one-component system, in
which composition is held
constant, it is called pressure—
temperature (or P-T) diagram.

Pressure (atm)

1,000

100

—
o

—
o

o
[a—

0.01

0.001

Triple point:

“Any deviation from this point by a change

of temperature and/or pressure will cause at least
one of the phases to disappear”
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Figure 9.2 Pressure—temperature phase diagram for H,O.
Intersection of the dashed horizontal line at 1 atm pressure with
the solid-liquid phase boundary (point 2) corresponds to the
melting point at this pressure (7 = 0°C). Similarly. point 3. the
intersection with the liquid-vapor boundary. represents the
boiling point (7" = 100°C).
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BINARY ISOMORPHOUS SYSTEMS

100

.. . Composition (at% Ni)
Temperature and composition are variable parameters,

. 0 20 40 60 80
and pressure 1s held constant—normally 1 atm 1600 | |
For example: copper—nickel system 1500 [— i
L . ) .. Liquid 1453°C
it is called isomorphous because of this complete liquid -

and solid solubility of the two components. 1400

Liquidus line Solidus line

1300

Temperature (°C)

“At temperatures below about 1080C,

2800

2600

—1 2400

2200

— 2000

copper and nickel are mutually soluble in each other in 1200

the solid state for all compositions. ]
This complete solubility is explained by the fact that both e A 4

Cu and Ni have the same crystal structure (FCC), nearly -
. . . .. e el .. 1000 | |
identical atomic radii and electronegativities, and similar 0 20 20 50 80
Valences” (Cu) Composition (wt% Ni)
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BINARY ISOMORPHOUS SYSTEMS

Melting
temperature
change depending
on the constitutes
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Phases Present and Compositions

Phases Present
Locates the temperature—

composition point on the diagram

1300 |— Liquid
and notes the phase(s)

Tie line

a + Liquid
Determination of Phase Compositions

Temperature (°C)

“The perpendicular from the intersection of the tie line with the
liquidus boundary meets the composition axis at 31.5 wt% Ni— 1200

a + Liquid

[ 4

|
<R S
68.5 wt% Cu, which is the composition of the liquid phase, C.. |
|
|| |
Likewise, for the solidus—tie line intersection, we find a 20 30 4 40 50
composition for the solid-solution phase, of 42.5 wt% € G G
. Composition (wt% Ni)
Ni1-57.5 wt% Cu.”
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Determination of Phase Amounts

_ 9 R _G-G
E R4 “"R+S C.— Cy
1300 — Liquid
3] Tie line _
C., — CD ® AN a+ Liquid
e e = T
i L £ L |
a + Liquid| | | :
1200 | | | —
T |
For point B: . |
Cy =35 wt, % Ni, C,=42.5 wt% Ni, and C; = 31.5 wt% Ni 2 TR ST %
. G Ce
Composition (wi% Ni)
42.5 — 35
]’I’IL— _ _:068 W - 35 — 31.5 PN
42.5 — 31.5 a —42'5_%15—0.32
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Determination of Phase Amounts

For multiphase alloys, volume fraction is used rather than mass fraction

V

V.= =
X 1”"&. __I_._ 'lr}.B
W,
Pa
V. =
W, W
A = Vol
Pa pB a Vﬂpa Y VBPB
Wy . i Conversion equations
T pB B Vcrpa = VBPB
=
W, W
_|_ Lt
Pa Pgp
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DEVELOPMENT OF MICROSTRUCTURE IN
ISOMORPHOUS ALLOYS

Isomorphous: complete liquid and solid solubility of the two
components.

1300

Equilibrium Cooling: cooling at very low rate.

Temperature (°C)

1200
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20

Composition (wit% Ni)

Materials Contents in this Slides adapted from : Materials science and engineering: an introduction / William D. Callister, Jr., David G.

14
Rethwisch.—8th ed.



DEVELOPMENT OF MICROSTRUCTURE IN
ISOMORPHOUS ALLOYS

Nonequilibrium Cooling: rapid cooling

1300

L (29 Ni)

a (46 Nij

Temperature (7C)
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MECHANICAL PROPERTIES OF
ISOMORPHOUS ALLOYS
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BINARY EUTECTIC SYSTEMS &

Composition {at% Ag)

. . . . . 0 20 40 60 80 100
The a phase is a solid solution rich in copper 1200 ; | | | — 2200
The B-phase solid solution rich in silver AR —| 2000

1000
Pure copper and pure silver are also considered
to be a and B phases, respectively. 5
E B00 |— B TI19°C (T '_"T__,
g 8.0 &
B (e ) | (Cp) B
g &
[ o L3 o L3 L3 L3 ].20'3
invariant point (point E): from liquid to solid phase. 8 i &
ﬂx\Snwus Ll
800
~ cooling 0
L{EE} T ul:l'.‘__.'“;._-) 3 JB(CHE} 600
heating
20y 20 | 40 60 80 | 100 "
: cnnljng (Cu) Composition {wi% Ag) (Ag)
L(7T1.9wt% Ag) == a(8.0wWt% Ag) + B(91.2 wt% Ag)
heating

The eutectic reaction
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Example 1

For a 40 wt% Sn—60 wt% Pb alloy at 150C (300F), (a) what
phase(s) is (are) present? (b) What is (are) the composition(s) of
the phase(s)?

Compaosition (at% Sn)

100

600
300

500
232°C

5 n
= 200 p+E 400 %
E 8 e
m AL (i ]
E 97.8 z
= =
= 1300 &
100 — ad+ 8 T _—
— 100
5 | | | | | .
0 20 40 60 B8O 100
(Pb) Composition {wt% Sn) (Sn)
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Figure 9.9 The lead-tin phase diagram. For a 40 wt% Sn-60 wt% Pb alloy at 150°C
(point B), phase compositions and relative amounts are computed in Example
Problems 9.2 and 9.3.

(b) Because two phases are present, it becomes necessary to construct a tie line
across the « + B phase field at 150°C, as indicated in Figure 9.9. The composi-
tion of the e phase corresponds to the tie line intersection with the a/(a + B)
solvus phase boundary—about 11 wt% Sn—89 wt% Pb, denoted as C,. Similarly
for the B phase, which will have a composition of approximately 98 wt%
Sn-2 wt% Pb (C).
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Example 2

For the lead—tin alloy in previous Example, calculate the
relative amount of each phase present in terms of (a)
mass fraction and (b) volume fraction. At 150 C take the

densities of Pb and Sn to be 11.23 and 7.24 g/cm:,
respectively.
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(b) To compute volume fractions it is first necessary to determine the density
of each phase using Equation 4.10a. Thus

I | I | 2 e LA
£ Csinfe) CPh{nc:l
—{ 600 SNy —Ee
300 Psn Prn
_Iso0 where Cgpga) and Cpp,y denote the concentrations in weight percent of tin and
lead, respectively, in the « phase. From Example Problem 9.2, these values are
5 o 11 wt% and 89 wt%. Incorporation of these values along with the densities
?‘-ur 200 BT 400 fér of the two components leads to
E i 2
g = o — 100 — 3
g n / - d300 = Pa 7 = 10.59 g/em
= i | = 3t 3
| | | 7.24 g/cm 11.23 g/cm
| |
L L i I LA ' ' H 200 Similarly for the 8 phase:
| |
R | G, | _ 100
i i i :— 100 Pg Csna o Ceng
o | | ! | | LN Psna Pro
0 T 20 T 60 80 100 _ 100 - .
P g € (sn) = o8 N > = 7.29 g/cm
Composition (wt% Sn) 724 g/em® 1123 g/em®
Now it becomes necessary to employ Equations 9.6a and 9.6b to determine
V,.and V, as
Wﬂ
V - pﬂ
; o - W,
(a) Because the alloy consists of two phases, it is necessary to employ the lever S
e . o 2]
rule. If C; denotes the overall alloy composition, mass fractions may be com- e
puted by subtracting compositions, in terms of weight percent tin, as follows: B 10.59 g/cm’  oss
B 0.67 L, 033 7
W o= C,g -G 98 -40 067 10.59 g/cm®  7.29 g/em’
“TC-C, ®-1 Wa
v.___ P8
L0 4h-11 T W, , W,
W, = - = .33 e s
Co-C. B-11
033
3
= e — 0.42

0.67 . 033
10.59 gfem®  7.29 g/fem?
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DEVELOPMENT OF MICROSTRUCTURE IN
EUTECTIC ALLOYS

400
.| I
w / L \
I (e wisesn) ) / \
| | /@
L
:Z &__J__J o OOL | g T T T T T T T n
| N4 oo
Sl _i Liquidus & 0 -~
| ¢ =
l RG22
E l hb {E ? 200 ;;- 400 %
g ' g g = £
3 | = = =1 2
5 200 : ] g 3
E { A § § : 300 § Photomicrograph showing
K I £ = | al . .
| # } the microstructure of a lead—tin alloy of
| Lo 2HE i 200 eutectic composition. This microstructure
| £ . A97 Bwt%h . . .
} i RHEEIR st consists of alternating layers of a lead rich
100 |- o _ B ; — 100 -phase solid solution (dark layers),
i - ; | , o i and a tin-rich -phase solid solution (light
| o 20 40 s0f &0 100 layers)
| (Po) c, (sn)
| (61.9)
I Composition (wt%:Sn)
5 - JG 2|D e Schematic representations of the
CT i ) equilibrium microstructures for a lead
1 ' i . . oy
Composition (wt% Sn) tin alloy of eutectic composition C;
above and below the eutectic
temperature
conling
L(61.9 wt% Sn) == «(18.3 wt% Sn) + B(97.8 Wt% Sn)
heating
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Schematic representations of the equilibrium microstructures for
a lead—tin alloy of composition Csas it 1s cooled from the liquid-

phase region

100
(Sn)

Temperature (°F)
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Al
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.///}i!,[l"n :ﬂ A,

47
s 50 pm
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TP Lt W%

Photomicrograph

showing the microstructure of a
lead—tin alloy of composition 50 wt%
Sn—50 wt% Pb. This microstructure is
composed of a primary lead-rich
phase (large dark regions) within a
lamellar eutectic structure consisting
of a tin-rich phase (light layers)

and a lead-rich phase (dark layers).
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O +-R . .
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8
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EUTECTOID AND PERITECTIC REACTIONS

y+ L
700 —
Eutectoid reaction } . 500
5 - F+L L =
solid phase transforms into two other solid phases ER el W
% s60°c)\ /4 +€
eooling 8 i _
8§ — v +e — 1000
heating . L et L \
500 —
| | |
60 70 80 80

Peritectic reaction
one solid phase transforms into a

liquid phase and another solid phase
cooling

o+ L — €

heating
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The Iron—Carbon System

Compaosition {at% C)

THE IRON—IRON CARBIDE 0 : ! i z 2
1538°C
(Fe—FesC) PHASE DIAGRAM i
1400
—{ 2500
Ferrite
1200 | UBE i i
1147°C e
% = ¥, Austenite 2 a0 — sa00 %
. "E 1000 — 1-3
Austenite E 912°C ¥+ FesC E
= -
800 % —1{ 1500
; 727°C
= 0.76
0.022
. BO0 H— i 1 :
Cementlte a, Ferrite a + FesC
Cementite (Fe30) i 1000
- | | | | | |
0 1 2 3 4 5 5] 6.70
(Fel Composition {wi%% C)

Materials Contents in this Slides adapted from : Materials science and engineering: an introduction / William D. Callister, Jr., David G. 26
Rethwisch.—8th ed.



Eutectic reaction for
the iron—iron carbide
system

cooling
L =— vy + Fe;C

heating

Eutectoid reaction
for the 1rron—iron
carbide system

)
¥(0.76 Wt% C) == a(0.022 wt% C) + Fe,C(6.7 wi% C)

heating

Temperature (°C)

Compaosition {at% C}

16 ODD |5 1|EI 1|5 2|[.'| 25
1538°C
1400 &
—{ 2500
1394°C
1200 — | B s
1147°%C L
= ¥, Austenite S 4.30 — 2000
1000 —
912*C ¥+ FesC
200 4 —1{ 1500
S 727°C
¥
s 0.76
0.022
00, Fenrite ' o+ FesC
Cementite (FesC) — 1000
i | | | | | |
0] 1 2 3 4 5 & 6.70
(Fe) Composition (wt% C)
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DEVELOPMENT OF MICROSTRUCTURE IN
IRON—CARBON ALLOYS

1100 1100
1100
] 1000 —
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] 300 —
900
~ o
= = ) &
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| 1 | !
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i ) 600 ! — 500 |
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: Progutectoid e | ! FesC
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[y 400 ; = 200, i 20
400 A | 1 | 0 L0 2.0 0 1.0 2.0
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Hypoeutectoid Alloys Eutectoid Alloys Alloys
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Lever rule expression for W, =

computation of pearlite Thus, for an alloy having
. Cp— 0022 Cj— 0022 .. .
mass fraction C. =0 = =0
ss fraction C.o, 0003 % comppsﬂmn, fractions of .
pearlite /W, and proeutectoid
cementite Wrac are determined

from the following lever rule
Lever rule expression CXPIESSIOons:
for computation of g s
proeutectoid ferrite v cr\ | . X 670—C, 670 C,
. 'E I = = =
mass fraction i i PV +X 670— 076 5.94
E oy -
e E i U i v i X
U : : I I + Fe.C ! !
W= I | a + Fes 1% C, —076 C, —0.76
r+u I | Weec = = =
L | | ’ V+X 6.70-0.76 5.94
| | | |
. 076-C, 076-C o |
0.76 — 0.022 0.74 T T ? T 6.70
0022 €, 076 C,
Composition (wt% C)
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Chapter 10: Phase Transformation

“A variety of phase transformations are important in the
processing of materials, and usually they involve some
alteration of the microstructure”

Types of phase transformation:

1- Diffusion-dependent transformations
a. “No change in either the number or composition of the phases present”

b. “There is some alteration in phase compositions and often in the number of phases present”

2- Diffusionless transformation, wherein a metastable phase is produced
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Phase transformation
stages:

Nucleation:

“Involves the
appearance of very small particles,
or nuclei of the new phase (often
consisting of only a few hundred
atoms), which are capable of
growing”’

Growth:
“During the growth
stage these nuclei
increase in size, which
results in the
disappearance of some
(or all) of the parent
phase

Fraction of transformation, ¥

1.0

0.5 —
|
|
|
I
I

i I b5
Mucleation Growth
- -

Percent recrystallized

100 T T T

Logarithm of heating time, ¢

80

60 135°CJ 119°C

40

20

v]

1 10

Time (min)
(Logarithmic scale)

Percent recrystallization as a function of time and at constant
temperature for pure copper.
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1.0

Avrami equation—
dependence of fraction of

: . y=1—exp(—kt")
transformation on time

Fraction of transfarmation, v
]
n

Transformation 1 .
. 0 :
rate—reciprocal of . rate = — Nucleation | Growth
the halfway-to-completion los > a
transformation tlme Logarithm of heating time, ¢
Materials Contents in this Slides adapted from : Materials science and engineering: an introduction / William D. Callister, Jr., David G. 32

Rethwisch.—8th ed.



ISOTHERMAL TRANSFORMATION

DIAGRAMS

=0 | | | | |
A _— Eutectoid temperature ™| 1400
700 A
A 1200
600 —
Isothermal transformation cool 1000
diagrams, or sometimes as S
. 2 800
lime—temperature— B 400
transformation (or T-1-T) 2
300 — 600
plots.
Mistart)
2O 0w W+ o B
M{(90%) -
100 — —1 200
. | | | | L]
107! 1 10 102 10° 104 10°
Time (s)
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Transformation diagram for an
iron—carbon alloy of eutectoid
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ISOTHERMAL TRANSFORMATION DIAGRAMS

1100
1000 —
. cooling
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Percent of austenite
transformed to paarlite
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Photomicrographs of
(a) coarse pearlite
and (b) fine pearlite.
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Spheroidite

“If a steel alloy having either pearlitic or bainitic microstructures
1s heated to, and left at, a temperature below the eutectoid for a
sufficiently long period of time— for example, at about 700C
(1300F) for between 18 and 24 h—yet another microstructure
will form. It 1s called spheroidite
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Martensite
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MECHANICAL BEHAVIOR OF
IRON—CARBON ALLOYS
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Table 10.2 Summary of Microstructures and Mechanical Properties for Iron-Carbon Alloys

Microconstituent

Phases Present

Arrangement of
Phases

Mechanical
Properties (Relative)

Spheroidite

Coarse pearlite

Fine pearlite

Bainite

Tempered martensite

Martensite

a-Ferrite + Fe,C

a-Ferrite + Fe,C

a-Ferrite + Fe,C

a-Ferrite + Fe;C

a-Ferrite + Fe,C

Body-centered,

tetragonal, single

phase

Relatively small Fe;C spherelike
particles in an a-ferrite matrix

Alternating layers of a-ferrite
and Fe;C that are relatively
thick

Alternating layers of a-ferrite
and Fe,C that are relatively
thin

Very fine and elongated particles
of Fe,C in an a-ferrite matrix

Very small Fe;C spherelike
particles in an a-ferrite
matrix

Needle-shaped grains

Soft and ductile

Harder and stronger than
spheroidite, but not as
ductile as spheroidite

Harder and stronger than
coarse pearlite, but not as
ductile as coarse pearlite

Hardness and strength
greater than fine pearlite;
hardness less than
martensite; ductility
greater than martensite

Strong: not as hard as

martensite, but much more

ductile than martensite
Very hard and very brittle
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End of the ME 221 Course
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