Phase Behavior

Callister P. 252
Chapter 9

A scanning electron micrograph showing the microstructure of a plain carbon steel that contains 0.44 wt% C. The large dark
areas are proeutectoid ferrite. Regions having the alternating light and dark lamellar structure are pearlite; the dark and light
layers in the pearlite correspond, respectively, to ferrite and cementite phases. During etching of the surface prior to examina-
tion, the ferrite phase was preferentially dissolved; thus, the pearlite appears in topographical relief with cementite layers being
elevated above the ferrite layers. 3000%. (Micrograph courtesy of Republic Steel Corporation.)
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Chalcolithic Era (7000 BC)
(Copper Working)

Bronze Age
Copper and Arsenic (3000 BC)
Ores from same site

or Copper and Tin “Alloys” (2000 BC times vary around world)
Coincident Ores in Thailand others involve trade

(UK source of Tin)

Iron Age
Cast lron

Steel (Iron & Carbon and Chromium Alloys) & Brass (Copper and Zinc Alloy) came later




Ideal gas mixing A—G =0, ln(¢A) + ¢y ln(¢3)

Can be derived from the Boltzman Equatlon ASml-x = kInC) Qs the number of arrangements

Flory-Huggins Equation for Polymer Blends

AG ¢,

= (o) Yin(0,) 40,0,

AG Free energy difference in going from separate polymers to mixed polymers

®a Volume Fraction of polymer A

Na Degree of polymerization (molecular weight/monomer molecular weight) of polymer A

Xas Difference between enthalpic interactions of A and B chain units alone and in blend
per kT ~ |/Temperature.

There are 3 regimes for this equation:
Single Phase,
Critical Condition,
2 Phase
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Flor Huggins Equation for Polymer Blends

AG 9, 5
= (o) + g in(0,) + 0,0, 1.

AG Free energy difference in going from separate polymers to mixed polymers

®a Volume Fraction of polymer A
Na Degree of polymerization (molecular weight/monomer molecular weight) of polymer A

Xas Average interaction between A and B chain units ~ |/Temperature.
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Flor Huggins Equation for Polymer Blends

AG 9, 5
= (o) + g in(0,) + 0,0, 1.

AG Free energy difference in going from separate polymers to mixed polymers

®a Volume Fraction of polymer A
Na Degree of polymerization (molecular weight/monomer molecular weight) of polymer A

Xas Average interaction between A and B chain units ~ |/Temperature.

X Equilibrium Phase Diagram
AB

(1/T)

shgk FPhase




F-H f(phi)

Flor Huggins Equation for Polymer Blends
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AG Free energy difference in going from separate polymers to mixed polymers

®a Volume Fraction of polymer A
Na Degree of polymerization (molecular weight/monomer molecular weight) of polymer A

Xas Average interaction between A and B chain units ~ |/Temperature.
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Flor Huggins Equation for Polymer Blends

AG N 5
kT ]q\bl ln(¢A) + ZTT—BIH(%) + Q0,05 X a5

AG Free energy difference in going from separate polymers to mixed polymers

®a Volume Fraction of polymer A
Na Degree of polymerization (molecular weight/monomer molecular weight) of polymer A

Xas Average interaction between A and B chain units ~ |/Temperature.

LI S N Y D B N B B B | | L L B L | L L L T 17T
C ! ! ! — N1_chio [
C —— N1_Chip5 [
04~ N1_chi1 [
N1_Chi2
—— N1_Chi2p25[]
—— N1_Chi2p5

C —— N1_Chi3

021~ N1_Chi4

For Single Phase Every Attempt to
Separate is Up Hill on Average




Flor Huggins Equation for Polymer Blends

AG N 5
= (o) + g in(0,) + 0,0, 1.

AG Free energy difference in going from separate polymers to mixed polymers

®a Volume Fraction of polymer A
Na Degree of polymerization (molecular weight/monomer molecular weight) of polymer A

XaB Average interaction between A and B chain units ~ I/Temperature.
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Simulation of pattern formed by spinodal decomposition in real space.
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For Metals/Ceramics
We do not Usually Consider Liquid/Liquid Phase Separation
Consider Crystallization From a Liquid Phase

T I
["C] }
| Liquid
Isomorphous Phase Diagram : 1455
I
|
1210 f-—=—- — &+L
1085 o
Fiaure 5.3. Copper-nickel isomorphous bi- P
nary phase diagram. The composition ' Solid
here is given in mass percent (formerly - o
called weight percent) in contrast to : -
atomic percent. This section uses exclu- 1 1
sively mass percent. For simplicity, the Cu 23 M Ni
latter is generally designated as 9. Mass % Ni

Gibbs Phase Rule
Degrees of Freedom = Components - Phases + 2 or | (T & P)
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For Metals/Ceramics
We do not Usually Consider Liquid/Liquid Phase Separation
Consider Crystallization From a Liquid Phase
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For Metals/Ceramics
We do not Usually Consider Liquid/Liquid Phase Separation
Consider Crystallization From a Liquid Phase

T
In the two phase regime [°C]

if you pick temperature
The composition of

Liquid

the liquid and soid phases are fixed
by the tie line 1210 b=——- |
|
5
If you pick the composition . i i
of the liquid or solid phase i Solid
the temperature is fixed - o
by the tie line .
1 1
Cu 23 M Ni
Mass % Ni

Gibbs Phase Rule
Degrees of Freedom = Components - Phases + 2 or | (T & P)

I 2 2 I
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Substitutional Solid Solution
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(a) b) The distortions are exaggerated.
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Figure 5.1. Change in
yield strength due to
adding various ¢le-
ments to copper. The
yield strength, o, in-
| ] creases parabolically
Cu 10 20 with the solute concen-
Concentration, ¢, of solute (mass%) tration.

Solid solution strengthening

Disclinations are trapped by lattice strain near larger or smaller substitutional atoms




Thermodynamic

Hummel Equilibrium

1210
Fawme 5.4, Part of the Cu-Ni phase dia-

gram to demonstrate the lever rule. The
section of the lever between the fulerum
and the solidus line represents the
amount of liquid. (The analogue is true
for the other part of the lever.)
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Fiaure 5.5. Equilibrium (solid lines) m31->"
and nonequilibrium (dashed line)
solidus curve in a part of the Cu-Ni 20 23 28
binary phase diagram. Mass % Ni




Dendritic Growth

Crystalline growth occurs at different rates for different
crystallographic directions so there is a preferred direction of growth

Growth can involve exclusion of impurities and transport of impurities
from a “clean” crystal to the “dirty” melt i - k.

Crystallization releases energy so the temperature near a growth front
can be too high for crystallization to occur. The melt can be colder
and more likely to crystallize

Temperature differentials and the “kinetic” phase diagram can lead to
segregation or coring as described by Hummel

Fiaure 5.6. Microstructure of an alloy revealing dendsites: (a)
schematic, (b) photomicrograph of a nickel-based superalloy.




Figure 94

Schematic
representation of the
development of
microstructure
during the
equilibrium
solidification of a

35 wt% Ni-65 wt%
Cu alloy.
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Figure 9.5

Schematic
representation of the
development of
microstructure
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solidification of a

35 wt% Ni-65 wt%
Cu alloy.

Temperature (°C)

1300

1200

1100 |

L (35Ni)

20

30 40 50 60
Compaosition (wt% Ni)

Non-Equilibrium




Mechanical Properties of Isomorphous Binary Alloy
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Figure 9.6 For the copper—nickel system, (a) tensile strength versus composition, and
(b) ductility (% EL) versus composition at room temperature. A solid solution exists over
all compositions for this system.
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Types of Phase Diagrams
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Eutectic Phase Diagram

L28.19% cu — az2% cu + Po2% cu.

5

(a) (b)

Figure 5.9. (a) Schematic representation of a lamellar or platelike mi-
crostructure as typically observwed in eutectic alloys. (b) Photomicro-
graph of a eutectic alloy, 180x (CuAl,-Al). Reprinted with permission
from Metals Handbook, 8th Edition, Vol. 8 (1973), ASM International,
Materials Park, OH, Figure 3104, p. 156.

Fiaure 5.7. Binary copper-silver phase

20 40 60 &0 Cu  diagram containing a eutectic transfor-
Mass % Cu mation.

Degrees of Freedom = Components - Phases + |
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Schematic
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Figure 9.15 Schematic representation of
the formation of the eutectic structure for
the lead-tin system. Directions of diffusion
of tin and lead atoms are indicated by
blue and red arrows, respectively.




Eutectic Phase Diagram
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Fiaure 5.10. (a) Schematic representation of a microstructure of a hy-
pocutectic alloy revealing primary o particks in a lamellar mixture of ¢
and g microconstituents. (b) Microstructure of SOW50 Pb-Sn as slowly s
lidified. Dark dendritic grains of lead-rich solid solution in a matrix of
lamellar eutectic consisting of tin-rich solid solution (white) and lead-
rich solid solution (dark) 400x, etched in 1 part acetic acid, 1 part
HNO;, and 8 parts glycerol. Reprinted with permission from Metals
Handbook, 8th Ed. Vol 7, page 302, Figure 2508, ASM International,
Materials Park, OH (1972).

Fiaure 5.7. Binary copper-silver phase
40 60 80 Cu  diagram containing a eutectic transfor-
Mass % Cu mation.

Degrees of Freedom = Components - Phases + |
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Hyper and Hypo Eutectic
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Figure 9.16 Schematic representations of the equilibrium microstructures for a lead—tin
alloy of composition C; as it is cooled from the liquid-phase region.
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Fiaure 5.8. Schematic representa-
tion of a cooling curwe for a cu-
tectic alloy (or for a pure metal).
The curwe is experimentally ob-
tained by inserting a thermome-
ter (or a thermocouple) into the
liquid alloy and reading the tem-
perature in periodic time inter-
vals as the alloy cools. Time

Tem perature

Fiaure 5.11. (a) Sche-
matic representation
of the cooling curve
for a hypoeutectic al-
loy revealing the cu-
tectic plateau (soc
Figure 5.8) and other
characteristic land-
marks as indicated.

(b) Cooling curve for

an isomorphous alloy
(see Figure 5.3). (a) (b)
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Figure 9.12 Schematic
representations of the
equilibrium microstructures
for a lead-tin alloy of
composition C, as it is cooled
from the liquid-phase region.




Composition (at% Zn)
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Figure 9.19 The copper-zinc phase diagram. [Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 2, T. B. Massalski
(Editor-in-Chief), 1990. Reprinted by permission of ASM International, Materials Park, OH ]
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Figure 9.19 The copper-zinc phase diagram. [Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 2, T. B. Massalski
(Editor-in-Chief), 1990. Reprinted by permission of ASM International, Materials Park, OH ]

Eutectoid

Eutectic L => +f
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Composition (at% Zn)
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Figure 9.19 The copper-zinc phase diagram. [Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 2, T. B. Massalski

(Editor-in-Chief), 1990. Reprinted by permission of ASM International, Materials Park, OH ]

Peritectic
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| |
2 3 4 5 6 7 8
Mass % B —>

Ficure 5.13. Part of a hypothetical phase di-
agram that contains a peritectic reaction.

Mass % B —>
Ficure 5.14. Schematic representation of a

peritectoid reaction. The region at higher
temperatures is not shown for clarity.
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Monotectic L => L, + X

Monotectoid &X| => 02ty

Peritectic f+L => Yy
Peritectoid P+y=> €

Eutectic L => a+f

Eutectoid P=>Yy+¢

FiGure 5.15. Schematic representation

a+l,

of a miscibility gap in the liquid state
causing a monotectic reaction as
given in Eq. (5.6).
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Temperature (°C)
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Figure 9.20 The magnesium-lead phase diagram. [Adapted from Phase Diagrams of
Binary Magnesium Alloys, A. A. Naveb-Hashemi and J. B. Clark (Editors), 1988. Reprinted
by permission of ASM International, Materials Park, OH.]
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Ficure 5.16. Schematic representation of (a) stoichiometric and (b)
nonstoichiometric intermediate phases.
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Iron/Carbon Phase Diagram
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Ficure 8.1. Portion of the iron-car-
a+ Fe3C

bon phase diagram. (Actually, this (Pearlite)
section is known by the name Fe-
Fe;sC phase diagram.) Ay is the
highest temperature at which fer- l | | | | |

rite can form. As before, the mass Fe 1 2 3 4 5 Fe,C

percent of solute addition is used O(Ce}r]nenﬁte) bi
(formerly called weight percent). Composition (mass % C) rthorhomboic

Martensite (non equilibrium BCT phase from quench of y)
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