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Preface to the Fourth Edition

In preparing this fourth edition of Engineering Materials 2, I have made sig-
nificant changes, whilst being careful not to alter the essential character of
the book. At the most obvious level, I have added many new photographs to
illustrate the basic coursework and the case studies—many taken during my
travels around the world investigating materials problems. These days, the
Internet is an essential tool of knowledge and communication—to the extent
that textbooks should be used alongside web-based sources. I have given fre-
quent references in the text to web pages and video clips—ranging from the
accident investigation report on the space shuttle Columbia to the low-
expansion glass water gauges on a Ffestiniog Railway steam loco. And when
a geographical location is involved—Ilike the Sydney Opera House, or the
Roman aqueduct in Segovia—I have given the coordinates (latitude and lon-
gitude), which can be plugged into the search window in Google Earth to
take you right there. Not only does this give you a feel for the truly global
reach of materials and engineering, it also leads you straight to the large
number of derivative sources and references, such as photographs and web
pages, which can help you follow up your own particular interests.

The section on phase diagrams—which had been an appendix in previous
editions—is now moved to its logical place early in the book, as two new
chapters (Chapters 3 and 4). (The solutions to the examples in these chap-
ters are retained but are placed together at the end of each chapter.) There is
more detail on aspects of phase transformations, including interface kinetics,
nucleation and growth, and constitutional undercooling. New material has
been added on phases in stainless steels (Schaeffler diagram) and modern
improvements to stainless steels. The chapter on processing metals has been
expanded to two chapters (Chapters 15 and 16), with increased emphasis on
secondary processing, including the use of continuous cooling transforma-
tion diagrams in steel heat treatment.

xiii



Preface to the Fourth Edition

The two chapters on mechanical properties of ceramics have been condensed
to one (Chapter 19), as a consequence of moving probabilistic fracture of
brittle materials to the 4th edition of Engineering Materials 1; however,
detail has been added on deriving the Weibull parameters from modulus of
rupture data. New sections have been added on calculating thermal stress,
and reinforcing cement and concrete.

A new section on composites has been added, so each of the four materials
classes (metals, ceramics, polymers, composites) now has its own section.

Many new case studies have been added, and many existing case studies
have been replaced. In particular, I have added new chapters of case studies
in the sections on ceramics (Chapter 22), polymers (Chapter 27), and com-
posites (Chapter 30).

I have added many worked examples to illustrate, develop, or consolidate a
topic without interrupting the flow of the text. Most are directly related to
real examples of materials processing, microstructures, properties, and appli-
cations, and cover a wide range of subjects, ranging from excessive penetra-
tion of brazing alloy into electronic device connection pins, through gluing
wings and fuselages together in aircraft, to why wood is such a special
material.

The number of examples has been doubled, and many contain case studies or
practical examples relevant to processing, microstructures, properties, and
applications. 1 have tried to choose case study topics which are informative
and connected to the real world. So the worked example on the Columbia
space shuttle disaster—caused by polymer foam detaching from the fuel
tank and hitting the shuttle’s ceramic-composite thermal protection system—
indicates how easy it is for a large organization to lose the “folk memory” of
past mistakes (the loss of the Challenger shuttle, 17 years earlier).

Materials occupy a central place in engineering for without them, nothing
can be made, nothing can be done. The challenge is to know how the ways
in which materials are processed directly determines their microstructures,
which in turn determine their properties; and to know how these properties
can be tailored by processing so they best satisfy the demands of real struc-
tures, components, or devices. To the materials engineer who is always curi-
ous, aware, and vigilant, the world is a fascinating place.

David Jones
Cambridge, July 2012
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CHAPTER 1

Metals

1.1 INTRODUCTION

This first group of chapters looks at metals. There are so many different
metals—Iliterally hundreds of them—that it is impossible to remember them
all. Tt isn’t necessary—nearly all have evolved from a few “generic” metals
and are tuned-up modifications of the basic recipes. If you know about the
generic metals, you know most of what you need.

This chapter introduces the generic metals. But rather than bore you with a
catalogue, we introduce them through real engineering examples. They allow
us not only to find examples of the uses of the main generic metals but also
to introduce the all-important business of how the characteristics of each
metal determine how it is used in practice.

1.2 METALS FOR A MODEL STEAM ENGINE

Model making is big business. The testing of scale models provides a cheap
way of getting critical design information for things from Olympic yacht
hulls to tidal barrages. Architects sell their newest creations with the help of
miniature versions correct to the nearest garden shrub. And many people
find an outlet for their energies in making models—perhaps putting together
a miniature aircraft from a kit of plastic parts or, at the other extreme, build-
ing a fully working model of a steam engine from the basic raw materials in
their own “garden-shed” machine shop.

Figure 1.1 shows a model of a nineteenth-century steam engine built in a
home workshop from plans published in a well-known modelers’ magazine.
Everything works just as it did in the original—the boiler even burns the
same type of coal to raise steam—and the model is capable of towing several
people. But what interests us here is the large range of metals that were used
in its construction, and the way in which their selection was dictated by the 3

Engineering Materials 2: An Introduction to Microstructures and Processing, Fourth Edition
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‘ CHAPTER 1: Metals

FIGURE 1.1

A fully working model, one-sixth full size, of a steam engine of the type used on many farms a
hundred years ago. The model can pull several people on a few liters of water and a handful of coal.
But it is also a nice example of materials selection and design.

requirements of design. We begin by looking at metals based on iron (ferrous
metals). Table 1.1 lists the generic iron-based metals.

How are these metals used in the engine? The design loads in components
like the wheels and frames are sufficiently low that mild steel, with a yield
strength oy of around 220 MN m ™2, is more than strong enough. It is also
easy to cut, bend, or machine to shape. And last, but not least, it is cheap.

The stresses in the machinery—Ilike the gear-wheel teeth or the drive
shafts—are higher, and these parts are made from either medium-carbon,
high-carbon, or low-alloy steels to give extra strength. However, there are a
few components where even the strength of high-carbon steels as delivered
“off the shelf” (o,~400 MN m~?) is not enough. We can see a good
example in the mechanical lubricator, shown in Figure 1.2, which is essen-
tially a high-pressure oil metering pump. This is driven by a ratchet and
pawl. These have sharp teeth which would quickly wear if they were
made of a soft alloy. But how do we raise the hardness above that of
ordinary high-carbon steel? Well, medium- and high-carbon steels can be
hardened to give a yield strength of up to 1000 MN m™? by heating them
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Table 1.1 Generic Iron-Based Metals

Metal

Low-carbon (mild)
steel

Medium-carbon
steel

High-carbon steel
Low-alloy steel

High-alloy
(stainless) steel

Cast iron

Typical Composition (wt%)
Fe +0.04 10 0.3 C (+ ~ 0.8 Mn)

Fe +0.3t0 0.7 C (+ ~0.8 Mn)

Fe+0.7t0 1.7 C (+ ~0.8 Mn)
Fe+02C0.8Mn1Cr2Ni

Fe+0.1 C0.5Mn 18 Cr 8 Ni

Fe+18t04 C(+ ~0.8 Mn 2 Sj)

Typical Uses

Low-stress uses: general
constructional steel, suitable for
welding

Medium-stress uses:
machinery parts—nuts and
bolts, shafts, gears
High-stress uses: springs,
cutting tools, dies

High-stress uses: pressure
vessels, aircraft parts
High-temperature or
anticorrosion uses: chemical or
steam plants

Low-stress uses: cylinder
blocks, water pipes

FIGURE 1.2

A close-up of the mechanical lubricator on the steam engine. Unless the bore of the steam cylinder is kept
oiled, it will become worn and scored. The lubricator pumps small metered quantities of steam oil into the
cylinder to stop this happening. The drive is taken from the piston rod by the ratchet and pawl arrangement.
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to bright red heat and then quenching them in cold water. Although the
quench makes the hardened steel brittle, we can make it tough again
(though still hard) by tempering it—a process that involves heating the
steel again but to a much lower temperature. And so the ratchet and
pawls are made from a quenched and tempered high-carbon steel.

Stainless steel is used in several places. Figure 1.3 shows the fire grate—the
metal bars which carry the burning coals inside the firebox. When the
engine is working hard, the coal is red hot; then, both oxidation and creep
are problems. Mild steel bars can burn out in a season, but stainless steel
bars last indefinitely.

Finally, what about cast iron? Although this is rather brittle, it is fine for low-
stressed components like the cylinder block. In fact, because cast iron has a
lot of carbon, it has several advantages over mild steel. Complicated compo-
nents like the cylinder block are best produced by casting. Now cast iron
melts much more easily than steel (adding carbon reduces the melting point
in just the way that adding antifreeze works with water) and this makes the

Fire grate  Fire grate

bars support
Monel stays
’
yx hm
«kb
Hli SECTIONATA

Fire grate
support

FIGURE 1.3

The fire grate, which carries the red-hot fire inside the firebox, must resist oxidation and creep.
Stainless steel is best for this application. Note also the threaded monel stays which hold the firebox
sides together against the internal pressure of the steam.
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pouring of the castings much easier. During casting, the carbon can be made
to separate out as tiny particles of graphite, distributed throughout the iron,
which make an ideal boundary lubricant. Cylinders and pistons made from
cast iron wear very well; look inside the cylinders of a car engine when the
head is taken off, and you will be amazed by the polished, almost glazed
look of the bores—and this after perhaps 10® piston strokes.

These, then, are the basic classes of ferrous alloys. Their compositions and
uses are summarized in Table 1.1, and you will learn more about them in
Chapters 12 and 13, but let us now look at the other generic alloy groups.

An important group of alloys are those based on copper (Table 1.2).

The most notable part of the engine made from copper is the boiler and its
firetubes (see Figure 1.1). In full size, this would have been made from mild
steel, and the use of copper in the model is a nice example of how the
choice of material can depend on the scale of the structure. The boiler plates
of the full-size engine are about 10 mm thick, of which perhaps only 6 mm
is needed to stand the load from the pressurized steam safely—the other
4 mm is an allowance for corrosion. Although a model steel boiler would
stand the pressure with plates only 1 mm thick, it would still need the same
corrosion allowance of 4 mm, totaling 5 mm altogether. This would mean a
very heavy boiler, and a lot of water space would be taken up by thick plates
and firetubes. Because copper hardly corrodes in clean water, this is the
obvious material to use. Although weaker than steel, 2.5 mm thick copper
plates are strong enough to resist the working pressure, and there is no need
for a separate corrosion allowance. Of course, copper is expensive—it would
be prohibitive in full size—but this is balanced by its ductility (it is very easy
to bend and flange to shape) and by its high thermal conductivity (which
means that the boiler steams very freely).

Brass is stronger than copper, is much easier to machine, and is fairly
corrosion proof (although it can “dezincify” in water after a long time).

Table 1.2 Generic Copper-Based Metals

Metal Typical Composition (wt%) Typical Uses

Copper 100 Cu Ductile, corrosion resistant, and a good
electrical conductor: water pipes,
electrical wiring

Brass Zn Stronger than copper, machinable,
reasonable corrosion resistance: water
fittings, screws, electrical components

Bronze Cu+10to0 30 Sn Good corrosion resistance: bearings,
ships’ propellers, bells

Cupronickel ~ Cu + 30 Ni Good corrosion resistance, coinage
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A good example of its use in the engine is for steam valves and other boiler
fittings (Figure 1.4). These are intricate and must be easy to machine; dezin-
cification is a long-term possibility, so occasional inspection is needed.
Alternatively, corrosion can be avoided altogether by using the more expen-
sive bronzes, although some are hard to machine.

Nickel and its alloys form another important class of nonferrous metals
(Table 1.3). The superb creep resistance of the nickel-based superalloys is a

FIGURE 1.4
Miniature boiler fittings made from brass: a water-level gauge, a steam valve, a pressure gauge, and
a feed-water injector. Brass is so easy to machine that it is good for intricate parts like these.

Table 1.3 Generic Nickel-Based Metals
Metal Typical Composition (wt%) Typical Uses

Monels Ni+30Cu1Fe1Mn Strong, corrosion resistant: heat-
exchanger tubes
Superalloys  Ni+ 30 Cr 30 Fe 0.5 Ti 0.5 Al Creep and oxidation resistant: furnace
parts
Ni+10 Co 10W 9 Cr5 A1 2 Ti Highly creep resistant: turbine blades
and disks
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key factor in designing the modern gas turbine aeroengine. But nickel alloys
even appear in a model steam engine. The flat plates in the firebox must be
stayed together to resist the internal steam pressure (see Figure 1.3). Some
model builders make these stays from pieces of monel rod because it is
stronger than copper, takes threads much better and is very corrosion
resistant.

1.3 METALS FOR DRINKS CANS

Few people would think that the humble drinks can (Figure 1.5) was any-
thing special. But to a materials engineer, it is high technology. Look at the
requirements. As far as possible we want to avoid seams. The can must not
leak, should use as little metal as possible, and be recyclable. We have to
choose a metal that is ductile to the point that it can be drawn into a single-
piece can body from one small slug of metal. It must not corrode in beer or
coke and, of course, it must be nontoxic. And it must be light and must cost
almost nothing.

FIGURE 1.5

The aluminum drinks can is an innovative product. The body is made from a single slug of a 3000
series aluminum alloy. The can top is a separate pressing which is fastened to the body by a rolled
seam once the can has been filled. There are limits to one-piece construction.
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Table 1.4 Generic Aluminum-Based Metals

Typical
Composition
Metal (wt%) Typical Uses
1000 Series >99 Al Weak but ductile and a good electrical
unalloyed Al conductor: power transmission lines, cooking
foil
2000 Series major Al+4 Cu+ Mg, Strong age-hardening alloy: aircraft skins, spars,
additive Cu Si, Mn forgings, rivets
3000 Series major Al+1Mn Moderate strength, ductile, excellent corrosion
additive Mn resistance: roofing sheet, cooking pans, drinks
can bodies
5000 Series major Al+3 Mg 0.5 Strong work-hardening weldable plate: pressure
additive Mg Mn vessels, ship superstructures
6000 Series major  Al+0.5Mg 0.5 Moderate-strength age-hardening alloy:
additives Mg + Si Si anodized extruded sections, e.g., window
frames
7000 Series major Al+62Zn+ Mg, Strong age-hardening alloy: aircraft forgings,
additives Zn + Mg Cu, Mn spars, lightweight railway carriage shells
Casting alloys Al+ 11 Si Sand and die castings
Aluminum-—lithium Al + 3 Li Low density and good strength: aircraft skins
alloys and spars

Aluminum-based metals are the obvious choice (Table 1.4)—they are light
and corrosion resistant. But it took several years to develop the process for
forming the can and the alloy to go with it. The end product is a big advance
from the days when drinks only came in glass bottles and has created a new
market for aluminum (now threatened by polymers). Because aluminum is
lighter than most other metals, it is also the obvious choice for transporta-
tion—aircraft, high-speed trains. Most of the alloys listed in Table 1.4 are
designed with these uses in mind. We will discuss the origin of their strength
and their uses, in more detail, in Chapter 11.

1.4 METALS FOR HIP JOINTS

As a last example we turn to the world of medicine. Osteoarthritis is an ill-
ness that affects many people as they get older. The disease affects the joints
between different bones in the body and makes it hard—and painful—to
move them. The problem is caused by small lumps of bone which grow on
the rubbing surfaces of the joints and which prevent them sliding properly.
The problem can only be cured by removing the bad joints and putting
artificial joints in their place. The first recorded hip joint replacement was
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FIGURE 1.6
A titanium alloy implant for a replacement hip joint. The long shank is glued into the top of the femur.
The spherical head engages in a high-density polythene socket which is glued into the pelvic socket.

done as far back as 1897—when it must have been a pretty hazardous
business—but the operation is now a routine piece of orthopedic surgery.
In fact, half a million hip joints are replaced worldwide every year.

Figure 1.6 shows the implant for a replacement hip joint. In the operation,
the head of the femur is cut off and the soft marrow is taken out to make a
hole down the center of the bone. Into the hole is glued a long metal shank
which carries the artificial head. This fits into a high-density polythene
socket which in turn is glued into the old bone socket. The requirements of
the implant are stringent. It has to take large loads without bending. Every
time the joint is used (A 10° times a year), the load on it fluctuates, giving
us a high-cycle fatigue problem as well. Body fluids are as corrosive as seawa-
ter, so we must design against corrosion, stress corrosion, and corrosion
fatigue. The metal must be biocompatible. And, ideally, it should be light
as well.

One material which meets these tough requirements is based on titanium
(although stainless steel and cobalt—chromium alloy are also used). The
a—f alloy shown in Table 1.5 is as strong as a hardened and tempered high-
carbon steel and is more corrosion resistant in body fluids than stainless
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Table 1.5 Generic Titanium-Based Metals

Metal Typical Composition (wt%) Typical Uses

a—4 titanium alloy Ti—-6 Al4V Light, very strong, excellent
corrosion resistance, high
melting point, good creep
resistance. The alloy
workhorse: turbofans,
airframes, chemical plant,
surgical implants.

steel but is only half the weight. A disadvantage is that its modulus is only
half that of steels, so that it tends to be “whippy” under load. But this can
be overcome by using slightly stiffer sections. The same alloy is used in
aircraft, both in the airframes and in the compressors of the gas turbine
engines.

1.5 DATA FOR METALS

When you select a metal for any design application you need data for the
properties. Table 1.6 gives you approximate property data for the main generic
metals, useful for the first phase of a design project. When you have
narrowed down your choice, you should turn to more exhaustive published
sources of data. Finally, before making final design decisions you should
get detailed material specifications from the supplier who will provide the
materials you intend to use. And if the component is a critical one (meaning
that its failure could precipitate a catastrophe), you should arrange to test it
yourself.

There are, of course, many more metals available than those listed here. It is
useful to know that some properties depend very little on microstructure:
the density, modulus, thermal expansion, and specific heat of any steel are
pretty close to those listed in Table 1.6. (Look at the table and you will
see that the variations in these properties are seldom more than *=5%.)
These are the “structure-insensitive” properties. Other properties, though, vary
greatly with the heat treatment and mechanical treatment and the detailed
alloy composition. These are the “structure-sensitive” properties: yield and
tensile strength, ductility, fracture toughness, and creep and fatigue strength.
They cannot be guessed from data for other alloys, even when the composi-
tion is almost the same. For these it is essential to consult manufacturers’
data sheets listing the properties of the alloy you intend to use with the
same mechanical and heat treatment.



Table 1.6 Properties of the Generic Metals

Metal

[ron
Mild steel

High-carbon
steel

Low-alloy
steels

High-alloy
steels

Cast irons
Copper
Brasses
Bronzes
Nickel
Monels
Superalloys
Aluminum
1000 Series
2000 Series
5000 Series
7000 Series
Casting
alloys
Titanium
Ti—6 Al4V
Zinc
Lead—tin
solder
Diecasting
alloy

Density
(Mgm™)

7.9
7.9
7.8

7.8

7.8

7.4
8.9
8.4
8.4
8.9
8.9
7.9
2.7
2.7
2.8
2.7
2.8
2.7

4.5
4.4
7.1
9.4

6.7

Young’s
Modulus
(GNm™3)
211

210

210

203
215

1562
130
105
120
214
185
214
71
71
71
71
71
71

120
115
105
40

105

Yield
Strength
(MNm™3)
50

220
350—1600

290—-1600
170—-1600

50—-400
75

200

200

60

340

800
25—-125
28—-165
200-500
40-300
350—-600
65—350

170
800—-900

Tensile
Strength
(MN m™3)
200

430
650—2000

420—-2000
460—1700

10-800
220

350

350

300

680
1300
75—-135
75—-180
300—-600
120—-430
500-670
130—-400

240
900—-1000
120

280—-330

Ductility

0.3
0.21
0.1-0.2

0.1-0.2
0.1-0.5

0-0.18
0.5-0.9
0.5

0.5

0.4

0.5

0.2
0.1-0.5
0.1-0.45
0.1-0.25
0.1-0.35
0.1-0.17
0.01-0.15

0.25
0.1-0.2
0.4

0.07-0.15

Fracture
Toughness
(MN m—%?)
80

140

20-50

50—-170
50—-170

6—-20
>100
30—-100
30—-100
>100
>100
>100
45

45
10-50
30—-40
20-70
5-30

50-80

Melting
Temperature
(K)

1809

1765

1570

1750
1680

1403
1356
1190
1120
1728
1600
1550
933
915
860
890
890
860

1940
1920
693
456

650

Specific
Heat
Wkg'’K™)
456

482

460

460

500

385

450
420
450
917

530
610
390

420

Thermal
Conductivity
(Wm™'K™)
78

60

40

40

12-30

397
121
85
89
22
I
240

180
130
150
140

22

120

110

Thermal
Expansion
Coefficient
(MK™)

12

12

12

12

10-18

17
20
19
13
14
12
24
24
24
22
24
20

31

27
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EXAMPLES

1.1 Explain what is meant by the following terms:

a. structure-sensitive property,

b. structure-insensitive property.

List five different structure-sensitive properties.

List four different structure-insensitive properties.
Answers
Structure-sensitive properties: yield strength, hardness, tensile strength, ductility,
fracture toughness, fatigue strength, creep strength, corrosion resistance, wear
resistance, thermal conductivity, electrical conductivity. Structure-insensitive
properties: elastic moduli, Poisson's ratio, density, thermal expansion coefficient,
specific heat.

1.2 Name five generic classes of metals. For each generic class:
a. give one example of a specific component made from that class,
b. indicate why that class was selected for the component.
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CHAPTER 2

Metal Structures

2.1 INTRODUCTION

At the end of Chapter 1, we noted that structure-sensitive properties like
strength, ductility, or toughness depend critically on things like the composi-
tion of the metal and on whether it has been heated, quenched, or cold
formed. Alloying or heat treating work by controlling the structure of the
metal. Table 2.1 shows the large range over which a material has structure.
The bracketed subset in the table can be controlled to give a wide choice of
structure-sensitive properties.

2.2 CRYSTAL AND GLASS STRUCTURES

We begin by looking at the smallest scale of controllable structural feature—
the way in which the atoms in the metals are packed together to give either
a cystalline or a glassy (amorphous) structure. Table 2.2 lists the crystal
structures of the pure metals at room temperature. In nearly every case the
metal atoms pack into the simple crystal structures of face-centered cubic
(f.c.c), body-centered cubic (b.c.c.) or close-packed hexagonal (c.p.h.).

Metal atoms tend to behave like miniature ball bearings and tend to pack
together as tightly as possible. f.c.c. and c.p.h. give the highest possible pack-
ing density with 74% of the volume of the metal taken up by the atomic
spheres. However, in some metals, like iron or chromium, the metallic bond
has some directionality and this makes the atoms pack into the more open
b.c.c. structure with a packing density of 68%.

Some metals have more than one crystal structure. The most important
examples are iron and titanium. As Figure 2.1 shows, iron changes from
b.c.c. to f.c.c. at 914 °C but goes back to b.c.c. at 1391 °C. Titanium changes
from c.p.h. to b.c.c. at 882 °C—you can visualize this phase change directly
in Figure 2.2. This multiplicity of crystal structures is called polymorphism. 15
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Table 2.1 Size Ranges of Structural Features

Structural Feature Typical Scale (m)

Nuclear structure 10718

Structure of atom 10710

Crystal or glass structure 107°

Structures of solutions and compounds 107° Range that can be
Structures of grain and phase boundaries 1078 controlled to alter
Shapes of grains and phases 1077 to10°3 | properties
Aggregates of grains 10°t0107?

Engineering structures 1010 10°

It is obviously out of the question to try to control crystal structure simply
by changing the temperature (iron is useless as a structural material well
below 914 °C). Polymorphism can, however, be brought about at room tem-
perature by alloying. Indeed, the “austenitic” stainless steels are f.c.c. rather
than b.c.c. and, especially at low temperatures, have much better ductility
and toughness than ordinary carbon steels. This is why stainless steel is so
good for cryogenic work: the fast fracture of a carbon steel vacuum flask con-
taining liquid nitrogen would be embarrassing, to say the least, but f.c.c.
metals such as austenitic stainless and aluminum alloys are essential for the
systems needed to cool and superconducting magnets down to liquid helium
temperatures, for storing liquid hydrogen, oxygen, or natural gas.

If molten metals (or, more usually, alloys) are cooled sufficiently fast, there is no
time for the randomly arranged atoms in the liquid to switch into the orderly
arrangement of a solid crystal. Instead, a glassy or amorphous solid is produced
which has essentially a “frozen-in” liquid structure. This structure—which is
termed dense random packing (d.r.p)—can be modeled very well by pouring ball
bearings into a polythene bag and shaking them down to maximize the packing
density. It is interesting to see that, although this structure is disordered, it has
well-defined characteristics. For example, the packing density is always 64%,
which is why corn was always sold in bushels (1 bushel = 8 UK gallons): pro-
vided the corn was always shaken down well in the sack a bushel always gave
0.64 X 8 = 5.12 gallons of corn material! It has only recently become practicable
to make glassy metals in quantity but, because their structure is so different from
that of “normal” metals, they have some very unusual and exciting properties.

2.3 STRUCTURES OF SOLUTIONS
AND COMPOUNDS

As you can see from the tables in Chapter 1, few metals are used in their
pure state—they nearly always have other elements added to them which
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Table 2.2 Crystal Structures of Pure Metals at Room Temperature

Pure Metal

Aluminum
Beryllium
Cadmium
Chromium
Cobalt
Copper
Gold
Hafnium
Indium
Iridium

Iron
Lanthanum
Lead
Magnesium
Manganese
Molybdenum
Nickel
Niobium
Palladium
Platinum
Rhodium
Silver
Tantalum
Thallium
Tin
Titanium
Tungsten
Vanadium
Yitrium
Zinc
Zirconium

Unit Cell Dimensions (nm)

Structure a
f.c.c. 0.405
c.p.h. 0.229
c.p.h. 0.298
b.c.c. 0.289
c.p.h. 0.251
f.c.c. 0.362
f.c.c. 0.408
c.p.h. 0.320
Face-centered tetragonal

f.c.c. 0.384
b.c.c. 0.287
c.p.h. 0.376
f.c.c. 0.495
c.p.h. 0.321
Cubic 0.891
b.c.c. 0.315
f.c.c. 0.352
b.c.c. 0.330
f.c.c. 0.389
f.c.c. 0.392
f.c.c. 0.380
f.c.c. 0.409
b.c.c. 0.331
c.p.h. 0.346
Body-centered tetragonal
c.p.h. 0.295
b.c.c. 0.317
b.c.c. 0.303
c.p.h. 0.365
c.p.h. 0.267
c.p.h. 0.323

c

0.358
0.562

0.409

0.506

0.606

0.521

0.553

0.468

0.573

0.495
0.515

turn them into alloys and give them better mechanical properties. The alloy-
ing elements will always dissolve in the basic metal to form a solid solution,
although the solubility can vary between <0.01% and 100% depending on
the combinations of elements we choose. As examples, the iron in a carbon
steel can only dissolve 0.007% carbon at room temperature; the copper in
brass can dissolve more than 30% zinc; and the copper—nickel system—the
basis of the monels and the cupronickels—has complete solid solubility.
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FIGURE 2.1

Some metals have more than one crystal structure. The most important examples of this
polymorphism are in iron and titanium.

FIGURE 2.2

A polished and etched section through a cube of Ti. The top face was heated by a 20 W electron
beam for 300 h in a vacuum chamber (to stop the titanium oxidizing). The bottom face was soldered
to a water-cooled copper quench block. After 300 h, the beam was switched off, and the cube was
quenched before removal and sectioning. In order of decreasing temperature, we can see a cavity V
which had been Ti vapor, a dark layer L which had been liquid Ti, recrystallized grains which had
been the high-temperature form of Ti (3) and finally the low-temperature form (o). The temperature
gradient just below the cavity was 22,000 °C mm ™. Magnification X 115.

There are two basic classes of solid solution. In the first, small atoms (like
carbon, boron, and most gases) fit between the larger metal atoms to give
interstitial solid solutions (Figure 2.3(a)). Although this interstitial solubility is
usually limited to a few percent, it can have a large effect on properties.
Indeed, as we shall see later, interstitial solutions of carbon in iron are
largely responsible for the enormous range of strengths that we can get from
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carbon steels. It is more common, though, for the dissolved atoms to have a
similar size to those of the host metal. Then the dissolved atoms simply
replace some of the host atoms to give a substitutional solid solution
(Figure 2.3(b)). Brass and cupronickel are good examples of the large solubi-
lities that this atomic substitution can give.

Solutions normally tend to be random so that one cannot predict which of
the sites will be occupied by which atoms (Figure 2.3(c)). But if A atoms pre-
fer to have A neighbors, or B atoms prefer B neighbors, the solution can clus-
ter (Figure 2.3(d)); and when A atoms prefer B neighbors the solution can
order (Figure 2.3(e)).

Many alloys contain more of the alloying elements than the host metal can
dissolve. Then the surplus must separate out to give regions that have a high
concentration of the alloying element. In a few alloys these regions consist
of a solid solution based on the alloying element. (The lead—tin alloy system,
on which most soft solders are based, Table 1.6, is a nice example of this—
the lead can only dissolve 2% tin at room temperature and any surplus tin
will separate out as regions of tin containing 0.3% dissolved lead.) In most
alloy systems, however, the surplus atoms of the alloying element separate
out as chemical compounds. An important example of this is in the alumi-
num—copper system (the basis of the 2000 series alloys, Table 1.4) where
surplus copper separates out as the compound CuAl,. CuAl, is hard and is
not easily cut by dislocations. And when it is finely dispersed throughout the
alloy, it can give very big increases in strength. Other important compounds
are NizAl, Ni3Ti, Mo,C, and TaC (in superalloys) and FesC (in carbon
steels). Figure 2.4 shows the crystal structure of CuAl,. As with most com-
poundes, it is quite complicated.

2.4 PHASES

The things that we have been talking about so far—metal crystals, amor-
phous metals, solid solutions, and solid compounds—are all phases. A phase
is a region of material that has uniform physical and chemical properties.
Water is a phase—any one drop of water is the same as the next. Ice is
another phase—one splinter of ice is the same as any other. But the mixture
of ice and water in your glass is not a single phase, because its properties
vary as you move from water to ice. Ice + water is a two-phase mixture.

2.5 GRAIN AND PHASE BOUNDARIES

A pure metal, or a solid solution, is single phase. It is certainly possible to
make single crystals of metals or alloys, but it is difficult and the expense is
only worth it for high-technology applications such as single-crystal turbine
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FIGURE 2.3

Solid solution structures. In interstitial solutions small atoms fit into the spaces between large atoms.
In substitutional solutions similarly sized atoms replace one another. If A—A, A—B, and B—B bonds
have the same strength, then this replacement is random. But unequal bond strengths can give
clustering or ordering.

blades or single-crystal silicon for microchips. Normally, any single-phase
metal is polycrystalline—it is made up of millions of small crystals, or grains,
“stuck” together by grain boundaries (Figure 2.5). Because of their unusual
structure, grain boundaries have special properties of their own. First, the
lower bond density in the boundary is associated with a boundary surface
energy: typically 0.5 Joules per square meter of boundary area (0.5)m™?).
Secondly, the more open structure of the boundary can give much faster dif-
fusion in the boundary plane than in the crystal on either side. And finally,
the extra space makes it easier for outsized impurity atoms to dissolve in the
boundary. These atoms tend to segregate to the boundaries, sometimes very
strongly. Then an average impurity concentration of a few parts per million
can give a local concentration of 10% in the boundary with very damaging
effects on the fracture toughness. Henry Bessemer, the great Victorian iron-
master and the first person to mass-produce mild steel, was nearly bank-
rupted by this. When he changed his suppliers of iron ore, his steel began to
crack in service. The new ore contained phosphorus, which we now know
segregates badly to grain boundaries. As a result, modern steels must contain
less than ~0.05% phosphorus. Figure 2.6 shows an example of what grain
boundaries look like in a metal sample.
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FIGURE 2.4
The crystal structure of the “intermetallic” compound CuAl,. The structures of compounds are usually
more complicated than those of pure metals.

-#4—— Grain
boundary

FIGURE 2.5

The structure of a typical grain boundary. In order to “bridge the gap” between two crystals of
different orientation the atoms in the grain boundary have to be packed in a less ordered way. The
packing density in the boundary is then as low as 50%.

As we have already seen, when an alloy contains more of the alloying ele-
ment than the host metal can dissolve, it will split up into two phases. The
two phases are “stuck” together by interphase boundaries which, again, have
special properties of their own. We look first at two phases which have dif-
ferent chemical compositions but the same crystal structure (Figure 2.7(a)).
Provided they are oriented in the right way, the crystals can be made to
match up at the boundary. Then, although there is a sharp change in chemi-
cal composition, there is no structural change, and the energy of this coherent
boundary is low (typically 0.05 ] m~?). If the two crystals have slightly differ-
ent lattice spacings, the boundary is still coherent but has some strain (and
more energy) associated with it (Figure 2.7(b)). The strain obviously gets
bigger as the boundary grows sideways: full coherency is usually possible
only with small second-phase particles. As the particle grows, the strain
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FIGURE 2.6
A polished and etched section through a sample of titanium showing the grain boundaries.
Magnification < 390.

builds up until it is relieved by the injection of dislocations to give a semico-
herent boundary (Figure 2.7(c)). Often the two phases which meet at the
boundary are large and differ in both chemical composition and crystal
structure. Then the boundary between them is incoherent; it is like a grain
boundary across which there is also a change in chemical composition
(Figure 2.7(d)). Such a phase boundary has a high energy—comparable with
that of a grain boundary—around 0.5 J m ™.

2.6 SHAPES OF GRAINS AND PHASES

Grains come in all shapes and sizes, and both shape and size can have a big
effect on the properties of the polycrystalline metal (a good example is mild
steel—its strength can be doubled by a 10 times decrease in grain size). Grain
shape is strongly affected by the way in which the metal is processed.
Rolling or forging, for instance, can give stretched-out (or “textured”) grains;
and in casting the solidifying grains are often elongated in the direction of
the easiest heat loss. But if there are no external effects like these, then the
energy of the grain boundaries is the important thing. This can be illustrated
very nicely by looking at a “two-dimensional” array of soap bubbles in a
thin glass cell. The soap film minimizes its overall energy by straightening
out; and at the corners of the bubbles the films meet at angles of 120° to
balance the surface tensions (Figure 2.8(a)). Of course, a polycrystalline
metal is three dimensional, but the same principles apply: the grain
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(d) incoherent
FIGURE 2.7
Structures of interphase boundaries.

boundaries try to form themselves into flat planes, and these planes always
try to meet at 120°. A grain shape does indeed exist which not only satisfies
these conditions but also packs together to fill space. It has 14 faces and is
therefore called a tetrakaidecahedron (Figure 2.8(b)). This shape is remark-
able, not only for the properties just given but because it appears in almost
every physical science (the shape of cells in plants, bubbles in foams, grains
in metals, and Dirichlet cells in solid-state physics).

If the metal consists of two phases, then we can get more shapes. The sim-
plest is when a single-crystal particle of one phase forms inside a grain of
another phase. Then, if the energy of the interphase boundary is isotropic
(the same for all orientations), the second-phase particle will try to be spheri-
cal in order to minimize the interphase boundary energy (Figure 2.9(a)).
Figure 2.10 shows a real example. Naturally, if coherency is possible along
some planes, but not along others, the particle will tend to grow as a plate,
extensive along the low-energy planes but narrow along the high-energy
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FIGURE 2.8
(@) The surface energy of a “two-dimensional” array of soap bubbles is minimized if the soap films
straighten out. Where films meet the forces of surface tension must balance. This can only happen if
films meet in “120 © threes.” (b) In a three-dimensional polycrystal, the grain-boundary energy is
minimized if the boundaries flatten out. These flats must meet in 120° threes to balance the grain-
boundary tensions. If we fill space with equally sized tetrakaidecahedra, we will satisfy these
conditions. Grains in polycrystals therefore tend to be shaped like tetrakaidecahedra when the grain-
boundary energy is the dominating influence.

ones (Figure 2.9(b)). Phase shapes get more complicated when interphase
boundaries and grain boundaries meet. Figure 2.9(c) shows the shape of a
second-phase particle that has formed at a grain boundary. The particle is
shaped by two spherical caps which meet the grain boundary at an angle 6.
This angle is set by the balance of boundary tensions

2743 €08 0 = g, (2.1)

where 7,3 is the tension (or energy) of the interphase boundary and vy, is
the grain boundary tension (or energy).

In some alloys, 7.3 can be Z+,,/2 in which case §=0. The second phase
will then spread along the boundary as a thin layer of 3. This “wetting” of
the grain boundary can be a great nuisance—if the phase is brittle then
cracks can spread along the grain boundaries until the metal falls apart
completely. A favorite scientific party trick is to put some aluminum sheet in
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FIGURE 2.9

Many metals are made up of two phases. This figure shows some of the shapes that they can have
when boundary energies dominate. To keep things simple, we have sectioned the tetrakaidecahedral
grains in the way that we did in Figure 2.8(b). Note that Greek letters are often used to indicate
phases. We have called the major phase o and the second phase {3. But ~ is the symbol for the
energy (or tension) of grain boundaries (vygp) and interphase interfaces (y.z).

a dish of molten gallium and watch the individual grains of aluminum
come apart as the gallium whizzes down the boundary.

The second phase can, of course, form complete grains (Figure 2.9(d)). But
only if 7,3 and ~yg, are similar will the phases have tetrakaidecahedral shapes
where they come together. In general, 7,3 and g, may be quite different
and the grains then have more complicated shapes.

2.7 SUMMARY—CONSTITUTION AND STRUCTURE

The structure of a metal is defined by two things. The first is the constitution:

a. The overall composition—the elements (or components) that the metal
contains and the relative weights of each of them.

b. The number of phases and their relative weights.

c. The composition of each phase.
The second is the geometric information about shape and size:

d. The shape of each phase.

e. The sizes and spacings of the phases.



m CHAPTER 2: Metal Structures

FIGURE 2.10

An example of a spherical second phase. The matrix is a transparent organic compound—
camphene—which melts at 50 °C. It is held at a temperature just below its melting point. The second
phase is actually a figuid rich in dissolved impurities. The energy of the solid— liquid interface, ~ys, is
clearly isotropic. Magnification X 470.

Armed with this information, we are in a strong position to reexamine the
mechanical properties, and explain the great differences in strength, or
toughness, or corrosion resistance between alloys. But where does this infor-
mation come from? The constitution of an alloy is summarized by its phase
diagram—the subject of the next two chapters. The shape and size are more
difficult, since they depend on the details of how the alloy was made. But, as
we shall see from later chapters, a fascinating range of microscopic processes
operates when metals are cast, or worked or heat treated into finished pro-
ducts; and by understanding these, shape and size can, to a large extent, be
predicted.

WORKED EXAMPLE

The following photograph shows a polished cross section through a brazed
joint (magnification X 290). The braze alloy itself appears white—it is
“Pallabraze 950", a proprietary brazing alloy with composition 54%Ag/25%
Pd/21%Cu and melting range 901—950 °C.

http://www.jm-metaljoining.com/applications-pages2.asp?
pageid = 8&id =120

The material on both sides of the joint is “Nilo-K” or “Kovar”, a low thermal
expansion alloy (o~ 6 X 107°°C™") with composition 54%Fe/29%Ni/17%
Co and melting point 1450 °C.



Cross section through brazed joint. From left to right: (a) material adjacent to hole in Kovar
sheet; (b) solidified Pallabraze 950 (white and featureless); and (c) part section of Kovar pin.
Magnification X 290.

http://www.alloywire.com/nilo_alloy_K.html

The component on the left of the joint is the lid of a small pot (containing
an electronic device) which was press formed from thin Kovar sheet. A
number of holes were drilled through the sheet, and the Kovar pins were
inserted through the holes before being brazed in place in a furnace at
1000 °C. (In other places, the holes were made larger in diameter, and the
pins were located in the holes by tiny glass ferrules. The ferrules melted
during the heating cycle and fused with the surfaces of both pin and hole.
These glass-metal seals were intended to insulate the pins from the pot. It
was in order to match the a values for the metal and the glass that Kovar
was specified.)

http://en.wikipedia.org/wiki/Glass-to-metal_seal

As the above photograph shows, during the time the brazing alloy was lig-
uid in the furnace, it penetrated along the grain boundaries in the Kovar
sheet. The depth of penetration was about 45 pm. This is comparable to the
grain size of the sheet, and in fact two grains have detached completely from
the metal next to the hole. This is an excellent example of having vs;. = b/
2. This means that the liquid braze wets the grain boundaries and spreads
along them easily. (The pin was attacked to a smaller depth—and no grains
were detached—because it was plated with a thin layer of nickel before braz-
ing; nickel acts as a partial barrier to diffusion of the brazing alloy.) The
main cause of the problem, however, was the long time it took to fuse the

Worked Example
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glass, which exposed the Kovar to the liquid braze alloy for longer than was
strictly necessary just to braze the pins in place.

EXAMPLES

2.1

2.2
2.3

2.4

2.5

Describe, in a few words, with an example or sketch where appropriate, what is
meant by each of the following:

polymorphism

dense random packing

an interstitial solid solution

a substitutional solid solution

clustering in solid solutions

ordering in solid solutions

an intermetallic compound

a phase in a metal

a grain boundary

an interphase boundary

a coherent interphase boundary

a semicoherent interphase boundary

an incoherent interphase boundary

the constitution of a metal

. a component in a metal.

Why do impurity atoms segregate to grain boundaries?

A large furnace flue operating at 440 °C was made from a steel containing 0.10%
phosphorus as an impurity. After 2 years in service, specimens were removed
from the flue and tested for fracture toughness. The value of K. was 30 MN m™~*?,
compared to 100 MN m~*? for new steel. Because of this, the flue had to be
scrapped for safety reasons. Explain this dramatic drop in toughness.

Indicate the shapes that the following adopt when boundary energies dominate:
a. a polycrystalline pure metal (isotropic ygp)

b. an intermetallic precipitate inside a grain (ISotropic ~y,g)

c. an intermetallic precipitate at a grain boundary (y.s > vgn/2)

d. an intermetallic precipitate at a grain boundary (y.s < ygn/2).

The photograph which follows shows a solid—liquid interface in the transparent
organic compound camphene (which melts at 50 °C). The sample of camphene
was held in a temperature gradient until it reached equilibrium. The direction of
heat flow was from top to bottom in the photograph, so at the top the material
was molten, and at the bottom it was solid. The isotherms are horizontal, and
the 50 °C isotherm locates the solid—liquid interface. The solid contains grain
boundaries, which have migrated until they are perpendicular to the solid—liquid
interface. Where the grain boundary meets the solid—liquid interface, it forms a

oFpBrFnPFQ@mo D



grain-boundary groove. By measuring the angle 6 (see Figure 2.9(c)), estimate
the ratio of the solid—liquid energy to the grain-boundary energy, vsr/vgo-

Grain-boundary
groove Solid-liquid interface

A

<«— Grain boundary

@i

' = SLH:Q =
)

Answer
0.7.

2.6 A sample of Al + 5 wt%Sn was cooled slowly to 230 °C, at which point the

structure consisted of 95 wt% solid Al and b wt% liquid Sn as dispersed droplets.
The sample was held at 230 °C for a long time, after which it was quenched to
room temperature. The liquid Sn solidified as soon as the temperature fell below

228 °C. The sample was sectioned and polished, and the shapes of the
quenched Sn droplets observed. The droplets all had circular profiles on the

plane of the section. What does this say about the three-dimensional equilibrium
shape of the droplets when they were liquid? What does this equilibrium shape

say about ~ygr, for solid Al-liquid Sn?
2.7 The diagram which follows shows the unit cell of the b.c.c. crystal structure.
The atoms touch along cube diagonals (e.g., atoms 1, 2, 3). Using this

information, find the diameter D of each atom in terms of the lattice constant a.
The diagram shows the locations (marked “X") of “octahedral” spaces between
the atoms. Calculate the diameter d of the largest dissolved atom which can fit
into the octahedral spaces (express din terms of a). To do this, draw a diagram

showing atom 3, location X(1), and atom 4, all in a straight line. Also find the

ratio d/D. Without being told how to calculate d, you could have chosen instead
to draw a plan looking down on the top of the unit cell, showing atoms 3, 5, 6, 7
and location X(2). What value of d would you have calculated from this plan for

a dissolved atom placed at X(2)? Why does the smaller of the two d values
determine the diameter of the largest dissolved atom?

Examples a
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Answers
D=0.8660a;, d=0.1340a; d/D=0.155; d=0.5482a.

2.8 The diagram which follows shows the unit cell of the f.c.c. crystal structure. The
atoms touch along cube face diagonals (e.g., atoms 1, 2, 3). Using this
information, find the diameter D of each atom in terms of the lattice constant a.
The diagram shows the location (marked “X") of an “octahedral” space between
the atoms. Calculate the diameter d of the largest dissolved atom which can fit
into an octahedral space (express din terms of a). To do this, draw a plan
looking down on the plane containing atoms 4, 5, 6, 7 showing the positions of
these 4 atoms and X. Also find the ratio d/D. Would your answer have been any
different if you had drawn a plan view of atoms 4, 2, 6, 8, and X instead? Explain
your conclusion.

Answers
D=0.7071a; d=0.2929a; d/D = 0.4142.

2.9 aforf.c.c. ironis 0.355 nm; from Example 2.8, calculate the maximum diameter
of an interstitial atom in an octahedral space. a for b.c.c. iron is 0.286 nm; from
Example 2.7, calculate the maximum diameter of an interstitial atom in an
octahedral space. The diameter of a carbon atom is 0.154 nm. f.c.c. iron can
dissolve up to 1.7 wt% C (at 1130 °C). b.c.c. iron can dissolve up to 0.035 wt% C



Examples

(at 732 °C). Explain the relative solubilities of C in f.c.c. and b.c.c. iron in terms
of the relative sizes of the octahedral spaces in the f.c.c. and b.c.c. crystal
structures. How does the metal behave so it can accommodate C atoms which
are larger than the octahedral spaces?

Answers
0.104 nm; 0.0383 nm.

2.10 The table shows pairs of metals (“metal 1" and “metal 2”) which have
complete solid solubility in one another. Taking data from Table 2.2, write
down the crystal structure for both metals in each pair. What do you notice
about the crystal structures? Why must this always be the case for complete
solid solubility? Taking data from Table 2.2, write down the value of the lattice
parameter a for both metals in each pair. How do these a values explain the
ability of the pairs of metals to form solid solutions over the full range of
composition from 100% metal 1 to 100% metal 27

Metal 1 Metal 2 Structure 1 Structure 2 a4 (nm) as (nm)
Ag Au

Cr Mo

Cu Ni

Ir Pt

Mo W

Ni Pd

Ni Pt

Pt Rh

Ti Zr
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CHAPTER 3

Phase Diagrams 1

3.1 INTRODUCTION

If you work through the next two chapters, doing the examples, you will get a
working knowledge of what a phase diagram (or equilibrium diagram) means
and how to use it. To help, we have put the solutions to the examples at the
end of each chapter. Don't rush it: learn the definitions and meditate a
little over the diagrams themselves, checking yourself as you go. Some parts
(the definitions, for instance) are pretty concentrated stuff. Others (some of
the examples, perhaps) may strike you as trivial. That is inevitable in a course
for students with differing backgrounds. Do them anyway. The whole thing
should take you about 4 h. The material given here broadly parallels the intro-
ductory part of the excellent text by Hansen and Beiner (see Section 3.2);
if you can read German, and want to learn more, work through this.

Phase diagrams are important. Whenever materials engineers have to report
on the properties of a metallic alloy, or a ceramic, the first thing they do is
reach for the phase diagram. It tells them what, at equilibrium, the structure
of the alloy or ceramic is. The real structure may not be the equilibrium one,
but equilibrium structure gives a baseline from which other (nonequilib-
rium) structures can be inferred.

Some excellent sources of phase diagrams are given below.

3.2 SOURCE BOOKS
ASM. Metals Handbook, 2nd desktop edition. ASM, 1999.

W. Gale and T. Totemeier, Smithells reference book, 8th edition. Elsevier,
2003.

M. Hansen and K. Anderko, Constitution of Binary Alloys, McGraw-Hill, 1958;
and supplements, by R. P. Elliott, 1965, and F. A. Shunk, 1969. 33

Engineering Materials 2: An Introduction to Microstructures and Processing, Fourth Edition
© 2013 Michael F. Ashby and David R. H. Jones. Published by Elsevier Ltd. All rights reserved.
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J. Hansen and F. Beiner, Heterogeneous Equilibrium, De Gruyter, 1975.

W. Hume-Rothery, J. W. Christian and W. B. Pearson, Metallurgical
Equilibrium Diagrams, Institute of Physics, 1952.

E. M. Levin, C. R. Robbins and H. F. McMurdie, Phase Diagrams for Ceram-
icists, American Ceramic Society, 1964.

3.3 COMPONENTS, PHASES, AND STRUCTURES

Definitions are enclosed in boxes and signaled by “DEF.” These you have to
learn. The rest follows in a logical way.

Alloys

A metallic alloy is a mixture of a metal with other metals or nonmetals. Ceramics, too, can
be mixed to form alloys.

Copper (Cu) and zinc (Zn), when mixed, form the alloy brass. Magnesia
(MgO) and alumina (Al,O3) when mixed in equal proportions form spinel.
Iron (Fe) and carbon (C) mix to give carbon steel.

Components
Alloys are usually made by melting together and mixing the components.

The components are the chemical elements which make up the alloy.

In brass, the components are Cu and Zn. In carbon steel, the components are
Fe and C. In spinel, they are Mg, Al, and O.

DEF.

A binary alloy contains two components. A ternary alloy contains three; a quaternary, four, etc.

Symbols
Components are given capital letters: A, B, C or the element symbols Cu,
Zn, C.
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Concentration
An alloy is described by stating the components and their concentrations.

DEF.

The weight % of component A:

weight of component A
Wy = .
>~ weights of all components

The atom (or mol) % of component A:

number of atoms (or mols) of component A
Xp =
>~ number of atoms (or mols) of all components

(Weight in g)/(atomic or molecular wt in g mol™' = number of mols.

(Number of mols) X (atomic or molecular wt in g mol ™' = weight in g.

EXAMPLES

3.1 (a) Calculate the concentration in wt% of copper in a brass containing 40 wt% zinc.
Concentration of copper, in wt%:
Weu =
(b) 1Kkg of an a-brass contains 0.7 kg of Cu and 0.3 kg of Zn.
The concentration of copper in a-brass, in wt%:
Wew =
The concentration of zinc in a-brass, in wt%:
Wan =
(c) The atomic weight of copper is 63.5 and of zinc 65.4.
The concentration of copper in a-brass, in at%:
Xouw =
The concentration of zinc in a-brass, in at%:
Xon=

3.2 A special brazing alloy contains 63 wt% of gold (Au) and 37 wt% of nickel (Ni).
The atomic weight of Au (197.0) is more than three times that of Ni (568.7). At a
glance, which of the two compositions, in at%, is likely to be the right one?

(a) Xa,=0.34, Xy =0.66.
(b) Xa,=0.66, Xy =0.34.

3.3 Your favorite vodka is 100° proof (49 wt% of alcohol). The molecular weight of
water is 18; that of ethyl alcohol—C,HgOH—is 46. What is the mol% of alcohol
in the vodka?

Mol% of alcohol: X¢, 1,00 =
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3.4 An alloy consists of X, at% of A with an atomic weight oy, and Xg at% of B
with an atomic weight of ag. Derive an equation for the concentration of A in wt
%. By symmetry, write down the equation for the concentration of B in wt%.

Structure

Alloys are usually made by melting the components and mixing them
together while liquid, though you can make them by depositing the compo-
nents from the vapor, or by diffusing solids into each other. No matter how
you make it, a binary alloy can take one of four forms:

(a) single solid solution

(b) two separated, essentially pure, components

(c) two separated solid solutions

(d) a chemical compound, together with a solid solution.

How can you tell which form you have got? By examining the microstructure.
To do this, the alloy is cut to expose a flat surface which is then polished,
first with successively finer grades of emery paper, and then with diamond
pastes (on rotating felt disks) until it reflects like a mirror. Finally, the
polished surface is etched, usually in a weak acid or alkali, to reveal the
microstructure—the pattern of grains and phases. Grain boundaries show up
because the etch attacks them preferentially. The etch also attacks the crys-
tals, leaving densely packed crystallographic planes exposed; light is reflected
from these planes, so some grains appear light and others dark, depending
on whether the light is reflected in the direction in which you are looking.
Phases can be distinguished, too, because the phase boundaries etch, and
because many etches are designed to attack one phase more than another,
giving a contrast difference between phases.

The Al—11 wt% Si casting alloy is typical of (b): the Si separates out as fine nee-
dles (=1 pm diameter) of essentially pure Si in a matrix of pure Al The
Cd—60 wt% Zn alloy typifies (c): it consists of a zinc-rich phase of Zn with
0.1 wt% Cd dissolved in it plus a cadmium-rich phase of Cd with 0.8 wt% Zn dis-
solved in it. Finally, slow-cooled Al—4 wt% Cu is typical of (d) (Figure 11.3).

EXAMPLE

3.5 List the compositions of the alloy and the phases mentioned above.

wt% Cd wt% Zn
Cadmium—zinc alloy
Zinc-rich phase
Cadmium-rich phase




3.3 Components, Phases, and Structures

Phases

All parts of an alloy with the same physical and chemical properties and the same composi-
tion are parts of a single phase.

The Al-Si, Cd—Zn, and Al—Cu alloys are all made up of two phases.

EXAMPLES

3.6 You heat pure copper. At 1083 °C it starts to melt. While it is melting, solid and
liquid copper coexist. Using the definition above, are one or two phases
present?
Why?

3.7 Three components A, B, and C of an alloy dissolve completely when liquid but
have no mutual solubility when solid. They do not form any chemical
compounds. How many phases, and of what compositions, do you think would
appear in the solid state?

Phases
Compositions

The constitution of an alloy

The constitution of an alloy is described by:

(a) the phases present
(b) the weight fraction of each phase
(c) the composition of each phase.

The properties of an alloy (yield strength, toughness, oxidation resistance, etc.)
depend critically on its constitution and on two further features of its structure:
the scale (nm or pm or mm) and shape (round or rod-like or plate-like) of the
phases, not described by the constitution. The constitution and the scale and
shape of the phases depend on the thermal treatment that the material has had.

WORKED EXAMPLE

The alloy aluminum—4 wt% copper forms the basis of the 2000 series
(Duralumin or Dural for short). It melts at about 650 °C. At 500 °C, solid Al
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dissolves as much as 4 wt% of Cu completely. At 20 °C its equilibrium solu-
bility is only 0.1 wt% Cu. If the material is slowly cooled from 500 to 20 °C,
4 — 0.1 wt% = 3.9 wt% copper separates out from the aluminum as large
lumps of a new phase: not pure copper, but of the compound CuAl,.
If, instead, the material is quenched (cooled very rapidly, often by dropping
it into cold water) from 500 to 20 °C, there is no time for the dissolved
copper atoms to move together, by diffusion, to form CuAl,, and the alloy
remains a solid solution.

At room temperature, diffusion is so slow that the alloy just stays like this,
frozen as a single phase. But if you heat it up just a little—to 160 °C, for
example—and hold it there (“aging”), the copper starts to diffuse together to
form an enormous number of very tiny (nm) plate-like particles of composi-
tion roughly CuAl,. On recooling to room temperature, this new structure is
again frozen in.

The yield strength and toughness of Dural differ enormously in these three
conditions (slow-cooled, quenched, and quenched and aged); the last gives
the highest yield and lowest toughness because the tiny particles obstruct
dislocations very effectively.

It is important to be able to describe the constitution and structure of
an alloy quickly and accurately. So do the following, even if they seem
obvious.

EXAMPLES

3.8 In the example above:
(a) How many phases are present at 500 °C?
(b) How many phases after slow cooling to 20 °C?
(c) How many phases after quenching to 20 °C?
(d) How many phases after quenching and aging?
3.9 An alloy of 120 g of lead (Pb) and 80 g of tin (Sn) is melted and cast. At
100 °C, two phases are found. There is 126.3 g of the lead-rich phase and
73.7 g of the tin-rich phase. It is known that the lead-rich phase contains
Wep = 95% of lead. The constitution of the alloy at room temperature is
described by:
(a) Number of phases
(b) Weight% of lead-rich phase
Weight% of tin-rich phase
(c) Composition of lead-rich phase, in wt%:
Wep, =
Wesn =
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(d) Composition of tin-rich phase, in wt%:
Why, =
WSn =

Equilibrium constitution

The Al—4 wt% Cu alloy of the example can exist at 20 °C in three different
states. Only one—the slowly cooled one—is its equilibrium state, though
given enough time the others would ultimately reach the same state. At a
given temperature, then, there is an equilibrium constitution for an alloy to
which it tends.

A sample has its equilibrium constitution when, at a given, constant temperature T and
pressure p, there is no further tendency for its constitution to change with time. This consti-
tution is the stable one.

Alloys can exist in nonequilibrium states—the Al—Cu example was
an illustration. But it is always useful to know the equilibrium
constitution. It gives a sort of baseline for the constitution of the real
alloy, and the likely nonequilibrium constitutions can often be deduced
from it.

State variables

Ten different samples with the same composition, held at the same T and p,
have the same equilibrium constitution. Ten samples each of different com-
position, or each held at different T or p values, have ten different equilib-
rium constitutions.

The independent constitution variables or state variables are T, p, and composition.

WORKED EXAMPLE
The Al—Cu alloy (see Figure 11.3)

| Values of the state variables | Equilibrium constitution
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T =500°C
(a) p =latm — Single-phase solid solution of copper in aluminum
Wa =96%
WCu =4%
T =20°C
(b) p =latm —Two phases: Al containing 0.1 wt% Cu, and CuAl,
Wal =96% ’
WCu =4%

They are equilibrium constitutions because they are the ones reached
by very slow cooling; slow cooling gives time for equilibrium to be
reached.

Certain thermodynamic relations exist between the state variables. In gen-
eral, for a binary alloy, we choose p, T, and Xy (the at% of component B) as
the independent variables—though presently we shall drop p. The volume V
and the composition X, (=1 — X3) are then determined: they are the depen-
dent variables. Of course, the weight percentages W, and Wy can be used
instead.

Equilibrium constitution (or phase) diagrams

The equilibrium constitution of an alloy can be determined experimentally
by metallography and thermal analysis (described later). If the pressure is
held constant at 1 atm, then the independent variables which control the
constitution of a binary alloy are T and X or Wg.

DEF.

An equilibrium constitution diagram or equilibrium diagram for short (or, shorter still, phase
diagram), is a diagram with T and Xy (or Wg) as axes. It shows the results of experiments
which measure the equilibrium constitution at each T and Xz (or Wg).

Figure 3.1 shows a phase diagram for the lead—tin system (the range of
alloys obtained by mixing lead and tin, which includes soft solders).
The horizontal axis is composition Xp, (at%) below and Wp, (wt%)
above. The vertical axis is temperature in °C. The diagram is divided
into fields: regions in which the number of phases is constant. In the
unshaded fields, the equilibrium constitution is single phase: liquid
(above), or tin containing a little dissolved lead (left), or lead
containing dissolved tin (right). In the shaded fields, the equilibrium
constitution has two phases: liquid plus solid Sn, or liquid plus solid
Pb, or solid Pb mixed with solid Sn (each containing a little of the other
in solution).
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T¢C) Wiy, (%)
10 20 30 40 50 60 70 80 85 90 95
350 Liouid L L | L T 1 T T
iquid —t—= .
300 (L L] Solid

" (Pb)
250 V/’GQ =
L+(Sn) —v o /'<< L+(Pb) y

200
Solid —
150 (Sn) S

e RN

0 10 20 30 40 50 60 70 80 90 100
Sn Pb

100

FIGURE 3.1

DEF.

The diagram shows the equilibrium constitution for all the binary alloys that can be made of
lead and tin, in all possible proportions, or, in short, for the lead—tin system.

A binary system is a system with two components.

A ternary system is a system with three components.

The constitution point

The state variables define a point on the diagram: the “constitution point”. If
this point is given, then the equilibrium number of phases can be read off.
So, too, can their composition and the quantity of each phase—but that
comes later. So the diagram tells you the entire constitution of any given
alloy, at equilibrium. Refer back to the definition of constitution (p. 37) and
check that this is so.

EXAMPLES

3.10 Figure 3.2 shows the Pb—Sn diagram again but without shading.
(a) What is the composition and temperature (the state variables) of point 1?

Composition at% Pb

and at% Sn

Temperature °C
(b) Mark the constitution point for a Pb—70 at% Sn alloy at 250 °C onto

Figure 3.2.

What does the alloy consist of at 250 °C?
How many phases?
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T(C) Wey, (%)
10 20 30 40 50 60 70 80 85 90 95
SR I L I |
iquid {—=
300 (L) ! — _— N
-1 Oll
250 /,/ (Pb)
L+(Pb) /
200 L*(SN) —R‘___ A 2 4
Solid — Fm—ed]
150 (Sn) 3 ™
(Sn)+(Pb) \
100 :
0 10 20 30 40 50 60 70 80 90 100
Sn Pb
Xo (%)
FIGURE 3.2

(c) Mark the point for a Pb—30 at% Sn at 250 °C.
What does it consist of?
How many phases?

(d) Describe what happens as the alloy corresponding initially to the
constitution point 1 is cooled to room temperature.

At which temperatures do changes in the number or type of phases
occur?
What phases are present at point 2?
What phases are present at point 37

(e) Describe similarly what happens when the alloy corresponding to the

constitution point 4 is cooled to room temperature.
Initial composition and temperature
Initial number of phases
Identify initial phase(s)
Temperature at which change of phase occurs
Number of phases below this temperature
Identify phases
3.11 Is a mixture of a metal and a nonmetal called an alloy?

Yes

3.12 Pernod is a transparent yellow fluid consisting of water, alcohol, and Evil Esters.
The Evil Esters dissolve in strong water—alcohol solutions but precipitate out as
tiny whitish droplets if the solution is diluted with more water. It is observed
that Pernod turns cloudy at 60 wt% water at 0 °C, at 70 wt% water at 20 °C, and
at 85 wt% water at 40 °C. Using axes of T'and concentration of water in wt%,
sketch an approximate phase diagram (Figure 3.3) for the Pernod—water system,
indicating the single- and two-phase fields.
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FIGURE 3.3

3.13 A micrograph reveals 10 black-etching needles and 8 globular regions that etch
gray, set in a white-etching matrix.
(a) How many phases would you judge there to be?

(b) Does the constitution of the alloy depend on the shape of the phases?

(c) Can the constitution of the alloy depend on its thermal history?

(d) What do you call the entire range of alloys which can be made of lead and
tin?

3.4 ONE- AND TWO-COMPONENT SYSTEMS

Phase diagrams are mostly determined by thermal analysis. We now discuss
one-component systems to show how it works. The more complicated dia-
grams for binary, ternary, or quaternary alloys are determined by the same

method.

Reminder
One-component systems Independent variables p and T
Binary (A + B) systems Independent variables p, T, and Xg
Ternary (A + B + C) systems Independent variables p, T, Xg, and Xg
Quaternary (A +B + C + D) systems  Independent variables p, T, Xg, Xc, and Xp

One-component systems
The equilibrium constitution of a one-component system is fixed by the vari-
ables p and T so the equilibrium phases can be shown on a diagram with p
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and T axes. The one shown in Figure 3.4 has only one solid phase. Some,
like ice or iron, have several.

Single-phase regions are areas.
Two phases coexist along lines.
Three phases coexist at a point: the triple point.

The behavior at constant p is given by a horizontal cut through the diagram.
The solid melts at Ty, and vaporizes at Ty. The phase diagram at constant pres-

sure is a line (shown on the right) along which the span of stability of each
phase is marked, as shown in Figure 3.5.

Solid
(crystal)

Pressure (p)

X
Triple point

Vapor

Y

Temperature (T)

FIGURE 3.4

Temperature (T)
*
Vapor

Ty, -« Vapor + liquid

Liquid

Pressure (p)

Tu—< Liquid + solid

Vapor Solid

l

Y

Temperature (T)

FIGURE 3.5
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EXAMPLES

3.14 List the phases shown on the T—p diagram (Figure 3.5)

3.15 If the pressure is increased, does the melting point of the material of the
diagram increase, decrease, or stay constant?
3.16 At 1 atm, iron melts at 15636 °C and boils at 2860 °C. When it solidifies (a phase
change), it does so in the b.c.c. crystal structure and is called 6-iron. On cooling
further, it undergoes two further phase changes. The first is at 1391 °C when it
changes to the f.c.c. crystal structure and is then called ~-iron. The second is at
914 °C when it changes back to the b.c.c. crystal structure and is called a-iron.
(a) Construct the one-dimensional phase diagram at constant pressure (1 atm)
for iron (Figure 3.6).
(b) Mark on it the regions in which each phase is stable. Label them with the
names of the phases.
(c) Indicate with arrows the points or regions where two phases coexist in
equilibrium.

Cooling curves

If a one-component system is allowed to cool at constant pressure, and the
temperature is recorded as a function of time, it looks as shown in
Figure 3.7. It shows five regions:

1. vapor
2. vapor-to-liquid phase change

T(°C)
3000 —

2000 +

1000

FIGURE 3.6
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Temperature (T)

Time t(s)
FIGURE 3.7
3. liquid
4. liquid-to-solid phase change
5. solid.

The system is a single phase in regions 1, 3, and 5. Phase changes occur at
the temperatures corresponding to regions 2 and 4. When a phase transfor-
mation takes place, the latent heat of the transformation is released (on cool-
ing) or absorbed (on heating). Because of this the temperature stays almost
constant during the transformation, giving shelves 2 and 4; cooling con-
tinues only when the transformation is complete.

Phase transformations in the solid state (like those in iron), too, have latent
heats. They may be small but with sensitive equipment for measuring cool-
ing curves or heating curves; they are easily detected.

The shelves of the cooling curve are called arrest points. The two shown
in the picture are at the boiling point and the melting point of the material
at the given pressure.

Differential thermal analysis, DTA

Even in complicated, multicomponent alloys, phase changes can be deter-
mined by cooling (or heating) a sample, recording temperature as a function
of time, and observing the arrest points. Greater accuracy is possible with dif-
ferential thermal analysis. A sample with the same thermal mass as the test
sample, but showing no phase transformations, is cooled (or heated) side-
by-side with the test sample, and the difference AT between the cooling (or
heating) curves is plotted. Sometimes the difference in power needed to heat
the two samples at the same rate is measured instead: there is a sudden differ-
ence in power at the phase transformation. Both are just sophisticated ways
of getting the information shown in the cooling curve.
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FIGURE 3.8
EXAMPLES

3.17 Construct the general shape of a cooling curve for iron, starting at 3000 °C and
ending at 0 °C, using the data given in Example 3.16 (Figure 3.8).

3.18 Which phases do you expect at each of the following constitution points for the
lead—tin system?
(a) Xpp=40%, T=175°C
(b) Wp, =15%, T=200°C
(c) Wsn=10%, T=200°C
(d) Wp, =35%, T=200°C

3.19 You cool a sample of Xpp, = 80% from 3256 to 125 °C sufficiently slowly that
equilibrium is maintained. Mark the two points on Figure 3.9 and join them to
show the cooling path. In sequence, what phases appear as the alloy is cooled?
(a)
(b)
(c)

3.20 Figure 3.10 shows the phase diagram for ice. (The pressures are so large that
steam appears only at the extreme upper left.) There are eight different solid
phases of ice, each with a different crystal structure.

Current ideas of the evolution of the large satellite of Jupiter, Ganymede,
assume it to be largely made of ice. The pressure caused by gravitational
forces rises about linearly from the surface to the center, reaching a peak of
around 2 GN m™2. Radioactive decay causes the center to have a temperature
of about 30 °C but at the surface the temperature is below—100 °C. Assuming
a linear temperature gradient from the surface to the center, which phases of
ice would be found in Ganymede?



m CHAPTER 3: Phase Diagrams 1

Weol(%)
10 20 30 40 50 60 70 80 85 90 95
350 T T 0 I T 1 T T T1F [
Liquid ——»
300 (L e /Solid
A - (Pb)
6250
< Lesn L+(Pb) /
200 ~g3—A v,
Solid —= ™~
150 (Sn) S
{Sn)+(Pb) N
100 0 10 20 30 40 50 60 70 80 90 100
Sn Xppl%) Pb
FIGURE 3.9
/Vapor(steam)
Liquid
100 (water)
g o0
~
-100
| | I |
0 1 2 3 4
pGNM™2)
FIGURE 3.10

Binary systems
What defines the constitution of an alloy? If you can’t remember, refer back
to the definition on p. 37 and revise. The phase diagram gives all three
pieces of information. The first you know already. This section explains how
to get the other two.

At first sight, there is a problem in drawing phase diagrams for binary sys-
tems: there are three state variables (p, T, and X3).

The pressures on the ice phase diagram (above) are enormous, and when
they are this large they do affect phase equilibrium. But, almost always, we
are interested only in pressures near atmospheric (maybe up to 100 atm),
and such small pressures have almost no effect on phase diagrams for solids
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FIGURE 3.11

and liquids. So, we can drop p as a variable and plot the phase diagram in
two dimensions, with T and Xy as axes. For ternary (or higher) systems, there
is no way out—even after dropping p there are three (or more) variables.
Then, we can only show sections through the phase diagram of constant T or
of constant X¢, for example.

Composition of the phases

The phase diagram for a binary alloy (Figure 3.11) shows single-phase fields
(e.g., liquid) and two-phase fields (e.g., liquid plus A). The fields are separated
by phase boundaries. When a phase boundary is crossed, a phase change
starts, or finishes, or both.

When the constitution point lies in a single-phase region, the alloy consists of a single,
homogeneous phase. Its composition must (obviously) be that of the alloy. The phase compo-
sition and the alloy composition coincide in single-phase fields.

When the constitution point lies in a two-phase region, the alloy breaks up
into two phases which do not have the same composition as the alloy
(though a properly weighted mean of the two compositions must equal that
of the alloy).

What are these compositions? Well, if the alloy is at a temperature T, the
two phases (obviously) are at this temperature. Consider a Sn—20 at% Pb
alloy, at 150 °C. Figure 3.11 shows that, at this temperature, tin dissolves
1 at% of lead and lead dissolves 17 at% of tin. The compositions are shown
as Xs on the 150 °C isotherm (horizontal line): they are the equilibrium
phases at 150 °C. The line joining them is called a tie line.



m CHAPTER 3: Phase Diagrams 1

DEF.

When the constitution point for an alloy lies in the two-phase field, the alloy breaks up
into a mixture of two phases. The composition of each phase is obtained by construct-
ing the tie line (the isotherm spanning the two-phase region, terminating at the nearest
phase boundary on either side). The composition of each phase is defined by the ends
of the tie line.

Any alloy which lies on the tie line breaks up into the same two phases at its
ends. The proportions of each phase, of course, depend on the alloy
composition.

EXAMPLES

3.21 (a) The constitution point for a Sn—60 at% Pb alloy at 250 °C lies in a
two-phase field. Construct a tie line on Figure 3.12 and read off the
two phases and their compositions.

The phases are

The composition of phase 1 is

The composition of phase 2 is

(b) The alloy is slowly cooled to 200 °C. At 200 °C:
The phases are

The composition of phase 1 is

The composition of phase 2 is

(c) The alloy is cooled further to 150 °C. At this temperature:
The phases are
The composition of phase 1 is

The composition of phase 2 is

(d) Indicate with arrows on the figure the lines along which:

1. The composition of phase 1 moves

2. The composition of phase 2 moves
The overall composition of the alloy stays the same, of course. How can the
compositions of the phases change?
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Proportions of phases in two-phase alloys
You can get the relative amounts of each phase in a two-phase alloy from the
phase diagram.

The weight fraction of phase « is designated IW,.

That of phase 38 is W;. In a binary alloy, W, + W = 1.

Prove this result to yourself. Notice that, for the first time, we have not given
a parallel result for atomic (or mol) fraction. You cannot have an atom frac-
tion of a phase because a phase (as distinct from a pure element or a chemi-
cal compound of a specific composition) does not have an atomic weight. Its
composition can vary within the limits given by the phase diagram.

To find the relative amounts of each phase, start off by constructing a tie
line through the constitution point and read off the compositions of the
phases (Figure 3.13).
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WORKED EXAMPLE
At 250 °C, the Sn—Pb alloy with Wp, = 80% consists of two phases:

Liquid with W2 = 65%
Solid with WpPt = 87%.

The weight fractions of each phase, Wi o and Wso,, are fixed by the require-
ment that matter is conserved. Then:

The weight fraction of solid in the alloy is
a
Weer = —
SOL = 7
and the weight fraction of liquid is
Wio =

the "lever” rule

~|

and Wgop, + wijq = 1 as they obviously must.

The easiest way to understand this result is to notice that, if the constitution
point coincides with the left-hand X (the left-hand end of the tie line), the
alloy is all liquid; and when it coincides with the right-hand X, it is all solid;

Lo
|

|

|
1
|

|

|

1 | !
wt% —= 40 50 60

I
|
!
J
L |
!
|
|

70 80 |90 100
| Pb
100 }
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L i
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g -
E.‘Cu | ‘——680/0
c Qe |
S5 501 |
T e > | |
oL b
g‘-%r_u | -1 32%
€azc | ‘l
I
0
Solid Liquid

FIGURE 3.14
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provided the phase diagram has a linear wt% scale, the weight fraction of each
phase is proportional to distance measured along the tie line. Figure 3.14
shows how this relates to our example of an 80 wt% Pb alloy. The weight
percentages of other alloys along the tie line can be found in exactly the
same way: the results can be calculated using the lever rule or, more approxi-
mately, can be read straight off the linear graphs in the figure.

When the wt% scale is not linear (often it is not), you get the weight frac-
tions by writing

— WSOL _ 1y/LIQ
I=Wp,™ — Wy,
LI
a=Wpp, — Wi
— SOL
b= Pb WPb

where W2 is the percentage of lead in the liquid and W52 is that in the
solid (as before). These can be read off the (nonlinear) wt% scale, and the
results used in the lever rule.

EXAMPLES

3.22 A lead—tin alloy with composition Wp, = 80% is held at a temperature T.
(a) At T=280°C which is the dominant phase?
(b) At T=200 °C which is the dominant phase?
Indicate by arrows on Figure 3.15 the changes in the compositions of the
liquid phase and the solid phase as the alloy is cooled from 280 to 200 °C.
3.23 The alloy is cooled to 150 °C.
(a) How many phases are present?
(b) List the approximate composition of the phase(s)
(c) Which is the dominant phase?
(d) What (roughly) are the proportions by weight of each phase?

T¢C)

350
Liquid ——=

300 (L) 4

/ /’/Solid

260 /,/ / {Pb}
i L+(Pb}) /

200 LM ?\\\ ] y

Solid —

150  (Sn)
{ {Sn)+(Pb)

100 Y L
0 10 20 30 40 50 60 70 80 90 100
Sn pr("/c) Pb

FIGURE 3.15



m CHAPTER 3: Phase Diagrams 1

Gibbs phase rule

The number of phases P which coexist in equilibrium is given by the phase rule
F=C=P+2

where C'is the number of components (p. 34) and F'is the number of free independent state
variables (p. 39) or “degrees of freedom” of the system. If the pressure p is held constant (as
it usually is for solid systems), then the rule becomes F=C—P + 1.

A one-component system (C=1) has two independent state variables
(T and p). At the triple point, three phases (solid, liquid, vapor) coexist at
equilibrium, so P=3. From the phase rule F =0, so that at the triple point,
T and p are fixed—neither is free but both are uniquely determined. If T is
free but p depends on T (a sloping line on the phase diagram), then F=1
and P =2 that is, two phases, solid and liquid say, coexist at equilibrium. If
both p and T are free (an area on the phase diagram) F=2 and P=1; only
one phase exists at equilibrium (Figure 3.16).

EXAMPLES

3.24 For a binary A—B alloy:
(a) The number of components C =
(b) The independent state variables are
(c) If pressure is held fixed at atmospheric pressure, there are at most

degrees of freedom.

(d) If =0, how many phases can coexist in equilibrium at constant p?

(e) If F=1, how many phases coexist at constant p?

Solid Liquid

Pressure (p)

Vapor

Temperature (T)

FIGURE 3.16
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(f) If =2, how many phases coexist at constant p?

(g) In a single-phase field, how many degrees of freedom are there at
constant p?

(h) In a two-phase field, how many degrees of freedom are there at
constant p?

3.25 Figure 3.17 shows the phase diagram for the copper—zinc system. It is more

complicated than you have seen so far, but all the same rules apply. The Greek

letters (conventionally) identify the single-phase fields.

(a) Shade in the two-phase fields. Note that single-phase fields are always
separated by two-phase fields except at points.

(b) The two common commercial brasses are:

70/30 brass: Wegy =70%;
60/40 brass: Wgy =60%

Mark their constitution points onto the diagram at 200 °C (not much

happens between 200 °C and room temperature).

What distinguishes the two alloys?
(c) What, roughly, is the melting point of 70/30 brass?

(d) What are the phase(s) in 60/40 brass at 200 °C?
What are the phase(s) in 60/40 brass at 800 °C?
What has happened to the other phase?

wt% Zn
0 20 30 40 50 60 70 80 90
1100 2
N Liquid
1000

900 N
800 \ /
700 \
aor(Cu) \ \B / Y R
600 \ \ N
500 \

T{°C)

400 [4— or
(Zn)

300 /

200

100

0 10 20 30 40 650 60 70 80 90 100
Cu at% Zn Zn

FIGURE 3.17
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3.5 SOLUTIONS TO EXAMPLES

3.1

3.2
3.3
3.4

3.5

3.6

3.7
3.8

3.9

3.10

(@) Wey = 60%.

(b) Wey=70%, Wy, = 30%.

(¢) Xcu=71%, Xz, =29%.

(a) is the correct composition.

Your vodka contains 27 mol% of alcohol.

axX,
W,y = i, S
ClAXA + aBXB
agX
Wy= B
aAXA + dBXB
wt% Cd wit% Zn
Cadmium—zinc alloy 40 60
Zinc-rich phase 0.1 99.9
Cadmium-rich phase 99.2 0.8

Two phases: liquid and solid. Although they have the same chemical
composition, they differ in physical properties.
Three phases: pure A, pure B, and pure C.
(a) 1.
(b) 2
(e) 1.
(d) 2.
(a) 2.
(b) 63%, 37%.
(c) 95%, 5%.
(d) 0%, 100%.
(a) 50%, 50%, 300 °C.

(Figure 3.18)
(b) Liquid; 1.
(c) Liquid plus lead-rich solid; 2.
(d) 240°C, 183 °C.

At point 2: liquid plus solid (Pb).

At point 3: two solids, (Sn) and (Pb).
(€) Xpp, =80%, T =200 °C.

1 phase.
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3.11
3.12
3.13

3.14
3.15
3.16
3.17

Lead-rich solid.
155 °C.

Two phases: lead-rich solid (Pb) and tin-rich solid (Sn).

Yes (see definition, on p. 34).

(Figure 3.19)

(a) 3.

(b) Not at all.

(c) Yes (see example of Dural on p. 37).
(d) The lead—tin alloy system.
Crystalline solid, liquid, and vapor.

It increases.

(Figure 3.20)

(Figure 3.21).

3.5 Solutions to Examples
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3.18 (a) Tin-rich solid plus lead-rich solid.
(b) Liquid plus tin-rich solid.
(c) Lead-rich solid only.
(d) Liquid only.
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3.19 (a) Liquid plus lead-rich solid between 1 and 2.
(b) Lead-rich solid between 2 and 3.
(c) Lead-rich solid plus tin-rich solid below 3 (Figure 3.22).
3.20 Ice VI at the core, ice II nearer the surface, ice I at the surface, possibly
a thin shell of ice V between ice II and ice VI.
3.21 (a) Liquid plus lead-rich solid at 250 °C
Xpp = 53% in the liquid
Xpp, = 79% in the solid.
(b) Liquid plus lead-rich solid at 200 °C
Xpp, = 33% in the liquid
Xpp = 73% in the solid.
(c) Tin-rich solid plus lead-rich solid at 150 °C
Xpp = 1% in the tin-rich solid
Xpp, = 83% in the lead-rich solid.
(d) (Figure 3.23)

We(%)
10 20 30 40 50 60 70 80 85 90 95
350 L ! L 1 I L 1 1 1 1
Liguid - 1
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(Pb)
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FIGURE 3.22
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The compositions of the phases can change provided that their
relative proportions change so as to lead to the same overall alloy
composition. In practice, changes in phase composition occur by
diffusion.
3.22 (a) Liquid.
(b) Solid.
Figure 3.24.
3.23 (a) 2.
(b) Wpp, = 2%, Wpp, = 90%.
(c) The lead-rich solid.
(d) Tin-rich solid 11% of total weight.
Lead-rich solid 89% of total weight (see Figure 3.24).
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3.2b

(a)
(b)
(c)
(d)
(e)
(f)
(9)
(h)

(a)
(b)
(c)

(d)

3.5 Solutions to Examples

Cc=2.

Intensive variables p, T, Xg, or X,4.
2.

3.

2.

1.

2

Only 1. The compositions of the phases are given by the ends of
the tie lines so that T and X (or X,) are dependent on one
another.

Figure 3.25.

70/30 brass is single phase, but 60/40 brass is two phase.

70/30 brass starts to melt at 920 °C and is completely liquid at
950 °C.

60/40 brass starts to melt at 895 °C and is completely liquid
at 898 °C.

At 200 °C: « (copper-rich solid) and 3 (roughly CuZn).

At 800 °C: (.

The o has dissolved in the 3.
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CHAPTER 4

Phase Diagrams 2

4.1 EUTECTICS, EUTECTOIDS, AND PERITECTICS

Eutectics and eutectoids are important. They are common in engineering
alloys and allow the production of special, strong, microstructures.
Peritectics are less important. But you should know what they are and what
they look like to avoid confusing them with other features of phase
diagrams.

Eutectics

The Pb—Sn system has a eutecticc Look at the Pb—Sn phase diagram
(Figure 4.1). Above 327 °C, liquid lead and liquid tin are completely miscible,
that is, the one dissolves in the other completely. On cooling, solid first
starts to appear when the lines (or boundaries) which limit the bottom of
the liquid field are reached.
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DEF.

The phase boundary which limits the bottom of the liquid field is called the liquidus line.
The other boundary of the two-phase liquid—solid field is called the solidus line.

The liquidus lines start from the melting points of the pure components.
Almost always, alloying lowers the melting point, so the liquidus lines
descend from the melting points of the pure components, forming a
shallow V.

DEF.

The bottom point of the V formed by two liquidus lines is the eutectic point.

In the lead—tin system, it is the point Xpp, = 26.1 wt%, T= 183 °C.

Most alloy systems are more complicated than the lead—tin system and
show intermediate phases: compounds which form between components, like
CuAl, or Al3Ni or FesC. Their melting points are, usually, lowered by alloy-
ing also, so eutectics can form between CuAl, and Al (for example) or
between AlsNi and Al. The eutectic point is always the apex of the more or
less shallow V formed by the liquidus lines.

Figure 4.2 shows the unusual silver—strontium phase diagram. It has four
intermetallic compounds. Note that it is just five simple phase diagrams, like
the Pb—Sn diagram, stuck together. The first is the Ag—SrAgs diagram, the
second is the SrAgs—Sr3Ags diagram, and so on. Each has a eutectic. You can
always dissect complicated diagrams in this way.
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EXAMPLE

4.1 The three-phase diagrams, or parts of diagrams, shown in Figure 4.3, all have a
eutectic point. Mark the point with an arrow and list the eutectic temperature
and composition in wt% (the coordinates of the point).

Phase reactions

When an alloy is cooled, the constitution point for the alloy drops vertically
on the phase diagram. In a single-phase field, the composition of the phase
is, of course, that of the alloy. In a two-phase region, the compositions of
the two phases are related by the tie line through the constitution point
(p- 50: check it if you've forgotten); the phase compositions are given by the

wt% Al wt% Si
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1 i 1 |
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two ends of the tie line. These do not (in general) fall vertically; instead, they
run along the phase boundaries. The compositions of the two phases then
change with temperature.

When the compositions of the phases change with temperature, we say that a phase reaction
takes place.

Cooling without a phase reaction occurs:

(a) in a single-phase field,
(b) when both phase boundaries on either side of the constitution point are
vertical.

Cooling with a phase reaction occurs when the constitution point lies in a
two-phase region and at least one of the phase boundaries is not vertical.

Figure 4.4 shows the cooling of a lead—tin alloy with Xp, = 80%. On cooling
from 350 °C, the following regimes appear.

1. From 350 to 305 °C. Single-phase liquid; no phase reaction.

2. From 305 to 255 °C. The liquidus line is reached at 305 °C; the reaction
liquid — solid (Pb-rich solid solution) starts. The solid contains less tin
than the liquid (see first tie line), so the liquid becomes richer in tin and
the composition of the liquid moves down the liquidus line as shown by
the arrow. The composition of the solid in equilibrium with this liquid
also changes, becoming richer in tin also, as shown by the arrow on the
solidus line: a phase reaction is taking place. The proportion of liquid
changes from 100% (first tie line) to 0% (second tie line).

3. From 255 to 160 °C. Single-phase solid with composition identical to that
of the alloy. No phase reaction.

Woey, (%)
10 20 30 40 S0 60 70 80 85 90 95
350 (—rb L 1 ] ] ] PR M
Liquid =
(L 300 Solid
| —
R {Pb)
© 250 "‘/
L+ {Sn—— //
+(Sn 200 -
Solid
(Sn) 150¢ 4
100

0 10 20 30 40 50 60 70 80 90 100
Sn Xpp (%) Pb

FIGURE 4.4
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4. From 160 °C to room temperature. The lead-rich phase becomes unstable
when the phase boundary at 160 °C is crossed. It breaks down into two
solid phases, with compositions given by the ends of the tie line through
point 4. On further cooling, the composition of the two solid phases
changes as shown by the arrows: each dissolves less of the other. A phase
reaction takes place. The proportion of each phase is given by the lever rule.
The compositions of each are read directly from the diagram (the ends of
the tie lines).

The eutectic reaction
Consider now the cooling of an alloy with 50 at% lead. Starting from
300 °C, the regions are shown in Figure 4.5.

1. From 300 to 245 °C. Single-phase liquid; no phase reactions.

2. From 245 to 183 °C. The liquidus is reached at 245 °C, and solid (a lead-
rich solid solution) first appears. The composition of the liquid moves
along the liquidus line, that of the solid along the solidus line. This
regime ends when the temperature reaches 183 °C. Note that the alloy
composition in weight % (64) is roughly half-way between that of the
solid (81 wt%) and liquid (38 wt%), so the alloy is about half liquid,
half solid, by weight.

3. At 183 °C. The liquid composition has reached the eutectic point (the bot-
tom of the V). This is the lowest temperature at which liquid is stable. At
this temperature all the remaining liquid transforms to two solid phases:
a tin-rich o phase, composition Xp, = 1.45% and a lead-rich § phase,
composition Xpp, = 71%. This reaction:

Liquid—> o +3

at constant temperature is called a eutectic reaction.
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DEF.

A eutectic reaction is a three-phase reaction, by which, on cooling, a liquid transforms into two
solid phases at the same time. It is a phase reaction, of course, but a special one. If the bottom of
a liquid-phase field closes with a V, the bottom of the V is a eutectic point.

At the eutectic point, the three phases are in equilibrium. The composi-
tions of the two new phases are given by the ends of the line through the
eutectic point.

4. From 183 °C to room temperature. In this two-phase region, the composi-
tions and proportions of the two solid phases are given by constructing
the tie line and applying the lever rule, as illustrated. The compositions
of the two phases change, following the phase boundaries, as the temper-
ature decreases, that is, a further phase reaction takes place.

EXAMPLES

4.2 Check, using the phase rule, that three phases can coexist only at a point (the
eutectic point) in the lead—tin system at constant pressure. If you have trouble,
revise the Phase Rule on p. 54.

4.3 Not all alloys in the lead—tin system show a eutectic: pure lead, for example,
does not. Examine the Pb—Sn phase diagram and list the composition range for
which a eutectic reaction is possible.

4.4 We defined a eutectic reaction (e.g., that of the lead—tin system) as a three-
phase reaction by which, on cooling, a liquid transforms into two solids. In
general:

Loa+3

or, for the lead — tin system Liquid (Pb — Sn)— (Pb) + (Sn)

}on cooling

What happens on heating?

Eutectic structure

The aluminum casting alloys are mostly based on the Al—Si system (phase
diagram Figure 4.6). It is a classic eutectic system with a eutectic point at
about 11% Si and 577 °C. Consider the cooling of a AlI—6% Si casting alloy.
The liquidus is reached at about 635 °C, when solid (Al) starts to separate
out (top of Figure 4.7). As the temperature falls further, the liquid composi-
tion moves along the liquidus line, and the amount of solid (Al) increases.
When the eutectic temperature (577 °C) is reached, about half the liquid has
solidified (middle of Figure 4.7). The solid that appears in this way is called
primary solid, primary (Al) in this case.
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At 577 °C, the eutectic reaction takes place: the liquid decomposes into solid
(Al) mixed with solid Si but on a finer scale than before (bottom of Figure 4.7).
This intimate mixture of secondary (Al) with secondary Si is the eutectic structure.

On further cooling to room temperature, the composition of the (Al)
changes—it dissolves less silicon at the lower temperature. So silicon must
diffuse out of the (Al), and the amount of Si must increase a little. But the
final structure still looks like the bottom of Figure 4.7.

Dendrites

When a metal is cast, heat is conducted out of it through the walls of the
mold. The mold walls are the coldest part of the system, so solidification starts
there. In the Al—Si casting alloy, for example, primary (Al) crystals form on
the mold wall and grow inward. Their composition differs from that of the
liquid: it is purer and contains less silicon. This means that silicon is rejected at
the surface of the growing crystals, and the liquid grows richer in silicon: that
is why the liquid composition moves along the liquidus line.

The rejected silicon accumulates in a layer just ahead of the growing crystals,
and lowers the melting point of the liquid there. That slows down the solidi-
fication, because more heat has to be removed to get the liquid in this layer
to freeze. But suppose a protrusion or bump on the solid (Al) pokes through
the layer (Figure 4.8), it finds itself in liquid which is not enriched with sili-
con and can solidify. So the bump, if it forms, is unstable and grows rapidly.
Then the (Al) will grow, not as a sphere, but in a branched shape called a
dendrite. Many alloys show primary dendrites (Figure 4.9); and the eutectic,
if it forms, fills in the gaps between the branches.

— Growth direction
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Segregation

If an 80 at% Pb alloy is cooled, the first solid appears at 305 °C and is primary
(Pb) with a composition of about 90% Pb (Figure 4.10). From 305 to 255 °C
the amount of primary (Pb) increases, and its composition, which (at equilib-
rium) follows the solidus line, changes: it becomes richer in tin. This means
that lead must diffuse out of the solid (Pb), and tin must diffuse in.

This diffusion takes time. If cooling is slow, time is available and equilib-
rium is maintained. But if cooling is rapid, there is insufficient time for
diffusion, and, although the new primary (Pb), on the outside of the solid,
has the proper composition, the inside (which solidified first) does not.
The inside is purer than the outside; there is a composition gradient in each

FIGURE 4.9
Dendrites of silver in a copper—silver eutectic matrix, x280.
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Less pure = 85% Pb Relatively pure = 90% Pb

Solid:

90% Pb Liquid

300°C

-« Grain boundary
Least pure
< 80% Pb

FIGURE 4.11

(Pb) grain, from the middle to the outside. This gradient is called segregation
and is found in almost all alloys (Figure 4.11).

The phase diagram describes the equilibrium constitution of the alloy—the
one given by very slow cooling. In the last example, all the liquid should
have solidified at the point marked 2 on Figure 4.10, when all the solid has
moved to the composition Xpy, = 80% and the temperature is 255 °C. Rapid
cooling prevents this; the solid has not had time to move to a composition
Xpp = 80%. Instead, it has an average composition about half-way between
that of the first solid to appear (Xpp, =90%) and the last (Xp, = 80%), that
is, an average composition of about Xp, = 85%. This “rapid cooling” solidus
lies to the right of the “equilibrium” solidus; it is shown as a broken line on
Figure 4.10. If this is so, the alloy is not all solid at 260 °C. The rule for cal-
culating the amounts of each phase still applies, using the “rapid cooling”
solidus as one end of the tie line: it shows that the alloy is completely solid
only when point 3 is reached. Because of this, the liquid composition
overshoots the point marked X and may even reach the eutectic point—so
eutectic may appear in a rapidly cooled alloy even though the equilibrium
phase diagram says it shouldn’t.

Eutectoids

Figure 4.12 shows the iron—carbon phase diagram up to 6.7 wt% carbon
(to the first intermetallic compound, Fe;C). Of all the phase diagrams you,
as an engineer, will encounter, this is the most important. So much so that
you simply have to learn the names of the phases, and the approximate
regimes of composition and temperature they occupy. The phases are:

Ferrite: o (b.c.c) iron with up to 0.035 wt% C dissolved in solid solution.
Austenite: ~ (f.c.c.) iron with up to 1.7 wt% C dissolved in solid solution.
d-iron: § (b.c.c) with up to 0.08 wt% C dissolved in solid solution.
Cementite: FesC, a compound, at the right of the diagram.
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Ferrite (or o) is the low-temperature form of iron. On heating, it changes to
austenite (or ~) at 914 °C when it is pure, and this form remains stable until
it reaches 1391 °C when it changes to 6-iron (if you have forgotten this,
check back to p. 18). The phase diagram shows that carbon changes the tem-
peratures of these transitions, stabilizing ~ over a wider temperature interval.

The iron—carbon system has a eutectic: find it and mark it on the diagram
(Figure 4.12). At the eutectic point, the phase reaction, on cooling, is

Liquid — austenite + cementite.

But the diagram shows another feature which looks like a eutectic: it is the V
at the bottom of the austenite field. The transformation which occurs there
is very like the eutectic transformation, but this time it is a solid, austenite,
which transforms on cooling to two other solids. The point at the base of
the V is called a eutectoid point.

A eutectoid reaction is a three-phase reaction by which, on cooling, a solid transforms into
two other solid phases at the same time. If the bottom of a single-phase solid field closes
(and provided the adjacent two-phase fields are solid also), it does so with a eutectoid point.

The compositions of the two new phases are given by the ends of the tie line
through the eutectoid point.
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EXAMPLES

4.5 The copper—zinc system (which includes brasses) has one
eutectoid reaction. Mark the eutectoid point on the phase diagram
(Figure 4.13).

4.6 The copper—tin system (which includes bronzes) has four eutectoids
(Figure 4.14). One is obvious; the other three take a little hunting for. Remember
that, if the bottom of the single-phase field for a solid closes, then it does so
with a eutectoid. Try to locate (and ring carefully) the four eutectoid points on
the copper—tin phase diagram.

Eutectoid structures

Eutectoid structures are like eutectic structures but much finer in scale. The
original solid decomposes into two others, both with compositions which
differ from the original, and in the form (usually) of fine, parallel plates. To
allow this, atoms of B must diffuse away from the A-rich plates and A atoms
must diffuse in the opposite direction, as shown in Figure 4.15. Taking the
eutectoid decomposition of iron as an example, carbon must diffuse to the
carbon-rich Fe;C plates and away from the (carbon-poor) a-plates, just
ahead of the interface. The colony of plates then grows to the right, consum-
ing the austenite (v). The eutectoid structure in iron has a special name: it is
called pearlite (because it has a pearly look). The micrograph (Figure 4.16)
shows pearlite.
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B

i

- o

FIGURE 4.16
Pearlite in a eutectoid-composition plain-carbon steel, x<500.
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Peritectics
Eutectics and eutectoids are common features of engineering alloys. At their
simplest, they look like a V resting on a horizontal line (Figure 4.17). The
phase reactions, on cooling, are

Liquid L— « + (3 (eutectic)

Solid B — « + ~ (eutectoid).

Many phase diagrams show another feature. It looks like an upside-down V
(i-e., a A) touching a horizontal line. It is a peritectic reaction, and the tip of
the A is a peritectic point (Figure 4.18).
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DEF.

A peritectic reaction is a three-phase reaction by which, on cooling, two phases (one of them
liquid) react to give a single new solid phase.

On Figure 4.18, the peritectic reaction is

Liquid + solid a—solid (.

The composition of the 3 which forms (in this example) is 50 at% B.

EXAMPLES

4.7 The iron—carbon diagram (Figure 4.12) has a peritectic point. Ring it on the
diagram.

4.8 The copper—zinc system shown in Figure 4.13 has no fewer than five peritectic
reactions. Locate them and ring the peritectic points. (Remember that when a
single-phase field closes above at a point, the point is a peritectic point.)

Peritectoids

DEF.

A peritectoid is a three-phase reaction by which, on cooling, two solid phases react to give a
single new solid phase.

On Figure 4.19, the peritectoid reaction is
A+ B-o.
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FIGURE 4.19

4.2 TEST EXAMPLES

This last section allows you to test your understanding of the use of phase
diagrams.

EXAMPLES

4.9

4.10

When the temperature or pressure is decreased very rapidly, high-temperature
or high-pressure phases can be “trapped,” and are observed at atmospheric
temperature and pressure. (diamond, for instance, is a high-pressure form of
carbon. It is only metastable at atmospheric pressure: the stable form is
graphite.)
A roughly spherical meteorite of pure iron passes through the Earth's
atmosphere, causing surface heating, and impacts in the Mill pond creating a
(uniform) pressure wave, and a certain amount of consternation. The meteorite
is recovered and sectioned. It shows signs of having melted externally and of
having had an outer shell of ~-iron, an inner shell of e-iron, and a core of a-iron.
Use the p— T phase diagram for iron to deduce the approximate magnitude of
the pressure wave. Express the result in atmospheres (Figure 4.20).
Your ancient granny dies and leaves you her most prized possession: an urn of
pure gold. One afternoon, while mixing paint remover in the urn, you are
disturbed to note that it has turned an evil green in color. Whipping out your
magnifying glass, you observe that the paint remover, in attacking the um, has
also etched it, clearly revealing the presence of two phases. This (of course)
raises in your mind certain nagging doubts as to the purity of the gold. Your
friend with an electron microprobe analyzer performs a quick chemical analysis
for you, with the distressing result:

Copper 60 at%;

Zinc 40 at%;

Gold < 0.001 at%;
Figure 4.21 shows the appropriate phase diagram. Assuming the urn to be at
equilibrium (though Granny might not have been):
(a) Mark the constitution point onto the diagram (assume that the

constitution at room temperature is the same as at 200 °C).
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(b) Isitin a single- or two-phase region?
(c) What phase(s) are present?
(d) List the approximate phase composition(s)
(e) Calculate approximately the proportions of each phase —

Well done! You have determined the constitution of granny’s urn.
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4.11

4.12

4.13

4.14

Figure 4.22 shows a system with complete solid solubility. How many phases

are present in an alloy of 60 wt% Ni and 40 wt% Cu at:

(a) 1400°C

(b) 1300°C

(c) 1000 °C.

Figure 4.23 shows the Ti—Al phase diagram (important for the standard

commercial alloy Ti—6% Al—4% V). It shows two peritectic reactions, at each

of which liquid reacts with a solid phase to give an intermetallic compound.

(a) Ring the peritectics and give the (approximate) chemical formula for the

two compounds. (b) Shade all two-phase fields. (¢) At what temperature does a

Ti—6 wt% Al alloy start to melt? (d) Over what temperature range does it

change from the « (c.p.h.) to the 8 (b.c.c.) structure?

Figure 4.24 shows the aluminum—silicon system, basis of most aluminum

casting alloys.

(a) What is the eutectic composition and temperature?

(b) How many phases are present in an alloy of eutectic composition at
1000 °C and 400 °C?

(c) Describe the solidification of an alloy of eutectic composition and the
resulting structure.

(d) Compare and contrast this with the formation of a eutectoid structure.

A hypothetical equilibrium diagram between two elements A and B shows the

following features:

A has three solid allotropic forms with change temperatures of 800 °C and

1150 °C and melts at 1980 °C. These form solid solutions «, 3, and ~

containing B, « being the low-temperature one.
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4.3

4.1
4.2

4.3
4.4

4.5
4.6

An intermediate compound A,B; melts at 1230 °C. It has a limited solid
solubility for A forming solid solution € and no solid solubility for B.

B melts at 800 °C and has negligible solid solubility for A.

Eutectic reactions:
at 1000 °C, liquid (5% B) — 3 (25% B) +¢ (60% B)
at 650 °C, liquid (90% B) — A,Bs; +B.

Peritectic reaction at 1300 °C:
~ (8% B) + liquid (35% B) — B (15% B).

Eutectoid reaction at 600 °C:
B(12% B) - « (5% B) +¢ (65% B).

Peritectoid reaction at 300 °C:
a (3% B) +¢ (69% B) — 6 (40% B).

At 0 °C the solubilities of B in A and A in A,Bj; are negligible and the 6 phase
extends from 35% to 45% B.

All percentages given are by weight. The atomic weight of B is twice that of A.
Draw the equilibrium diagram assuming all phase boundaries are straight lines.
For an alloy containing 30% B, describe the changes that occur as it is cooled
from 1600 to 0 °C. Give the proportions of phases present immediately above
and immediately below each temperature at which a reaction occurs.

SOLUTIONS TO EXAMPLES

(See Figure 4.25) 550 °C, 67%; 580 °C, 11%; 1350 °C, 49%.
The reduced (constant pressure) phase rule is

F=C—-P+1.

There are two components; the three phases (two solids and one
liquid) coexist. So F =0, that is, the three phases can coexist only at a
point (the eutectic point).

From Xpp = 1.45% to Xpp, = 71%.

Remember that this is an equilibrium diagram. Any point on the
diagram corresponds to a unique constitution. So, on heating,
the reaction simply goes in reverse. The two solids “react” to give a
single liquid. In general:

o+ - Liquid

or, for the lead — tin system (Pb) + (Sn) - Liquid(Pb — Sn)

}on heating

(Also 4.8) (Figure 4.26)
Eutectoids ringed with solid circles (Figure 4.27).
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4.3 Solutions to Examples m
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4.7 (See Figure 4.28)
4.8 (See Figure 4.20)
4.9 Between about 11.5 and 13.0 GN m ™2 or 1.14 X 10° — 1.28 X 10° atm.
4.10 (a) See Figure 4.29.
(b) Two-phase region.
(c) « (copper-rich solid) and 3 (the compound CuZn).
(d) W,,~33%, W,,~ 48%.
(e) Very roughly, 50—50; more precisely:

wt%of o _ 48-40 _ 8

wt% of 3  40-33 7’
411 (a) 1.
(b) 2.
() 1

4.12 (a) AITi, Al5Ti.
(b) See Figure 4.30.
(c) 1680°C.
(d) 980—-1010°C.
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4.3 Solutions to Examples m
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wt% Al
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4.13 (a) 11.7 wt% Si, 577 °C.
(b) One phase at 1000 °C, two phases at 400 °C.
(c) See pp. 68—70.
(d) Eutectoid structure produced by the decomposition of a solid
phase not a liquid.



4.3 Solutions to Examples

4.14 A,B; contains 3 X2/(2X1+3X2)=75% B by weight. Hence,
equilibrium diagram is as given in Figure 4.31. On cooling, 30% B
mixture from 1600°C: at 1397 °C, solidification commences by
separation of ~ crystals. Just above 1300 °C 22/27 (=81.5%) liquid
(35% B) +5/27 (=18.5%) ~ (8% B). At 1300 °C, all ~+ some liquid
form B in peritectic reaction. Just below 1300 °C 15/20 (=75%) liquid
(35% B)+5/20 (=25%) B (15% B). 1300°C — 1000 °C, more
separates. Just above 1000 °C 5/30 (=17%) liquid (55% B) +25/30
(=83%) B (25% B). At 1000 °C all liquid forms 3 and ¢ in eutectic
reaction. Just below 1000°C 5/35 (=14.3%) = (60% B)+30/35
(=85.7%) B (25% B). 1000°C — 600°C, ( precipitates € and €
precipitates (3. Just above 600 °C 18/53 (=34%) ¢ (65% B) +35/53
(=66%) B (12% B). At 600°C all 8 forms o and e in eutectoid
reaction. Just below 600°C 25/60 (=42%) ¢ (65% B)+35/60
(=58%) « (5% B). 600 °C — 300 °C, « precipitates ¢ and ¢ precipi-
tates a. Just above 300 °C 27/66 (=41%) € (69% B) +39/66 (=59%)
a (3% B). At 300 °C all € and some « form § in peritectoid reaction.
Just below 300°C 27/37 (=73%) & (40% B)+ 10/37 (=27%) o
(3% B). 300°C — 0°C, amount of o decreases and o increases.
At 0°C 30/35 (=86%) & (35% B) + 5/35 (=14%) o (0% B).
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CHAPTER b

Case Studies in Phase Diagrams

5.1 INTRODUCTION

We now look at some practical examples of how phase diagrams are used.
In the first, a typical design problem, we find out how solders are chosen for
different uses. In the second, we look at the high-technology area of micro-
chip fabrication and study the production, by zone refining, of ultrapure sili-
con. And lastly, for some lighthearted relief, we find out how bubble-free ice
is made for upmarket cocktails.

5.2 CHOOSING SOFT SOLDERS

Most soft solders are based on the lead—tin system (Table 5.1). Soft solders
are called “soft” because they are just that—soft mechanically and soft in the
sense that they melt easily. Even so, thin soldered joints can be very strong in
shear. And the “thermal” softness of the solder can be a positive advantage.
A good example of this is in the soldering of electronic components—like
transistors, resistors, or integrated circuits—into printed circuit boards.
Because the components will be damaged if they get too hot, we want a solder
with a low melting point. The phase diagram (Figure 5.1) shows at a glance
that the alloy we want is tin +38% lead. Now that you are familiar with phase
diagrams, you will know that the three-phase horizontal where

L=a+
or, in our case,
L = (Sn) + (Pb)

is called a eutectic, from the Greek for “easy melting.” And electronic solders
are, appropriately enough, marketed under trade names like “Eutectic.