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Preface

In revising this well-loved and established text for its seventh edition it seemed most appro-
priate to use the words of the author Raymond Higgins to indicate the background to his
writing of the text and merely to add a footnote at the end of this preface to indicate the
changes I have made for this seventh edition.

FROM THE PREFACE TO THE FIRST EDITION

My grandfather used to take trout from the River Tame, which runs alongside our new
college here in West Bromwich. During my boyhood, fish no longer lived there, though
occasionally an adventurous water-vole would make an exploratory dive. Today the Tame
is a filthy open sewer, which will support neither animal nor vegetable life, and even the
lapwings have forsaken its surrounding water-meadows. The clear-water tributaries of
the Tame, where as a boy I gathered watercress for my grandmother — and tarried to
fish for sticklebacks — are now submerged by acres of concrete which constitute the link
between the M5 and M6 motorways. On its way to the sea, the Tame spews industrial
poison of the Black Country into the unsuspecting Trent, doing little to maintain the
ecological stability of that river.

We Midlanders are not alone in achieving this kind of environmental despoliation. It
seems that the Americans have succeeded in poisoning considerable areas of their Great
Lakes. At this rate of ‘progress’, we must seriously consider the ultimate pollution of the sea,
which, far from being ‘cruel’, provides Man with a great deal of his food. More important
still, much of his supply of oxygen is generated by vast forests of marine kelp which is gener-
ally referred to, somewhat unkindly, as ‘seaweed’.

We would do well to consider the extent to which a more effective use of materials might
alleviate the pollution of our environment. Suppose, for example, a motor car were con-
structed of materials such that it would last much longer. Presumably, since fewer motor
cars would then be produced, the total amount of environmental pollution associated with
their production would also be reduced. Further, since their scrap value would be higher,
less of them would be left around to disfigure — or pollute — our countryside. Obviously if
such a course were followed, the whole philosophy of consumer production would need to
be rethought, since a reduced total production would mean underemployment per worker
(judged by present standards, rather than those which will obtain during the twenty-first
century). However, these are problems to be solved by the planner and the politician, rather
than by the mechanical engineer.

Pollution of the environment is, however, only one factor in the use of materials that the
engineer must consider. The supplies of basic raw materials are by no means inexhaustible,
and, by the end of the present century, reserves of metals like copper and tungsten will have

Xix
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run out, if we continue to gobble them up at present rates. In the more distant future it may
well become a punishable offence to allow iron in any of its forms to rust away and become
so dispersed amongst its surroundings that it cannot conveniently be reclaimed. The motor
car of the future will need to be made so that it does not corrode. Such an automobile, made
to last say forty years, would inevitably cost a lot of money, but, when worn out, would be
returned to the factory for ‘dismemberment’, so that almost 100 per cent of its basic materi-
als would be reclaimed. Only in this way will looting and pollution of the environment be
reduced to tolerable proportions, particularly if the world population continues to increase
even at only a fraction of its present rate.

It follows that a greater appreciation of the properties of all available materials is necessary
to the mechanical engineer, and, although this book has been written with the mechanical
engineering technician specifically in mind, it is hoped that it will provide a useful introduc-
tion to materials science for others engaged in engineering production. The book has been
so written that only a most elementary knowledge of general science is necessary in order
that it can be read with advantage. As a point of interest, the original idea of the work was
conceived when the author was blizzard-bound in his caravan one Easter mountaineering
holiday in Skye. It was finished in high summer in the Haute Savoie, when plagues of vicious
insects in the alpine meadows made it equally unpleasant to venture forth.

R.A. Higgins

PREFACE TO THE SEVENTH EDITION

For the seventh edition the references to specifications for materials and materials testing
have all been updated to include the European-wide standards of the EU, and more appli-
cations of materials and case studies of materials are included. Also, the chapter on the
choice of materials and processes has been extended to discuss 3D printing and to include
case studies of materials and processing. The chapter on selection of materials includes an
extended discussion of recycling of materials and sustainability.

W. Bolton
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Engineering materials

1. INTRODUCTION

I found this old nail (Figure 1.1) — some 135 mm long — whilst poking about among the
debris from restoration work in the medieval hill-top village of San Gimignano, Tuscany.
In the Middle Ages, such nails were made by hand; a blacksmith using a hammer and an
anvil, in this case containing a suitable slot so that he could form the nail head. His only
additional equipment would be a charcoal fire assisted by goat-skin bellows to enable
him to heat the piece of iron from which he forged and pointed the nail. Because of the
way in which they were made, medieval nails were roughly square in cross-section and
differed little from those with which Christ was crucified more than a thousand years
earlier.

Such products were of course very labour intensive and, even allowing for the relatively
low wages and long hours worked by craftsmen in those days, nails would have been quite
costly items. Producing the necessary lumps of iron from the original ore was also an expen-
sive process, adding further to the cost of the nail.

Following the Industrial Revolution, methods used to manufacture nails became increas-
ingly mechanised. In modern processes, steel rod — or wire — is fed into a machine where a
die automatically forges the head whilst almost simultaneously cutting through the stock
rod at suitable angles to form the point of the resulting nail. The process is completed in a
fraction of a second and the rod, or wire, immediately travels forward to produce the next
nail. Since a single operator may tend several machines, the immediate labour cost of pro-
ducing a nail is very low compared with medieval times. However, the costing is not quite
as simple as that — things rarely are! A modern nail-making machine is a complex and fairly
expensive piece of equipment which must be serviced frequently if it is to show a suitable
profit before it finally becomes ‘clapped out’ (how often has one purchased nails whose
points proved to be blunt due to lack of maintenance of the shearing blades?). There are of
course many other overheads as well as running costs which must be taken into account in
assessing the cost of producing a modern nail. One thing is certain: technological advances
during and since the Industrial Revolution have reduced the unit cost reckoned in man-
hours in producing a nail.

That old nail illustrates how a material — in this case, iron — has been utilized for the
manufacture of a product for which there was a demand. How would structures such as
wooden houses and ships have been made in ancient times without nails? In this chapter,
we take a look at the relationship between materials, their properties and the uses of the
products made from them.
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Figure 1.1 An old nail.
1.2 THE REQUIREMENTS

The selection of a material from which a product can be manufactured is determined by:

o The conditions under which the product is to be used, i.e. the service requirements.
These dictate the properties required of a material. For example, if a product is to be
subject to forces then it might need strength and toughness; if subject to a corrosive
environment it might require corrosive resistance.

e The methods proposed for the manufacture of the product. For example, if a material
has to be bent as part of its processing then it must be ductile enough to be bent with-
out breaking. A brittle material could not be used.

o The price of the material, its availability and the cost of making the product.

1.2.1 Properties of materials

Materials selection for a product is based on a consideration of the properties required.
These include:

® Mechanical properties: these include such properties as density, and the properties
displayed when a force is applied to a material, e.g. yield strength, strength, stiffness,
hardness, toughness, fatigue strength (how many times can it be flexed back-and-forth
before it breaks?), creep strength (how will it change in length with time when subject
to a constant force?).
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o Electrical properties: these are the properties displayed when the material is used in
electrical circuits or electrical components and include resistivity, conductivity and
resistance to electrical breakdown.

® Magnetic properties: these are relevant when the material is used as, for example, a
magnet or part of an electrical component such as an inductor which relies on such
properties.

o Thermal properties: these are the properties displayed when there is a heat input to a
material and include expansivity and heat capacity.

o Optical properties: these include transparency.

o Surface properties: these are, for example, relevant in considerations of abrasion and
wear, corrosion and solvent resistance.

o Aesthetic properties: these include the appearance, texture and feel of a material.

The properties of materials are often markedly changed by the treatments they undergo.
Thus, the properties of a material might be changed as a result of working. If carbon steel
is permanently deformed then it will have different mechanical properties to those existing
before that deformation. Steels can also have their properties changed by heat treatments
such as annealing, where the steel is heated to some temperature and then slowly cooled, or
quenching, which involves heating to some temperature and then immersing the material in
cold water.

1.3 THE MATERIALS

In modern times, we have a multiplicity of materials in widespread use. In olden times there
was no such great multiplicity, and the history of the human race can be divided into periods
named according to the materials that were predominantly in use:

e The Stone Age (about 10 000 BCE-3000 BCE). People could only use the materials
they found around them, such as stone, wood, clay, animal hides, and bone. The prod-
ucts they made were limited to what they could fashion out of these materials; there-
fore, they had tools made from stone, flint, bone and horn, with weapons — always at
the forefront of technology at any time — of wood and flint.

e The Bronze Age (3000 BCE-1000 BCE). By about 3000 BCE, people were able to
extract copper from its ore. Copper is a ductile material which can be hammered into
shapes, thus enabling a greater variety of items to be fashioned than was possible with
stone. The copper ores contained impurities that were not completely removed by the
smelting and so copper alloys were produced. It was found that when tin was added
to copper, an alloy, bronze, was produced. This had an attractive colour, was easy to
form and harder than copper alone.

e The Iron Age (1000 BCE-1620 CE). About 1000 BCE, the extraction of iron from
its ores signalled another major development. Iron in its pure form was inferior
to bronze but by heating items fashioned from iron in charcoal and hammering
them, a tougher material, called steel, was produced. Plunging the hot metal into
cold water, i.e. quenching, was found to improve the hardness. Slowly reheating
and cooling the metal produced a softer, but tougher and less brittle, material;
this process now being termed tempering. Thus, beat-treatment processes were
developed.

e The Cast Iron Age (1620-1850). Large-scale iron production with the first coke-
fuelled blast-furnace started in 1709. The use of cast iron for structures and machine
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parts grew rapidly after 1750, including its use for casting cannon. In 1777, the first
cast-iron bridge was built over the River Severn near Coalbrookdale. Cast iron estab-
lished the dominance of metals in engineering. The term Industrial Revolution is used
for the period that followed as the pace of developments of materials and machines
increased rapidly and resulted in major changes in the industrial environment and the
products generally available. During this period, England led the world in the produc-
tion of iron.

e The Steel Age (1860 onwards). Steel was a special-purpose material during the first
half of the nineteenth century. However, the year 1860 saw the development of the
Bessemer and open hearth processes for the production of steel, and this date may be
considered to mark the general use of steel as a constructional material. This develop-
ment reinforced the dominance of metals in engineering.

e The Light Alloys Age (such alloys produced in early 1900s but only widely used from
1940 onwards). Although aluminium was first produced, in minute quantities, by
H. C. Oersted in 18235, it was not until 1886 that it was produced commercially.
The high-strength aluminium alloy duralumin was developed in 1909, high-strength
nickel-chromium alloys for high temperature use were developed in 1931 and titanium
was first produced commercially in 1948.

e The Plastics Age (1930 onwards). The first manufactured plastic, celluloid, was
developed in 1862; in 1906, Bakelite was developed. The period after about 1930
saw a major development of plastics and their use in a wide range of products. In
1933, a Dutch scientist, A. Michels, was carrying out research into the effects of
high pressure on chemical reactions when he obtained a surprise result — the chemi-
cal reaction between ethylene and benzaldehyde was being studied at 2000 times
the atmospheric pressure and a temperature of 170°C when a waxy solid was found
to form. This is the material we call polyethylene. The commercial production of
polyethylene started in England in 1941. The development of polyvinyl chloride
(PVC) was, unlike the accidental discovery of polythene, a deliberate attempt to
source a new material. In 1936, just prior to the Second World War, there was no
readily available material that could replace natural rubber. In the event of a war,
Britain’s natural rubber supply from the Far East would be at risk, so a substitute
was required. In July 1940, a small amount of PVC was produced, and commercial
production of PVC started in 1945.

e The Composites Age (from about 1950 onwards). Though composites are not new,
bricks and concrete being very old examples, it is only in the second half of the twen-
tieth century that synthetic composites became widely used. Reinforced plastics are
now widely used, and carbon-fibre reinforced composites are, from their initial devel-
opment in the 1960s, now becoming widely enough used to become known to the
general public.

When tools and weapons were limited to those that could be fashioned out of stone, there
were severe limitations on what could be achieved with them. The development of metals
enabled finer products to be fashioned, e.g. bronze swords, which were far superior weap-
ons to stone weapons. The development of cast iron can be considered one of the significant
developments which ushered in the Industrial Age. The development of plastics enabled
a great range of products to be produced cheaply and in large numbers — what would the
world be like today if plastics had not been developed? As a consequence of the evolution of
materials over the years, our lifestyles have changed.
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1.3.1 Materials classification

Materials can be classified into four main groups, these being determined by their internal
structure and consequential properties.

1. Metals: these are based on metallic chemical elements. Engineering metals are gener-
ally alloys, which are formed by mixing two or more elements. For example, mild
steel is an alloy of iron and carbon, and stainless steel is an alloy of iron, chromium,
carbon, manganese and possibly other elements. The reason for such additions is to
improve some properties of the metal. Carbon improves the strength of iron and the
chromium in stainless steel improves the corrosion resistance. In general, metals have
high electrical conductivities, high thermal conductivities and a relatively high stiff-
ness and strength They can be ductile, permitting products to be made by being bent
into shape. For example, the bodywork of a car is generally made of metal, which is
ductile enough to be formed into the required shape and has sufficient stiffness and
strength to retain that shape. Metal alloys are also classified as follows:

a. Ferrous alloys, based on iron, e.g. steels and cast irons.

b. Non-ferrous alloys, not containing iron, e.g. aluminium- and copper-based alloys.

2. Polymers (plastics): these are based on long-chain molecules, generally with carbon
backbones. In general, polymers have low electrical conductivity and low thermal con-
ductivity (hence their use for electrical and thermal insulation), and when compared
with metals have lower densities, expand more when there is a change in temperature,
are generally more corrosion-resistant, have a lower stiffness, stretch more and are not
as hard. When loaded they tend to creep, i.e. the extension gradually changes with
time. Their properties depend very much on the temperature so that a polymer which
may be tough and flexible at room temperature may be brittle at 0°C and show consid-
erable creep at 100°C. They can be classified as:

a. Thermoplastics: these soften when heated and become hard again when the
heat is removed. Thus, they can be heated and bent to form required shapes.
Thermoplastic materials are generally flexible and relatively soft. Polythene is an
example of a thermoplastic, being widely used for such items as bags, ‘squeeze’
bottles, and wire and cable insulation.

b. Thermosets: these do not soften when heated, but char and decompose. They are
rigid and hard, and cannot be shaped like thermoplastics. Phenol formaldehyde,
known as Bakelite, is a thermoset and was widely used for electrical plug casings,
door knobs and handles.

c. Elastomers: these are polymers which by their structure allow considerable exten-
sions that are reversible, e.g. rubber bands.

3. Ceramics: these are inorganic materials, originally clay-based. They tend to be brittle,
relatively stiff, stronger in compression than tension, hard, chemically inert and bad
conductors of electricity and heat. The non-glasses tend to have good heat and wear
resistance and high- temperature strength. Ceramics include:

a. Glasses: soda lime glasses, borosilicate glasses, pyroceramics.

b. Domestic ceramics: porcelain, vitreous china, earthenware, stoneware, cement.
Examples of domestic ceramics and glasses abound in the home in the form of
cups, plates and glasses.

c. Engineering ceramics: alumina, carbides, nitrides. Because of their hardness and
abrasion resistance, such ceramics are widely used as the cutting edges of tools.

d. Natural ceramics: rocks.
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4. Composites: these are materials composed of two different materials bonded together,
e.g. glass fibres or particles in plastics, ceramic particles in metals (cermets) and steel
rods in concrete (reinforced concrete). Wood is a natural composite consisting of tubes
of cellulose in a polymer called lignin.

The term smart materials is used for those materials which can sense and respond to the
environment around them, e.g. the photochromic materials used in reactive spectacle lenses
which become darker in response to increased light levels.

The term nanomaterial is used for metals, polymers, ceramics or composites that involve
nanometre-sized elements (1 nm = 10~ m).

1.4 STRUCTURE OF MATERIALS

Materials are made up of atoms. These are very tiny particles — a pinhead contains about
350 000 000 000 000 000 of them, give or take a few billions. All truly solid materials
consist of atoms held together by forces of attraction which have their origin in electrical
charges within each atom. A chemical element contains atoms all of one type. There are,
at present, a total of 118 elements that have been identified. Some of these are metallic ele-
ments which are extremely rare, whilst others are useless to the engineer, either by virtue
of poor mechanical properties or because they are chemically very reactive. Consequently,
less than 20 of them are in common use in engineering alloys. Of the non-metallic elements,
carbon is the one which forms the basis of many engineering materials, since it constitutes
the ‘backbone’ of all plastics. Chemically similar to carbon, the element silicon has become
famous in the form of the ‘silicon chip’, but along with oxygen (as silicon dioxide or silica)
it is the basis of many refractory building materials. Oxygen and silicon are by far the most
common elements in the Earth’s crust and account for some 75% of it in the form of clays,
sands, stones and rocks like granite.

1.4.1 The chemical bonding of atoms

The main ‘building blocks’ of all atoms are the electron, the proton and the neutron. The
proton and neutron are roughly equal in mass whilst the electron is only about a two-
thousandth of the mass of the other two, being 9.11 x 103! kg. The electron carries a unit
negative charge of 1.6 x 107! coulombs whilst the proton carries an equal but opposite
charge of positive electricity. The neutron, as its name suggests, carries no electrical charge.
The number of protons and electrons in any stable atom are equal, since a stable atom
carries no resultant charge.

All of the relatively massive protons and neutrons are concentrated in the nucleus of the
atom, whilst the electrons can be considered to be arranged in a series of ‘orbits’ or ‘shells’
around the nucleus. Each electron shell can only contain a specific number of electrons.

e The first shell, nearest to the nucleus, can only contain two electrons.
¢ The second shell can only contain eight.
¢ The third shell can only contain eighteen, and so on.

Since the number of protons in the nucleus governs the total number of electrons in all the
shells around it, it follows that there will often be insufficient electrons to complete the final
outer shell. Figure 1.2 shows the electron shell structures of the first ten elements.
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Figure 1.2 The electron structure of the first ten elements in order of atomic number, i.e. the number of
protons in the nucleus. Although these diagrams show electrons as being single discrete particles
in fixed orbits, this interpretation should not be taken too literally. It is better to visualise an
electron as a sort of mist of electricity surrounding the nucleus!

1.4.2 The electrovalent (or ionic) bond

This bond between atoms occurs between metals and non-metals. Thus, the extremely reac-
tive metal sodium combines with the non-metallic gas chlorine to form crystals of sodium
chloride (common table salt). Since the atomic structures involved are simpler, we will
instead consider the similar combination which occurs between the metal lithium (now an
essential element in the batteries used in electronic watches, automatic cameras and the like)
and the non-metallic gas fluorine (from the same group of elements as chlorine).

An atom of lithium contains three electrons in orbit around its nucleus, two of these com-
pleting the first shell and leaving a lone electron in the second shell. The atom of fluorine
contains nine electrons in orbit, two of these filling the first shell with seven in the second
shell. The force of attraction between the positive nucleus of lithium and its outer lone elec-
tron is comparatively weak and it is easily snatched away so that it joins the outer electron
shell of the fluorine atom. Because the lithium atom has lost an electron, it now has a resul-
tant positive charge, whilst the fluorine atom has gained an electron and so has a resultant
negative charge. Charged atoms of this type are called ions (Figure 1.3). Metals always
form positively charged ions, because they are always able to easily lose electrons, whilst
non-metals form negatively charged ions. As these lithium and fluorine ions carry oppo-
site charges, they will attract each other. In a solid, the lithium and fluorine ions arrange

u
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Lithium ion* Fluorine ion—

Figure 1.3 Lithium and fluorine ions.
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Figure 1.4 The crystal structure of lithium fluoride.

themselves in a geometrical pattern in which each fluorine ion is surrounded by six lithium
ions as its nearest neighbours, whilst each lithium ion is surrounded by six fluorine ions
(Figure 1.4). The compound lithium fluoride forms a relatively simple cubic type of crystal
structure. Other such salts may form more complex crystal patterns, depending upon the
relative sizes of the ions involved and the electrical charges carried by each type of ion. Here
we have dealt with atoms which lose, or gain, only one electron; those which lose, or gain,
two electrons will produce ions carrying twice the electrical charge.

The bonds between atoms in ceramics, e.g. aluminium oxide (alumina, Al,O;), are fre-
quently ionic. These strong bonds account for the high melting points and high strengths,
but low ductilities, of ceramics.

1.4.3 The metallic bond

Most metals have one, two or, at the most, three electrons in the outermost shell of the
atom. These outer-shell electrons are loosely held to the atomic nucleus and when a metallic
vapour condenses and subsequently solidifies, these outer-shell electrons are surrendered to
a sort of common pool shared between all the atoms in the solid metal. Since the resultant
metallic ions are all positively charged, they repel each other and arrange themselves in
some form of regular crystalline pattern in which they are firmly held in position by the
attractive forces between them and the permeating ‘cloud’ of negatively charged electrons
(Figure 1.5).

® .
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¢ g . (negatively charged)
Figure 1.5 A simple interpretation of the metallic bond concept. The positively charged ions repel each

other but are held in place by the attractive force supplied by the negatively charged ‘electron
cloud’.
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The metallic bond explains many of the main characteristics of metallic elements:

¢ All metals are good conductors of electricity since they have electrons, from the ‘elec-
tron cloud’, which are free to move within the body of the metal when a potential
difference is applied.

e Metals are good conductors of heat. The application of heat to a piece of metal causes
electrons to vibrate more actively and these vibrations can be passed on quickly from
one electron to another within the electron cloud which is continuous within the body
of the metal.

* Most metals are ductile because layers of ions can be made to slide over each other by
the application of a shearing force. At the same time, metals are strong because the
attractive force provided by the electron cloud opposes the movement apart from lay-
ers of ions.

e Metals are lustrous in appearance since the free, vibrating surface electrons fling back
light that falls on the surface of a metal.

1.4.4 The covalent bond

The covalent bond is formed between atoms of those non-metallic elements in which, for
various reasons, there is a strong attractive force between the nucleus and the outer-shell
electrons. Hence, instead of a transfer of electrons from one atom to another to give an ionic
bond, there is a sharing of electrons between two atoms to bind them together.

An atom of carbon has four electrons in its outer shell (see Figure 1.2). This is the second
electron shell and so there are four spaces for electrons in that shell, so it can combine with
four atoms of hydrogen. The carbon atom thus has shares of four hydrogen electrons to give
a total of eight to complete its shell. Each hydrogen atom has a share in one electron of the
carbon atom to complete its own outer shell with two electrons (Figure 1.6). The methane
molecule is thus a stable unit, held together by covalent bonds.

Tetrahedron
shape formed
by carbon atoms

Figure 1.6 The gas methane, with covalent bonds, i.e. electron sharing between the hydrogen atoms and the
carbon atom. The shape of the methane molecule is determined by the positively charged hydro-
gen nuclei, which repel each other and so arrange themselves as far from each other as possible,
i.e. in a tetrahedral pattern around the carbon atom to which they are bound.
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Figure 1.7 The long chain-like molecule of the plastics material polyethylene.

The element carbon has the ability to form long chain-like molecules where the carbon
atoms are bonded covalently to each other and to hydrogen atoms (Figure 1.7). The mate-
rials we know as plastics result from this ability. An important feature of these materials
is that the outer-shell electrons in these covalently bonded substances are securely held to
the atoms to which they belong and so are not free to move away. Thus, the materials are
excellent electric insulators compared with metals, whose outer-shell electrons can travel
freely within the electron cloud. The initial use of polythene was as an electrical insulator in
electronics equipment used in radar during the Second World War.

1.4.5 Intermolecular forces

However large the molecules in covalent compounds, each will contain equal numbers of
protons and electrons. They are electrically neutral and carry no resultant electric charge.
So how do these molecules stick together to form coherent solids?

The short answer is that electrons and protons are not necessarily equally distributed over
the molecule, often due to interaction with electrons and protons of neighbouring mole-
cules. Consequently, due to this irregular distribution of electrons and protons, the molecule
acquires a ‘negative end’ and a ‘positive end’ (Figure 1.8), rather like the north and south
poles of a magnet. Since unlike charges will be attracted to each other, then the molecules
will be attracted to each other. The greater the unevenness of distribution of charges within
molecules, the greater the forces of attraction between them and therefore the ‘stronger’ the
material. Such bonds are termed van der Waals forces.

+ + —»

(B)

Figure 1.8 Like charges repel (A) tending to cause realignment of molecules, so that unlike charges then
attract (B) producing bonds (van der Waals forces).
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1.4.6 Polymorphism

Many solid elements can exist in more than one different crystalline form and are said to be
polymorpbhic (the term allotropy is also used to describe this phenomenon). Generally, these
different crystalline forms are stable over different temperature ranges so that the transition
from one form to another takes place as the transition temperature is passed. As we shall see
later, it is the polymorphism of iron which enables us to harden suitable steels.

Tin is also polymorphic, existing as ‘grey tin’, ordinary ‘white tin’ and as ‘brittle tin’.
White tin, the form with which we are generally familiar, is stable above 13°C, whilst grey
tin is stable below 13°C. The change from one form to the other is very sluggish and white
tin will not normally change to the powdery grey form unless the temperature falls well
below 13°C. At one time, organ pipes were manufactured from tin and the story is told that
during one particularly cold Russian winter in St. Petersburg, the organ pipes collapsed into
a pile of grey dust as the organist played his first chord. This particular affliction to which
tin is prone was known as tin pest but was in fact a manifestation of a polymorphic change.
On a more sombre note, the final tragedy which befell Scott’s polar party in 1912 was due
in no small measure to the loss of valuable fuel which had been stored in containers with
tin-soldered joints. These had failed — due to tin pest — during the intensely cold Antarctic
winter and the precious fuel had seeped away.

Tin is one of a chemical family of elements, along with carbon, silicon and germanium,
which are polymorphic. As we have seen in Figure 1.6, an atom of carbon can combine
with four atoms of hydrogen to form a molecule of methane. That is, an atom of carbon
is capable of forming four separate bonds (valences, as chemists call them) with other
atoms.

Under conditions of extremely high temperature and pressure, carbon atoms will link
up with each other to form structures in which the carbon atoms form a rigid crystalline
structure, showing the same type of tetrahedral pattern that is exhibited by the distribution
of hydrogen atoms in a methane molecule. This tetrahedral crystalline structure containing
only carbon atoms is the substance known as diamond. Figure 1.9A indicates the arrange-
ment of the centres of carbon atoms in the basic unit of the diamond crystal. There is an
atom at the geometrical centre of the tetrahedron and one at each of the four points of
the tetrahedron. The structure is, of course, continuous (Figure 1.9B) such that each atom
of carbon in the structure is surrounded by four other atoms covalently bonded to it and
spaced equidistant from it. Since all carbon atoms in diamond are ‘joined’ by strong covalent
bonds to four other carbon atoms it follows that diamond is a very strong, hard material. It
is in fact the hardest substance known.

5 RO

Figure 1.9 The crystal structure of diamond.



12 Engineering materials

\ \\\“’

\
"\\ \\\\.\\\\\

\\‘3\\ \\\\\\\\\\ NN

N '

\\\\\\\ 1IN
° \\\\\\\\\ \\\
St ,\\\\\

l ' ; \
\\\\\\\\‘ \\\\\\
\

(B) (C)

Figure 1.10 The crystal structure of graphite.

Under a different set of conditions of temperature and pressure, carbon atoms will com-
bine to form layer-like molecules (Figure 1.10), a polymorph called graphite. The layers are
held together by relatively weak van der Waals forces generated by the spare electrons not
used by the primary bonding system. Consequently, these layers will slide over each other
quite easily, and this property means that graphite can be used as a lubricant. Coke, char-
coal and soot, all familiar forms of carbon, contain tiny micro-crystals of graphite.

Since all of the carbon atoms in diamond are covalently bonded in such a manner that all
outer-shell electrons are involved in such bonds, there are no free electrons present and so
diamond does not conduct electricity. In graphite, however, spare electrons are present since
not all outer-shell electrons are used up in covalent bonds. Hence, graphite is a relatively
good conductor of electricity.

For centuries it was believed that there were only two allotropes of carbon, diamond and
graphite, but in 1985 a third form was discovered. This form was composed of hexagons
and pentagons of carbon joined together to form a completely spherical shape. Imagine
a single graphite ‘sheet’ in which selected hexagons have been replaced by pentagons.
These pentagons will only “fit” if the flat sheet is allowed to form a curved surface to give a
molecule which looks like a closed cage with a large empty space in the middle. The way the
carbon atoms are arranged is similar to the geodesic dome designed by the architect Richard
Buckminster Fuller, such as that used to house Science World in Vancouver, and so this new
form of carbon allotrope was named fullerene in his honour. There is a series of these fuller-
ene molecules containing between 20 and 600 carbon atoms. Possibly the most common of
these contains 60 carbon atoms, i.e. C,. This has a geometry similar to that of a modern
soccer ball (Figure 1.11), and is affectionately known as the Buckyball.

1.4.7 Electrical conductivity and materials

In terms of their electrical conductivity, materials can be grouped into three categories:
conductors, semiconductors and insulators. Metals are conductors and the reason for this
is that their atomic structure consists solely of atoms which have one, two or three electrons
in their outer shells. These outer electrons are only loosely attached, and when the atoms are
packed close together in a solid, they come under the influence of other atoms. Electrons can
be pulled out of orbit and drift off, moving freely between the atoms. Thus, when a potential
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Figure 1.1l A model of the fullerene molecule C,, which | constructed using a child’s soccer ball, a felt pen
and some labels. Each of the 12 pentagonal panels (dark) is surrounded by 5 hexagonal panels
(light). The white labels — each inscribed with a C — indicate the positions of the nuclei of carbon
atoms.

difference is applied across a metal, these free electrons are able to move, giving rise to a
current. An increase in temperature results in a decrease in the conductivity. This is because
the temperature rise causes increased vibration of the atoms, scattering the free electrons
and hindering their movement.

In contrast, insulators, such as ceramics, have structures in which all their electrons are
tightly bound to atoms. Hence, when a potential difference is applied there are no free elec-
trons able to give rise to a current.

Semiconductors, e.g. silicon and germanium, can be regarded as insulators at low tempera-
tures, but their outer electrons do not require much energy to remove them from their atoms.
This means there will be some free electrons at room temperature. An electron becoming
free means leaving a ‘hole’ in the outer shell of an atom. Thus, when a potential difference is
applied, we can consider an electron hopping into a hole in a neighbouring atom, leaving a
hole behind into which another electron can jump. The electrical conductivity of a semicon-
ductor can be markedly changed by the presence of foreign atoms. Deliberately introducing
such foreign atoms is termed doping. Foreign atoms that make more electrons available for
conduction are termed donors, and semiconductors doped in this way are known as n-type.
Other foreign atoms will supply holes and are thus termed acceptors. Such doped semicon-
ductors are termed p-type.

1.5 PROCESSES
The processes used for producing products from materials can be grouped as:

o Shaping: these include casting, moulding, powder methods, sheet forming and machining.
* Joining: these include welding and the use of adhesives and fasteners.
® Surface treatments: these include polishing, coating, plating, etching and printing.

The choice of process is determined by the material to be used, the form of the required
product, e.g. shape and size, and the economics of the process. Thus, some processes have
high set-up costs which can only be defrayed over large production runs, whilst others
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are more economic for small runs where high cycle times are not required. For example,
die-casting will produce better dimensional accuracy and finish than sand-casting and has
a lower labour cost per item; however, it has higher initial plant and equipment set-up costs
and so is more appropriate for long production runs where the initial set-up costs can be
spread over a large number of items. Sand-casting has, however, a lower set-up cost but
labour costs are incurred every time a casting is made. So as the number of items made is
increased, the labour costs build up and eventually die-casting proves cheaper per item than
sand-casting.

1.6 THE MATERIALS SOCIETY

Low material cost coupled with high labour costs have created a society that discards many
products after a single use, it being cheaper to get another one than spend money on labour
to get more use from the product. At one time, milk was only available in glass bottles,
delivered to the doorstep, and the empty bottles collected the next day for cleaning and
refilling. Each bottle was used many times before it became too scratched or broken and
was discarded. Nowadays, most milk seems to come in plastics containers which are just
discarded after a single use.

There is, however, a growing recognition of the waste of materials occurring as a result
of the discard-after-one-use policy. Recycling, the feeding of waste material back into the
processing cycle so that it can be reused, is becoming important. The problem that has to be
faced is that non-renewable ores are processed for materials for the manufacture of products
which are used and discarded at the end of their lives. Only a small percentage of these dis-
cards enter a recycling loop. At each point in the sequence, energy is used and CO, produced
with consequential effects on planetary warming. Reduction of CO, emissions is necessary
for the future well-being of the planet. In addition, there is public pressure to reduce waste
and the dumping of materials in landfill sites.

Recycling of glass, tins and plastics is now becoming quite commonplace, Typically, of
the order of 30% of the glass in a new bottle comes from recycled glass; about 40% of the
aluminium used in Britain is recycled from aluminium drinks cans.



Chapter 2

Properties of materials

2.1 INTRODUCTION

Beer can be bought at the supermarket in aluminium cans or in glass bottles. Why
aluminium? Why glass? Both materials, together with the shape adopted for the container,
are able to give rigid containers which do not readily deform under the handling they receive
in transport and in the supermarket. Both materials are resistant to chemical corrosion by
the contents — though some people swear by glass as they feel the aluminium does give some
‘taste’ to the beer. Both materials are able to keep the “fizz’ in the beer and stop it going flat,
i.e. the gas in the beer is not able to escape through the walls of the container. In addition,
both containers can be produced cheaply, and the material cost is also low. Both materials
can be recycled. The main difference between the two is that the glass bottle is significantly
heavier than the aluminium can.

In this chapter, we take a look at how the properties of different types of materials
compare and the sources for data on material properties.

2.2 PROPERTIES

The following are a look at some of the terms used to describe properties and comparisons
of those properties for a range of materials.

2.2.1 Mechanical properties

A material subject to external forces which stretch it is said to be in tension, when subject
to forces which squeeze to be in compression. In discussing the application of forces to
materials the concern is the force applied per unit area, this being termed the stress. Stress
is measured in pascals (Pa), with 1 Pa being a force of 1 newton per square metre, i.e.
1 Pa =1 N/m2. When a material is subject to tensile or compressive forces, it changes in
length, and the term s#rain, symbol €, is used for the change in length divided by the original
length. Since strain is a ratio of two lengths it has no units. However, strain is frequently
expressed as a percentage, i.e. the percentage change in length.

The following are some of the more frequently encountered terms that are used to describe
mechanical properties:

o Strength: this is the ability of a material to resist the application of forces without break-
ing. The term tensile strength is used for the maximum value of the tensile stress that
a material can withstand without breaking; the compressive strength is the maximum
compressive stress the material can withstand without becoming crushed. The unit of

I5
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Table 2.1 Tensile strength values at about 20°C

Strength (MPa) Material

2-12 Woods perpendicular to the grain
2-12 Elastomers

6—-100 Woods parallel to the grain
60-100 Engineering polymers
20-60 Concrete

80-300 Magnesium alloys

160—100 Zinc alloys

100-600 Aluminium alloys

80-1000 Copper alloys

250-1300 Carbon and low-alloy steels
250-1500 Nickel alloys

500-1800 High-alloy steels

100-1800 Engineering composites
1000 to >10 000 Engineering ceramics

strength is that of stress, i.e. the pascal. Strengths are often millions of pascals and
so MPa is often used, 1 MPa being 106 Pa or 1 000 000 Pa. For example, aluminium
alloys at about 20°C have strengths in the region of 100-600 MPa, i.e. 100-600 mil-
lion pascals. Table 2.1 gives typical values of tensile strengths at about 20°C.

o Stiffness: this is the ability of a material to resist bending. When a strip of material is
bent, one surface is stretched and the opposite face is compressed; the more it bends the
greater is the amount by which the stretched surface extends and the compressed sur-
face contracts. Thus, a stiff material would be one that gave a small change in length
when subject to tensile or compressive forces, i.e. a small strain when subject to tensile
or compressive stress and so a large value of stress/strain. For most materials a graph
of stress against strain gives initially a straight-line relationship, and so a large value
of stress/strain means a steep gradient of the stress-strain graph. This gradient is called
the modulus of elasticity (or sometimes Young’s modulus). The units of the modulus
are the same as those of stress, since strain has no units. Engineering materials fre-
quently have a modulus of the order of 1 000 000 000 Pa, i.e. 10° Pa. This is generally
expressed as GPa, where 1 GPa = 10° Pa. For example, steels have tensile modulus
values in the range 200-210 GPa, i.e. 200-210 x 1 000 000 000 Pa. Table 2.2 gives
some typical values of tensile modulus at about 20°C.

® Ductility: this is the ability of a material to suffer significant deformation before it
breaks. Glass is a brittle material and if you drop a glass it breaks; however, it is pos-
sible to stick all the pieces together again and restore the glass to its original shape. If
a car is involved in a collision, the bodywork of mild steel is less likely to shatter like
the glass but more likely to dent and show permanent deformation. Ductile materials
permit manufacturing methods which involve bending them or squashing into the
required shape. Brittle materials cannot be formed to the required shape in this way. A
measure of the ductility of a material is obtained by determining the length of a test-
piece of the material, then stretching it until it breaks and then, by putting the pieces
together, measuring the final length of the test-piece. A brittle material will show little
change in length from that of the original test-piece, but a ductile material will indi-
cate a significant increase in length. The percentage elongation of a test-piece after
breaking is thus used as a measure of ductility. Table 2.3 gives some typical values.
A reasonably ductile material, such as mild steel, will have a percentage elongation of
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Table 2.2 Tensile modulus values at 20°C

Tensile modulus (GPa) Material

<0.2 Elastomers

0.2-10 Woods parallel to grain
0.2-10 Engineering polymers
2-20 Woods perpendicular to grain
20-50 Concrete

4045 Magnesium alloys
50-80 Glasses

70-80 Aluminium alloys
43-96 Zinc alloys

110-125 Titanium alloys
100-160 Copper alloys

200-210 Steels

80-1000 Engineering ceramics

about 20%; a brittle material such as a cast iron, less than 1%. Thermoplastics, gener-
ally ductile, tend to have percentage elongations of the order of 50-500%; thermosets,
which are brittle, of the order of 0.1-1%.

Malleability: this term is used to describe the amount of plastic deformation that
occurs as a result of a compressive load. A malleable material can be squeezed to the
required shape by such processes as forging and rolling.

Toughness: a tough material can be considered to be one that, though it may contain
a crack, resists the crack growing and running through the material. Think of trying
to tear a sheet of paper. If the paper has perforations, i.e. initial ‘cracks’, then it is
much more easily torn. In the case of, say, the skin of an aircraft, the windows or their
fastenings are equivalent to cracks; to prevent these cracks propagating a tough mate-
rial is required. Toughness can be defined in terms of the work that has to be done to
propagate a crack through a material, with more energy required for a tough material
than a less tough one. One way of obtaining a measure of toughness is in terms of the

Table 2.3 Percentage elongation values at 20°C

Percentage elongation Material

0 Engineering ceramics
0 Glasses

0-18 Cast irons

1-60 Nickel alloys

2-30 Low alloy steels
6-20 Magnesium alloys
6-30 Titanium alloys
10-100 Zinc alloys

18-25 Mild steel

1-55 Copper alloys

1-70 Brasses and bronzes
1-60 Nickel alloys
10-100 Polyurethane foam

500 Natural rubber
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Table 2.4 Typical resistivity and conductivity values at about 20°C

Material Resistivity (€2m) Conductivity (S/m)
Insulators

Acrylic (a polymer) >10' <l0'4
Polyvinyl chloride (a polymer) 10'2-10"3 10-13-10-12
Mica 1010 10-12-10-"
Glass 10|10 10-14—10-10
Porcelain (a ceramic) 10'°-10'2 10-12—10-10
Alumina (a ceramic) 10°-10'2 10-'2-10-°
Semiconductors

Silicon (pure) 2.3 x 10 43x 10+
Germanium (pure) 0.43 2.3
Conductors

Nichrome (an alloy of nickel and chromium) 108 x 108 0.9 x 108
Manganin (an alloy of copper and manganese) 42x 108 2x 108
Nickel (pure) 7x 108 14 % 108
Copper (pure) 2x 108 50 x 10¢

ability of a material to withstand shock loads — the so-called impact tests such as the
Charpy and Izod (see Chapter 3). In these tests, a test-piece is struck a sudden blow
and the energy needed to break it is measured.

® Hardness: this is a measure of the resistance of a material to abrasion or indentation.
A number of scales are used for hardness, depending on the method that has been used
to measure it (see Chapter 3 for discussions of test methods).

2.2.2 Electrical properties

The electrical resistivity p of a material is derived by the equation:

_RA
L

where R is the resistance of a length L of the material of cross-sectional area A. The unit
of resistivity is the ohm metre (Qm). An electrical insulator, such as a ceramic, will have a
very high resistivity, typically of the order of 10'© Qm or higher. An electrical conductor,
such as copper, will have a very low resistivity, typically of the order of 108 Qm. The term
semiconductor is used for materials with resistivities roughly half-way between those of
conductors and insulators, i.e. about 10> Qm. Conductivity is the reciprocal of resistivity.
Table 2.4 shows typical values of resistivity and conductivity for insulators, semiconductors
and conductors.

2.2.3 Thermal properties

Thermal properties that are generally of interest in the selection of materials include:

¢ The linear expansivity a or coefficient of linear expansion is a measure of the amount
by which a length of material expands when the temperature increases. It is defined as:

change in length

o= .
original lengthx change in temperature
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and has the unit of K-'. For example, aluminium has a linear expansivity of 24 x 10-6 K~!
and so a 1 m piece will increase in length by 24 x 10-¢ in for each 1°C change in
temperature.

o The heat capacity is the amount of heat needed to raise the temperature of an object by
1 K. The specific heat capacity c is the amount of heat needed per kilogram of material
to raise the temperature by 1 K, hence:

amount of heat

mass X change in temperature

Heat capacity has the unit of ] kg™ K-'. Weight-for-weight, metals require less heat to
reach a particular temperature than plastics, e.g. copper has a specific heat capacity of
about 340 Jkg™ K- whilst polythene is about 1800 Jkg™ K-'.

o The thermal conductivity of a material (L) is a measure of the ability of a material to
conduct heat and is defined in terms of the quantity of heat that will flow per second
divided by the temperature gradient, i.e.:

A= quantity of heat/second
temperature gradient

and has the unit of W m™ K-'. A material with a high thermal conductivity is a good
conductor of heat. Metals tend to be good conductors, e.g. copper has a thermal con-
ductivity of about 400 W m~ K-!. Materials that are bad conductors of heat have
low thermal conductivities, e.g. plastics have thermal conductivities of the order
0.3 W m™ K or less. Very low thermal conductivities occur with foamed plastics, i.e.
those containing bubbles of air. Foamed polymer polystyrene (expanded polystyrene)
has a thermal conductivity of about 0.02—-0.03 W m~ K-! and is widely used for ther-
mal insulation.

Table 2.5 gives typical values for the linear expansivity, specific heat capacity and thermal
conductivity of metals, polymers and ceramics.

2.2.4 Durability

Corrosion of materials by the environment in which they are situated is a major problem,
e.g. the rusting of iron. Table 2.6 indicates the comparative resistance to attack of materials
in various environments, e.g. in aerated water, in salt water and under ultraviolet radiation.
Thus, for example, carbon steels are rated as having very poor resistance to attack in a salt
water environment; aluminium alloys have good resistance and stainless steels have excel-
lent resistance. A feature common to many metals is the need for a surface coating to protect
them from corrosion by the atmosphere.

2.2.5 Magnetic properties

For centuries, sailors have navigated using a compass; a device which orientates itself with
the earth’s magnetic field. The early compass was a piece of lodestone, a naturally occur-
ring magnetic material, magnetite. When freely able to rotate, a lodestone aligns itself to
the earth’s magnetic field. This is simply the interaction between two magnets: the earth
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Table 2.5 Thermal properties

Linear expansivity Specific heat capacity Thermal conductivity

Material (104 K) ( kg! K1) (Wm K)
Metals

Aluminium 24 920 230
Copper 18 385 380
Mild steel I 480 54
Alloy steel 12 510 37
Grey cast iron Il 265460 44-53
Titanium 8 530 16
Polymers

Polyvinyl chloride 70-80 8401200 0.1-0.2
Polyethylene 100-200 1900-2300 0.3-0.5
Epoxy cast resin 45-65 1000 0.1-0.2
Expanded polystyrene 0.02-0.03
Natural rubber 22 1900 0.18
Ceramics

Alumina 8 750 38
Fused silica 0.5 800 2
Glass 8 800 |

and the lodestone. The lodestone rotates and aligns itself so that one end of it points to the
earth’s magnetic north pole, the lodestone having a magnetic north pole and a magnetic
south pole. Any two magnets will interact with the north pole of one being attracted by the
south pole of the other and the north pole of one repelling the north pole of the other. The
magnetic field of a magnetic material results from the moving electric charges in the atoms

of the material.

Lodestone, or magnetite, is a mineral that occurs naturally in the magnetised state. Such
materials are termed ferrites. They find many applications in household appliances such as

Table 2.6 Comparative corrosion resistances

Corrosion resistance

Material

Aerated water
High resistance

Medium resistance
Low resistance
Salt water

High resistance

Medium resistance
Low resistance
UV radiation

High resistance
Medium resistance

Low resistance

All ceramics, glasses, lead alloys, alloy steels, titanium alloys, nickel alloys, copper
alloys, PTFE, polypropylene, nylon, epoxies, polystyrene, PVC

Aluminium alloys, polythene, polyesters
Carbon steels

All ceramics, glasses, lead alloys, stainless steels, titanium alloys, nickel alloys,
copper alloys, PTFE, polypropylene, nylon, epoxies, polystyrene, PVC,
polythene

Aluminium alloys, polyesters
Low alloy steels, carbon steels

All ceramics, glasses, all alloys

Epoxies, polyesters, polypropylene, polystyrene, HD polyethylene, polymers
with UV inhibitor

Nylon, PVC, many elastomers
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TV sets. The term ferromagnetic is used for metals such as iron, nickel and cobalt and their
alloys. These materials must be placed in a magnetic field to become magnetised.

2.2.6 Translucency and transparency properties

When light is incident on a material it can be reflected, absorbed or transmitted. Materials
that reflect or absorb and do not transmit visible light, i.e. wavelengths of electromagnetic
radiation in the visible part of the spectrum, are called opaque. Those materials that trans-
mit a little diffuse light are termed translucent whilst those that transmit light sufficiently
well that you can see through them are termed transparent. A measure of the reflectivity of
a material is the fraction or percentage of the light incident at an angle of incidence of 30° to
the surface and reflected at an angle of reflection of 30°. A mirror would have a reflectivity
of 100%; a black matt surface, less than 1%. A sheet of aluminium might have a reflectivity
of 60%, whilst stainless steel would be about 70%.

2.3 COSTS

Costs can be considered in relation to the basic costs of the raw materials, the costs of
manufacturing and the life and maintenance costs of the finished product. Comparison of
the basic costs of materials is often on the basis of the cost per unit weight or cost per unit
volume. Table 2.7 shows the relative costs per kilogram and per cubic metre of some materi-
als. Often, however, a more important comparison is the cost per unit strength or cost per
unit stiffness for the same volume of material. This enables the cost of, say, a beam to be

Table 2.7 Relative costs of materials in relation to that of mild steel ingot

Material Relative cost/kg Relative cost/m?
Nickel 28 32
Chromium 26 24
Tin 19 18
Brass sheet 16 17
Al-Cu alloy sheet 14 5.3
Nylon 66 12 1.8
Magnesium ingot 9.2 2.1
Acrylic 8.9 1.4
Copper tubing 8.7 10
ABS 83 1.1
Aluminium ingot 43 1.5
Polystyrene 3.6 0.50
Zinc ingot 3.6 33
Polyethylene (HDPE) 34 0.43
Polypropylene 32 0.34
Natural rubber 3.1 0.50
Polyethylene (LDPE) 23 0.29
PVC, rigid 23 0.43
Mild steel sheet 1.9 1.9
Mild steel ingot 1.0 1.0

Cast iron 0.8 0.79
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considered in terms of what it will cost to have a beam of a certain strength or stiffness. For
example, if the cost per cubic metre is £900 and the tensile strength is 500 MPa, then the
cost per MPa of strength is 900/500 = £1.8.

Materials are supplied in a number of standard forms, depending on the material con-
cerned. Thus, they may be supplied in the form of sheet and plate, barstock, pipe and tube,
rolled sections, extrusions, ingots, castings and mouldings, forgings and pressings, granules
and powders, or liquids.

The costs of manufacturing will depend on the processes used. Some processes require
a large capital outlay and then can be used to produce large numbers of the product at a
relatively low cost per item. Other processes may have little in the way of set-up costs but a
large cost per unit product.

The cost of maintaining a material during its life can often be a significant factor in the
selection of materials. The rusting of steels is an obvious example of this and, for example,
dictates the need for the continuous repainting of ironwork.

2.4 DATA SOURCES

A standard is a technical specification drawn up with the co-operation and general approval
of all interests affected by it with the aims of benefiting all concerned by the promotion of
consistency in quality, rationalisation of processes and methods of operation, promoting
economic production methods, providing a means of communication, protecting consumer
interests, promoting safe practices and helping confidence in manufacturers and users.
National standards bodies such the British Standards Institute have specified standards (BS)
but with the advent of the European Economic Community it became necessary to establish
common standards, named European Norms (EN) across Europe. Although these standards
are used within European countries, national standards such as BD standards in Britain and
DN standards in Germany can still be found in many documents. International bodies such
as the International Organization for Standardization (ISO) have overall responsibility for
setting the standards to be adopted.

The British Standards Institute is the national standards body for the United Kingdom,
and publishes all national, European and many international standards in English. In many
cases, standards are double-prefixed BS EN, signifying that they are UK versions in English
of European harmonised standards. The prefix BS EN ISO is used when an international
standard has been adopted by the EU as a European standard.

In the case of materials standards, if a material is stated by its producer to be specified
to a certain standard and tested by the methods laid down by certain standards, then a
customer need not have all the details written out to know what properties to expect of the
material. There is, for example, a standard for tensile testing of metals which lays down
such things as the sizes and forms of the test-pieces to be used (see Chapter 3 for such
details). There are standards for materials such as steel plate, sheet and strip, the plastic
polypropylene, etc.

Data on the properties of materials is available from a range of sources:

e Specifications issued by bodies responsible for standards.

e Trade associations which supply technical details of compositions and properties of
materials.

¢ Data supplied, in catalogues or on websites, by suppliers of materials.

® Online databases which give materials and their properties with means to rapidly
access particular materials or find materials with particular properties.
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Coding systems are used to refer to particular metals. Such codes are a concise way of
specifying a particular material without having to write out its full chemical composition or
properties. European standard steel codes (EN 10027-1:1992) has two categories:

o Steel specified by its purpose of use and mechanical properties, this being a single letter
designating its purpose of use, e.g. S for a structural steel, P for a steel for pressure
lines and vessels, E for engineering steels, and then a number specifying the mechani-
cal property, generally yield strength. Thus, we could have S350 for a structural steel
with a minimum yield strength of 350 MPa. In addition, other properties might be
specified with the sequence being;:

X(1) nnn(2) Xn(3) Xn(4)

Use identification (1);

Minimum yield stress (2);

Impact property (3):

at 20°CJR=27],KR=40J;at 0°CJQ =27 ],K0=40J;at 20°C J2=27]J,K2=40].
Special requirements (4):

Delivery method G1 = rimming steel, G2 = rimming steel not permitted; delivery con-
ditions G3 = normalised, G4 = manufacturers’ discretion.

For example, S355J2G3 specifies a structural steel with a minimum yield strength
of 355 MPa, an impact property of 27 J at —20°C and delivery condition as
normalised.

o Steel specified by chemical composition. Thus, non-alloy steels are specified by a C fol-
lowed by two numbers indicating 100 times the carbon content, e.g. C45 specifies an
unalloyed carbon steel with 0.45% carbon. Alloy steels are specified by an X followed
by numbers indicating 100 times the carbon content, then chemical symbols indicting
the most important alloying elements, then numbers indicating the associated percent-
age contents, e.g. X2CrNil8-9 specifies a steel with 0.02% carbon, 18% chromium
and 9% nickel.

In addition to the above descriptive name system, EN 10027-2 defines a system for creating
unique steel grade numbers in the form 1.yyzz where yy is the steel group and zz a sequential
number designating the particular steel in that group (Table 2.8).

With the old British Standards Institute coding system, the code for wrought steels was
a six-symbol code. The first three digits of the code represent the type of steel (Table 2.9).
Metals are still widely quoted using this system.

As an illustration of the BS coding system, consider a steel with a code 070M20. The first
three digits are 070 and since they are between 000 and 199 the steel is a carbon or carbon-
manganese type. The 070 indicates that the steel has 0.70% manganese. The fourth symbol
is M and so the steel is supplied to mechanical property specifications. The fifth and sixth
digits are 20 and so the steel has 0.20% carbon.

The AISI-SAE (American Iron and Steel Institute, Society of Automotive Engineers) use
a four-digit code, the first and second digits indicating the type of steel and the third and
fourth digits to indicate 100 times the percentage of the carbon content.

XX XX
Type of steel selected Amount of carbon present in steel




24 Properties of materials

Table 2.8 European standard steel numbers

Type of steel

Code

Carbon steels
1.00xx & 1.90xx
1.0Ixx & 1.91xx
1.02xx & 1.92xx
1.03xx & 1.93xx
1.04xx & 1.94xx
1.05xx & 1.95xx
1.06xx & 1.96xx
1.07xx & 1.97xx
Special carbon
I.10xx & 1.90xx
.1 Ixx

1.12xx

1.13xx

1. 14xx

.15xx to 1.18xx
1.19xx

Alloy steels
1.08xx & 1.98xx
1.09xx & 1.99xx
1.2000-1.2999
1.21xx

1.22xx

1.23xx

1.24xx

1.25xx

1.26xx

1.27xx

1.28xx

1.29xx
1.3000-1.3999
1.4000-1.4999
1.5000-1.8999

steels

Basic steels

Quality steels, generally structural steels

Other structural steels

Steels with average carbon less than 0.12% or tensile strength less than 400 MPa

Steels with average carbon greater than or equal to 0.12% and less than 0.25%
or tensile strength greater than or equal to 500 MPa

Steels with average carbon greater than or equal to 0.25% or tensile strength
greater than or equal to 500 MPa and less than 700 MPa

Steels with average carbon greater than 0.55% or tensile strength greater than
or equal to 700 MPa

Steels with higher phosphorus or sulphur content

Special steels, having special physical properties

Special steels, structural pressure vessel and engineering steels with less than
0.5% carbon

Special steels, structural pressure vessel and engineering steels with carbon
greater than or equal to 0.5%

Special steels, structural pressure vessel and engineering steels with special
requirements

Special steels
Tool steels
Special steels

Steels with special physical properties

Steels for other applications

Tool steels

Tool steels, Cr-Si, Cr-Mn, Cr-Mn-Si

Tool steels, Cr-V, Cr-V-Si, Cr-V-Mn, Cr-V-Mn-Si
Tool steels, Cr-Mo, Cr-Mo-V, Mo-V

Tool steels,W, Cr-Mo

Tool steels, W-V, Cr-W-V

Tool steels, other W

Tool steels, with Ni

Other tool steels

Other tool steels

Special steels

Special steels, stainless and heat resisting
Special steels, structural, pressure vessel and engineering steels

Table 2.10 shows the system. For example, 1010 is a plain carbon steel with 0.10% carbon,
5120 is a chromium steel with 0.20% carbon.

Thus, a particular steel can be designated in a number of ways and suppliers of steel are
likely to reference products in their brochures by several coding systems.

It is not only steels that have coding systems; other metals are similarly described. For
example, the chemical composition system for a leaded brass containing 60% copper and
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Table 2.9 Old BS steel codes

Code Type of steel

The first three digits

000-199 Carbon and carbon-manganese types, the number being 100 times the
manganese contents

200-240 Free-cutting steels, the second and third numbers being approximately
100 times the mean sulphur content

250 Silicon-manganese spring steels

300499 Stainless and heat-resistant valve steels

500-999 Alloy steels, with different groups of numbers within this range

allocated to different alloys (500 to 519 is used when nickel is the
main alloying element, and 520 to 539 for chromium)

The fourth symbol is a letter:

A The steel is supplied to a chemical composition determined by
chemical analysis

H The steel is supplied to a hardenability specification
M The steel is supplied to a mechanical property specification
S The steel is stainless

The fifth and sixth digits
100 times the mean percentage carbon content of the steel

Table 2.10 AISI-SAE steel numbering system

Type of steel Code Steel
Carbon steels 1 0xx Plain carbon, Mn 1.00% max
I Ixx Resulphurised free machining
12xx Resulphurised/rephosphorised free machining
| 5xx Plain carbon,Mn 1.00-1.65%
Manganese steels 13xx Mn 1.75%
Nickel steels 23xx Ni 2.60%
25xx Ni 5.00%
Nickel-chromium steels 31Ixx Ni 1.25%, Cr 0.65-0.80%
32xx Ni 1.25%, Cr 1.07%
33xx Ni 3.50%, Cr 1.50-1.57%
34xx Ni 3.00%, Cr 0.77%
Molybdenum steels 40xx Mo 0.20-0.25%
44xx Mo 0.40-0.52%
Chromium-molybdenum steels 4| xx Cr 0.50-0.95%, Mo 0.12-0.30%
Nickel-chromium-molybdenum steels 43xx Ni 1.82%, Cr 0.50-0.80%, Mo 0.25%
47xx Ni 1.05%, Cr 0.45%, Mo 0.20-0.35%
Nickel-molybdenum steels 46xx Ni 0.85-1.82%, Mo 0.20-0.25%
48xx Ni 3.50%, Mo 0.25%
Chromium steels 50xx Cr 0.27-0.65%
51xx Cr 0.80-1.05%
50xxx Cr 0.50%, C 1.00% min
51xxx Cr 1.02%, C 1.00% min
52xxx Cr 1.45%, C 1.00% min

(Continued)
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Table 2.10 Continued

Type of steel Code Steel

Chromium-vanadium steels 61xx Cr 0.60-0.95%,V 0.10-0.015%

Tungsten-chromium steels 72xx W 1.75%, Cr 0.75%

Nickel-chromium-molybdenum steels 81xx Ni 0.305, Cr 0.40%, Mo 0.12%
86xx Ni 0.55%, Cr 0.50%, Mo 0.20%
87xx Ni 0.55%. Cr 0.50%, Mo 0.25%
88xx Ni 0.55%, Cr 0.50%, Mo 0.35%

Silicon-manganese steels 92xx Si 1.40-2.00%, Mn 0.65-0.85%, Cr 0-0.65%

Nickel-chromium-molybdenum steels 93xx Ni 3.25%, Cr 1.20%, Mo 0.12%
94xx Ni 0.45%, Cr 0.40% Mo 0.12%
97xx Ni 0.55%, Cr 0.20%, Mo 0.20%
98xx Ni 1.00%, Cr 0.80%, Mo 0.25%

2% lead is CuZn38Pb2, the element symbols being in descending order of magnitude
of alloying elements. See Chapter 16 of a discussion of codes used with aluminium and
Chapter 17 for copper.

To help with the problem of the range of coding systems used for metals, the Unified
Numbering System for Metals and Alloys (UNS) has been developed to provide a means
of correlating the many internationally used metal and alloy numbering systems currently
administered by societies, trade associations, and users and producers of metals and alloys.
This system gives a specific number to a metal or alloy and is not, in itself, a specification,
as it does not establish any requirements for form, condition, property or quality. It is just
an identifier of a metal or an alloy and is a composition-based system for which controlling
limits have been established in specifications published elsewhere. Each metal is designated
by a letter followed by five numbers. For example, UNS has nine series of designations for
metals and alloys with each UNS designation consisting of a single-letter prefix followed
by five digits. In most cases the letter is suggestive of the family of metals identified: for
example, A for aluminium alloys, C for copper, brass or bronze alloys, F for cast irons, S
for stainless steels, T for tool steel (Table 2.11). The digits that follow the letter are used to

Table 2.11 UNS designations

UNS designation Metal type

AxXxxXXX Aluminium and aluminium alloys

Cxxxxx Copper and copper alloys including brasses and bronzes

Fxxxxx Cast irons

Gxxxxx Carbon and alloy steels

Hxoxoxxx AlSI and SAE H-steels

Jxoxxxx Cast steels, except tool steels

Kxxxxx Steels, including maraging steel, stainless steel, HSLA, iron-base superalloys

Lxxxxx Low melting metals, including lead and tin alloys, Babbit alloys and solder alloys

Mxxxxx Magnesium alloys

NXXXXX Nickel alloys

Rxxxxx Refractory alloys: RO3xxx molybdenum alloys, RO4xxxx tantalum alloys, R3xxxx
cobalt alloys, R6xxxx zirconium alloys

SXXXXX Stainless steels

Txxxxx Tool steels

ZXXXXX Zinc alloys
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designate the particular alloy concerned. For example, for copper if we have the first digit as
1, i.e. Clxxxx, then it is pure wrought copper. If the first digit is 2, i.e. C2xxxx, then it is
yellow brass. if 3, i.e. C3xxxx, it is leaded brass, if 4, i.e. C4xxxxx, it is tin brass.

2.4.1 Data sources

Data on the properties of materials is available from a range of sources:

e Specifications issued by bodies responsible for standards, e.g. the British Standards
Institution and the International Organization for Standardization .

e Trade associations which supply technical details of compositions and properties of
materials.

¢ Data supplied, in catalogues or on websites, by suppliers of materials.
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Chapter 3

Mechanical testing

3.1 INTRODUCTION

When an engineer designs some structure or machine, he or she must know the effects of
the application of forces on the materials used in its manufacture. Various mechanical tests
have been devised over the years to determine such effects. Thus, for example, in a tensile
test we measure the force required to stretch a specimen of the metal until it breaks, whilst
in various hardness tests we produce a small dent in the surface by means of a compressive
force and measure hardness by dividing the force used by the surface area of the impression
produced.

Complete information on the test procedures and the behaviour of metals and alloys when
subject to these tests is specified by European standards (as adopted in the United Kingdom)
and American standards. European standards incorporated in the British system are desig-
nated as BS EN standards; in the United States, such matters are dealt with by the American
Society of Metals (ASM) and the American Society for Testing Materials (ASTM). It is on
the basis of such tests and the values specified by such bodies that an engineer bases designs
and accepts materials.

In the type of tests described in this chapter, a test-piece is destroyed during the testing
process. Such tests are therefore known as destructive tests and can only be applied to
individual test-pieces. These are taken from a batch of material intended for some specific
purpose, and are assumed to be representative of the batch. Tests of a different nature and
purpose are used to examine manufactured components for internal flaws and faults (e.g.
X-rays used to seek internal cavities in castings). These tests are generally referred to as non-
destructive tests because the component, so to speak, lives to tell the tale.

3.2 THE TENSILE TEST

The tensile test of a material involves gripping a test-piece of known cross-sectional area in
the jaws of a testing machine and subjecting it to a tensile force which is increased in incre-
ments. For each increment of force, the amount by which the length of a known gauge length
of the test-piece increases is measured. This process continues until the test-piece fractures.

3.2.1 Tensile-testing machines

Tensile-testing machines were originally designed on the principle of a simple first-order
lever in which a massive counterpoise weight was moved along a beam to provide an increas-
ing tensile force acting on the test-piece. The great disadvantage of such a system was that
once a test-piece reached its yield point and began to stretch rapidly, it was impossible to

29
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reduce the force quickly enough to enable the complete force-extension diagram to be plot-
ted. In this system, fracture occurred rapidly once the maximum force had been reached.
From a practical engineering consideration, this did not matter very much since it was the
maximum force the test-piece could withstand that was regarded as important. However, in
modern tensile-testing machines developed in the last 50 years, force is applied by hydraulic
cylinders for machines of up to 1 MN in capacity, whilst for smaller bench machines of up
to 20 kN capacity the tensile force is applied by a spring beam. In such systems, the force
relaxes automatically as soon as rapid extension of the test-piece begins. The complete force-
extension diagram can therefore be plotted with accuracy until fracture occurs.

3.2.2 Force-extension diagrams

Examination of a typical force-extension diagram (Figure 3.1) for an annealed carbon steel
shows that at first the amount of extension is very small compared with the increase in force.
Such extension, as there is, is directly proportional to the force; that is, OA is a straight line.
If the force is released at any point before A is reached, the test-piece will return to its origi-
nal length. Thus, the extension between O and A is elastic and the material is said to obey
Hooke’s law; i.e. the force is proportional to the extension:

force =< extension
and so

stress o< strain
stress = E X strain

where E is the tensile modulus of elasticity, also known as Young’s modulus.
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Figure 3. Force-extension diagram for an annealed low-carbon steel.
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If the test-piece is stressed past point A, known as the elastic limit or the limit of pro-
portionality (because the force is no longer proportional to the extension), the material
suddenly gives; that is, it suffers a sudden extension for very little increase in force. This is
called the yield point (Y), and, if the force is now removed, a small permanent extension will
remain in the material. The term elastic limit is thus used for point A because the material
does not return to its original dimensions when stretching occurs beyond this point. Any
extension which occurs past point A is of a plastic nature. As the force is increased further,
the material stretches rapidly — first uniformly along its entire length, and then locally to
form a ‘neck’. This necking occurs just after the maximum force has been reached, at M,
and since the cross-section decreases rapidly at the neck, the force at B required to break the
specimen is much less than the maximum load at M.

This might be an appropriate moment to point out the difference between a force-exten-
sion diagram and a stress-strain diagram, since the terms are often loosely and imprecisely
used. Figure 3.1 is clearly a force-extension diagram, since the force is plotted against the
total extension, and the decrease in force after point M is passed is shown in the diagram.
If, however, we wished to plot stress (force per unit area of cross-section of the specimen),
we would need to measure the minimum cross-section of the specimen, as well as its length,
for each increment of force. This would be particularly important for the values of force
after point M, since in this part of the test the cross-section is decreasing rapidly, due to
the formation of the neck. Thus, if the stress were calculated on this decreasing diameter,
the resulting stress-strain diagram would follow a path indicated by the broken line to B,
(Figure 3.1). In practice, however, the original cross-section of the material is used and the
term engineering stress used for the force at any stage of the loading cycle divided by the
original area of the cross-section.

Thus, a nominal value of the tensile strength of a material is calculated using the maxi-
mum force (at M) and the original cross-sectional area of the test-piece:

maximum force used

tensile strength = —— .
original area of cross-section

Tensile strength is a useful guide to the mechanical properties of a material. It is primarily
an aid to quality control because it is a test which can be earned out under easily stan-
dardised conditions, but it is not of paramount importance in engineering design. After all,
engineers are not particularly interested in the material once plastic flow occurs — unless
they happen to be production engineers interested in deep drawing, or some other forming
process. In terms of structural or constructional engineering, the elastic limit A is of far
greater significance.

The force-extension diagram shown in Figure 3.1 is typical of an annealed low-carbon
steel. Unfortunately, force-extension diagrams for heat-treated steels, and for most other
alloys, do not often show a well-defined yield point, and the elastic portion of the graph
merges gradually into the plastic section, as shown in the examples in Figure 3.2. This
makes it almost impossible to assess the yield stress of such an alloy and, in such cases, yield
stress is replaced by a value known as proof stress.

The 0.1% proof stress of an alloy (denoted by the symbol R ;) is defined as the stress
which will produce a permanent extension of 0.1% in the gauge length of the test-piece.
This is roughly equivalent to the permanent extension remaining in a normalised steel at its
yield point.

The derivation of the 0.1% proof stress of a material is shown in Figure 3.3. The relevant
part of the force-extension diagram is plotted as described earlier. A distance OA, equal to
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Figure 3.2 Typical force-extension diagrams for carbon steels and non-ferrous materials.
0.1% of the gauge length, is marked along the horizontal axis. A line is then drawn from A,

parallel to the straight line portion of the force-extension diagram. The line from A inter-

sects the diagram at B and this indicates the proof force which would produce a permanent
extension of 0.1% in the gauge length of the specimen. From this value of force, the 0.1%

proof stress can be calculated:
original cross-sectional area of test-piece

0.1% proof stress =
It will be obvious from the above that if the yield stress (or 0.1% proof stress) is exceeded in

proof force

a material, then fairly rapid plastic deformation and failure are likely to occur.

3.2.3 Percentage elongation

In addition to determining the tensile strength and the 0.1% proof stress (or alternatively,

the yield stress), the percentage elongation of the test-piece at fracture is also derived. This is

Force

0 4
“— Extension

_>
0.1% of
gauge length

Figure 3.3 The determination of 0.1% proof stress.
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Figure 3.4 The determination of the percentage elongation.

a measure of the ductility of the material. The two halves of the broken test-piece are fitted
together (Figure 3.4) and the extended gauge length is measured, then:

increase in gauge length 100

% el tion =
clongation original gauge length

Mild steel is reasonably ductile and has a percentage elongation of between 18% and 25%.
Grey cast iron is, however, rather brittle with virtually zero percentage elongation. Table 2.3
shows some typical values for percentage elongation of various materials.

3.2.4 Proportional test-pieces

The two test-pieces in Figure 3.4A are of similar material and of equal diameter. Consequently,
the dimensions and shape of both necked portions will also be similar; that is, the increase
in length will be the same in each test-piece. However, since different gauge lengths have
been used it follows that the percentage elongation — reported on gauge length — would be
different for each. Therefore, for values of percentage elongation to be comparable, it is
obvious that test-pieces should be geometrically similar; that is, there must be a standard
relationship or ratio between cross-sectional area and gauge length. Test-pieces which are
geometrically similar and fulfil these conditions are known as proportional test-pieces. The
British Standards Institution specifies that, for proportional test-pieces:

Ly = 5.65\/Sy

where L, is the gauge length and S, the original area of cross-section. This formula has been
accepted by international agreement. For test-pieces of circular cross-section, it gives a value
of L, = 5d (approximately) where d is the diameter of the gauge length. Thus, a test-piece
200 mm? in cross-sectional area will have a diameter of 15.96 mm (about 16 mm) and a
gauge length of 80 mm.
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Figure 3.5 Tensile test-pieces and fibre direction in wrought materials.

3.2.5 Representative test-pieces

Test-pieces must be as representative of the material under test as is practical. This applies
to test-pieces in general and not just to those used in a tensile test. Many materials are far
from homogeneous. Thus, because of the segregation of impurities and variations in grain
size in castings, it is advisable to take test-pieces from more than one position in a casting.
Quite often, test-pieces are made from runners and risers (see Section 5.3) of a casting and
generally give an adequate overall guide to quality.

In wrought materials, impurities will be more evenly distributed and the grain size more
uniform but there will inevitably be a directionality of properties caused by the formation
of ‘fibres’ of impurity in the direction of working (see Section 6.6). Consequently, tensile
test-pieces should ideally be made from both material along the fibre direction (Figure 3.5A)
and at right angles to the fibre direction (Figure 3.5B). For narrow strip material this is not
possible, though test-pieces of rectangular cross-section are commonly used. General meth-
ods for tensile testing of metals are covered by BS EN ISO 6892-1: 2009: Metallic materials.
Tensile Testing. Method of test at room temperature. This part of the standard specifies the
method for tensile testing of metallic materials and defines the mechanical properties which
can be determined at room temperature.

The earlier paragraphs apply principally to the testing of metals. For plastics, tensile test-
ing — along with other types of testing — has some particular problems, not the least of
which is the influence of temperature. The mechanical testing of plastic materials is there-
fore considered separately (see Section 20.3) after an introduction to the physical properties
of polymers.

3.3 HARDNESS TESTS

A true definition of surface hardness is the capacity of that surface to resist abrasion; for
example, by the cutting action of emery paper. Thus, early attempts to quantify hardness led
to the adoption of the Mohs scale, which was used originally to assess the relative hardness
of minerals. The Mohs scale consists of a list of materials arranged in order of hardness,
with diamond — the hardest of all, with a hardness index 10 — at the head of the list and
talc — with an index of 1 — at the foot (Table 3.1). Any mineral in the list will scratch any
one below it and in this way the hardness of any unknown substance can be related to the
scale by finding which substances on the scale will just scratch it, and which ones will not.

Although this method of testing is useful in the classification of minerals rather than for
the determination of hardness of metals, it nevertheless agrees with the definition of sur-
face hardness as the resistance of a surface to abrasion. In the Turner sclerometer (from the
Greek skleros, meaning hard), devised in Birmingham by T. T. Turner in 1886, a diamond
point, attached to a lever arm, was loaded and drawn across the polished surface of the test-
piece, the load being increased until a scratch was just visible. The hardness number was
quoted as the load in grams required to press the diamond point sufficiently to produce a
‘normal’ scratch. Obviously, there was considerable room for error in judging what was a
normal scratch. For this reason, modern methods of hardness testing actually measure the
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Table 3.1 The Mohs scale of hardness

Material Hardness index Material Hardness index
Diamond 10 Apatite 5
Sapphire 9 Fluorspar 4
Topaz 8 Calcite 3
Quartz 7 Gypsum 2
Feldspar 6 Talc |

material’s resistance to penetration rather than to abrasion. They are therefore somewhat
of a compromise on the true meaning of hardness but have the advantage of being easier to
determine with accuracy.

3.3.1 The Brinell hardness test

This test, devised by a Swede, Dr. J. A. Brinell, is probably the best known of the hardness
tests (BS EN ISO 6506: 2:2018-TC Methods for the Brinell Hardness Test). A hardened steel
ball is forced into the surface of a test-piece by means of a suitable standard load (Figure 3.6).
The diameter of the impression is then measured, using some form of calibrated microscope,
and the Brinell hardness number (H) is found from:

He load P
area of curved surface of the impression A

If D is the diameter of the ball and d that of the impression, it can be shown that:

D(D—-+D?-d?)

A="
2

It follows that:

P
D (D-+D*-d?*)

H

Tz
2

To make tedious calculations unnecessary, H is generally found by reference to tables which
relate H to d — a different set of tables being used for each possible combination of P and D.

%
Not less /
than 8h

¥

a2
Not less /////, /,

than 3D Ly
Test-piece

Figure 3.6 The relationship between ball of diameter D, depth of impression h and dimensions of the test-
piece in the Brinell test.



36 Mechanical testing

l
Load

Test-piece %7

% Table of testing machine

(A) (B)

;

Figure 3.7 This illustrates the necessity of using the correct ball diameter in relation to the thickness of the
test-piece.

In carrying out a Brinell test, certain conditions must be fulfilled. First, the depth of
impression must not be too great relative to the thickness of the test-piece, otherwise we
may produce the situation shown in Figure 3.7A. Here it is the table of the machine, rather
than the test-piece, which is supporting the load. Hence, it is recommended that the thick-
ness of the test-piece shall be at least eight times the depth of the impression. The width of
the test-piece must also be adequate to support the load (Figure 3.6), otherwise the edges
of the impression may collapse due to the lack of support and so give a falsely low reading.

Materials of non-uniform cross-section also present a problem. Thus, the surface skin
of cold-rolled metal plate or strip will be much harder than the interior layers and the use
of a small ball in the Brinell test would therefore suggest a higher hardness index than if a
larger ball were used, since in the latter case the ball would be supported by the softer metal
of the interior. Similarly, case-hardened steels (see Section 14.1) consist of a very hard skin
supported by softer but tougher metal beneath and the only satisfactory way to deal with
such a situation is to cut a slice through the component, polish and etch it so that the extent
of the case can be seen, and then make hardness measurements at appropriate points across
the section using the smallest ball. In such a case, the Vickers diamond pyramid test (see
Section 3.3.2) is preferable.

Balls of 10, 5 and 1 mm diameter are available; one appropriate to the thickness of the
test-piece should be chosen, bearing in mind that the larger the ball, the more accurate the
result is likely to be. Having decided upon a suitable ball, we must now select a load which
will produce an impression of reasonable proportions. If, for example, in testing a soft metal
we use a load which is too great relative to the size of the ball, we shall get an impression
similar to that indicated in Figure 3.8A. Here, the ball has sunk to its full diameter, and
the result is meaningless. On the other hand, the impression shown in Figure 3.8B would
be obtained if the load was too small relative to the ball diameter, and the result would be
uncertain. For different materials, then, the ratio P/D? has been standardised (Table 3.2)

Table 3.2 PID? ratios for the Brinell test

Material P/ID?
Steel 30
Copper alloys 10
Aluminium alloys 5

Lead and tin alloys I
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Figure 3.8 It is essential to use the correct P/D? ratio for the material being tested.

in order to obtain accurate and comparable results. In the Brinell test, P is measured in the
non-standard unit of kilogram-force (kgf) and D in mm.

As an example, in testing a piece of steel, we can use a 10 mm ball in conjunction with
a 3000 kgf load, a 5 mm ball with a 750 kgf load or a 1 mm ball with a 30 kgf load. As
mentioned earlier, the choice of ball diameter D will rest with the thickness of the test-piece,
whilst the load to be used with it will be determined from the appropriate P/D? ratio.

Typical Brinell hardness values are 125-295 for as-rolled carbon steel (110-190 when
annealed) and 183 for soft austenitic stainless steel (302531). White cast iron is a much
harder material and has a Brinell hardness of about 500.

3.3.2 The Vickers pyramid hardness test

This test uses a square-based diamond pyramid (Figure 3.9) as the indentor, so all impres-
sions have the same square shape, regardless of the amount of force used. Consequently, the
operator does not have to choose a P/D? ratio as in the Brinell test. However, the relation-
ship between the depth of impression and thickness of specimen must still be observed, for
reasons similar to those in the Brinell test and illustrated in Figure 3.7. Here, the thickness
needs to be at least 1.5 times the diagonal length of the indentation (BS EN ISO 6507-
1:2005: Vickers Hardness Test).

136°

(B)

Figure 3.9 The Vickers pyramid hardness test. (A) The diamond indentor. (B) The angle between opposite
faces of the diamond is 136°. (C) The appearance of the impression, when viewed, in the micro-
scope eyepiece.
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Figure 3.10 The loading system for the Vickers pyramid hardness machine. It is essentially a second-order
lever system. The |5-second period of load application is timed by an oil dashpot system.

A further advantage of the Vickers hardness test is that the hardness values for very hard
materials (above an index of 500) are likely to be more accurate than the corresponding
Brinell numbers — a diamond does not deform under high pressure to the same extent as a
steel ball, and so the result will be less uncertain.

In this test, the diagonal length of the square impression is measured by means of a micro-
scope which has a variable slit built into the eyepiece (Figure 3.9C). The width of the slit is
adjusted so that its edges coincide with the corners of the impression, and the relative diago-
nal length of the impression is then obtained from a small instrument geared to the move-
ment of the slit, and working on the principle of a revolution counter. The visual reading thus
obtained is converted to a Vickers pyramid hardness number (VPN) by reference to tables (in
some quarters, this test is referred to as the diamond pyramid hardness, or DPH, test). The
size of the impression is related to hardness in the same way as is the Brinell number:

load P
H= : .
surface area of indentation A

where P is in kgf. The surface area A of the indentation is d?/(2 sin 6/2), where 0 is the angle of
the diamond pyramid apex, i.e., 136°, and d is the arithmetic mean of the diagonals (in mm).

Since the impression made by the diamond is generally much smaller than that produced
by the Brinell indentor, a smoother surface finish is required on the test-piece. This is pro-
duced by rubbing with fine emery paper of about 400 grit. Surface damage is negligible,
making the Vickers test more suitable for testing finished components. The specified time
of contact between the indentor and the test-piece in most hardness tests is 15 seconds. In
the Vickers testing machine (Figure 3.10), this period of contact is timed automatically by a
piston working in an oil dashpot. Typical Vickers hardness values are 80 for brasses in the
half-hard condition and 130 in the full-hard condition.

3.3.3 The Rockwell hardness test

The Rockwell test was devised in the United States. It is particularly useful for rapid routine
testing of finished material, since the hardness number is indicated on a dial, and no subse-
quent measurement of the diameter is involved. The test-piece, which needs no preparation
save the removal of dirt and scale from the surface, is placed on the table of the instrument
and the indentor is brought into contact with the surface under a light load. This takes up
the slack in the system and the scale is then adjusted to zero. Full load is then applied, and
when it is subsequently released (timing being automatic), the test-piece remains under the
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Figure 3.11 The Rockwell test.

light load whilst the hardness index is read directly from the scale. Although the penetration
depth b (Figure 3.11) of the impression is measured by the instrument, this is converted to hard-
ness values which appear on the dial. The Rockwell hardness number is given by the formula:

Rockwell hardness=E — b

where E is a constant determined by the form of the indentor; for a diamond cone indentor
E is 100, for a steel ball 130 (BS EN ISO 6508: 2016 Rockwell Hardness Test)

There are several different scales on the dial, the scale being determined by the indentor
and full load used. The most important scales are:

1. Scale B, which is used in conjunction with a 1/16 inch diameter steel ball and a 100 kgf
load. This is used mainly for softer metals, such as copper alloys, aluminium alloys,
normalised steel and mild steel.

2. Scale C, which is used in conjunction with a diamond cone of 120° angle and a 150 kgf
load. This is used mainly for hardened steels and other very hard materials such as hard
cast irons. A typical value on this scale for a water-hardening tool steel at 20°C is 63.

3. Scale A, which is used in conjunction with the diamond cone and a 60 kgf load. This
is used for extremely hard materials, such as tool steels.

The Rockwell machine is very rapid in action and can be used by relatively unskilled opera-
tors. Since the size of the impression is also very small, it is particularly useful for the routine
testing of stock or individual components on a production basis.

3.3.4 The Shore scleroscope

This is a small portable instrument which can be used for testing the hardness of large com-
ponents such as rolls, drop-forgings, dies, castings and gears. Such components could not
be placed on the table of one of the more orthodox machines mentioned earlier. The scle-
roscope embodies a small diamond-tipped ‘tup’, or hammer, of mass approximately 2.5 g,
which is released so that it falls from a standard height of about 250 mm inside a graduated
glass tube placed on the test surface. The height of rebound is taken as the hardness index.

Soft materials absorb more of the kinetic energy of the hammer, as they are more easily
penetrated by the diamond point, and so the height of rebound is less. Conversely, a greater
height of rebound is obtained from hard materials.

3.3.5 Wear resistance

It was suggested at the beginning of this section that the well-established hardness tests
do not represent the classical idea of surface hardness; that is, the resistance of a surface



40 Mechanical testing

to abrasion as is recorded in the Mohs test for minerals or by the long-obsolete Turner
sclerometer. Instead, modern ‘hardness’ tests measure the resistance to penetration, which
is however closely connected to resistance to abrasion. In some instances, it is desirable to
obtain a more accurate assessment of the wear resistance of a material. Specific tests can
be devised which estimate the amount of wear occurring when two surfaces rub together
under standardised conditions. For example, a disc of the material under examination can
be rotated against a standard abrasive disc for a given number of revolutions under a stan-
dard pressure. The loss in mass suffered by the test disc is a direct measure of the abrasion
it has suffered.

Obviously, the coefficient of friction between the rubbing surfaces is involved and hard
materials have a relatively low coefficient. When two surfaces are pressed into contact there
is likely to be contact made at only a few high spots. However, since metals can deform
plastically under pressure, the areas of contact at the high spots will increase. Interatomic
bonding forces in metals are high, and so increasing the ‘real’ areas of contact will resist
the local removal of metal by friction. Moreover, due to this deformation, work-bhardening
occurs and this further resists abrasion. Surface abrasion is particularly important in the
design of bearing surfaces.

3.4 IMPACT TESTS

These tests are used to indicate the toughness of a material, and particularly its capac-
ity for resisting mechanical shock. Brittleness, resulting from a variety of causes, is often
not revealed during a tensile test. For example, nickel-chromium constructional steels suf-
fer from a defect known as temper brittleness (see Section 13.2). This is caused by faulty
heat treatment, yet a tensile test-piece derived from a satisfactorily treated material and one
produced from a similar material but which has been incorrectly heat treated might both
show approximately the same tensile strengths and elongations. In an impact test, however,
the difference would be apparent; the unsatisfactory material would prove to be extremely
brittle as compared with the correctly treated one, which would be tough.

With the 1zod and Charpy impact tests, a heavy pendulum, mounted on ball-bearings, is
allowed to strike a test-piece after being released from a fixed height (Figure 3.12). The tests
differ in the form of test-pieces used and height from which the pendulum swings. The strik-
ing energy is partially absorbed in breaking the test-piece, and as the pendulum swings past,
it carries with it a drag pointer which it leaves at its highest point of swing. This indicates
the amount of mechanical energy used in fracturing the test-piece.

3.4.1 The Izod impact test

This test employs a standard notched test-piece (Figure 3.13) which is clamped firmly in a
vice. The test-piece is notched so that there is an initial ‘crack’ to initiate fracture. To ensure
consistent results, a gauge is supplied to test the dimensional accuracy of the notch, The
striking energy is approximately 170 J. Typical Izod impact values are 62 J for hard-drawn
4% phosphor bronze, 32 J for 7% annealed aluminium bronze, 40 ] for quenched and tem-
pered 070M20 carbon steel and 40 J for quenched and tempered 120M19 manganese steel.

Examination of the fractured cross-section of the test-piece reveals further useful infor-
mation. In the most ductile materials, the fractured surface is likely to be of a fibrous nature
and will be rather dull and silky in appearance (Figure 3.14A), because plastic flow of the
crystalline structure has occurred. With very brittle materials, the fractured surface will be
relatively bright, sparkling and crystalline, since crystals have not been plastically deformed.
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Figure 3.12 The Avery-Denison universal impact-testing machine. This machine can be used for either
Charpy or Izod impact tests. For Izod tests, the pendulum is released from the lower position to
give a striking energy of 170 ], and for the Charpy test it is released from the upper position to
give a striking energy of 300 J. The scale carries a set of graduations for each test. The machine
can also be used for impact-tension tests.
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Figure 3.13 Details of standard test-pieces used in both the Izod and Charpy tests.
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Figure 3.14 The nature of the fractured surface in the Izod test.

As the fracture follows the crystal boundaries, each small crystal reflects a bright point of
light (Figure 3.14D). Many metals will fall somewhere between these extremes and the frac-
tured surface will show a combination of ductile and crystalline areas. For steels in particu-
lar, it is possible to estimate quite accurately the percentage crystalline area of the fractured
surface of the test-piece and to use this as a measure of the notch-ductility.

3.4.2 The Charpy impact test

This test (BS EN ISO 148: Charpy pendulum impact test) differs from the Izod test in that
the test-piece is supported at each end (Figure 3.13), whereas the Izod test uses a test-piece
held cantilever fashion. The Charpy specimen may be used with one of three different types
of notch; a ‘keyhole’, a ‘U’ or a V. The standard Charpy V-notch specimen is 55 mm long
and 10 mm square, with a notch of 2 mm depth and a tip radius of 0.25 mm machined on
one face. Keyhole and U-notch test-pieces are used for the testing of brittle materials such
as cast iron and for the testing of plastics. The V-notch specimen is the most widely used
and accepted for impact tests. This test is used as an acceptable standard to determine if
parts are apt to behave in a brittle manner. Typical Charpy impact test values are 88 J for
cartridge brass (70% Cu, 30% Zn) when annealed and 21 J when % hard, 3 J for grey cast
iron and 50 J for as-rolled 0.2% carbon steel.

3.4.3 Effect of defects on impact properties

Whilst minute cavities, slag particles, grain-boundary segregates and other flaws are likely
to have a limited effect on the tensile strength of a metal and almost none on its hardness,
such defects will seriously impair its impact properties. Defects such as these will act as
stress raisers, particularly under conditions of shock loading, by introducing points at which
a sudden concentration of stress builds up. Thus, there will tend to be a much greater scatter
of results for impact tests on a single cast material than in the tensile test for the same mate-
rial, since a casting is likely to have a less homogeneous structure than a wrought material.
Nevertheless, directionality of fibre in wrought materials will have a more significant effect
on impact toughness than it does on either tensile strength or ductility (see Table 6.2).

3.5 CREEP

When stressed over a long period of time, some metals extend very gradually and may ulti-
mately fail at a stress well below the tensile strength of the material. This phenomenon of
slow but continuous extension under a steady force is known as creep. Such slow extension
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Figure 3.15 The variation of creep rate with stress and temperature.

is more prevalent at high temperatures, and for this reason the effects of creep must be taken
into account in the design of steam and chemical plant, gas and steam turbines and furnace
equipment.

Creep occurs generally in three stages (Figure 3.15), termed primary, secondary and
tertiary creep. During the primary creep period, the strain is changing but the rate at which
it is changing with time decreases. During the secondary creep period, the strain increases
steadily with time. During the tertiary creep period, the rate at which the strain is changing
increases and eventually failure occurs. A family of curves can be produced which show the
creep for different initial stresses and temperatures. At low stress and/or low temperature
(curve I in the figure) some primary creep may occur but this falls to a negligible amount in
the secondary stage when the creep curve becomes almost horizontal. With increased stress
and/or temperature (curves II and III), the rate of secondary creep increases, leading to ter-
tiary creep and inevitable catastrophic failure.

Creep tests are carried out on test-pieces which are similar in form to ordinary test-pieces.
A test-piece is enclosed in a thermostatically controlled electric tube furnace which can be
maintained accurately at a fixed temperature for an extended time. The test-piece is stati-
cally stressed, and some form of sensitive extensometer is used to measure the extremely
small extensions at suitable time intervals. A set of creep curves for different static forces at
the same temperature is produced, and from these the limiting creep stress is derived.

The stress which will produce a limiting amount of creep in a fixed time, say two or three
days, at a particular temperature can be determined. Thus, the stress/temperature combina-
tion which will produce a limiting value of creep strain of, say, 10= in 1000 hours might be
determined. The term stress to rupture of a material is used for the initial stress which will
result in failure at a particular temperature after a certain time. For example, for a plain
0.2% carbon steel at 400°C, the stress to rupture in 1000 hours is 295 MPa; at 500°C it has
dropped to 118 MPa.

3.6 FATIGUE

Whenever failure of some structure or machine leads to a newsworthy disaster, the press
invariably hints darkly at ‘metal fatigue’. Unfortunately, the technical knowledge of jour-
nalists can be suspect, as is evidenced by the oft-repeated account of the legendary cable
‘through which a current of 132 000 V was flowing’.
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Although the public was first made aware of the phenomenon of metal fatigue following
investigations of the Comet airline disasters in 1953 and 1954, the underlying principles
were appreciated more than a century ago by the British engineer Sir William Fairbairn,
who carried out his classical experiments with wrought iron girders. He found that a girder
which would support a static load of 12 tonf for an indefinite period would nevertheless fail
if a load of only 3 tonf were raised and lowered on it some 3 million times. Fatigue is associ-
ated with the effects which a fluctuating or an alternating force may have on a member - or,
in everyday engineering terms, be subjected to the action of a live load. If you take a paper
clip and repeatedly flex it back and forth, it does not last very long before it breaks, even
though you have not applied a large stress — you would find it very difficult to break just by
pulling it apart!

3.6.1 S/N curves

Following the work of Fairbairn, the German engineer August Wohler produced the well-
known fatigue-testing machine which still bears his name. This is a device (Figure 3.16A)
whereby alternations of stress can be produced in a test-piece very rapidly, and so reduce to
a reasonable period the time required for a fatigue test. As the test-piece runs through 180°,
the force W acting on the specimen falls to zero, and then increases to W in the opposite
direction. To find the fatigue limit, a number of similar specimens of the material are tested
in this way, each at different values of W, until failure occurs, or, alternatively, until about
20 million reversals have been endured (it is of course not possible to subject the test-piece to
the infinite number of reversals that would be ideal). From these results, an S/N curve is plot-
ted; that is, stress S against the number of cycles endured (Figure 3.16B). The curve becomes
horizontal at a stress which will be endured for an infinite number of reversals. This stress is
the fatigue limit or endurance limit. Some non-ferrous materials do not show a well-defined
fatigue limit; that is, the S/N curve slopes gradually down to the horizontal axis. With these
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Figure 3.16 (A) The principle of a simple fatigue-testing machine. (B) A typical S/N curve obtained from a
series of tests. (C) The appearance of the fractured surface of a shaft which has failed due to
fatigue.
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materials it is only possible to design for a limited life, since eventually, regardless of the
stress, they will fail through fatigue.

A fatigue fracture has a characteristic type of surface and consists of two parts
(Figure 3.16C). One is smooth and burnished and shows ripple-like marks radiating out-
wards from the centre of crack formation, whilst the other is coarse and crystalline, indi-
cating the final fracture of the remainder of the cross-sectional area which could no longer
withstand the load.

Any feature which increases stress concentrations may precipitate fatigue failure. Thus, a
fatigue crack may start from a keyway, a sharp fillet, a microstructural defect or even a bad
tool mark on the surface of a component which has otherwise been correctly designed with
regard to the fatigue limit of the material from which it was made.

3.6.2 Fatigue failure case study

Fatigue failure can be due simply to bad design and lack of understanding of fatigue but
is much more likely to be due to the presence of unforeseen high-frequency vibrations in a
member which is stressed above the fatigue limit. This is possible since the fatigue limit is
well below the tensile strength of any material. Fatigue failure will ultimately occur in any
member in which the operating stress fluctuates or alternates to a stress which is above its
fatigue limit.

Some time ago, the author’s opinion was sought on the possible cause of failure of cop-
per tube which had held, cantilever fashion, a small pressure gauge in the manner shown in
Figure 3.17. The broken tube was sent with the information that it had broken off at XX,
under the action of no other force than the weight of the pressure gauge P, which was very
small. On examination, the tube showed the typical appearance of a fatigue fracture. This
tentative suggestion brought forth derisory comments from the engineer in charge, who
claimed that the copper tube must therefore be of poor quality, since failure had taken
place after only a few days of service in static conditions. Ultimately, on visiting the site, the
author’s suspicions were confirmed — the pipe T was connected to a large air compressor,
whose nerve-shattering vibrations were apparent at a distance of several hundred metres.

Fatigue failure is a problem that is encountered in many situations. For example, fatigue
fracture and wear have been found to be a problem with orthopaedic implants such as those
for human knee and hip joints. The cup parts of such joints, made of ultra-high-molecular-
weight polyethylene, have been found to fracture. It is also a serious problem with mechani-
cal heart valves.

In November 2004, American Airlines flight AA383 caught fire on the runway at Chicago
O’Hare International Airport after aborting its take-off. Investigation showed that the stage
2 high-pressure turbine disc in the right engine had failed and fractured whilst the aircraft

Figure 3.17 Fatigue failure with a cantilevered pressure gauge.
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was accelerating for take-off. Analysis showed that fatigue cracking had been initiated at an
internal inclusion in the disc.

In May 2007, an escalator at Langham Place in Hong Kong suddenly stopped whilst it
was moving upwards. The machine then reversed and gained speed, with the result that
18 of the 120 shoppers who were on the escalator at that time were injured. Investigations
showed that the drive chain had broken as a result of fatigue. In addition, the safety device
which should have been activated as a consequence of the drive chain failure to trigger the
auxiliary brake failed to operate because of dried grease stuck on it.

Fatigue failure does not just occur as a result of repetitive loading. It is also a consequence
of temperature changes resulting in significant thermal expansion and contraction. As an
example, repetitive temperature loading coupled with repetitive mechanical loading of tur-
bine blades in aircraft engines has been found to result in fatigue failure and so become a
serious problem.

3.7 OTHER MECHANICAL TESTS

Most of these tests are designed to evaluate some property of a material which is not revealed
adequately during any of the preceding tests.

3.7.1 The Erichsen cupping test

Materials used for deep drawing are necessarily highly ductile. However, a simple measure-
ment of ductility in terms of percentage elongation (obtained during a tensile test) does not
always give a complete assessment of deep-drawing properties. A test which imitates the
conditions present during a deep-drawing operation is often preferable. The Erichsen cup-
ping test (Figure 3.18) is commonly used to assess the deep-drawing quality of soft brass,
aluminium, copper or mild steel.

In this test, a hardened steel ball is forced into the test-piece, which is clamped between a
die face and a blank holder. When the test-piece splits, the height of the cup which has been
formed is measured, and this height (in mm) is taken as the Erichsen value. Unfortunately,
the results from such a test can be variable, even with material of uniform quality. The depth
of cup that can be drawn depends largely upon the pressure between the blank holder and
the die face. Light pressure will allow metal to be drawn between the die and the holder, and

4

Figure 3.18 The principle of the Erichsen cupping machine.



Mechanical testing 47

Failure -7\ ‘Orange peel
crack ~AL T\ surface

Normal grain Coarse grain

Figure 3.19 Erichsen test-pieces.

a deeper cup is formed. In the United Kingdom we ‘cheat’ by using lighter pressure, whereas
in the rest of Europe firm pressure between die and holder tends to be used. Nevertheless,
the British Standards Institution recognises the Erichsen test in BS EN ISO 20482-1013;
test-piece dimensions, testing apparatus, lubricants and precautions are specified.

Probably, the most useful aspect of the test is that it gives some idea of the grain size of
the material, and hence its suitability for deep drawing, as indicated in Figure 3.19. Coarse
grain, always associated with poor ductility in a drawing operation, will show up as a rough
rumpled surface in the dome of the test-piece. This resembles the lumpy outside skin of an
orange — hence the description as the ‘orange-peel effect’.

3.7.2 Bend tests

Bend tests are often used as a means of judging the suitability of a metal for similar treat-
ment during a production process. For example, copper, brass or bronze strip used for the
manufacture of electrical switch-gear contacts by simple bending processes may be tested
by a bending operation which is somewhat more severe than that which will be experienced
during production.

Simple bend tests are probably more closely related to the fundamental idea of toughness
than the widely used impact tests. The latter are more easily measured in numerical terms
and in any case deal specifically with conditions of shock loading. In Figure 3.20, A and B
illustrate simple tests requiring little equipment other than a vice, whilst C represents a more
widely accepted test in which the wire is bent through 90° over a cylinder of specified radius
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Figure 3.20 Simple bend tests. (A) The material is bent back upon itself. (B) It is doubled over its own thick-
ness, the second bend being the test bend. (C) A specific radius R is used.
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(B)

Figure 3.2 The behaviour of brittle and ductile materials during a compression test.

R, then back through 90° in the opposite direction. This is continued until the test-piece
breaks, the number of bending cycles being counted. The surface affected by the bending
process is also examined for cracks, and, if necessary, for coarse grain (orange peel).

3.7.3 Compression tests

These tests are used mainly in connection with cast iron and concrete, since these are mate-
rials more likely to be used under the action of compressive forces than in tension. A cylin-
drical block, the length of which is twice its diameter, is used as a test-piece (Figure 3.21A).
This is compressed (using a tensile-testing machine running in reverse) until it fails.

Malleable metals do not show a well-defined point of failure (Figure 3.21B), but with
brittle materials (Figure 3.21C) the ultimate compressive stress can be measured accurately.
The material fails suddenly, usually by multiple shear at angles of 45° to the direction of
compression.

3.7.4 Torsion tests

Torsion tests are often applied to wire — in particular, to steel wire. The test consists of
twisting a piece of wire in the same direction round its own axis until it breaks, or until a
specified number of twists has been endured. The simple machine used (Figure 3.22) con-
sists essentially of two grips which remain in the same axis. The distance between the grips

Stationary grip (loaded to

—> >
keep test-piece straight) .

Moving grip

Figure 3.22 A simple tortion-testing machine.
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is adjustable so that test-pieces of different lengths can be tested. The test-piece is held in
the machine so that its longitudinal axis coincides with the axis of the grips and so that it
remains straight during the test. This is achieved by applying a constant tensile force just
sufficient to straighten it but not exceeding 2% of the nominal tensile strength of the speci-
men. One grip remains stationary, whilst the other is rotated at a constant speed which is
sufficiently slow to prevent any rise in temperature of the test-piece. This rotation continues
until the test-piece breaks or until the specified number of turns is registered. The number
of complete turns of the rotating grip is counted.

3.8 FACTOR OF SAFETY
By now it will be apparent that the working stress in an engineering component must be well
below the tensile strength of the material and, in fact, below its elastic limit or proof stress.

Factors of safety have long been applied in engineering design to cope with this situation:

tensile strength

factor of safety = -
safe working stress

Wohler (see Section 3.6.1) was instrumental in establishing factors of safety based on the
earlier criteria. For dead loads he suggested a factor of 4; for live loads, a factor of 6 or 8
and for alternating loads a safety factor between 12 and 18. In modern practice, a factor of
safety is influenced by many features such as cost, uncertainty of working conditions and
consequences of possible failure. Thus, in structural steelwork a factor of 3 is commonly
used, whilst in steam boilers where creep, fluctuating stresses and the dire consequences
of failure must be considered, a much higher factor of safety of 8 or 10 may be chosen.
However, the importance of keeping weight to a minimum means that the factor of safety
may be as low as 2 in aircraft construction in some cases. In view of the catastrophic conse-
quences of failure, this also means that rigorous quality control must be applied to materials
and components used as well as stress analysis to all members involved. In addition, periodic
non-destructive investigation is used to detect the onset of such faults as fatigue cracks.

It was mentioned earlier that the elastic limit (or proof stress) of metals is in reality a much
more useful value than the measure of tensile strength in engineering design since, once the
elastic limit has been exceeded, the metal has already begun to fail. Thus, it has become
more frequent practice to define factors of safety in terms of the elastic limit or proof stress.
Obviously, it becomes necessary to specify whether the factor of safety is based on the zen-
sile strength or on proof stress. Thus:

proof stress

proof factor of safety = :
safe working stress

Whichever factor of safety is adopted, a mixture of mathematical design criteria and experi-
ence of the behaviour of materials is generally used to enable a reliable estimate of the safe
working stress to be made.
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Chapter 4

The crystal structure of metals

4.1 INTRODUCTION

All metals — and other elements, for that matter — can exist either as gases, liquids or solids.
The state in which a metal exists depends upon the conditions of temperature and pres-
sure which prevail at the time. Thus, mercury will freeze to form a solid, rather like lead, if
cooled to 38.8°C and will boil to form a gas or vapour if heated to 357°C at atmospheric
pressure. At the other end of the scale, tungsten melts at 3410°C and boils at 5930°C.

This chapter is about the regular patterns adopted by metal atoms when metals solidify,
such regular patterns being termed crystalline structures, and how they solidify into such
patterns.

4.2 FROM GAS TO SOLID

In any gas, the particles (either atoms or molecules, depending upon the constitution of
the gas) are in a state of constant motion and the impacts which these particles make on
the walls of the containing vessel constitute the pressure exerted by the gas. As the tem-
perature increases, so their kinetic energy increases and hence the velocity of the particles
increases. The particles travel faster between the container walls, so the number of impacts
per unit time increases and therefore the pressure within the vessel increases. This is the
basis of the kinetic theory of gases.

In a metallic gas, the particles consist of single atoms (metallic gases are said to be mona-
tomic, with most non-metallic gases such as oxygen and nitrogen consisting of molecules,
each of which contains two atoms) which are in a state of continuous motion. As the tem-
perature falls, condensation occurs at the boiling point and in the resultant liquid metal the
atoms are jumbled together willy-nilly. Since they are held together only by weak forces of
attraction at this stage, the liquid lacks cohesion and will flow. When the metal solidifies,
the energy of each atom is reduced. This energy is given out as latent heat during the solidi-
fication process, which for a pure metal occurs at a fixed temperature (Figure 4.1). During
solidification, the atoms arrange themselves according to some regular pattern, or ‘lattice
structure’ and so each atom becomes firmly bonded to its neighbours by stronger forces of
attraction; so the solid metal acquires strength.

Since the atoms are now arranged in a regular pattern, they generally occupy less space.
Thus, most metals shrink during solidification, and the foundry worker must allow for this,
not only making the wooden pattern a little larger than the required size of the casting, but
also by providing adequate runners and risers, so that molten metal can feed into the body
of a casting as it solidifies and so prevent the formation of internal shrinkage cavities.
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Figure 4.1 A pure metal solidifies at a fixed single temperature, and the atoms arrange themselves in some
regular pattern.

4.3 METAL CRYSTALS

Most of the metals crystallise into one of three different patterns as solidification takes place
(Figure 4.2). The diagrams in row (A) represent the simplest building block from which
much larger structures are built, like a brick from which buildings are made. Only the posi-
tions occupied by the centres of the atoms are shown. Each outer face of the figure is also
part of the next adjacent unit, as shown in (B).

o The face-centred cubic arrangement can be considered to have atoms at each corner of
a cube and also one in the centre of each face.

e The body-centred cubic has atoms at each comer of a cube and also one in the cube
centre.

e The close-packed hexagonal structure is the arrangement which would be produced if
a second layer of snooker balls were allowed to fall into position on top of a set already
packed in the triangle.

Of these ‘space lattices’, the close-packed hexagonal arrangement represents the closest
packing of atoms. The face-centred cubic arrangement is also a fairly close packing of atoms,
but the body-centred cubic form is relatively open; that is, the lattice contains relatively more
space.

Iron is a polymorphic element, i.e. an element which exists in more than one crystalline
form, and exists in two principal crystalline forms. The body-centred cubic form (o-iron)
exists up to 910°C when it changes to the face-centred cubic form (y-iron). On cooling
again, the structure reverts to the body-centred cubic. It is this fact which enables steel to
be heat treated in its own special way, as we shall see later in Chapter 12. Unfortunately,
the sudden volume change which occurs as y-iron changes to o-iron on being quenched
gives rise to the formation of internal stresses, and sometimes distortion or even cracking
of the component. However, we must not look a gift horse in the mouth: but for this freak
of nature in the form of the allotropic (allotropy describes the polymorphic phenomenon)
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Figure 4.2 The principal types of lattice structure occurring in metals. (A) indicates the positions of the
centres of the atoms only, in the simplest unit of the structure, whilst (B) shows how these occur
in a continuous crystal structure viewed in ‘plan’. In each case, the letters A, B, C, etc. indicate
the appropriate atoms in both diagrams. Although the atoms here are shown in black or white,
to indicate in which layer they are situated, they are, of course, all of the same type. The lattice
structures were derived by X-ray analysis.

change in iron, we would not be able to harden steel. Without steel, our most important
metallic alloy, we might perhaps still be living in the Bronze Age; how could many of our
sophisticated modern materials and artefacts have been produced without the aid of tech-
nology based on steel?

4.3.1 Dendritic solidification

When the temperature of a molten pure metal falls below its freezing point, crystallisa-
tion will begin. The nucleus of each crystal will be a single unit of the appropriate crystal
lattice. For example, in the case of a metal with a body-centred cubic lattice, nine atoms
will come together to form a single unit and this will grow as further atoms join the lat-
tice structure (Figure 4.3). These atoms will join the ‘seed crystal’ so that it grows most
quickly in those directions in which heat is flowing away most rapidly. Soon the tiny
crystal will reach visible size and form a dendrite (Figure 4.4). Secondary and tertiary
arms develop from the main ‘backbone’ of the dendrite — rather like the branches and
twigs which develop from the trunk of a tree, except that the branches in a dendrite fol-
low a regular geometrical pattern. The term dendrite is, in fact, derived from the Greek
dendron, meaning tree.

The arms of the dendrite continue to grow until they make contact with the outer arms
of other dendrites growing in a similar manner nearby. When the outward growth is thus
restricted, the existing arms thicken until the spaces between them are filled, or, alternatively,
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Figure 4.3 The nucleus of a metallic crystal (in this case a body-centred cubic structure).

until all the remaining liquid is used up (Figure 4.5). As mentioned earlier in this chapter,
shrinkage usually accompanies solidification, and so liquid metal will be drawn in from
elsewhere to fill the space formed as a dendrite grows. If this is not possible, then small
shrinkage cavities are likely to form between the dendrite arms.

Since each dendrite forms independently, it follows that outer arms of neighbouring den-
drites are likely to make contact with each other at irregular angles and this leads to the
irregular overall shape of crystals, as indicated in Figures 4.6 and 4.7.

Heat dissipation
and crystal growth

Figure 4.4 The early stages in the growth of a metallic dendrite.
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Figure 4.5 Metallic dendrites. In (A) a molten solution of iron in copper was allowed to freeze. The iron,
being of higher melting point, crystallised first and was all used up before it could complete the
formation of a crystal, so leaving a dendrite skeleton of primary and secondary arms. The molten
copper then solidified, filling in the spaces. To be more accurate, the iron dendrite contains a
small amount of dissolved copper, whilst the solid copper matrix contains a small amount of dis-
solved iron. In (B) a zinc dendrite was grown by electrolysis from a solution of zinc sulphate in
water. Note that the secondary arms in the iron dendrite (A) are at right angles to the backbone
because the crystal structure in iron is basically cubic, whilst in the zinc dendrite (B) the second-
ary arms are at angles of 60° to the backbone, reflecting the close-packed hexagonal structure
of zinc.

(E)

Figure 4.6 The dendritic solidification of a metal. (A) Nuclei form. (B) Dendrites begin to grow from
these nuclei. (C) Secondary arms form, and meet others growing in the opposite direction.
(D) Dendrites grow until their outer arms touch. Existing arms thicken, and (E) when the metal
is completely solid, only the grain boundaries are visible.
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Figure 4.7 A section through a small aluminium ingot in the cast condition, etched in hydrofluoric acid (2%).
The crystals are all of the same composition — pure aluminium. Since each crystal has developed
independently, its lattice structure is tilted at a random angle to the surface section, and so each
crystal reflects light of a different intensity.

4.4 IMPURITIES IN CAST METALS

If the metal we have been considering is pure, then there will be no hint of the dendritic
process of crystallisation once solidification is complete, because all atoms in a pure metal
are identical. However, if impurities were dissolved in the molten metal, these would tend
to remain in solution until solidification was almost complete. They would therefore remain
concentrated in that metal which solidified last, i.e. between the dendrite arms. Thus, the
dendritic pattern is revealed (Figure 4.8) when a suitably prepared specimen is viewed under
the microscope.

Figure 4.8 The local segregation of impurities. The heavily shaded region near the crystal boundaries con-
tains the bulk of the impurities.
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‘Pipe’ formed
due to shrinkage
during solidification

<—Segregation

Figure 4.9 The segregation of impurities in the central ‘pipe’ of an ingot. In casting steel ingots, the central
pipe is confined by using a fireclay collar on top of the mould (see Figure 5.1). The mould is
tapered upwards, so that it can be lifted off the solid ingot.

This concentration or segregation of impurities at crystal boundaries explains why a small
amount of impurity can have such a devastating effect on mechanical properties, making
the cast metal brittle and likely to fail along the crystal boundaries. In addition to this local
segregation at all crystal boundaries, there is a general accumulation of impurities in the
central ‘pipe’ of a cast ingot (Figure 4.9). This is where metal solidifies last of all, becom-
ing most charged with impurities, relatively pure metal having crystallised during the early
stages of solidification.

Some impurities are insoluble in the molten metal and these generally float to the sur-
face to form a slag. They include manganese sulphide in steels, residual from the combined
deoxidisation and desulphurisation processes (see Chapter 11), and oxide dross in brasses,
bronzes and aluminium alloys. Some of the material may be carried down into the casting
as a result of turbulence caused by pouring the charge and become entrapped by the grow-
ing dendrite arms. Such inclusions may occur anywhere in the crystal structure. Particles of
manganese sulphide in steel are dove-grey in colour.

The formation of shrinkage cavities was mentioned earlier. They will form only between
dendrite arms (Figure 4.10) and along crystal boundaries during the final stages of solidifi-
cation when, due to poor moulding design or adverse casting conditions, pockets of molten

Ve—— Shrinkage cavities

\%«—— Gas porosity

Figure 4.10 The distribution of shrinkage cavities and gas porosity.
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metal are isolated. As these solidify and shrink, molten metal is not available to feed into
the small cavities that remain.

Other cavities may be found in cast metals and are generally due to the evolution of gas
during the solidification process. This gas may be dissolved from the furnace atmosphere
during the melting process. As solidification proceeds, this gas tends to remain dissolved
in the still molten part of the metal until a point is reached where the solubility limit is
exceeded. Tiny bubbles of gas are then liberated and become trapped between the rapidly
growing dendrites (Figure 4.10).

4.5 THE INFLUENCE OF COOLING RATES ON CRYSTAL SIZE

The rate at which a molten metal is cooling as it reaches its freezing temperature affects the
size of the crystals which form. A gradual fall in temperature results in the formation of few
nuclei and so the resultant crystals grow unimpeded to a large size. However, a rapid fall in
temperature will lead to some degree of undercooling of the molten metal to a temperature
below its actual freezing point (Figure 4.11). Due to this undercooling and the instability
associated with it, a sudden shower of nuclei is produced and, because there are many nuclei,
the ultimate crystals will be tiny. As the foundry worker says, ‘Chilling causes fine-grain
castings’. In metallurgy, the term grain is often used to mean ‘crystal’ and does not imply
any directionality of structure as does the term grain in timber technology.

Because of the difference in the rates of cooling, the resultant grain size of a die-casting is
small as compared with that of a sand-casting. This is an advantage since fine-grained cast-
ings are generally tougher and stronger than those with a coarse grain size.

When a large ingot solidifies, the rate of cooling varies from the outer skin to the core
during the crystallisation process. At the onset of crystallisation, the cold ingot mould chills
the molten metal adjacent to it, so a layer of small crystals is formed. Due to the heat flow
outwards, the mould warms up and chilling becomes less severe. This favours the inward
growth of elongated or columnar crystals, because they can grow inwards more quickly
than fresh nuclei can form. The residue of molten metal, at the centre, cools so slowly that
very few nuclei form and so the crystals in that region are relatively large. They are termed
equi-axed crystals — literally, ‘of equal axes’ (Figure 4.12).

Temperature

<+— Freezing
point

Undercooling

Time

Figure 4.1 Undercooling of a molten metal due to a steep temperature gradient.
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Figure 4.12 Zones of different crystal forms in an ingot.

A cast material tends to be rather brittle, because of both its coarse grain and the segre-
gation of impurities mentioned earlier. When cast ingots are rolled or forged to some other
shape, the mechanical properties of the material are vastly improved during the process, for
reasons discussed later (see Section 6.6). Frequently, the engineer uses sand- or die-castings
as integral parts of a machine. Often, no other method is available for producing an intricate
shape, though in many cases a sand-casting will be used because it involves the cheapest
method of producing a given shape. The choice rests with the production engineer; he or
she must argue the mechanical and physical properties required in a component with the
Spectre of Production Costs who is forever looking over the shoulder.

4.5.1 Rapid solidification processing (RSP)

Rapid solidification processing has been widely investigated, with the aim of producing
even smaller crystals by increasing the rate of cooling as the freezing range of the metal or
alloy is reached. In fact, metallurgists have devised RSP methods involving cooling rates
in the region of 10¢ °C/second. Cooling a molten metal so that its temperature falls at a
rate equal to a rate of a million degrees Celsius per second taxes the ingenuity of the R&D
staff (see Section 22.7) but, under such conditions, extremely tiny micro-crystals are pro-
duced and in some cases amorphous, i.e. non-crystalline, solid metals are obtained. Thus,
in extreme cases, the non-crystalline liquid structure is retained since the metal is given no
opportunity to crystallise.

A most important feature of this development is that an amorphous solid metal con-
tains no heavily segregated areas (Section 4.4) since any impurity would be dispersed evenly
throughout the liquid metal and will remain so in the amorphous solid. Segregation only
occurs during crystallisation. In RSP, the crystals are tiny as there is a much larger area
of grain boundary per unit volume of metal over which impurities are spread. This thin-
ner spreading of impurities means that the metal will be more uniform in composition.
Materials which contain no regions of brittle segregate are stronger and tougher, as well as
being more malleable and ductile.

Further, it becomes possible to make alloys from metals which do not normally mix (i.e.
dissolve in each other) as liquids, by quenching a mixture of them from the vapour state.
RSP powders can also be produced in which the alloy is in a micro-crystalline or amorphous
state. The powder is then consolidated under pressure and subsequently shaped by extrusion
(see Section 7.2).
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Chapter 5

Casting process

5.1 INTRODUCTION

Casting is the process in which metal is heated to make it molten and then poured into a
mould. Most metallic materials pass through a molten state at some stage during the shap-
ing process. Generally, molten metal is cast into ingot form prior to being shaped by some
mechanical working process. However, some metals and alloys — and a number of non-
metallic products such as concrete — can only be shaped by casting since they lack the nec-
essary properties of either malleability or ductility which make them amenable to working
processes. This chapter is about the casting processes used with metals.

A few metallic substances are produced in powder form. The powder is then compressed
and sintered to provide the required shape. This branch of technology is termed powder
metallurgy (see Chapter 7).

5.2 INGOT-CASTING

Many alloys, both ferrous and non-ferrous, are cast in the form of ingots which are then
rolled, forged or extruded into strip, sheet, rod, tube or other sections. When produced as
single ingots, steel is generally cast into large iron moulds holding several tonnes of metal.
These moulds generally stand on a flat metal base and are tapered upwards very slightly so
that the mould can be lifted clear of the solid ingot. A ‘hot top’ (Figure 5.1) is often used in
order that a reservoir of molten metal shall be preserved until solidification of the body of
the ingot is complete. The reservoir feeds metal into the ‘pipe’ which is formed as the main
body of the ingot solidifies and contracts. Many non-ferrous metals are cast as slabs in cast-
iron ‘book-form’ moulds, whilst some are cast as cylindrical ingots for subsequent extrusion.

5.2.1 Continuous casting

This process is used to produce ingots of both ferrous and non-ferrous alloys (Figure 5.2).
Here, the molten metal is cast into a short water-cooled mould A which has a retractable
base B. As solidification begins, the base is withdrawn downwards at a rate which will keep
pace with that of pouring.

With ordinary ingots, a portion of the top must always be cropped off and rejected, since
it contains the pipe, and is a region rich in impurities. In continuous casting, however, there
is little process scrap, since very long ingots are produced and consequently there is propor-
tionally less rejected pipe. In fact, pipe is virtually eliminated in modern steel-making since
the continuous-cast ingot is conveyed by a system of guide rolls direct to the rolling mill
from which the emerging product (plate, sheet, rod, etc.) is cut to the required lengths by a
flying saw. The bulk of steel made in the developed world is produced by continuous plant.

6l
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Figure 5.1 A typical mould for producing the steel ingots. The ‘hot top’ restricts the formation of the ‘pipe’
which is caused by contraction of the metal as it solidifies.

Figure 5.2 A method for continuous casting. The molten metal is cast into the water-cooled mould A which
has a retractable base B.
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5.3 SAND-CASTING

The production of a desired shape by a sand-casting process first involves moulding foundry
sand around a suitable pattern in such a way that the pattern can be withdrawn to leave a
cavity of the correct shape in the sand. To facilitate this, the sand pattern is split into two or
more parts which can be separated so that the wooden pattern can be removed.

The production of a very simple sand mould is shown in Figure 5.3.

A.

B.

The pattern of a simple gear blank is first laid on a moulding-board, along with the
‘drag’ half of a moulding box.

Moulding sand is now riddled over the pattern and rammed sufficiently for its particles
to adhere to each other. When the drag has been filled, the sand is ‘cut’ level with the
edge of the box.

. The assembly is turned over.
. A layer of parting sand (dry, clay-free material) is now sifted onto the sand surface, so

that the upper half of the mould will not adhere to it when this is subsequently made.
The ‘cope’ half of the moulding-box is now placed in position, along with the ‘runner’
and ‘riser’ pins which are held steady by means of a small amount of moulding sand
pressed around them. The purpose of the runner in the finished mould is to admit the
molten metal, whilst the riser provides a reservoir from which molten metal can feed
back into the casting as it solidifies and shrinks.

Drag Cope
Pattern

&
' 1 .
2IMoulding -~ 2]
(A) board

Riser pin

7= Bottom board § (D) k& A

©)

Figure 5.3 Moulding with a simple pattern.
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E. Moulding sand is now riddled into the cope and rammed around the pattern, runner
and riser.

F. The cope is then gently lifted off, the pattern is removed and the cope is replaced in
position so that the finished mould is ready to receive its charge of molten metal.

The foregoing description deals with the manufacture of a sand mould of the simplest type.
In practice, a pattern may be of such a complex shape that the mould must be split into
several sections and consequently a multi-part box is used. Cores may be required to form
holes or cavities in the casting.

5.3.1 Uses of sand-casting

Sand-casting is a very useful process since very intricate shapes can be produced in a large
range of metals and alloys. Moreover, relatively small numbers of castings can be made eco-
nomically since the cost of the simple equipment required is low. Wooden patterns are cheap
to produce, as compared with the metal die which is necessary in die-casting processes.
However, the process is labour intensive and so labour costs can be high. The process can
be economical for low production runs or where one-offs are required. Typical uses of sand-
casting are to produce engine blocks, machine-tool bases and pump housings.

5.4 DIE-CASTING

In die-casting, a permanent metal mould is used and the charge of molten metal is either
forced in under pressure (pressure die-casting) or is allowed to run in under the action of
gravity (gravity die-casting).

5.4.1 Pressure die-casting

A number of different types of machines are employed in pressure die-casting, but possibly
the most widely used is the cold-chamber machine (Figure 5.4). Here, a charge of molten
metal is forced into the die by means of a plunger. As soon as the casting is solid, the moving
pattern is retracted and, as it comes against a fixed block, ejector pins are activated so that
the casting is pushed out of the mould. Cycling time is rapid.

5.4.2 Gravity die-casting

In gravity die-casting — or permanent-mould casting, as it is now generally called — the die is
of metal and may be a multi-part design if the complexity of shape of the casting demands
it. Metal cores of complex shapes must be split in order to allow their removal from the
finished castings; otherwise sand cores may have to be used. The die cavity is filled under
gravity, and the charge may be poured by hand, or, in modern high-speed plant, fed in
automatically.

5.4.3 Uses of die-casting

The product of die-casting is metallurgically superior to that of sand-casting in that the
internal structure is more uniform and the grains much finer, because of the rapid cooling
rates which prevail. Moreover, output rates are much higher when using a permanent metal
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Figure 5.4 A ‘cold-chamber’ pressure die-casting machine. The molten metal is forced into the die by means
of the piston. When the casting is solid, the die is opened, and the casting moves away with the
moving platen, from which it is ejected by ‘pins’ passing through the platen.

mould than when using sand moulds. Greater dimensional accuracy and a better surface
finish are also obtained by die-casting. However, some alloys cannot be die-cast, because
of their high shrinkage coefficients. Such alloys would inevitably crack due to contraction
during solidification within the rigid, non-yielding metal mould and must therefore be sand-
cast. Die-casting is confined mainly to zinc- or aluminium-base alloys.
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Metal mould

4—  Waterjacket

Figure 5.5 The principle of the centrifugal casting of pipes. The mould rotates and also moves to the left, so
that molten metal is distributed along the mould surface.

Typical applications of gravity die-casting are for the production of cylinder heads, pistons,
gear and die blanks; for pressure die-casting, engine and pump parts, domestic appliances
and toy parts.

5.5 CENTRIFUGAL CASTING

This process has a permanent cylindrical mould, without any central core, which is spun
at high speed whilst molten metal is poured into it (Figure 5.5). Centrifugal force flings the
metal to the surface of the mould, thus producing a hollow cylinder of uniform wall thick-
ness. The product has a uniformly fine-grained outer surface and is considered superior to a
similar shape which has been sand-cast.

5.5.1 Uses of centrifugal casting

Steel, iron, aluminium, copper and nickel alloys can be cast in this process. This process was
widely used in the manufacture of cast-iron pipes for water, sewage and gas mains, though
for such purposes cement or plastics materials are now more commonly used. It is now used
for applications such as pipes, gun barrels and engine cylinder liners.

5.6 INVESTMENT-CASTING

Investment-casting is in fact the most ancient casting process in use. It is thought that pre-
historic peoples learned to fashion an image from beeswax, and then kneaded a clay mould
around it. The mould was then hardened by firing, a process which also melted out the wax
pattern, leaving a mould cavity without cores or parting lines.

The process was rediscovered in the sixteenth century by Benvenuto Cellini, who used it
to produce many works of art in gold and silver. Cellini kept the process secret, so it was lost
again until the latter part of the nineteenth century, when it was rediscovered for a second
time and became known as the tire perdue, or lost-wax, process. Since an expendable wax
pattern is required for the production of each mould, it follows that a permanent mould
must first be produced to manufacture the wax pattern — assuming, of course, that a large
number of similar components is required. This master mould could be machined in steel or
produced by casting a low-melting-point alloy around a master pattern.
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5.6.1 Production of investment-castings

Figure 5.6 shows the sequence of operations involved in producing castings by this process.

To produce wax patterns, the two halves of the mould are clamped together and the mol-
ten wax is injected at a pressure of about 3.5 MPa. When the wax pattern has solidified,
it is removed from the mould and the wax ‘gate’ is suitably trimmed (Figure 5.6B), using a
heated hand-tool, so that it can be attached to a central ‘runner’ (C).

The assembled runner, with its ‘tree’ of patterns is then fixed to a flat bottom plate by a
blob of molten wax. A metal flask, lined with waxed paper and open at each end, is placed
over the assembly. The gap between the end of the flask and the bottom plate is sealed with
wax and the investment material is then poured into the flask. This stage of the process is
conducted on a vibrating base, so that any entrapped air bubbles or excess moisture are
brought to the surface whilst solidification is taking place (D).

For castings made at low temperatures, an investment mixture composed of very fine
silica sand and plaster of Paris is still sometimes used. A more refractory investment mate-
rial consists of a mixture of fine sillimanite sand and ethyl silicate. During moulding and
subsequent firing of the mould, ethyl silicate decomposes to form silica which knits the
existing sand particles together to give a strong, rigid mould.

The investment is allowed to dry in air for about 8 hours. The baseplate is then detached,
and the inverted flask is passed through an oven at about 150°C, so that the wax melts and
runs out, leaving a mould cavity in the investment material (E).

-] Melting out
the wax
pattern

Wax pattern
A)
*) l (‘gate’ attached)

Wax pattern
(‘gate’ removed)

Several patterns
__mountedon a

wax runner The finished

mould

(©) !
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material

poured into
open-bottomed
‘flask’

Figure 5.6 The investment-casting (or ‘lost-wax’) process.
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When most of the wax has been removed, the mould is preheated prior to receiving its
charge of molten metal. The preheating temperature varies with the metal being cast, but
is usually between 700°C and 1000°C. The object of the preheating is to remove the last
traces of wax by volatilisation, to complete the decomposition of the ethyl silicate bond to
silica, and also to ensure that the casting metal will not be chilled, but will flow into every
detail of the mould cavity.

Molten metal may be cast into the mould under gravity, but if thin sections are to be
formed then it will be necessary to inject the molten metal under pressure.

5.6.2 Uses of investment-casting

Tolerances in the region of 3—5 mm/m are obtained industrially by the investment-casting
process, but it can also be used to produce complicated shapes which would be very difficult
to obtain by other casting processes. A further advantage is the absence of any disfiguring
parting line, which always appears on a casting made by any process involving the use of a
two-part mould.

The main disadvantages of investment-casting are its high cost and the fact that castings
are normally limited to a mass of 2 kg or so.

The process is particularly useful in the manufacture of small components from metals
and alloys which cannot be shaped by forging and machining operations. Amongst the best-
known examples of this type of application are the blades of gas-turbine and jet engines.

In addition to jet-engine blades, other typical investment-cast products include special alloy
parts used in chemical engineering, valves and fittings for oil-refining plant and machine parts
used in the production of modern textiles; tool and die applications such as milling cutters,
precision gauges, forming and swaging dies; and parts for industrial and domestic equipment,
such as cams, levers, spray nozzles, food-processing plant parts, and parts for sewing machines
and washing machines. The materials from which many of these components are made are
extremely hard and strong over a wide range of temperatures, making it impossible or, at best,
expensive to shape them by orthodox mechanical methods. Investment-casting provides a
means of producing the required shapes whilst retaining the required dimensional accuracy.

5.7 FULL-MOULD PROCESS

This somewhat novel process resembles investment-casting in that a single-part mould is
used, so that no parting lines, and hence no fins, appear on the finished casting. However,
it is essentially a one-off process since the consumable pattern is made from expanded poly-
styrene. This is a polymer derived from benzene and ethylene, and in its expanded form it
contains only 2% solid polystyrene. Readers will be familiar with the substance, which is
widely used as a packaging material for fragile equipment. An expendable pattern, complete
with runners and risers, is cut from expanded polystyrene (Figure 5.7A) and is then com-
pletely surrounded with silica sand containing a small proportion of thermosetting resin
(B). The molten metal is then poured onto the pattern, which melts and burns very quickly,
leaving a cavity which is immediately occupied by molten metal. No solid residue is formed
and the carbon dioxide and water vapour evolved in the combustion of the polystyrene do
not dissolve in the molten metal, but escape through the permeable mould.

The small amount of resin added to the sand is sufficient to form a bond between the sand
grains, preventing premature collapse of the mould. In some cases, the resin is omitted, and
as the expanded polystyrene burns it produces a tacky bond between the sand grains, which
lasts long enough for a skin of metal to form.
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Figure 5.7 The ‘full-mould’ process, which uses an expendable polystyrene pattern. (A) Polystyrene pattern.
(B) Single part mould pattern created in sand, (C) Casting in progress.

5.7.1 Uses of full-mould casting

A well-known example of full-mould casting is Geoffrey Clarke’s cross which originally
adorned the summit of the post-war Coventry Cathedral. In the engineering industries, the
process is used in the manufacture of large press-tool die-holders, and similar components
in the ‘one-off’ category.

5.7.2 The lost-foam process

This is a later modification of the full-mould process to adapt it to mass production. The
expanded polystyrene patterns are made by injecting polystyrene beads into a heated slit
aluminium die. Steam is then passed through the mould to fuse and expand the polystyrene
to form the expanded solid pattern. The pattern can then be used in the same way as in
full-mould casting involving a polystyrene pattern carved from solid expanded polystyrene.

5.8 SEMI-SOLID METAL PROCESSING

This is a process whereby suitable alloys can be shaped to something near final form from a
mushy part solid, part liquid state (see Section 9.2). The semi-molten alloy (containing about
50% solid) is stirred vigorously so that the dendrites tend to break up as they form and the
viscosity of the slurry is greatly reduced. On standing, the slurry will begin to stiffen again,
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becoming more viscous, but the viscosity can be reduced again by stirring. This reversible
behaviour is similar to that of thixotropic (non-drip) paint. Stirred slurries of this type can
be die-cast in a normal cold-chamber machine (Figure 5.4) provided that relatively simple
shapes are attempted.

5.8.1 Uses of semi-solid metal processing

This type of process is used principally for manufacturing automobile components in alu-
minium alloys of suitably wide freezing range. It is an environment-friendly process since up
to 35% fuel saving is achieved over normal die-casting processes.

5.9 THE CHOICE OF CASTING PROCESS

Compared with other processes for forming metals, casting is likely to be the best method
if a part has a large or complex internal cavity. In such a situation, machining might be
impossible and would certainly give rise to a lot of waste. Casting is also likely to be the
preferred method if the material used is difficult to machine, e.g. white cast iron, which
is very hard. Casting might also be more economical than other methods for objects with
complex shapes.

If dimensional accuracy is the main criterion in choosing a casting method, then processes
should be considered in the following order:

1. Investment-casting
2. Die-casting

3. Sand-casting

4. Full-mould process

The relative costs per casting will also be roughly in that order.

The cost of any subsequent machining (metal cutting) operations should also be taken
into account. With very hard alloys, machining is either very expensive or impossible. In
such cases, investment-casting comes into its own. A further advantage of this process is
that there is no intrusive parting line. In two-part moulds or dies, pressure applied during
the casting process may cause some separation of the mould parts and give rise to dimen-
sional inaccuracy in the resulting casting. Cored holes in the finished part which must be an
accurate distance apart should never be separated by a parting line.

At the other end of the scale, the full-mould process is less suitable for producing castings
of high dimensional accuracy but is particularly suitable where a one-off feature is to be
cast, e.g. a statue or other architectural object in aluminium. Simple one-off machine parts
for subsequent machining can also be made economically by this process. Thus, invest-
ment-casting may be chosen where a high dimensional accuracy is required in the resulting
casting, whilst the full-mould process is a useful method where single castings of no great
accuracy are required.

5.9.1 ‘Long run’ production

‘Long run’ production of castings usually follows either the well-established sand-casting
or die-casting route. In general, die-casting will provide a better surface finish and greater
dimensional accuracy, as well as superior mechanical properties (due to a smaller crystal
size) than are available with sand-castings; one or more of these features may determine the
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Figure 5.8 The initial costs of plant and equipment are higher in the case of die-casting (B) than for sand-
casting (A). Labour costs, however, are continuous during operation of the process and are
higher for sand-casting. The break-even value, i.e. the number of castings which must be made
before the use of die-casting is justified, may be of the order of several thousands. Once the
break-even value has been reached, the cost per part of die-casting becomes less than that of
sand-casting.

choice of die-casting. However, if none of these features are important then the manufac-
turer will obviously choose the cheaper process. This in turn will depend upon a forecast
of the number of castings required. Generally speaking, due to the high cost of produc-
ing metal dies, it is not economical to use die-casting unless a large number of castings is
required. On the other hand, the cost of making a wooden pattern (for sand-casting) is
relatively low but the labour costs of an experienced sand moulder are higher than those of
a die-casting machine operator. Consequently, all other things being equal, the number of
castings required will govern the choice of process (Figure 5.8).
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Chapter 6

Mechanical deformation of metals

6.1 INTRODUCTION

When the shape of a metal is changed by the application of forces, deformation takes place
in two stages (as is shown during a tensile test). At first, crystals within the metal are dis-
torted in an elastic manner and this distortion increases proportionally with the increase
in stress. If the stress is removed during this stage, the metal returns to its original shape,
illustrating the elastic nature of the deformation. On the other hand, if the stress is increased
further, a point is reached (the yield point) where forces which bind the atoms together in a
lattice structure are overcome to the extent that layers or planes of atoms begin to slide over
each other. This process of slip, as metallurgists call it, is not reversible; so, if the stress is
now removed, permanent deformation remains in the metal (Figure 6.1). This type of defor-
mation is termed plastic.

This chapter describes the way metals behave when mechanically deformed. Chapter 7
then shows how mechanical deformation methods can be used to shape metals and obtain
products.

6.2 SLIP

Visual evidence of the nature of slip is fairly easily obtained. If a piece of pure copper or alu-
minium is polished and etched, and then squeezed in a vice with the polished face uppermost
so that it is not directly damaged, examination under the microscope shows a large number
of parallel, hair-like lines on the polished and etched surface. These lines are, in fact, shad-
ows cast by minute ridges formed when blocks or layers of atoms within each crystal slide
over each other (Figure 6.2). These hair-like lines are known as slip bands.

Slip of this type can occur along a suitable plane, until it is prevented by some fault or
obstacle within the crystal. A further increase in the stress will then produce slip on another
plane or planes, and this process goes on until all the available slip planes in the piece of
metal are used up. The metal is then said to be work-hardened, and any further increase in
stress will lead to fracture. Microscopic examination will show that individual crystals have
become elongated and distorted in the direction in which the metal was deformed. In this
condition, the metal is hard and strong; but it has lost its ductility, and, if further shaping is
required, must be softened by annealing.

6.2.1 Dislocations

We know the distance between the atoms (or more properly ions) within a metallic crystal, as
it can be measured with great accuracy using X-ray methods. We also know the magnitude
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Figure 6.1 Deformation of a metal by both elastic and plastic means.
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Figure 6.2 The formation of slip bands: (A) indicates the surface of the specimen before straining and (B) the
surface after straining. The relative slipping along the crystal planes produces ridges which cast
shadows on the surface of the specimen, giving the microscopic appearance (C).

(A)

of the forces of attraction between these positively charged ions and the negatively charged
electrons within the metallic bond and how it varies as the ions are pulled further apart. It
is therefore possible to calculate the theoretical strength of a metal, i.e. the force needed to
overcome the sum total of all the net forces of attraction of the metallic bond across a given
plane in a metal. Under controlled laboratory conditions, a single crystal of a metal can be
grown and if this is subject to a tensile test its true strength is found to be only about one-
thousandth of the theoretical strength.

It is now realised that instead of slip taking place simultaneously by one block of atoms
sliding wholesale over another block across a complete crystal plane, it occurs step-by-step
by the movement of faults of discontinuities within the crystallographic planes. These faults,
where in effect half planes of atoms are missing within a crystal (Figure 6.3), are known as
dislocations.

When the crystal is stressed to its yield point, these dislocations will move step-by-step
along the crystallographic plane until they are halted or ‘pegged’ by some obstruction such
as the atom of some alloy metal which is larger (or smaller) than those of the parent metal.
Alternatively, the dislocation will move along until it is stopped by a crystal boundary of
another dislocation moving across its path.

If the surface of the metal cuts through the slip plane a minute ‘step’ will be formed
there (Figure 6.4). If several hundreds of these dislocations follow each other along the
same slip plane then the step at the surface may be large enough to be visible as a slip band
(Figure 6.2C) using an ordinary optical microscope.
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Figure 6.3 An ‘edge’ dislocation. This is the most simple form of dislocation and can actually be seen in
some materials when they are examined under very high magnifications in electron microscopy.
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Figure 6.4 Movement of an edge dislocation under the action of stress S. Dislocations are denoted by L.

The force necessary to move dislocations step-by-step through a metallic crystal is
much less than the force which would be necessary to overcome the total forces of attrac-
tion between ions and electrons along the complete slip plane if this slip occurred simul-
taneously in a single jerk. Thus, the true strength of a metal is only a small fraction of
that which was calculated on the assumption that slip took place by a single sudden
movement.

6.2.2 The carpet analogy

Professor N. Mott’s well-known analogy with smoothing the wrinkles from a carpet helps
to explain this process of slip in metallic crystals. Imagine a heavy wall-to-wall carpet
which, when laid, proves to be wrinkled near one wall (Figure 6.5A). Attempts to remove
the wrinkle by pulling on the opposite edge (Figure 6.5B) will be fruitless and lead only to
broken finger nails and utterance of unseemly expletives, since an attempt is being made to
overcome the sum of the forces of friction between the whole of the carpet and the floor
and so to produce the slip over the whole surface of the carpet at the same instant. Instead,
it requires very little force to ease the wrinkle along with one’s toe (Figure 6.5C) until it has

«— Wall Wall
A!Vrinkle L\ S/v‘
= v
(A) (B) f

« € € <+ <+
fffff ©C) f

(/2]

S
—»
-
f

(D)

Figure 6.5 Professor Mott’s carpet analogy, in which a wrinkle in the carpet is likened to a dislocation in a
metallic crystal.
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been moved progressively to the opposite edge of the carpet (Figure 6.5D). In this way, only
the small force of friction between the carpet and the floor adjacent to the wrinkle has to be
overcome during any instant when that small part of the carpet is moving.

Similarly, the step-by-step movement of a dislocation through the crystal structure of a
metal requires a much smaller force than would the movement of a large block of ions by
simultaneous slip. The real strength of a metal is therefore much less than that calculated
from consideration of a perfect crystal.

The movement of dislocations through a metal is hindered by the grain boundaries. The
greater the number of grain boundaries in a metal, the more difficult it is to produce yield-
ing. Thus, a treatment which reduces grain size makes a material stronger, whilst increasing
the grain size makes it weaker.

6.2.3 Work-hardening

A metal becomes work-bardened when all the dislocations present have become jammed
against each other or against various other obstacles within the crystal or indeed against the
crystal boundaries themselves. Many dislocations will move out to the surface of the metal
and be lost as slip bands.

6.2.4 Deformation by twinning

Whilst most metals deform plastically just by the process of slip, a few metals can also
deform by what is known as fwinning. In slip, all ions in a block move the same distance; in
deformation by twinning (Figure 6.6) ions within each successive plane in a block move a
different distance. When twinning is complete, the lattice direction will have altered so that
one half of the twinned crystal is a mirror image of the other half, with the twinning plane
corresponding to the position of the mirror. Twinning may be regarded as a special case of
slip movement.

The stress required to cause deformation by twinning is generally higher than that needed
to produce deformation by slip. Twinning is more commonly found in close-packed hexago-
nal metals such as zinc and tin. When a bar of tin is bent quickly, the sound of the layers of
ions moving relative to each other is emitted as an audible squeak. This was known by the
ancients as ‘the cry of tin’.
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Figure 6.6 Deformation by twinning: (A) before stressing and (B) after stressing. In the deformed crystal,
one half is a mirror image of the other half about the twinning plane.
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These twins formed during mechanical deformation are not to be confused with ‘anneal-
ing twins’ occurring in copper, brasses, bronzes and austenitic stainless steels. In these
instances, the twin crystals grow from a plane during recrystallisation of a cold-worked
metal instead of a point source. Annealing twins are thus not produced as a result of defor-
mation but form as part of grain growth.

6.3 ANNEALING

A cold-worked metal, i.e. one which has been deformed without the application of heat, is
in a state of considerable internal stress due to the presence of elastic strains internally bal-
anced within the distorted crystal structure. During annealing, these stresses are removed
as the thermal activation supplied allows ions to migrate closer to their equilibrium posi-
tions and, as a consequence, the original ductility of the metal returns. The changes which
accompany an annealing process occur in three stages:

1. The relief of stress
2. Recrystallisation
3. Grain growth

6.3.1 The relief of stress

As the temperature of a cold-worked metal is gradually raised, some of the internal stresses
disappear as atoms, and probably whole dislocations, move through small distances into
positions nearer their equilibrium positions. At this stage, there is no alteration in the gener-
ally distorted appearance of the structure and, indeed, the strength and hardness produced
by cold-working remain high. Nevertheless, some hard-drawn materials, such as 70-30
brass, are given a low-temperature anneal in order to relieve internal stresses, as this reduces
the tendency towards ‘season cracking’ during service, i.e. the opening up of cracks along
grain boundaries due to the combined effects of internal stresses and surface corrosion.

6.3.2 Recrystallisation

With further increase in temperature, a point is reached where new crystals begin to grow
from nuclei which form within the structure of the existing distorted crystals. These nuclei
are generally produced where internal stress is greatest, i.e. where dislocations are jammed
together at grain boundaries and on slip planes. As the new crystals grow, they take up
atoms from the old distorted crystals which they gradually replace. Unlike the old crystals,
which had become elongated in one direction by the cold-working process, these new crys-
tals are small and equi-axed.

This phenomenon, known as recrystallisation (Figure 6.7), is used to obtain a tough fine-
grained structure in most non-ferrous metals. The minimum temperature at which it will
occur is called the recrystallisation temperature for that metal (Table 6.1), though it is not
possible to determine this temperature on the Kelvin scale precisely because it varies with
the amount of cold-work to which the metal has been subjected before the annealing pro-
cess. The more heavily the metal is cold-worked, the greater the internal stress, and the
lower the temperature at which recrystallisation will begin. Alloying, or the presence of
impurities, raises the recrystallisation temperature of a metal. Typically, the recrystallisation
temperature is between 0.3 and 0.5 times the melting temperature.
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Figure 6.7 Stages in the recrystallisation of a metal during an annealing process. (A) represents the metal in
the cold-rolled state. At (B), recrystallisation has just begun, with the formation of new crystal
nuclei. These grow by absorbing the old crystals, until recrystallisation is complete (F).

6.3.3 Grain growth

If the annealing temperature is well above that for the recrystallisation of the metal, the new
crystals will increase in size by absorbing each other, cannibal fashion, until the resultant
structure becomes more coarsely grained. This is undesirable, since a coarse-grained mate-
rial is generally less ductile than a fine-grained material of similar composition. Moreover,
if the material is destined for deep-drawing, a coarse grain tends to disfigure a stretched sur-
face by giving it a rough, rumpled appearance known as orange peel (see Section 3.7.1). Both
the time and temperature of annealing must be controlled, in order to limit grain growth;
though, as indicated by Figure 6.8, temperature has a much greater influence than time.

The amount of cold-work the material receives prior to being annealed also affects the
grain size produced. In heavily cold-worked metal, the amount of locked-up stress is great
and so, when thermal activation is supplied during annealing, a large number of new crys-
tal nuclei will form instantaneously as the recrystallisation temperature is reached. The
resultant crystals will be small since there will be less space in which individual crystals
can grow.

Table 6.1 Recrystallisation temperatures of some metals

Metal Recrystallisation temperature (°C)

Tungsten 1200

Nickel 600

Pure iron 450

Copper 190

Aluminium 150

Zinc 20

Lead, tin Below room temperature; hence, they cannot be cold-worked
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Figure 6.8 The effects of time and temperature during annealing on the grain size of a previously cold-
worked metal.

On the other hand, very little cold-work (the ‘critical’ amount) gives rise to few nuclei,
because the metal is not highly stressed. Consequently, the grain size will be large, and the
ductility poor.

Alloy additions are often made to limit the grain growth of metals and alloys during the
heat-treatment process. Thus, up to 5% nickel is added to case-hardening steels in order
to reduce grain growth during the carburising process. When we say that nickel toughens
a steel, we must remember that it does so largely by limiting grain growth during heat
treatment.

6.4 COLD-WORKING PROCESSES

Most metals and alloys are produced in wrought form by hot-working processes, because
they are generally softer and more malleable when hot, and consequently require much less
energy to shape them. Hot-working processes make use of compressive forces to shape the
work piece. The reason for this is that metals become weak in fension at high temperatures,
so their ductility decreases. Any attempt to pull a metal through a die at high temperature
would fail, because the metal would easily tear. Consequently, cold-working processes are
used to shape metals if tension is to be employed. Since most metals work-harden quickly
during cold-working operations, frequent inter-stage annealing is necessary. This increases
the cost of the process and so, as far as possible, operations involving the use of hot-working
by compression are used, rather than cold-working processes which make frequent anneal-
ing stages necessary. Wire used to be made by drawing down a previously rolled bar. This
involved many drawing operations, interspersed with annealing stages. Now, a cast billet is
hot-extruded as thick wire in a single operation; this thick wire is then drawn down through
dies in a minimum number of cold-working stages.
Reasons for using cold-working processes:

¢ To obtain the necessary combination of strength, hardness and toughness for service.
Mild steel and most non-ferrous materials can only be hardened by cold-work.

e To produce a smooth, clean surface finish in the final operation. Hot-working gener-
ally leaves an oxidised or scaly surface, which necessitates ‘pickling’ the product in an
acid solution.
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Figure 6.9 Typical stages in the deep-drawing of a cartridge case. In practice, many more intermediate
operations may be necessary; only the principle is illustrated.

¢ To attain greater dimensional accuracy than is possible in hot-working processes.
¢ To improve the machinability of the material by making the surface harder and more
brittle (see Section 7.5).

6.4.1 Uses of cold-working

The main disadvantage of cold-working is that the material quickly becomes work-hard-
ened, making frequent inter-stage annealing necessary. A typical sequence of operations
for the manufacture of a cartridge case by deep-drawing 70-30 brass sheet is shown in
Figure 6.9. Here, the inter-stage annealing processes will be carried out in an oxygen-free
atmosphere (bright annealing), in order to make acid-pickling unnecessary.

Other cold-working processes include:

The drawing of wire and tubes through dies.

The cold-rolling of metal plate, sheet and strip.

Spinning and flow-turning, as in the manufacture of aluminium kitchenware.
Stretch forming, particularly in the aircraft industry.

Cold-heading, as in the production of nails and bolts.

Coining and embossing.

6.5 HOT-WORKING PROCESSES

A hot-working process is one which is carried out at a temperature well above the recrystal-
lisation temperature of the metal or alloy. At such a temperature, recrystallisation will take
place simultaneously with deformation and so keep pace with the actual working process
(Figure 6.10). For this reason, the metal will not work-harden and can be quickly and con-
tinuously reduced to its required shape, with the minimum of expended energy. Not only is
the metal naturally more malleable at a high temperature, but it remains soft, because it is
recrystallising continuously during the working process.
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Figure 6.10 During cold-rolling a metal becomes work-hardened, but during a hot-rolling process recrystal-
lisation can take place.

Thus, hot-working leads to big savings both in energy used and in production time. It also
results in the formation of a uniformly fine grain in the recrystallised material, replacing the
original coarse-grain cast structure. For this reason, the product is stronger, tougher and
more ductile than the original cast material.

The main disadvantage of hot-working is that the surface condition is generally poor, due
to oxidation and scaling at the high working temperature. Moreover, accuracy of dimensions
is generally more difficult to attain because the form tools need to be of simpler design for
working at high temperatures. Consequently, hot-working processes are usually followed by
some surface-cleaning process, such as water quenching (to detach scale), shot-blasting and/
or acid-pickling prior to at least one cold-working operation which will improve the surface
quality and accuracy of dimensions.

6.5.1 Uses of hot-working

The principal hot-working processes are:

¢ Hot-rolling, for the manufacture of plate, sheet, strip and shaped sections such as
rolled-steel joists.

¢ Forging and drop-forging, for the production of relatively simple shapes, but with
mechanical properties superior to those of castings.

¢ Extrusion, for the production of many solid and hollow sections (tubes) in both fer-
rous and non-ferrous materials.

Many metal-working processes involve preliminary hot-working, followed by cold-forming
or finishing. Mild-steel sheet destined for the production of a motor-car body is first hot-
rolled down from the ingot to a fairly thin sheet. This is cooled, and then pickled in acid,
after which it is lightly cold-rolled to give a dense smooth surface. Finally, it is cold-formed
to shape by means of presswork. This final shaping also hardens and strengthens the mate-
rial, making it sufficiently rigid for service. Similarly, a drop-forged connecting rod will be
finally sized by ‘tapping’ it in a cold die, in order to improve both dimensions and finish.
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Table 6.2 The effects of hot-working on mechanical properties

Tensile strength Percentage Izod
Condition (MPa) elongation impact (J)
As cast 540 16 3
Hot-rolled (in the direction of rolling) 765 24 100
Hot-rolled (at right angles to the direction of rolling) 750 I5 27

6.6 GRAIN FLOW AND FIBRE

During any hot-working process, the metal is moulded in a plastic manner with a result
similar to that produced by a baker kneading dough. Segregated impurities in the original
casting are mixed in more uniformly, so that brittle films no longer coincide with grain
boundaries. Obviously, these impurities do not disappear completely, but form ‘flow lines’
or ‘fibres’ in the direction in which the material has been deformed. New crystals grow inde-
pendently of these fibres, which weakens the structure to a lesser extent than the original
inter-crystalline films. Consequently, the material becomes stronger and tougher, particu-
larly along the direction of the fibres. At right angles to the fibres, the material is weaker
(Table 6.2), since it tends to pull apart at the interface between the metal and each fibre.

Stages in the manufacture of a simple bolt are shown in Figure 6.11. The bolt has been
produced from steel rod in which a fibrous structure (A) is the result of the original hot-
rolling process. The rod will be either hot- or cold-headed, and this operation will give rise
to plastic flow in the metal, as indicated by the altered direction of the fibre in the head (B).
The thread will then be rolled in, producing a further change in the direction of the fibre in
the finished bolt (C). The mechanical properties of a bolt manufactured in this way will be
superior to those of one machined from a solid bar (D). The latter would be much weaker,
and it is highly likely that, in tension, the head may shear off, due to weakness along the flow
lines—even supposing the thread had not already stripped for the same reason. This bolt (D)
would be extremely anisotropic (this term means a substance having different physical prop-
erties in different directions) in its mechanical properties — in this instance, strong parallel
to the fibre direction but weak at right angles to the fibre direction. For the mass production
of bolts, the forging/thread-rolling method is less costly in any case; so the choice of process
here is very simple.

It is thus bad engineering practice to use any shaping process which exposes a cut fibrous
structure such that shearing forces can act along exposed fibres and so cause failure.
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Figure 6.11 The direction of ‘fibre’ in a cold-headed or forged bolt (C) as compared with that of a bolt
machined from a solid bar (D).
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Similarly, in drop-forging, it is essential that fibres are formed in those directions in which
they will give rise to maximum strength and toughness.

6.6.1 The macro-examination of fibre direction

It is often necessary for the drop-forger to examine a specimen forging to ensure that
grain flow is taking place in the desired direction. This will be indicated by fibre direction.
Similarly, the engineer may wish to find out whether or not a component has been manu-
factured by forging — assuming that any such evidence as ‘flash lines’ and the like have been
obliterated by subsequent light machining. Whereas micro-examination involves the use of
a microscope to view the prepared surface (see Chapter 10), macro-examination implies
that no such equipment is necessary, other than, possibly, a hand magnifier. Hence, the
macro-examination of flow lines or fibre is a fairly simple matter.

A section is first cut so that it reveals fibre on a suitable face — in the case of the bolt
mentioned earlier, a section cut symmetrically along its axis is used. The section is then
filed perfectly flat, or, better still, ground flat with a linishing machine. It is then rubbed on
successively finer grades of emery paper, the grits most generally used being 120, 180, 220
and 280. Finer grades than these are not necessary, though the method of grinding requires
a little care to ensure that deep scratches are eliminated from the surface. This is achieved
by grinding the surface such that, on passing from the linisher to the coarsest paper, the
specimen is turned through 90°. The new set of grinding marks will then be at right angles
to the previous ones, and in this way it is easy to see when the old grinding marks have
been removed. The same procedure is adopted in passing from one paper to the next. Small
specimens are ground by rubbing the specimen on emery paper supported on a piece of plate
glass. Large specimens are more difficult to manipulate, and it is often more convenient to
grind such specimens by rubbing a small area at a time, using a wooden block faced with
emery paper.

When a reasonably smooth surface with no deep scratches has been produced, the speci-
men is wiped free of swarf and dust. It is then immersed in a 50% solution of hydrochlo-
ric acid, and gently heated. Considerable effervescence takes place as hydrogen gas is
liberated and the surface layers of steel are dissolved. Those areas containing the most
impurity tend to dissolve more quickly and this helps to reveal the fibrous structure. The
specimen is examined from time to time, being lifted from the solution with laboratory
tongs. This deep-etching process may take up to 20 minutes or so, depending upon the
quality of the steel.

When the flow lines are suitably revealed (Figure 6.12), the specimen is washed in run-
ning water for a few seconds, and then dried as quickly as possible, by immersion in ‘white’
methylated spirit, followed by holding in a current of warm air from a hairdryer.

If a section has been really deeply etched, it is possible to take an ink print of the surface.
A blob of printer’s ink is rolled on a flat glass plate, so that a thin but even film is formed on
the surface of a rubber roller or squeegee. The roller is then carefully passed over the etched
surface, after which a piece of paper is pressed on to the inked surface. Provided the paper
does not slip in the process, a tolerable print of the flow lines will be revealed.

6.6.2 Mechanical deformation or casting

Compared with casting, products produced by mechanical deformation methods tend to
have a greater degree of uniformity and reliability of mechanical properties. However, they
do tend to have a directionality of properties which is not the case with casting. For this
reason, casting may sometimes be preferred.
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Figure 6.12 The fibrous structure of a hot-forged component. The flow lines indicate the direction in
which the metal moved during the forging operation. Etched in boiling 50% hydrochloric acid
for 15 minutes.

6.7 METALLURGICAL FURNACES

These vary in size from small bench units used for the heat treatment of dies and tools to
iron blast furnaces some 60 m high (Section 11.1). Designs also differ widely, depending
upon factors like fuel economy, operational temperature and chemical purity required in the
charge. Gas, oil, coke or electricity may be used as fuel.

Metallurgical furnaces can be conveniently classified into three groups according to the
degree of contact between the fuel and the charge:

1. Furnaces in which the charge is in direct contact with the burning fuel and its products
of combustion. Such furnaces include the blast furnace and the foundry cupola. Due to
intimate contact between the charge and the burning fuel and the fact that operation is
continuous, the fuel efficiency is very high but impurities in the fuel may contaminate
the charge.

2. Furnaces in which the charge is out of contact with the fuel but is in contact with the
products of combustion. This group includes a large variety of gas- and oil-fired instal-
lations used in the melting, smelting and heat treatment of metals. Heat efficiency is
still reasonably high but the charge may still be contaminated by gaseous impurities
originating in the burning fuel.

3. Furnaces in which the charge is totally isolated from the fuel and from its combus-
tion products. Here, we include crucible furnaces used for melting metals, the molten
surface of which is often protected by a layer of molten flux; and the gas- or oil-fired
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muffle furnaces where the solid charge is heated in a totally enclosed chamber. Fuel
efficiency is obviously lower than in the previous groups but the purity of the charge
can be maintained. There is complete control over the furnace atmosphere so bright
annealing can be employed.

Electricity can be used to generate heat in furnaces by electrical resistance methods, high-
or low-frequency alternating current or direct-arc methods. It has the obvious advantage
as a metallurgical fuel that it produces no chemical contamination of the charge or the
natural environment. Unfortunately, electricity is still rather more expensive than most
other fuels.

6.7.1 Furnace atmospheres

Most common engineering metals become badly scaled during heat treatment unless pre-
ventative precautions are taken. Scaling, i.e. oxidation, occurs when a metal is heated to a
temperature which allows it to react with oxygen in the surrounding atmosphere. In many
cases, this can be prevented by burning the fuel gas with a restricted air supply so that no
free oxygen remains in the gas which circulates within the furnace chamber (assuming that
a fairly simple furnace is being used in which the burning fuel is in direct contact with the
charge).

The principal fuel gases used are hydrocarbons, e.g. methane (natural gas) and propane.
When these burn in a mixture with air, the result is a mixture of nitrogen (from the air used
for combustion), carbon dioxide, carbon monoxide and water vapour. The furnace atmo-
sphere varies according to the air/gas ratio:

® Exothermic atmospheres are produced by combustion without the addition of exter-
nal heat. Hydrocarbon gases are incompletely burned, the air supply being restricted
so that no free oxygen remains in the atmosphere produced, e.g. air/methane ratio
of 6/1 to 10/1 or propane 14/1 to 24/1. Since the product contains large amounts of
water vapour and carbon dioxide, these are removed to give an atmosphere containing
mainly carbon monoxide, hydrogen and nitrogen.

* Endothermic atmospheres are provided by combustion when external heat must be
supplied. The initial gas, usually propane, is mixed with a controlled amount of air
(air/propane ratio of 7.1/1) and passed through a heated gas generator. The so-called
carrier gas (containing mainly carbon monoxide, hydrogen and nitrogen) produced
is useful as an atmosphere in which many steels can be heat treated without dam-
age or change in carbon content of the surface. Moreover, if extra propane is added
to this carrier gas an atmosphere is produced which will carburise the steel (see
Chapter 14).

The ideal furnace atmosphere for the prevention of surface deterioration would probably be
the gas argon (argon is used to surround the tungsten filament of an incandescent lamp —
such a heated filament would oxidise or burn out very quickly in air). Unfortunately, argon
is too expensive to be used in the large volumes required. Nitrogen is a reasonably inert gas
and is most widely used. It can be produced by the decomposition of liquid ammonia. From
the resultant nitrogen/hydrogen mixture, hydrogen is burned to form water vapour which
is removed by condensation, leaving almost pure nitrogen but allowing about 1% hydrogen
to remain, thus ensuring that no excess oxygen has been admitted to the resulting mixture.
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This gas is still comparatively expensive to produce and is used mainly where bright anneal-
ing is required. Even nitrogen is reactive to some metals at high temperatures; notably tita-
nium, which must be heat treated in a complete vacuum, thus increasing the production
costs even further.

Whatever atmosphere is used to protect components from oxidation, it is obvious that
they must not be withdrawn from this atmosphere whilst still hot and able to react with
the oxygen in the air. Consequently, furnaces must be either of the batch type (in which the
charge cools down whilst still surrounded by a protective atmosphere), or the continuous
type (where the charge is carried on a moving hearth through a cooling tunnel — both of
which contain the protective atmosphere — before being discharged, cold, from the exit).
Steel components to be hardened are tipped from the end of the moving hearth into a quench
bath sited within the protective atmosphere.



Chapter 7

The mechanical shaping of metal

7.1 INTRODUCTION

It has been suggested that the Romans conquered their known world with the aid of the
bronze sword. Be that as it may, it is certain that before that time, people had found that
hacking enemies apart with sword and spear was a more efficient way of killing them than
by the earlier method of clubbing them to death. The smiths who shaped the sword and
spear — and later the ploughshare (early ones were wood) - were very important members of
society. Using skin bellows to raise the temperature of the hearth, smiths were able to form
metals into a variety of shapes. Almost as soon as bronze was discovered, smiths found that
a tolerable cutting edge could be developed by cold-forging to harden the alloy. Shaping
processes for metals have thus been an integral element in the technological development of
humanity.

Modern shaping processes for metals can be divided into hot- and cold-working opera-
tions. The former tends to be used wherever possible since less power is required and work-
ing can be carried out more rapidly. Cold-working processes, on the other hand, are used
in the final stages of shaping some materials, so that a high-quality surface finish can be
obtained, or suitable strength and hardness developed in the material.

7.2 HOT-WORKING PROCESSES

A hot-working process is one which is carried out at a temperature above that of recrystal-
lisation for the material. Consequently, deformation and recrystallisation take place at the
same time, so the material remains malleable during the working process. Intermediate
annealing processes are therefore not required, so working takes place very rapidly.

7.2.1 Forging

The simplest and most ancient metal-working process is that of hand-forging, mentioned
earlier. With the aid of simple tools called swages, the smith can produce relatively complex
shapes using either a hand-operated or power-assisted hammer.

If large numbers of identically shaped components are required, then it is convenient to
mass-produce them by drop-forging. A shaped two-part die is used, one half being attached
to the hammer, whilst the other half is carried by a massive anvil. For complicated shapes,
a series of dies may be required. The hammer, working between two vertical guides, is
lifted either mechanically or by steam pressure and is then allowed to fall, or is driven down
(Figure 7.1), onto the metal to be forged. This consists of a hot bar of metal, held on the anvil
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Figure 7.1 (A) Drop-forging using a double-acting steam hammer. (B) A typical die arrangement. (C) To
ensure that the die is completely filled, the work-piece must contain excess metal. This excess is
forced into the ‘flash gutter’ and is trimmed off.

by means of tongs. As the hammer comes into contact with the metal, it forges it between
the two halves of the die.

Hot-pressing is a development of drop-forging which is generally used in the manufac-
ture of simpler shapes. The drop hammer is replaced by a hydraulic ram, so that instead of
receiving a rapid succession of blows, the metal is gradually squeezed by the static pressure
of the ram. The downwards thrust is sometimes as great as 500 MN.

The main advantage of hot-pressing over drop-forging is that the mechanical deformation
takes place more uniformly throughout the work-piece and is not confined to the surface
layers, as it is in drop-forging. This is important when forging large components like marine
propeller shafts, which may otherwise suffer from having a non-uniform internal structure.

Hot forging is typically used for the production of connecting rods, crankshafts, axle
shafts and tool bodies. It is mainly used with carbon alloy and stainless steels and alloys of
aluminium, copper and magnesium. The material must be ductile at the forging temperature.

7.2.2 Hot-rolling

Until the Renaissance in Europe, hand-forging was virtually the only method available for
shaping metals. Rolling seems to have originated in France in about 1550, whilst in 1680 a
sheet mill was in use in Staffordshire. In 1783, Henry Cavendish adapted the rolling mill for
the production of wrought-iron bar. The introduction of mass-produced steel by Bessemer,
in 1856, led to the development of bigger and faster rolling mills. The first reversing mill was
developed at Crewe, in 1866, and this became standard equipment for the initial stages in
‘breaking down’ large ingots to strip, sheet, rod and sections.
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Figure 7.2 The rolling of steel strip. The ingot is first ‘broken down’ by the two-high reversing mill (the piped
top is usually cropped after several passes through the mill). The work-piece is then delivered to
the train of rolls which roll it down to strip.

Traditionally, a steel-rolling shop consists of a powerful ‘two-high’ reversing mill (Figure 7.2)
to reduce the section of the incoming white-hot ingots, followed by trains of rolls which are
either plain or grooved according to the product being manufactured. Now that the bulk of
steel produced in the developed world originates from continuous-cast ingots (see Section 5.2),
the two-high reversing mill is no longer suitable. Instead, the continuous ingot leaves the
casting unit via a series of guide rolls which convey it to a train of reduction rolls followed
by a set of finishing rolls. The finished strip passes into a coiling machine and is cut by a
flying saw as required.

Hot-rolling is also applied to most non-ferrous alloys in the initial shaping stages, but the
finishing is more likely to be a cold-working operation.

7.2.3 Extrusion

The extrusion process is used for shaping a variety of both ferrous and non-ferrous alloys.
The most important feature of the process is that quite complex sections of reasonably accu-
rate dimensions can be obtained from a cast billet in a single operation.

The billet is heated to the required temperature (350500°C for aluminium alloys, 700-
800°C for brasses and 1100-1250°C for steels) and placed in the container of the extrusion
press (Figure 7.3). The ram is then driven forward hydraulically with sufficient force to
extrude the metal through a hard alloy-steel die. The solid metal section issues from the die
in a manner similar to the flow of toothpaste from its tube.

A wide variety of sections can be extruded, including round rod, hexagonal brass rod
(for parting off as nuts), brass curtain rail, small-diameter rod (for drawing down to wire),

Die |5+

Container

Figure 7.3 The extrusion process.
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stress-bearing sections in aluminium alloys (mainly for aircraft construction), and tubes in
carbon and stainless steels, as well as in aluminium and copper alloys. Here, some sort of
mandrel (see Section 7.3.2) is used to support the bore of the tube.

7.3 COLD-WORKING PROCESSES

The surface of a hot-worked component tends to be scaled, or at least heavily oxidised;
it needs to be sand-blasted or ‘pickled’ in an acid solution if its surface condition is to be
acceptable. Even so, a much better surface quality is obtained if the work-piece is cold-
worked after being pickled. Consequently, some degree of cold-work is applied to most
wrought metallic materials as a final stage in manufacture. However, cold-working is also
a means of imparting the mechanical properties required in a material. By varying the
amount of cold-work in the final operation, the degree of hardness and strength can be
adjusted. Moreover, some operations can only be carried out on cold metals and alloys.
Those processes which involve drawing — or pulling — the metal must generally be carried
out on cold material, since ductility is usually lower at high temperatures. This is because
tensile strength is reduced, so the material tears apart very easily when heated. So, whilst
malleability is increased by a rise in temperature, ductility is generally reduced. Hence,
there are more cold-working operations than there are hot-working processes, because of
the large number of different final shapes which are produced in metallic materials of vary-
ing ductility. Finally, far greater dimensional accuracy is obtained in the finished material
with cold-working alloys.

7.3.1 Cold-rolling

Cold-rolling is used during the finishing stages in the production of both strip and section,
and also in the manufacture of foils. The types of mill used in the manufacture of the latter
are shown in Figure 7.4. To roll very thin materials, small-diameter rolls are necessary and,
if the material is of great width, this means that the working rolls must be supported by
backing rolls. This prevents the working rolls from bending to such an extent that reduction
in thickness of very thin material becomes impossible. For rolling thicker material, ordinary
two-high mills are generally used. The production of mirror-finished metal foil necessitates
the use of rolls with a highly polished surface; only by working in perfectly clean surround-
ings with highly polished rolls can really high-grade foil be obtained.

7.3.2 Drawing

Drawing is exclusively a cold-working process, because it relies on high ductility of the
material being drawn. Rod, wire and hollow sections (tubes) are produced by drawing them
through dies. In the manufacture of wire (Figure 7.5), the material is pulled through the die
by winding it onto a rotating drum or ‘block’.

In the production of tube, the bore is maintained by the use of a mandrel. Rods and tubes
are drawn at a long draw-bench, on which a power-driven ‘dog’ pulls the material through
the die (Figure 7.6). In each case, the material is lubricated with oil or soap before it enters
the die aperture.

Drawing dies are made from high-carbon steel, tungsten-molybdenum steels and tung-
sten carbide, and those used for the production of very fine-gauge copper wire from
diamond.
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Figure 7.4 Roll arrangement in mills used for the production of thin foil. (A) A four-high mill. (B) A ‘cluster’ mill.
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Figure 7.5 A wire-drawing die.
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Figure 7.6 A draw-bench for the drawing of tubes. Rod could also be drawn at such a bench, the mandrel
then being omitted.

7.3.3 Cold-pressing and deep-drawing

These processes are so closely allied to each other that it is often difficult to define each
separately; however, a process is generally termed deep-drawing if some thinning of the
walls of the component occurs under the application of tensile forces. Thus, the operations
range from making a pressing in a single-stage process to cupping followed by a number
of drawing stages. In each case, the components are produced from sheet stock, and range
from pressed mild-steel motor-car bodies to deep-drawn brass cartridge cases (see Figure 6.9),
cupronickel bullet envelopes and aluminium milk churns.

Only very ductile materials are suitable for deep-drawing. The best known of these are
70-30 brass, pure copper, cupronickel, pure aluminium and some of its alloys, and some
of the high-nickel alloys. Mild steel of excellent deep-drawing quality is produced in the
‘oxygen process’ (see Section 11.2) and is generally used in a large number of motor-car
parts as well as domestic equipment. It has, in fact, replaced very expensive materials such
as 70-30 brass for many deep-drawn articles.

Typical stages in a pressing and deep-drawing process are shown in Figure 7.7. Wall-
thinning may or may not take place in such a process. If wall-thinning is necessary, then a
material of high ductility must be used. Although Figure 7.7 shows the process of shearing
and cupping being carried out on different machines, usually a combination tool is used so
that both processes take place on one machine.

Simple cold-pressing is widely used and alloys which are not sufficiently ductile to allow
deep-drawing are generally suitable for shaping by single presswork. Much of the bodywork
of a motor car is produced in this way from mild steel.

7.3.4 Spinning

This is one of the oldest methods of shaping sheet metal. It is a relatively simple process, in
which a circular blank of metal is attached to the spinning chuck of a lathe. As the blank
rotates, it is forced into shape by means of hand-operated tools of blunt steel or hardwood,
supported against a fulcrum pin (Figure 7.8).

The purpose of the hand tool is to press the metal blank into contact with a former of
the desired shape. The former, which is also fixed to the rotating chuck, corresponds to the
internal shape of the finished component, and may be made from a hardwood such as maple,
or, in some cases, from metal. Formers may be solid; if the component is of re-entrant shape
(as in Figure 7.8), then the former must be segmented, to enable it to be withdrawn from the
finished product. Adequate lubrication is necessary during spinning. For small-scale work,
beeswax or tallow are often used, whilst for larger work, soap is the usual choice.
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Figure 7.7 Stages in the deep-drawing of a component.

Figure 7.8 Spinning.
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Figure 7.9 The principles of flow-turning.

Large reflectors, components used in chemical plant, stainless-steel dairy utensils, bells,
lampshades, aluminium teapots, ornaments in copper and brass and other domestic hollow-
ware are frequently made by spinning.

A mechanised process somewhat similar to spinning, but known as flow-turning, is used
for the manufacture of such articles as aluminium or stainless-steel milk churns. In this
process, thick-gauge material is made to flow plastically, by pressure-rolling it in the same
direction as the roller is travelling, so that a component is produced with a wall thickness
much less than that of the original blank (Figure 7.9). Aluminium cooking utensils in which
the base is required to be thicker than the side walls are made in this way.

7.3.5 Stretch-forming

Stretch-forming was introduced in the aircraft industry just before the Second World War,
and soon became important in the production of metal-skinned aircraft. The process is also
used in the coach-building trade, where it is one of the principal methods of forming sheet
metal and sections.

In any forming process, permanent deformation can only be achieved in the work-piece if
it is stressed beyond the elastic limit. In stretch-forming, this is accomplished by applying a
tensile load to the work-piece such that the elastic limit of the material is exceeded, and plas-
tic deformation takes place. The operation is carried out over a form-tool or stretch-block,
so that the component assumes the required shape.

In the ‘rising-table’ machine (Figure 7.10), the work-piece is gripped between jaws, and the
stretch-block is mounted on a rising table which is actuated by a hydraulic ram. Stretching

Stretch block

Figure 7.10 The principles of stretch-forming.



The mechanical shaping of metal 95

Figure 7.11 Coining.

forces of up to 4 MN are obtained with this type of machine. Long components, for exam-
ple aircraft fuselage panels up to 7 m long and 2 m wide, are stretch-formed in a similar
machine in which the stretch-block remains stationary and the jaws move tangentially to
the ends of the stretch-block.

Stretch-blocks are generally of wood or compressed resin-bonded plywood. Other mate-
rials, such as cast synthetic resins, zinc-based alloys or reinforced concrete are also used.
Lubrication of the stretch-block is, of course, necessary.

Although this process is applied mainly to heat-treatable light alloys, stainless steel and
titanium are also stretch-formed on a commercial scale.

7.3.6 Coining and embossing

Coining is a cold-forging process in which the deformation takes place entirely by com-
pression. It is confined mainly to the manufacture of coins, medals, keys and small metal
plaques. Frequently, pressures in excess of 1500 MPa are necessary to produce sharp impres-
sions, and this limits the size of work which is possible.

The coining operation is carried out in a closed die (Figure 7.11). Since no provision is
made for the extrusion of excess metal, the size of the blank must be accurately controlled
to prevent possible damage to the die by the development of excessive pressure.

Embossing differs from coining in that virtually no change in thickness of the work-piece
takes place during pressing. Consequently, the force necessary to emboss metal is much
less than in coining, since little, if any, lateral flow occurs. The material used for emboss-
ing is generally thinner than that used for coining, and the process is effected by the use of
male and female dies (Figure 7.12). Typical embossed products include badges and military
buttons.

7.3.7 Impact-extrusion

Extrusion as a hot-working process was described earlier in this chapter (Section 7.2.3).
A number of cold-working processes also fall under the general description of extrusion.
Probably, the best known of these is the method by which disposable collapsible tubes are
manufactured. Such tubes were produced in lead, for packaging artists’ paints, as long ago
as 1841. A few years later, similar tubes were produced in tin, but it was not until 1920 that
the impact-extrusion of aluminium was established on a commercial scale.
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Figure 7.12 Embossing.

Heavily built mechanical presses are used in the impact-extrusion of these collapsible tubes.
The principles of die and punch arrangement are illustrated in Figure 7.13. A small unheated
blank of metal is fed into the die cavity. As the ram descends, it drives the punch very rapidly
into the die cavity, where it transmits a very high pressure to the metal, which then imme-
diately fills the cavity. Since there is no other method of exit, the metal is forced upwards
through the gap between punch and die, so that it travels along the surface of the punch, form-
ing a thin-shaped shell. The threaded nozzle of the collapsible tube may be formed during the
impacting operation, but it is more usual to thread the nozzle in a separate process.

The impact-extrusion of tin and lead is carried out on cold metal, but aluminium blanks
may be heated to 250°C for forming. Zinc, alloyed with 0.6% cadmium and used for the
extrusion of dry-battery shells, is first heated to 160°C to make it malleable.

Disposable tubes in lead, tin and aluminium are used as containers for a wide range
of substances, e.g. shaving cream, toothpaste, medicines and adhesives, though in recent
years thermoplastic materials have replaced aluminium in many such containers. Impact-
extrusion is also used for the production of many other articles, principally in aluminium,

Figure 7.13 The impact-extrusion of a disposable tube.
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Figure 7.14 Impact-extrusion by the Hooker process.

e.g. canisters and capsules for food, medical products and photographic film, and shielding
cans for radio components.

The Hooker process (Figure 7.14) closely resembles hot-extrusion in the way the metal
flows in relation to the die and punch; it is, however, a cold-working operation of the impact
type. Its products include small brass cartridge cases, copper tubes for radiators and heat
exchangers and other short tubular products. Fat ‘slugs’ are sometimes used, but cupped
blanks are usually considered to be more satisfactory. The blank is placed in the die and,
as the punch descends, metal is forced down between the body of the punch and the die,
producing a tubular extrusion.

7.4 POWDER METALLURGY

Powder-metallurgy processes were originally developed to replace melting and casting for
those metals — the so-called refractory metals — which have very high melting points. For
example, tungsten melts at 3410°C, and this is beyond the softening temperatures of all
ordinary furnace lining materials. Hence, tungsten is produced from its ore as a fine pow-
der. This powder is then compacted in a die of suitable shape at a pressure of approximately
1500 MPa. Under such high pressure, the particles of tungsten become joined together by
cold-welding at the points of contact between particles.

The compacts are then heated to a temperature above that of recrystallisation — about
1600°C in the case of tungsten. This treatment causes recrystallisation to occur, particu-
larly in the highly deformed regions where cold-welding has taken place, and in this way
the crystal structure becomes regular and continuous as grain growth takes place across the
original boundaries where cold welds have formed between particles. The heating process
is known as sintering (Figure 7.15). At the end of this process, the slab of tungsten has a
strong, continuous structure, though it will contain a large number of cavities. It might then
be rolled and drawn down to wire, which is used in incandescent lamp filaments. Most of
the cavities are welded up by the working process.
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Figure 7.15 Stages in a powder-metallurgy process. (A) Particles of tungsten powder. (B) Cold-welding
between particles. (C) Grain growth across particle boundaries.

7.4.1 Uses of powder metallurgy

Although powder metallurgy was originally developed to deal with metals of very high melt-
ing point, its use has been extended to other applications:

¢ Producing metals and alloys of controlled porosity, e.g. stainless-steel filters for cor-
rosive liquids and oil-less bronze bearings.

¢ Alloying of metals which do not mix in the molten state, e.g. copper and iron for use
as a cheap bearing material.

¢ Manufacturing small components, such as the G-frame of a micrometer screw gauge,
where the negligible amount of process scrap makes the method competitive.

7.4.2 Cemented carbides

One well-known use of powder metallurgy is in the manufacture of cemented carbides for
use as tool materials. Here, tungsten powder is heated with carbon powder at about 1500°C
to form tungsten carbide. This is ground in a ball mill, to produce particles of a very small
size (about 20 wm) and the resultant tungsten carbide powder is mixed with cobalt powder,
so that the particles of tungsten carbide become coated with powdered cobalt. The mixture
is then compacted in hardened steel dies at pressure of about 300 MPa, causing cold-welding
between the particles of cobalt. The compacts are then sintered at about 1500°C to cause
recrystallisation and grain growth in the cobalt, resulting in a hard, continuous structure
consisting of particles of very hard tungsten carbide in a matrix of hard, tough cobalt.

7.4.3 Sintered-bronze bearings

The principles involved in the manufacture of sintered-bronze bearings are slightly different.
Here, the main reason for using a powder-metallurgy process is to obtain a bearing with a
controlled amount of porosity, so that it can be made to absorb lubricating oil. Powders of
copper and tin are mixed in the correct proportions (about 90% copper, 10% tin), and are
then compacted in a die of suitable shape (Figure 7.16). The compacts are then sintered at
800°C for a few minutes. This, of course, is above the melting-point of tin, so the process
differs from the true powder-metallurgy processes in which no fusion occurs. As the tin
melts, it percolates between the copper particles and alloys with them to produce a continu-
ous mass. The compact, however, still retains a large amount of its initial porosity and,
when it is quenched in lubricating oil, oil is drawn into the pores of the bearing as it cools
down. Sometimes the bearings are then placed under vacuum whilst still in the oil bath.
This causes any remaining air to be drawn out of the bearing, being replaced by oil when
the pressure returns to that of the atmosphere.
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Figure 7.16 The compacting process used in the manufacture of an ‘oil-less’ bronze bearing bush.

The final structure resembles that of a metallic sponge which, when saturated with lubricat-
ing oil, becomes a self-oiling bearing. In some cases, the amount of oil in the bearing lasts for
the lifetime of the machine. Such bearings are not only used in the motor-car industry, but also
particularly in many domestic machines such as vacuum cleaners, refrigerators, electric clocks
and washing machines, where long service with a minimum of maintenance is desirable.

7.5 MACHINING METALS

Metal-cutting processes are expensive, so it is usual to shape a component to as near its
final form as possible by casting, forging or powder-metallurgy processes. Nevertheless,
the need for dimensional accuracy will often demand some amount of machining. The ease
with which a metal can be cut depends not only upon the design of tools, method of lubri-
cation and so on, but also upon the microstructure of the work-piece itself and it is this
aspect which concerns us briefly here. After all, complete books dealing with the various
techniques of metal-cutting processes are available!

Machining is a cold-working process in which the cutting edge of a tool forms shavings
or chips of the material being cut. During cold-working processes, heat is invariably gener-
ated as mechanical energy is being absorbed. In a machining process, heat arises from this
source as well as from energy dissipated by ordinary friction between tool and work-piece.
Not only is energy wasted in this way, but the heat generated tends to soften the cutting
tool so that its edge is lost. This makes expensive tool maintenance or the use of expensive
high-speed steels (see Section 13.3) or ceramic tool materials (see Section 23.2) necessary.

As Figure 7.17A indicates, ductile materials will generally machine badly. Not only does
the material tend to tear under the pressure of the tool, giving a poor surface finish, but, since
the displaced metal ‘flows’ around the cutting edge, heat generated by friction between the
two is greater and tool life is short. Brittle materials, on the other hand, generally machine
well, producing a fine powdery swarf (Figure 7.17B), in contrast to the curly slivers from a
ductile metal. Unfortunately, metals which are brittle overall are unsuitable for most engi-
neering purposes, but it is possible to improve machinability by introducing a degree of local
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Figure 7.17 The influence of microstructure upon machinability. In (A), a soft ductile material flows around
the cutting tool and heat builds up at the cutting edge due to friction between the metal and the
tool. (B) indicates a fragmented swarf from a brittle material with consequently lower friction

losses. (C) A typical free-cutting alloy containing isolated particles which initiate chip cracks in
advance of the cutting edge.

brittleness in the material without impairing unduly its overall toughness. This local brittle-
ness then causes minute chip cracks to form just in advance of the edge of the cutting tool.
Such local brittleness can be imparted in a number of ways:

e By the presence of a separate constituent in the microstructure. Small isolated par-
ticles in the structure behave as tiny holes and have the effect of setting up local stress
concentrations just ahead of the advancing cutting edge. These stress raisers cause
minute fractures to travel between the particles and the tool edge, thus reducing fric-
tion between tool and work-piece (Figure 7.17C). As well as a reduction in tool wear,
there will be a reduction in power consumption. Moreover, since a fine powdery swarf
is generated, there will be a smaller remelting loss.

¢ By adding microconstituents to alloys. The graphite flakes in grey cast iron (Section
15.5) and the particles of hard compound in tin bronzes (Section 16.6) are examples,
putting them into the ‘free-cutting’ category. Generally, however, small alloy additions
are made to improve machinability in this way. Thus, up to 2% lead, which is insoluble
in both liquid and solid copper alloys, is added to brasses and bronzes (Sections 16.5
and 16.6) to improve machinability. Being insoluble, this lead is present as tiny par-
ticles in the microstructure. ‘Ledloy’ steels contain no more than 0.2% lead, yet this
improves machinability by up to 25% whilst causing very little loss in mechanical
properties due to the presence of the tiny lead globules.
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¢ By altering the crystalline structure. In the cheaper free-cutting steels, the naturally
occurring high sulphur content is utilised by adding an excess of manganese so that
isolated globules of manganese sulphide (MnS) are formed in preference to the brittle
intercrystalline network of ferrous sulphide (FeS) which would otherwise be present.
These small isolated globules of MnS, scattered throughout the structure, act as stress
raisers during the cutting process. So, whilst a good-quality steel contains a maximum
of 0.06% sulphur, a free-cutting steel may contain up to 0.3% sulphur along with up
to 1.5% manganese to ensure its existence as MnS globules rather than as a brittle
intercrystalline network of FeS.

¢ By suitable heat-treatment of the material prior to the machining process. Low-carbon
steels machine more easily when normalised (Section 11.5). This process produces
small patches of pearlite which break up the continuity of the structure in much the
same way as MnS globules in a free-cutting steel. High-carbon steels can be spheroi-
dised (Section 11.5) to improve machinability. Again, this has the effect of providing
isolated globules which precipitate chip formation.

¢ By cold-working the material before the machining operation. Materials supplied
in rod or bar form for machining operations are generally cold-drawn (or ‘bright-
drawn’). Free-cutting steels containing manganese sulphide are usually supplied as
‘bright-drawn bar’. This treatment improves machinability by reducing the ductility of
the surface layers and introducing local brittleness there.

7.5.1 Machinability

The term machinability is used to describe the ease of machining. Material with good
machinability produces small chips, which reduces the cutting force and energy expenditure
required. It can be machined quickly and gives good tool life. A relative measure of machin-
ability is given by the machinability index. Such an index can be based on the measure of
how long a tool usefully lasts. This index is then generally defined as a percentage:

Machinability index = 2% x 100

U60R

Where vy, is the cutting speed for the target material that ensures a tool life of 60 minutes
and v,y is the cutting speed that ensures a tool life of 60 minutes for the reference material.
The reference material is a carbon steel with 0.2% carbon (European standards C2E (1.151)
or British standards 070M20). Such an index is only a rough guide to machinability, but the
higher the value the better the machinability. Table 7.1 shows some typical values.

Table 7.1 Typical machinability index values

Material Machinability index
0.2% carbon steel 100

0.4% carbon steel 70

0.55% carbon steel 50

Alloy steels 40-80
Stainless steels 35-110
Free-cutting steels 100-170

Grey cast iron 50-80




Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Chapter 8

Alloys

8.1 INTRODUCTION

I still have my grandmother’s copper kettle. It was a wedding present from her younger
brother in 1877. At that time, copper was used for the manufacture of kettles, pots and pans
because it was ductile and reasonably corrosion resistant. Now aluminium, unknown com-
mercially when my grandmother married, has replaced copper for the manufacture of such
kitchenware. In the meantime, the production of increasingly high-purity dead mild steel —
which is as near as we get to pure iron, commercially — has led to its use in the manufacture
of bodywork of motor cars, domestic refrigerators, washing machines and a multitude of
other items of everyday equipment.

In all these products, strength is developed in otherwise soft metals by cold-work. When
greater strength or hardness is required, it can only be achieved by alloying, i.e. by adding
an element or elements which, by modifying the crystal structure in some way, will oppose
the process of slip when stress is applied.

An alloy is a mixture of two or more metals, made with the object of improving the
properties of one of these metals, or, in some cases, producing new properties not possessed
by either of the metals in the pure state. For example, pure copper has a very low electrical
resistance and is therefore used as a conductor of electricity; but, with the addition of 40%
nickel, an alloy constantan with a relatively high electrical resistance is produced. Again,
pure iron is ductile but rather weak; yet, the addition of less than 0.5% carbon will result
in the exceedingly strong alloy we call steel. In this chapter, we shall examine the internal
structures of different types of alloy and show to what extent the structures of these alloys
influence their mechanical properties.

8.1.1 Solutions

Oil and water do not mix. If we shake a bottle containing a quantity of each liquid, droplets
of one may form in the other but they soon separate into two distinct layers — oil floating on
top of water. Alcohol and water, however, will mix — or ‘dissolve’ — in each other completely
in any proportion. Beer is a solution of about 5% alcohol in water, whilst whisky is a solu-
tion of some 40% alcohol in water. In each case, various flavourings are also present, but
the result is a single homogeneous solution in the glass.

Molten metals behave in much the same way. Thus, molten lead and molten zinc are, like
oil and water, insoluble in each other and would form two separate layers in a crucible,
molten zinc floating on top of the more dense molten lead. Clearly, such metals as these that
do not dissolve in each other as liquids are unlikely to form a useful alloy, since in such an
alloy the atoms of each metal must mingle intimately together. This can only occur when
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they form a homogeneous liquid solution. However, it is to the manner in which this liquid
solution subsequently solidifies that we must turn our attention in this chapter.

8.2 EUTECTICS

Sometimes on solidification, the two metals cease to remain dissolved in one another, but
separate instead, each to form its own individual crystals. In a similar way, salt will dissolve
in water. When the solution reaches its freezing point, separate crystals of pure ice and pure
salt are formed. Another fact we notice is that the freezing temperature of the salt solution
is much lower than that of pure water (which is why salt is scattered on roads after a night
of frost). This phenomenon is known as depression of freezing point, and it is observed in
the case of many metallic alloys. Thus, the addition of increasing amounts of the metal
cadmium to the metal bismuth will cause its freezing point to be depressed proportionally;
whilst, conversely, the addition of increasing amounts of bismuth to cadmium will have a
similar effect on its melting-point as shown in Figure 8.1.

It will be noticed that the two lines in Figure 8.1 meet at the point E, corresponding to
an alloy containing 60% bismuth and 40% cadmium. This alloy melts and freezes at a
temperature of 140°C, and is the lowest melting-point alloy which can be made by mixing
these metals. The point E is called the eutectic point (pronounced ‘yoe-tek-tick’; this word
is derived from the Greek eutektos, meaning ‘capable of being melted easily’), and the com-
position of 60% bismuth with 40% cadmium is the eutectic mixture. If a molten alloy of
this composition is allowed to cool, it will remain completely liquid until the temperature
falls to 140°C, when it will solidify by forming alternating thin layers of pure cadmium and
pure bismuth (Figure 8.2) until solidification is complete. The metallic layers in this eutectic
structure are extremely thin, and a microscope with a magnification of at least x100 is gen-
erally necessary to be able to see the structure.

Melting point
of Cd
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300t

Melting point
271 9P

20071

140 -————— oo mmm e 2D 4«— Melting point
E™ " of 40 Cd/60 Bi alloy
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I
]
]
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Figure 8.1 The freezing points (or melting-points) of both bismuth and cadmium are depressed by adding
each to the other. A minimum freezing point — or ‘eutectic point’ —is produced.
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Figure 8.2 If we had a microscope which gave a magnification of about 10 million times, the arrangement
of atoms of cadmium and bismuth would look something like that in the left-hand part of the
diagram, except that the bands in the eutectic would each be many thousands of atoms in width.

Since the structure is laminated, something like plywood, the mechanical properties of
eutectics are often quite good. For example, when the material forming one type of layer is
hard and strong, whilst the other is soft and ductile, the alloy will be characterised by strength
and toughness, since the strong though somewhat brittle layers are cushioned between soft
but tough layers. Thus, the eutectic in aluminium-silicon alloys (see Section 17.6) consists
of layers of hard, brittle silicon sandwiched between layers of soft, tough aluminium and
the tensile strength of these cast aluminium-silicon alloys is much higher than that of pure
aluminium.

8.3 SOLID SOLUTIONS

Sometimes, two metals which are completely soluble in each other in the liquid state remain
dissolved in each other during and after solidification, forming what metallurgists call a
solid solution. This is generally the case when the two metals concerned are similar in prop-
erties and have atoms which are approximately equal in size.

During solidification, the crystals which form are built from atoms of both metals.
Inevitably, one of the metals will have a melting-point higher than that of the other, and it
is reasonable to expect that this metal will tend to solidify at a faster rate than the one of
lower melting- point. Consequently, the core of a resultant dendrite contains rather more of
the metal with the higher melting-point; whilst the outer fringes of the crystal will contain
correspondingly more of the metal with the lower melting-point (Figure 8.3). This effect,
known as coring, is prevalent in all solid solutions in the cast condition.

8.3.1 Brick analogy

Many students appear to find the basic idea of a solid solution difficult to understand; so, an
analogy, in which bricks replace atoms as the building units, will be drawn here.

Suppose that, in building a high wall, a team of bricklayers is given a mixture of red and
blue bricks with which to work. Further, suppose that, as building proceeds, each successive
load of bricks which arrives at the site contains a slightly higher proportion of red bricks
than the previous load. We will also assume that the ‘brickies’, being paid on a piece-work
basis, lay whatever brick comes to hand first. Thus, there will be no pattern in the laying
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Figure 8.3 The variations in composition in a cored solid solution. The coring can be dispersed by annealing.

of individual bricks; although, as the wall rises, there will be more red bricks and less blue
ones in successive courses. By standing close to the wall, one would observe a small section,
possibly like that shown in Figure 8.4A, and this would give no indication of the overall
distribution of red and blue bricks in the wall. On standing further away from the wall,
the lack of any pattern in the laying of individual bricks would still be obvious, though the
general relationship between the numbers of red and blue bricks at the top and bottom of
the wall would become apparent (Figure 8.4B). Provided that the red and blue bricks were of
roughly equal size and strength, the wall would be perfectly sound, though it might look a
little odd. Let us assume that we now view the wall from a distance of about half a kilome-
tre. Individual bricks will no longer be visible, though a gradual change in colour from blue
at the bottom, through various stages of purple, to red at the top will indicate the relative
numbers of each type of brick at various levels in the wall (Figure 8.4C).

In many metallic solid solutions, the distribution of the two different types of atom fol-
lows a pattern similar to that of the bricks in the unlikely wall just described, i.e. whilst the
atoms in general conform to some overall geometrical arrangement — as do the bricks in
the wall — there is usually no rule governing the order or frequency in which atoms of each
type will be present within the overall pattern. The brick-wall analogy also illustrates the
folly of viewing a microstructure at a high magnification, without first examining it with
a low-power lens in the microscope. When using a high magnification, one will have only a
restricted field of view of a very small part of the structure, so that no overall pattern is
apparent; whereas, the use of a low-power lens may reveal the complete dendritic structure,
and show beyond doubt the nature of the material (Figure 8.5).
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Figure 8.4 The ‘brick wall’ analogy of a cored solid solution.

8.3.2 Substitutional solid solutions

In the earlier discussion, it was assumed that the type of solid solution formed was one in
which the atoms of two metals concerned were of roughly equal size. This type of structure
(Figure 8.6A) is termed a substitutional solid solution, since atoms of one metal have, so to
speak, been substituted for atoms of the other.

Many pairs of metals, including copper/nickel, silver/gold, chromium/iron and many oth-
ers, form solid solutions of this type in all proportions. A still greater number of pairs of
metals will dissolve in each other in this way but in limited proportions. Notable examples
include copper/tin, copper/zinc, copper/aluminium, aluminium/magnesium and a host of
other useful alloys.

8.3.3 Interstitial solid solutions

There is, however, another type of solid solution, which is formed when the atoms of one ele-
ment are so much smaller than those of the other that they are able to fit into the interstices
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(or spaces) between the larger atoms. Accordingly, this is known as an interstitial solid
solution (Figure 8.6B). Carbon dissolves in face-centred cubic iron in this way, since the
relatively small carbon atoms fit into the spaces between the much larger iron atoms, this
explains why a piece of solid steel can be carburised (see Section 14.2) by being heated in
the presence of carbon at a temperature high enough to make the steel face-centred cubic in
structure. The carbon atoms ‘infiltrate’, so to speak, through the face-centred cubic ranks
of iron atoms.

8.3.4 Diffusion

When a solid solution of either type is heated to a sufficiently high temperature, the atoms
become so thermally activated that a process of diffusion takes place and atoms exchange
positions. As a result, coring gradually disappears, and the structure becomes more uniform
in composition throughout. This is achieved by atoms moving from one part of the crystal
to another. It is easy to see that this can happen in an interstitial solution where tiny solute
atoms can move through gaps between the larger solvent atoms (a solution consists of a
solute dissolved in solvent), but in a substitutional solid solution such movement would be
impossible if the crystal structure was as perfect as that shown in Figure 8.6A. In the real
world, however, crystal structures are never perfect and gaps exist where atoms or groups
of atoms are missing. Examination of a piece of cast metal under the microscope will reveal
many tiny cavities, even in high-quality material. Each of these cavities represents some
thousands of absent atoms, so it is reasonable to assume that points where a single atom is
missing are numerous indeed. Such vacant sites, as they are called, will allow the movement
of individual atoms through the crystal structure of a substitutional solid solution.

It is assumed that the process of diffusion takes place by a series of successive moves, as
suggested in Figure 8.7 for a substitutional solid solution. It is likely that a solute atom along-
side a vacant site will first move; in this way, stress in the structure will be kept to a minimum.
By following the series of five moves shown in Figure 8.7, the solute atom (black) advances to
the right by one lattice space. The series of moves will, of course, be repeated every time the
solute atom and its accompanying vacant site move forward by one lattice space.

Figure 8.7 This is the way in which metallurgists believe diffusion takes place in a solid solution. A series of
five moves is necessary in order that the ‘black’ atom (and an accompanying ‘vacant site’) can go
forward by one space.
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Figure 8.8 Crystal lattice distortions caused by the presence of solute atoms: (A) a large substitutional
atom, (B) a small substitutional atom, and (C) an interstitial atom. In each case, the distortion
produced will oppose the passage of a dislocation through the system.

Even in a substitutional solid solution, the atoms are not exactly the same size, so the driv-
ing force behind this process of diffusion is the lattice strains (and the stresses they produce)
caused by irregularities in the lattice due to the presence of atoms of different sizes. During
diffusion, atoms move into positions of lower strain and consequently lower stress.

8.3.5 Solid solutions and strength

Solid solutions are the most important of metallic alloy structures since they provide the
best combination of strength, ductility and toughness. The increase in strength is a result
of distortions arising in the crystal structure when atoms of different sizes accommodate
themselves into the same lattice pattern (Figure 8.8). Slip becomes more difficult because
dislocations must follow a less direct path. A greater force must therefore be used to produce
slip, which is another way of saying that the yield stress has increased. Since slip is, however,
still able to take place, much of the ductility of the original pure metal is retained. Most of
our useful metallic alloys are, in essence, solid solutions.

8.4 INTERMETALLIC COMPOUNDS

When heated, many metals combine with oxygen to form compounds we call oxides, whilst
some metals are attacked by sulphur gases in furnace atmospheres to form sulphides. This is
a general pattern in which metals as positive ions combine with non-metals as negative ions
to form ionic compounds which usually bear no physical resemblance to the elements from
which they are formed. Thus, the highly reactive sodium (which is silvery-white in appearance
and forms positive ions) combines with the highly reactive gas chlorine (which is greenish
in colour and forms negative ions) to form sodium chloride, i.e. table salt. Metallic oxides,
sulphides and chlorides are examples of ionic compounds formed by the attraction between
positive and negative ions. However, sometimes two metals when melted together will com-
bine to form a chemical compound called an intermetallic compound. This often happens
when one of the two metals has strongly positive ions and the other weakly positive ions.
When a solid solution is formed, it usually bears at least some resemblance to the par-
ent metals, as far as colour and other physical properties are concerned. For example, the
colour of a low-tin bronze (see Section 16.6) is a blend of the colours of its parent metals,
copper and tin, as one might expect; but if the amount of tin is increased, so that the alloy
contains 66% copper and 34% tin, a hard and extremely brittle substance is produced
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which bears no resemblance whatever to either copper or tin. What is more, this intermetal-
lic compound - for such it is — is of a pale blue colour. This is due mainly to the fact that an
intermediate compound generally crystallises in a different pattern to that of either of the
parent metals. This particular intermetallic compound has the chemical formula Cu;,Sn,.
Since an intermetallic compound is always of fixed composition, in common with all chemi-
cal compounds, there is never any coring in crystals of such a substance in the cast state.

Because of the excessive brittleness of most of these intermetallic compounds, they are
used to only a limited extent as constituents of engineering alloys, and then only in the form
of small, isolated particles in the microstructure. Since many intermetallic compounds are
very hard, they also have very low coefficients of friction. Consequently, a typical use of
these compounds is as a constituent in bearing metals (see Section 18.6). If present in an
alloy in large amounts, an intermetallic compound will often form brittle intercrystalline
networks. The strength and toughness of such an alloy would be negligible.

8.5 SUMMARY: ALLOYS

In a study of metallurgy, the term phase refers to any chemically stable, single homogeneous
constituent in an alloy. Thus, in a solid alloy, a phase may be a solid solution, an intermetallic
compound or, of course, a pure metal. A homogeneous liquid solution from which an alloy
is solidifying also constitutes a phase. Any of the solid phases form the basic units of which
metallic alloys are composed. It may be helpful therefore to summarise their properties:

e Solid solutions are formed when one metal is very similar to another, both physically
and chemically, and is able to replace it, atom for atom, in a crystal structure; or if the
atoms of the second element are very small and able to fit into the spaces between the
larger atoms of the other metal. Solid solutions are stronger than pure metals, because
the presence of atoms of the second metal causes some distortion of the crystal struc-
ture, thus making slip more difficult. At the same time, solid solutions retain much of
the toughness and ductility of the original pure metal.

o [Intermetallic compounds are formed by chemical combination, and the resultant sub-
stance generally bears little resemblance to its parent metals. Most intermetallic com-
pounds are hard and brittle, and of limited use in engineering alloys.

e Eutectics are formed when two metals, soluble in each other in the liquid state, become
insoluble in each other in the solid state. Then, alternate layers or bands of each metal
form, until the alloy is completely solid. This occurs at a fixed temperature, which is
below the melting point of either of the two pure metals. When two metals are only
partially soluble in each other in the solid state, a eutectic consisting of alternate lay-
ers of two solid solutions may form. In some cases, a eutectic may consist of alternate
layers of a solid solution and an intermetallic compound.

Engineering alloys often contain more than two elements and many contain six or even
more, each contributing its own special effect. This structure of such an alloy is often much
more complex. For example, ternary or quaternary eutectics may be formed in which lay-
ers of three or four different solid phases are present. In general, however, it is more likely
that a uniform solid solution will be present, one metal acting as the solvent of all the other
additions. Thus, the stainless steel BS 347517, EN 1.4550 (Table 13.9) is composed almost
entirely of a solid solution of 18% chromium, 10% nickel, 1% niobium and 0.8% manga-
nese dissolved in iron — a residual 0.04% carbon existing as a few scattered, undissolved
carbide particles.
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Chapter 9

Equilibrium diagrams

9.1 INTRODUCTION

Amongst some engineering students, the prospect of having to study the topic of equilibrium
diagrams seems to be received with some dismay. Nevertheless, the topic need cause the
reader no undue alarm, since for most purposes we can regard the equilibrium diagram as
being no more than a graphical method of illustrating the relationship between the composi-
tion, temperature and structure, or state of any alloy in a series.

Much useful information can be obtained from these diagrams if a simple understand-
ing of their meaning has been acquired. For example, an elementary knowledge of the
appropriate equilibrium diagram enables us to decide upon a suitable heat-treatment pro-
cess to produce the required properties in a carbon steel. Similarly, a glance at the equilib-
rium diagram of a non-ferrous alloy system will often give us a pretty good indication of
the structure — and hence the mechanical properties — a particular composition is likely to
have. In attempting to assess the properties of an unfamiliar alloy, the modern metallur-
gist invariably begins by consulting the thermal equilibrium diagram for the series. There
is no reason why the engineering technician should not be in a position to do precisely
the same.

9.2 OBTAINING EQUILIBRIUM DIAGRAMS

How are equilibrium diagrams obtained? Purely by a great deal of laborious and routine
laboratory work accompanied by some experience of the behaviour of metals in forming
alloys. However, it is only possible to predict the general ‘shape’ of an equilibrium diagram
with any certainty in a limited number of alloy systems. Altogether there are some 70 dif-
ferent metallic elements; combining them all in pairs would create a large number of binary
alloy systems. Of course, it would be extremely difficult to make alloys from some pairs of
metals, e.g. high melting point tungsten with highly reactive caesium. Nevertheless, a high
proportion of the metallic elements have been successfully alloyed with each other, and with
some non-metallic elements like carbon, silicon and boron.

9.2.1 Lead-tin alloys

From Roman times until the middle of the twentieth century (omitting that period of almost
a thousand years between the fall of Rome and the Renaissance) much domestic and indus-
trial pipework carrying water was of lead. When the potentially toxic nature of lead was
realised, it was replaced by copper and PVC. Nevertheless, the person who installs or repairs
our pipework is still known as a plumber; a plumber was originally someone who worked
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Figure 9.1 Cooling curves for plumber’s solder and for tinman’s solder.

with lead — the word being derived from the Latin word plumbum, meaning lead. In the
days of lead piping, the plumber joined lengths of pipe, or repaired fractures in them, using
‘plumber’s solder’. This contains roughly two parts by weight of lead to one of tin. On cool-
ing, it begins to solidify at about 265°C, but it is not completely solid until its temperature
has fallen to 183°C (Figure 9.1A). It thus passes through a pasty, part solid, part liquid range
of some 80°C, enabling the plumber to ‘wipe’ a joint using, traditionally, a moleskin ‘glove’
whilst the solder is in this mushy state between 265°C and 183°C.

In the case of tinman’s solder, used to join pieces of suitable metal, rather different proper-
ties are required. The solder must of course ‘wet’ (alloy with) the surfaces being joined; but it
will be an advantage if its melting-point is low and, more important still, if it freezes quickly
over a small range of temperatures, so that the joint is less likely to be broken by rough
handling in its mushy state. A solder with these properties contains 38% lead and 62% tin.
It freezes, as does a pure metal, at a single temperature — in this case, 183°C (Figure 9.1B).
Since the cost of tin is more than 10 times that of lead, tinman’s solder often contains less
than the ideal proportion of 62%. It will then freeze over a range of temperatures which will
vary with its composition. Thus, ‘coarse’ tinman’s solder contains 50% lead and 50% tin. It
begins to solidify at 220°C and is completely solid at 183°C.

The freezing range of any lead-tin solder can be determined by melting a small amount of
it in a clay crucible and then taking temperature readings of the cooling alloy every 15 sec-
onds (Figure 9.2). A thermocouple is probably the best temperature-measuring instrument
to use for this, though a 360°C thermometer will suffice, provided it is protected by a fire-
clay sheath. Failure to use the latter will probably lead to the fracture of the thermometer as
the solder freezes onto it, contracting in the process.

A temperature/time cooling curve can now be plotted in order to determine accurately
the temperature at which freezing of the alloy begins at point L and finishes at point S
(Figure 9.1). This procedure is repeated for a number of lead-tin alloys of different composi-
tions. Representative values of L and S for some lead-tin alloys are shown in Table 9.1.

The information obtained from Table 9.1 can now be plotted on a simple diagram, as
shown in Figure 9.3, in order to relate freezing range to composition of alloy. The line LEL,
(called the liqguidus) joins all points (L) at which solidification of the various alloys begins,
whilst the line SES, (called the solidus) joins all points (S) at which solidification of the
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Figure 9.2 Simple apparatus for determining the freezing range of a low-temperature alloy. The polished can
prevents the alloy from cooling too quickly and also protects the crucible from draughts.

alloys has finished. What we have plotted is only part of the lead-tin thermal equilibrium
diagram. The complete diagram contains other lines, or ‘phase boundaries’, as they are
called. To determine these lines, other, more complex methods have to be used; but we are
not concerned here with advanced metallurgical practice.

Even this restricted portion of the lead-tin equilibrium diagram provides us with some
useful information. We can, for example, use it to determine the freezing range of any alloy
from 67% lead, 33% tin to 20% lead, 80% tin. Thus, reading from the diagram (Figure 9.3),
a solder containing 60% lead and 40% tin would solidify between 245°C and 183°C.

Similarly, given the composition of an alloy and its temperature at any instant, we can
determine the state in which it exists. For example, an alloy containing 55% lead and 45%
tin at a temperature of 200°C will be in a pasty, part solid, part liquid state; whilst the same
alloy at 250°C will be completely molten. Conversely, when cooled below 183°C, it will be
completely solid.

Table 9.1 Freezing ranges for selected lead-tin alloys

Composition Temperature (L) at which Temperature (S) at which
Lead (%) Tin (%) solidification begins (°C) solidification ends (°C)
67 33 265 183
50 50 220 183
38 62 183 183

20 80 200 183
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Figure 9.3 Part of the lead-tin equilibrium diagram. The limited information obtained from the cooling
curves in Table 9.1 enables us to construct only part of the diagram.

9.3 TYPES OF EQUILIBRIUM DIAGRAM

Generally speaking, a useful alloy will only be formed when two metals are completely
soluble in each other in the liquid state, i.e. they form a single homogeneous liquid in the
crucible. Thus, attempts to form a lead-zinc alloy will fail because lead and zinc are only
slightly soluble in each other as liquids. When melting a mixture of, say, equal parts of lead
and zinc, we find a layer of zinc-rich liquid solution floats on top of a layer of lead-rich liquid
solution — rather like oil on water. On casting this mixture, the two separate layers would
form within the mould and solidify as such. Consequently, complete mutual solubility in
the liquid state is a prerequisite to producing alloys by the traditional melting-casting route.

There are a number of different types of thermal equilibrium diagrams, but we only need
to deal with those in which the characteristics of the diagram are governed by the extent to
which one metal forms a solid solution with the other. There are three possibilities:

1. The two metals are completely soluble in each other in all proportions in the solid
state.

2. The two metals are completely insoluble in each other in the solid state.

3. The two metals are partially soluble in each other in the solid state.

Strictly speaking, equilibrium diagrams only indicate microstructures which will be pro-
duced when alloys cool under equilibrium conditions and, in most cases, that means cooling
extremely slowly. Under industrial conditions. alloys often solidify and cool far too rapidly
for equilibrium to be reached and, as a result, the final structure deviates considerably from
that shown in the diagram. The coring of solid solutions mentioned in Chapter 8 is a case in
point and will be discussed further in the section which follows.

9.3.1 An alloy system in which the two metals are soluble in each
other in all proportions in both liquid and solid states

An example of this type of system is afforded by the nickel-copper alloy series. Atoms of
nickel and copper are approximately the same size and, since both metals crystallise in simi-
lar face-centred cubic patterns, it is not surprising that they should form mixed crystals typi-
cal of a substitutional solid solution when a liquid solution of the two metals solidifies. The
resulting equilibrium diagram (Figure 9.4) will have been derived from a series of cooling



Equilibrium diagrams 117

1500
T Uniform liquid
1400 F of composition ‘X’
Complgtely X, Uniform liquid
liquid of composition ‘X;’
1300 X
O z Uniform solid
o g
=~ of composition Yy’
o X3
£ 1200}
g Liquid + Solid Uniform liquid
g- ! of composition ‘X5’
o ; Uniform solid
1100 ] of composition ‘Y’
Completely '
solid !
! Uniform solid
1000 ' of composition
| Vg (=X)
, boundary
900 1 L 1 1 1 ; 1 1 1

0 10 20 30 40 50 60 70 80 90 100 Nickel
100 90 80 70 60 50 40 30 20 10 0 Copper

Composition (%)

Figure 9.4 The nickel-copper thermal equilibrium diagram. The solidification of an alloy under conditions of
equilibrium (slow cooling) is illustrated.

curves as described earlier in this chapter, except that a pyrometer capable of withstanding
high temperatures would be required for taking the temperature measurements.
The equilibrium diagram consists of just two lines:

e The upper, or liquidus, above which any point represents in composition and tempera-
ture an alloy in the completely molten state.

e The lower, or solidus, below which any point represents in composition and tempera-
ture an alloy in the completely solid state.

Any point between the two lines will represent in composition and temperature an alloy in
the pasty or part solid, part liquid state. From the diagram, for an alloy in such a condition,
we can read not only the compositions of the solid part and liquid part respectively, but also
determine the relative proportions of the solid and liquid material.

Let us consider what happens when an alloy (X), containing 60% nickel and 40% cop-
per, cools and solidifies extremely slowly, so that its structure is able to reach equilibrium
at every stage of the process. Solidification will begin when the temperature falls to T (the
vertical line representing the composition X and the horizontal line representing the tem-
perature T intersect on the liquidus line). Now, it is a feature of equilibrium diagrams that,
when a horizontal line representing some temperature cuts two adjacent phase boundaries
in this way, the compositions indicated by those two intersections can exist in equilibrium
together. In this case, liquid solutions of composition X can exist in equilibrium with solid
solutions of composition Y at the temperature T. Consequently, when solidification begins,
crystal nuclei of composition Y begin to form.

Since the solid Y contains approximately 92% nickel and 8% copper (as read from
the diagram), it follows that the liquid which remains will be less rich in nickel (but
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correspondingly richer in copper) than the original 60% nickel, 40% copper composition.
In fact, as the temperature falls slowly, solidification continues; and the composition of
the liquid changes along the liquidus line, whilst the composition of the solid changes — by
means of diffusion — along the solidus line. Thus, by the time the temperature has fallen
to T, the liquid solution has changed in composition to X, whilst the solid solution has
changed in composition to Y,. At a lower temperature — say T, — solidification will have
progressed further, and the composition of the liquid will have changed to X,, whilst the
composition of the corresponding solid will have changed to Y,.

Clearly, since the alloy is gradually solidifying so that the proportions of solid and liquid
are continually changing, the compositions of solid and liquid must also change, because
the overall composition of the alloy as a whole remains at 60% nickel, 40% copper through-
out the process. The relative weights of solid and liquid — as well as their compositions — can
be obtained from the diagram, assuming that the alloy is cooling slowly enough for equilib-
rium to be attained by means of diffusion. Thus, at temperature T,:

weight of liquid (composition X,)x OX, = weight of solid (composition Y;)x OY,

This is commonly referred to as the lever rule. Engineers will appreciate that this is an apt
title, since, in this particular case, it is as though moments had been taken about the point O
(the overall composition of the alloy). We will now substitute actual values (read from the
equilibrium diagram Figure 9.4) in the above expression. Then:

weight of liquid (38% nickel, 62% copper) x (60— 38)
= weight of solid (74% nickel, 26% copper) x (74 — 60)

or

weight of liquid (38% nickel, 62% copper) _ (74-60) 14

weight of solid (74% nickel, 26% copper) ~ (60—38) 22

Thus, assuming that the alloy is cooling slowly and is therefore in equilibrium, we can
obtain the above information about it at the temperature T, (1280°C).

The solidification process will finish as the temperature falls to T;. Here, the last trace of
liquid (X;) will have been absorbed into the solid solution which, due to diffusion, will now
be of uniform composition Y;.

Composition Y; is of course the same as X — the composition of the original liquid.
Obviously, it cannot be otherwise if the solid Y; has become uniform throughout due to dif-
fusion. The reader may ask, “Why go through all this complicated procedure to demonstrate
an obvious point?’ Unfortunately, whether in engineering or in other branches of applied
science, it is not often possible to make a straightforward application of a simple scientific
principle. Influences of other variable factors usually have to be taken into account, such as
the effects of friction in a machine, or of the pressure of wind in a civil engineering project.

In the earlier description of the solidification of the 60% nickel, 40% copper alloy, we
have assumed that diffusion has taken place completely, resulting in the formation of a
uniform solid solution. Under industrial conditions of relatively rapid cooling, this is rarely
possible; there just isn’t time for the atoms to <jiggle around’ as described in Chapter 8.
Consequently, the composition of the solid solution always lags behind that indicated by the
equilibrium diagram for some particular temperature, and this leads to some residual coring
in the final solid (Figure 9.5).
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Figure 9.5 lllustrating the effects of cooling rate on the extent of coring in the 60% nickel, 40% copper alloy
dealt with above.

If the rate of solidification has been very rapid, the cores of the crystal may be of a com-
position almost as rich in nickel as Y, whilst the outer fringes of the crystals may be of a
composition somewhere in the region of X;. Slower rates of solidification will lead to pro-
gressively lesser degrees of coring, as, under these circumstances, the effects of diffusion
make themselves felt. Alternatively, if this 60% nickel, 40% copper alloy were annealed for
some hours at a temperature just below Tj, i.e. just below the solidus temperature, any cor-
ing would be dissipated by diffusion.

In this section, we have been dealing with different modes of solidification of a 60%
nickel, 40% copper alloy. Since nickel and copper are soluble in each other in all proportions
in the solid state, any other alloy composition of these two metals will solidify in a similar
manner.

9.3.2 An alloy system in which the two metals are soluble
in each other in all proportions in the liquid state,
but completely insoluble in the solid state

In this case, the two metals form a single homogeneous liquid when they are melted together,
but on solidification they separate again and form individual crystals of the two pure metals.
Cadmium and bismuth form alloys of this type. Both metals have low melting points, but,
whilst cadmium is a malleable metal used to some extent for electroplating, bismuth is so
brittle as to be useless for engineering purposes. It should be noted that the name bismuth
is often used to describe a compound of the metal, which is sometimes used in medicine.
Again, the equilibrium diagram (Figure 9.6) consists of only two boundaries: the liquidus
BEC and the solidus AED (or, more properly, BAEDC). As in the previous case, any point
above BEC represents in composition and temperature an alloy in the completely molten
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Figure 9.6 The cadmium-bismuth thermal equilibrium diagram.

state, whilst any point below AED represents an alloy in the completely solid state. Between
BEC and AED, any point will represent in composition and temperature an alloy in the part
liquid, part solid state.

Let us consider a molten alloy of composition X, containing 80% cadmium and 20%
bismuth. This will begin to solidify when the temperature falls to T (Figure 9.6). In this
case, the appropriate ‘temperature horizontal’ through T cuts that part of the solidus BA
which represents a composition of 100% cadmium. Consequently, nuclei of pure cadmium
begin to crystallise. As a result, the remaining molten alloy becomes less rich in cadmium
and correspondingly richer in bismuth; so, as the temperature falls and cadmium continues
to solidify, the liquid composition follows the liquidus line from X; to X;. This process
continues, and by the time the temperature has fallen to T,, the remaining liquid will be of
composition X,.

The crystallisation of pure cadmium continues in this manner until the temperature has
fallen to 140°C (the final solidus temperature), when the remaining liquid will be of compo-
sition E (40% cadmium, 60% bismuth). Applying the lever rule at this stage, we see that the
weight of pure cadmium x AO = weight of liquid (composition E) x OE or

weight of pure cadmium _OE _(60-20) _40 _
weight of liquid (composition E) A0  20-0 20

Thus, there will be twice as much solid cadmium by weight as there is liquid at this stage.
The two metals are now roughly in a state of equilibrium in the remaining liquid, which
is represented in composition and temperature by the point E (the eutectic point). Until this
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instant, the liquid has been adjusting its composition by rejecting what are usually called
primary crystals of cadmium. However, due to the momentum of solidification, a little too
much cadmium solidifies, and this causes the composition of the liquid to swing back across
point E, by depositing, for the first time, a thin layer of bismuth. Since this now upsets equi-
librium in the other direction, a layer of cadmium is deposited, and so the liquid composi-
tion continues to swing to and fro across the eutectic point, by depositing alternate layers
of each metal until the liquid is all used up. This see-saw type of solidification is the reason
for the laminated structure of eutectics and takes place whilst the temperature remains con-
stant; in this case, at the eutectic temperature of 140°C.

It was shown earlier that, just before solidification of the eutectic began, the weight of
pure cadmium = 2 X (weight of liquid composition E). Since the liquid of composition E has
changed to eutectic, it follows that the final structure will contain two parts by weight of
primary cadmium to one part by weight of eutectic. By the same reasoning, an alloy con-
taining 70% cadmium and 30% bismuth will contain equal parts of primary cadmium and
eutectic; whilst an alloy containing 40% cadmium and 60% bismuth will consist entirely
of eutectic.

Alloys containing more than 60% bismuth will begin to solidify by depositing primary
crystals of bismuth, and the general procedure will be similar to that outlined earlier for the
cadmium-rich alloy. Whatever the overall composition of the alloy, the eutectic it contains
will always be of the same composition, i.e. 40% cadmium, 60% bismuth. If the overall
composition contains more than 40% cadmium, then some primary cadmium must deposit
first; whilst if the overall composition has less than 40% cadmium, then some primary bis-
muth will deposit first.

It must be admitted here that complete insolubility in the solid state probably does not
exist in metallic alloys; there is always some small amount of one metal dissolved in the
other. However, the solubility of solid cadmium and bismuth in each other is so small
that their equilibrium system is used here to illustrate this case, which serves as a useful
introduction to the more general case which follows. Some older textbooks in fact use the
lead-antimony system as an example of complete insolubility in the solid state whereas a
relatively high mutual solubility of several per cent is now known to exist between these
two metals.

9.3.3 An alloy system in which the two metals are soluble
in each other in all proportions in the liquid state, but
only partially soluble in each other in the solid state

This is a situation intermediate between the two previous cases of complete solid solubility
in all proportions on the one hand and total insolubility on the other. As might be expected,
many alloy systems fall into this category.

In the early paragraphs of this chapter, part of the lead-tin thermal equilibrium diagram
was used to give a general idea of a method whereby thermal equilibrium diagrams can be
produced. We shall now explore the lead-tin system more fully, by reference to the complete
equilibrium diagram (Figure 9.7). The diagram indicates that at 183°C lead will dissolve a
maximum of 19.5% tin in the solid state, giving a solid solution designated o (metallurgists
use letters of the Greek alphabet to indicate different solid phases occurring in an alloy sys-
tem); whilst, at the same temperature, tin will dissolve a maximum of 2.6% lead, forming
a solid solution B.

An alloy whose composition falls between B and F will show a structure consisting of
primary crystals of either o or B, and also some eutectic of o and B. The overall composition
of the eutectic part of the structure will be given by E. In fact, an alloy containing precisely
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Figure 9.7 The lead-tin thermal equilibrium diagram, showing the effects of rapid cooling on representative
microstructures.

62% tin and 38% lead will have the structure which is entirely eutectic, consisting of alter-
nate layers of o and .

Let us consider what happens when an alloy containing 70% lead and 30% tin solidifies
and cools slowly to room temperature. Solidification will commence at X (at about 270°C),
when nuclei of o (composition Y) begin to form. By the time the temperature has fallen to,
say, 220°C, the o will have changed in composition to Y;, due to diffusion, whilst the remain-
ing liquid will be of composition X;. By applying the lever rule we have that, at 220°C:

weight of solid a (composition Y;) x Y;P = weight of liquid (composition X;)x PX;

weight of solid o (composition Y;)  PX;

weight of liquid (composition X;) Y, P

Similarly, when the temperature has fallen to 183°C, we have o (now of composition E) and
some remaining liquid (of composition E) in a ratio given by:

weight of solid o (composition B) _ QF

weight of liquid (composition E) ~ BQ

At a temperature just below 183°C, the remaining liquid solidifies as a eutectic, by deposit-
ing alternate layers of o (composition B) and B (composition F), the overall composition of
this eutectic being given by E. Thus, the structure, represented by a point just below O, will
consist of primary crystals of a of uniform composition B, surrounded by a eutectic mixture
of o (composition B) and B (composition F).

In this diagram, we have two phase boundaries of a type not previously encountered,
namely the solvus lines BC and FG. These boundary lines separate phase fields in which
only solid phases exist, and therefore denote microstructural changes which occur after an
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alloy is completely solid. The slope of BC indicates that, as the temperature falls, the solu-
bility of solid tin in solid lead will diminish from 19.5% at 183°C to about 2% at 0°C (point
C); and similarly the slope of FG indicates that the solubility of solid lead in solid tin will
fall from 2.6% at 183°C to less than 1% at 0°C (point G). Consequently, as our 70% lead,
30% tin alloy cools slowly from 183°C to room temperature, the composition of any o in the
structure alters along BC, whilst the composition of any B will alter along FG.

In practice, such an alloy will never cool slowly enough for equilibrium to be reached
at each stage of the process, and some coring will inevitably occur, particularly in the
crystals of primary solid solution. Accordingly, the sketches representing microstructures
in Figure 9.7 assume that cooling has been fairly rapid, and that considerable coring has
occurred as a result. Extremely slow cooling (as outlined earlier) or prolonged annealing
eventually eliminates coring.

9.4 PRECIPITATION FROM A SOLID SOLUTION

In the preceding section, the significance of the sloping solvus lines BC and FG (Figure 9.7)
was mentioned. It has been my experience that many students find it difficult to accept that
changes in solid solubility can occur after an alloy has become completely solid. I would
refer them to the discussion of diffusion in Chapter 8 and how (Figure 8.7) atoms can move
from one part of a crystal to another. However, this change in solid solubility as tempera-
ture is raised or lowered is a very important feature involved in the heat-treatment of alloys.
Amongst other phenomena, it explains largely how the mechanical properties of some alu-
minium alloys can be changed by precipitation hardening (see Section 17.7). This was still
very much a mystery during my student days (then known as age hardening) — and not only
to us students!

9.4.1 A liquid solution

Let us first consider a parallel case concerning the solubility of common salt (sodium chlo-
ride) in water. If some of the salt is put into water in a beaker and stirred, much of the salt
may dissolve but some solid may remain at the bottom of the beaker. We thus can have two
phases in the beaker: a saturated solution, and some solid salt.

If we now gently warn the solution, more and more salt will dissolve, until only solution
remains. At a higher temperature still, the solution would dissolve more salt, if it were avail-
able in the beaker. The solution is therefore said to be unsaturated, and only a single phase
remains in the beaker: the unsaturated solution.

It is quite easy to plot a graph showing the variation in the solubility of the salt with a rise
in temperature, as in Figure 9.8. It indicates that, as the temperature increases, so does the
solubility of salt in water.

Suppose we add some salt to pure water, so that X (Figure 9.8) denotes the total percent-
age of salt present. After mixing the two together at, say, 10°C, we find that we still have
a quantity of solid salt remaining. In fact, the solubility diagram tells us that Y% of salt
has actually dissolved, giving a saturated solution at that temperature, and that (X - Y)%
remains at the bottom of the beaker.

If we now warm the beaker slowly to 30°C, we find that more salt dissolves and the
solubility diagram shows that the amount in solution has increased to Y;. At, say, 40°C,
we would find that a very small quantity of solid salt remained, and at a slightly higher
temperature (42°C) this would just dissolve. If the temperature were raised to, say, 45°C,
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Figure 9.8 The solubility curve for salt in water. Solubility increases as the temperature increases.

the solution would be unsaturated; that is, it would dissolve more salt at that temperature,
if solid salt were added to the beaker.

This process of solution is reversible and, if we allow the beaker to cool slowly, tiny
crystals of salt will precipitate when the temperature has fallen a little below 42°C. These
crystals will increase in size as the temperature falls. By the time 10°C has been reached, we

shall again have an amount Y left in solution and (X - Y) as solid crystals at the bottom of
the beaker.

9.4.2 A solid solution

In the earlier case, we have been dealing with a liquid solution of salt in water, but exactly
the same principles are involved if we consider instead a solid solution of, say, copper in
aluminium. Naturally, in the case of a solid solution, the reversible process of solution and
precipitation will take place much more slowly, since the individual atoms in a metallic
structure are not able to move about as freely as the particles of salt and water in a beaker.

The aluminium-rich end of the aluminium-copper thermal equilibrium diagram is shown
in Figure 9.9. The sloping phase boundary AB shows that the solubility of solid copper in
solid aluminium increases from 0.2% at 0°C (at A) to 5.7% at 548°C (at B). Any point to
the left of AB will represent, in composition and temperature, an unsaturated solution (o)
of copper in aluminium, whilst any point to the right of AB will represent, in composition
and temperature, a structure consisting of saturated solid solution o, along with some excess
aluminium-copper compound.

We will consider an alloy containing 4% copper, since this forms the basis of the well-
known aluminium-copper alloy duralumin (see Section 17.7). If this has been allowed to
cool very slowly to room temperature, its structure will have reached equilibrium and is
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Figure 9.9 The solubility curve for copper in aluminium. This is the aluminium-rich end of the aluminium-
copper thermal equilibrium diagram.

represented by Figure 9.9i. This consists of solid solution o, which at room temperature con-
tains only about 0.2% of dissolved copper, the remainder of the 4% copper being present as
particles of aluminium-copper intermetallic compound scattered throughout the structure.

Suppose this alloy is now heated slowly. As the temperature rises, the solid aluminium-
copper compound gradually dissolves in the solid solution o, by a process of diffusion. At,
say, 300°C, the solid solution o will already have absorbed about 2.2% copper and, for this
reason, there will be less of the intermetallic compound left in the structure (Figure 9.9ii).

At about 460°C (point S in Figure 9.9), the solution of the intermetallic compound will be
complete (Figure 9.9iii), the whole of the 4% copper now being dissolved in the solid solu-
tion o. In practice, the alloy will be heated to about 500°C (point P in Figure 9.9), in order
to ensure that all of the intermetallic compound has been absorbed by the solid solution o.
Care must be taken not to heat the alloy above the point L in Figure 9.9, since at this point
it would begin to melt.

The alloy is maintained at 500°C for a short time, so that its solid solution structure can
become uniform in composition. It is then quickly removed from the furnace and immedi-
ately quenched in cold water. As a result of this treatment, the rate of cooling will be so great
that particles of the intermetallic compound will have no opportunity to be precipitated.
Therefore, at room temperature we shall have a uniform structure of a solid solution; though
normally, with slow cooling, an equilibrium structure consisting of almost pure aluminium
(composition A in Figure 9.9) along with particles of the intermetallic compound would be
formed (Figure 9.9i). Quenching, however, has prevented equilibrium from being attained.
Hence, the quenched structure is #zot an equilibrium structure and is in fact a supersaturated
solid solution (Figure 9.9iv), since A contains much more dissolved copper than is normal at
room temperature.

This treatment forms the basis of the first stage in the heat treatment of duralumin-type
alloys and will be dealt with in detail in Chapter 17.
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9.5 TERNARY EQUILIBRIUM DIAGRAMS

In this chapter, we have been dealing only with equilibrium diagrams which represent
binary systems, i.e. ones containing two metals. If an alloy contains three metals, this will
introduce an additional variable quantity since the relative amounts of any two of the three
metals can be altered independently. Temperature remains as the other variable. Thus, we
have a system with a total of three variables. This can be represented graphically by a three-
dimensional or ‘solid’ diagram (Figure 9.10) which consists of a base in the form of an
equilateral triangle, each point of the triangle representing 100% of one of the three metals
(in this case, cadmium, tin and bismuth), whilst ordinates normal to this base represents
temperature.

A solid diagram of this type is not of much practical use since phase boundaries ‘inside’
the model are not visible. In my student days, research workers at the university used to
construct models representing such systems by employing bits of coloured plastic-coated
electrical wire to indicate phase boundaries. With a complex system, the resulting model
was quite fantastic and resembled one of the more lurid examples of modern sculpture - or,
possibly, a parrot cage designed by a committee!

However, for ternary, i.e. three-metal, alloys we can still draw useful fwo-dimensional
diagrams by fixing the quantities of two of the metals so that only the quantity of the third is
variable. Of course, we would then need a large number of separate diagrams — each express-
ing two of the metals in different amounts — to cover a ternary system comprehensively. It
is often useful to do this, as in the case of the diagram representing the structures of high-
speed steel (Figure 13.1). Here, we have chosen a high-speed steel of standard composition
and have indicated the effects of variations in the carbon content and the temperature on the
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Figure 9.10 The bismuth-cadmium-tin thermal equilibrium diagram. This is, of course, a ternary diagram.
The three ‘valleys’ drain down to the ternary (or ‘triple’) eutectic point at 103°C. This alloy
contains 53.9% bismuth, 25.9% tin, and 20.3% cadmium. The temperature contours are at 25°C
intervals. The ternary eutectic would melt at a temperature just above that of boiling water.
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structure of the alloy. The use of this diagram enables us to explain the basic principles of
the heat-treatment of high-speed steel quite adequately. It is not a true equilibrium diagram,
but is used like one, and is generally referred to either as constitutional or a pseudo-binary
diagram.

It is, of course, possible to make alloys containing more than three metals. Thus, if we add
lead to the bismuth-cadmium-tin alloy system described earlier, a quaternary alloy series
will result. However, such a system could not be represented by an equilibrium diagram,
even of the ‘parrot cage’ type, simply because we have run out of dimensions (a point in
space is represented by #hree co-ordinates in the Cartesian system).

In passing, it is interesting to note than an alloy from the quaternary system mentioned
here containing 50% bismuth, 24% lead, 14% tin and 12% cadmium melts at 71°C. It was
used in those frivolous unsophisticated days of my long-ago youth for the manufacture of
tea spoons for practical jokers. Which is perhaps a note of light relief on which to end this
serious and very important chapter.
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Chapter 10

Practical microscopy

10.1 INTRODUCTION

Examination of the microstructure of metals has been practised since it was developed by
Professor Henry Sorby at Sheffield in the early 1860s and it is safe to say that of all the
investigational tools available to him, the average materials scientist would be least likely to
be without his microscope. With the aid of quite a modest instrument, a trained metallur-
gist can obtain an enormous amount of information from the microscopical examination of
a metal or alloy. In addition to being able to find evidence of possible causes of failure of a
material, he can often estimate its composition, as well as forecast what its mechanical prop-
erties are likely to be. Moreover, in the fields of pure metallurgical research, the microscope
figures as the most frequently used piece of equipment.

Whilst it is recognised that, nowadays, industrial laboratories are likely to have at least par-
tially automated the specimen preparation process, it was felt useful to include the following
to show the background to the procedures and how the engineering student can acquire some
skill in the preparation and examination of a micro-section, using a minimum of apparatus.

10.2 SELECTING AND MOUNTING A SPECIMEN

Thought and care must be exercised in selecting a specimen from a mass of material, in order
to ensure that the piece chosen is representative of the material as a whole. For example,
free-cutting steels (see Section 7.5) contain a certain amount of slag (mainly manganese sul-
phide). This becomes elongated in the direction in which the material is rolled (Figure 10.1).
If only the cross-section (A) were examined, the observer might be forgiven for assuming
that the slag was present in free-cutting steel as more or less spherical globules instead of as
elongated fibres. The latter fact could only be established if a longitudinal section (B) were
examined in addition to the cross-section (A).

In some materials, both structure and composition may vary across the section, e.g. case-
hardened steels have a very different structure in the surface layers from that which is pres-
ent in the core of the material. The same may be said of steels which have been decarburised
at the surface due to faulty heat treatment. Frequently, it may be necessary to examine two
or more specimens in order to obtain comprehensive information on the material.

A specimen approximately 20 mm in diameter is convenient to handle. Smaller specimens
are best mounted in one of the cold-setting plastic materials available for this purpose, since
such a specimen may rock during the grinding process, giving rise to a bevelled surface.
Moreover, mounting in plastic affords a convenient way of protecting the edge of the speci-
men in cases where investigation of the edge is necessary, as, for example, in examining a
section through a carburised surface.
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Figure 10.] At least two specimens are necessary to represent adequately the microstructure of a free-
cutting steel.

Cold-setting plastic materials, available under a variety of trade names, consist of a
white powder and a colourless liquid. When the powder is wetted with the liquid, copoly-
merisation (see Section 19.3) slowly takes place and a hard transparent solid is formed in
about half an hour. A simple mould (Figure 10.2) is all that is required to mount specimens
in such a material. The specimen is placed face down on a sheet of glass which has first
been lightly smeared with Vaseline. The two L-shaped retaining pieces are then placed
around the specimen, as shown, to give a mould of convenient size. The specimen is then
covered with powder, which is in turn moistened with the liquid supplied. If a surplus of
liquid is accidentally used, this can be absorbed by sprinkling a little more powder on the
surface. In about 30 minutes, the mass will have hardened and the L-shaped members can
be detached.

Specimens can also be mounted using thermoplastic or thermosetting materials in con-
junction with a mould capable of being electrically heated and a suitable press. The advan-
tage of using a thermosetting material, such as Bakelite, is that it is less likely to be dissolved
by organic degreasing agents such as acetone or warm alcohol.

Figure 10.2 A method of mounting a specimen in a cold-setting plastic material. No pressure is required.
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10.3 GRINDING AND POLISHING THE SPECIMEN

It is first necessary to obtain a flat surface on the specimen. This is best achieved by using a
file held flat on the workbench and then rubbing the specimen on the file. It is much easier
for an unskilled operator to produce a single flat surface on the specimen by this technique,
rather than by using a file in the orthodox manner. When the original hacksaw marks have
been eliminated, the specimen should be rinsed in running water, to remove any coarse grit
which may otherwise be carried over to the grinding papers.

10.3.1 Grinding

Grinding is then carried out by using emery papers of successively finer grades. These papers
must be of the best quality, particularly in respect of uniformity of particle size. For suc-
cessful wet-grinding, at least four grades of paper are required (220, 320, 400 and 600,
from coarse to fine), and these must be of the type with a waterproof base. Special grinding
tables can be purchased, in which the standard 300 mm x 50 mm strips of grinding papers
can be clamped. The surface of the paper is flushed by a current of water, which serves not
only as a lubricant for grinding but also carries away coarse emery particles, which might
otherwise scratch the surface of the specimen. If commercially produced grinding tables
are not available — and certainly the prices of these simple pieces of apparatus seem to be
unreasonably high — there is no reason why simple equipment should not be improvised, as
indicated in Figure 10.3. Here, a sheet of 6 mm plate glass, about 250 mm x 100 mm, has
a sheet of paper clamped to its surface by a pair of stout paper-clips. The paper should be
folded round the edge of the glass plate, so that it will be held firmly. A suitable stream of
water can be obtained by using a piece of rubber tubing attached to an ordinary tap, and the
complete operation may be conducted in the laboratory sink. The glass plate is tilted at one
end, so that the water flows fairly rapidly over the grinding paper.

In busy laboratories, rotating grinding tables are likely to be used. These are supplied with
water which drips from a small reservoir above the rotating table.

The specimen is first ground on the 220 grade paper. Assuming that a stationary table is
being used, this is achieved by rubbing it back and forth on the paper, in a direction which
is roughly at right angles to the scratches left by the filing operation. In this way, it can easily
be seen when the original deep scratches left by the file have been completely removed. If the

Wood block
" to tilt plate

Figure 10.3 A simple grinding table adapted from odds and ends.
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specimen were ground so that the new scratches ran in the same direction as the old ones,
it would be virtually impossible to see when the latter had been erased. With the primary
grinding marks removed, the specimen is now washed free of 220 grit. Grinding is then con-
tinued on the 320 paper, again turning the specimen through 90° and grinding until the pre-
vious scratch marks have been erased. The process is repeated with the 400 and 600 papers.

If circumstances demand that dry-grinding be used, complete cleanliness must be main-
tained at all stages in order to avoid the carrying-over of coarse grit to finer papers. After
use, each paper should be shaken free of grit by smartly pulling it taut a number of times.
Papers can be stored safely between the pages of a glossy magazine. Alternatively, a strip
of each grade of paper can be permanently attached to its own polishing block. It is most
important that the specimen be washed before passing from one grade of paper to the next,
and particularly before transferring to the final polishing cloth.

Steels and the harder non-ferrous metals can be dry-ground, provided that care is taken
not to overheat them since this may modify the microstructure. For the softer non-ferrous
metals, such as aluminium alloys and bearing metals, the paper should be moistened with
a lubricant such as paraffin. A lighter pressure can then be used, and there will be much
less risk of particles of grit becoming embedded in the soft metal surface. Modern wet-
grinding processes are far more satisfactory for all materials and have generally replaced
dry-grinding methods.

10.3.2 Polishing

Up to this stage, the process has been one of grinding and each set of parallel ‘furrows’ has
been replaced successively by a finer set. The final polishing operation is different in charac-
ter, in that it removes the ridged surface layers by means of a burnishing process.

Iron or steel specimens are polished by means of a rotating cloth pad impregnated with
a suitable polishing medium. ‘Selvyt’ cloth is probably the best-known material with which
to cover the polishing wheel, though special cloths are now available for this purpose. The
cloth is thoroughly wetted with distilled water, and a small quantity of a polishing powder
is gently rubbed in with clean fingertips. Possibly the most popular polishing medium is
alumina (aluminium oxide), generally sold under the name Gamma Alumina. During the
polishing process, water should be permitted to spot on to the pad, which should be run at a
low speed until the operator has acquired the necessary manipulative technique. Light pres-
sure should be used, since too heavy a pressure on the specimen may result in a torn polish-
ing cloth. Moreover, the specimen is more likely to be scratched by grit particles embedded
deep in the cloth if heavy pressure is applied.

A disadvantage of most of the water-lubricated polishing powders is that they tend to dry
on the pad, which generally becomes hard and gritty as a result. If the pad is to be used only
intermittently, it might be worthwhile to use one of the proprietary diamond-dust polishing
compounds. In these materials, graded diamond particles are carried in a ‘cream’ base which
is soluble both in water and the special polishing fluid, a few spots of which are applied to
the pad in order to lubricate the work and lead to even spreading of the polishing compound.
If properly treated, the pad remains in good condition until it wears out; so, although these
diamond-dust materials are more expensive than other polishing media, a saving may result
in the long term, as polishing cloths will need to be changed less frequently.

Since non-ferrous metals and alloys are much softer than steels, they are best polished by
hand, on a small piece of Selvyt cloth wetted with Silvo. During polishing, a circular sweep
of the hand should be used, rather than the back-and-forth motion used in grinding.

When the surface appears free from scratches, it is cleaned thoroughly, dried and exam-
ined under the microscope, using a magnification between x50 and x100. If reasonably free



Practical microscopy 133

Flowed layer ~u

TS LS

(A) (B)

Figure 10.4 The ‘flowed’ layer on the surface of a polished micro-section. (A) In the polished state the
structure is hidden by the flowed layer. (B) Etching removes the flowed layer, thus revealing the
crystal structure beneath.

from scratches, the specimen can at this stage be examined for inclusions, such as those of
manganese sulphide in steel, slag fibres in wrought iron or globules of lead in free-cutting
brasses. Such inclusions would be less obvious were the specimen etched before this primary
examination. Although the surface is made smooth by the polishing operation, the struc-
ture still cannot be seen, because the nature of the polishing process is such that it leaves a
‘flowed’ or amorphous layer of metal on the surface of the specimen (Figure 10.4). In order
that the structure can be seen, this flowed layer must be dissolved — or etched away — by a
suitable chemical reagent.
Some important points must be observed during the grinding and polishing processes:

* Absolute cleanliness is necessary at each stage.

e Use very light pressure during both grinding and polishing.

* Deep scratches are often produced during the final stages of grinding. Do not attempt
to remove these by prolonged polishing, as such scratches tend to be obliterated by
the flowed layer, only to reappear on etching. Moreover, prolonged polishing of non-
ferrous metals tends to produce a rippled surface. If deep scratches are formed, wash
the specimen and return to the last-but-one paper, remembering to grind in a direction
at 90° to the scratches.

e Care must be taken not to overheat the specimen during preliminary filing or grind-
ing. Hardened steels could be tempered by such treatment, particularly if a linishing
machine is used.

10.4 ETCHING THE SPECIMEN

Etching is generally the stage in preparing a micro-section that the beginner finds most dif-
ficult. Often the first attempt at etching results in a badly stained or discoloured surface,
and this is invariably due to inadequate cleaning and degreasing of the specimen before
attempting to etch it.



134 Practical microscopy

The specimen should first be washed free of any adhering polishing compound. This can
be rubbed from the sides of the specimen using the fingers, but great care must be taken in
dealing with the polished face. The latter can be cleaned and degreased successfully by very
gently smearing the surface with a clean fingertip dipped in grit-free soap solution, followed
by thorough rinsing under the tap. Even now, traces of grease may still be present, as shown
by the fact that a film of water will not flow evenly over the surface, but instead remains as
isolated droplets. The last traces of grease are best removed by immersing the specimen for
a minute or so in boiling alcohol, or ‘white industrial spirit’. (Alcohol should never be heated
over a naked flame, as the vapour is highly inflammable. An electrically heated water-bath
should be used; an electrical kettle with the lid removed is serviceable.)

From this stage onwards, the specimen should not be touched by the fingers but handled
with a pair of nickel tongs. It is lifted from the alcohol and cooled under the tap before being
etched. Some thermoplastic mounting materials are dissolved by hot alcohol; in such cases,
swabbing with a piece of cotton wool saturated with dilute caustic soda may degrease the
surface effectively.

When the specimen is clean and free from grease, it is etched by plunging it into the etch-
ing solution and agitating it vigorously for a few seconds. The specimen is then very quickly
transferred to running water, in order to wash away the etchant as rapidly and evenly as pos-
sible. It is then examined with the naked eye, to see to what extent etching has taken place. If
successfully etched, the highly polished surface will now appear dull, and, in the case of cast
metals, individual crystals may be seen. A bright surface at this stage will usually indicate
that further etching is necessary. The time required for etching varies with different alloys
and etchants, and may be limited to a few seconds for a specimen of carbon steel etched
with 2% nital, or extended to as long as 30 minutes for a stainless steel etched in a mixture
of concentrated acids.

After being etched, the specimen is washed in running water, and then quickly immersed
in boiling alcohol, where it should remain for a minute. On withdrawal from the alcohol,
the specimen is shaken with a flick of the tongs, to remove surplus alcohol so that it will dry
almost instantaneously. With specimens mounted in a plastic that is likely to be affected by
boiling alcohol, it is better to spot a few drops of cold alcohol on the surface of the speci-
men. The surplus is then shaken off, and the specimen is held in a current of hot air from a
domestic hairdryer. Unless the specimen is dried evenly and quickly, it will stain.

A summary of the more popular etching reagents which can be used for most metals and
alloys is given in Table 10.1.

10.5 THE METALLURGICAL MICROSCOPE

The reader may have used a microscope during his school days, but the chances are that this
would be an instrument designed for biological work. Biological specimens can generally be
prepared as thin, transparent slices, mounted between thin sheets of glass, so that illumina-
tion can be arranged simply by placing a source of light bebind the specimen. Since metals
are opaque substances, which must be illuminated by frontal lighting, the source of light
must be inside the microscope tube itself in a metallurgical microscope (Figure 10.5). This is
generally accomplished, as shown in Figure 10.5, by placing a small, thin plain-glass reflector
R inside the tube. Since it is necessary for the returning light to pass through R, it is of unsil-
vered glass. This means that much of the total light available is lost, both by transmission
through the glass when it first strikes the plate, and by reflection when the returning ray from
the specimen strikes the plate again. Nevertheless, a small 6-volt bulb is generally sufficient
as a source of illumination. The width of the beam is controlled by the iris diaphragm D.
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Table 10.1 Etching reagents

Type of etchant

Composition

Characteristics and uses

2% nital - for iron, steel and
bearing metals

2 cm? nitric acid, 98 cm?
alcohol (‘white industrial
methylated spirit’)

The best general etching reagent for
irons and steels, both in the
normalised and heat-treated condition.

For pure iron and wrought iron, the
quantity of nitric acid may be raised to
5 ecm?.Also suitable for most cast
irons and some alloys, such as bearing
metals.
Alkaline sodium picrate — for
steels

2 g picric acid, 25 g sodium
hydroxide, 100 cm?3 water

The sodium hydroxide is dissolved in
the water and the picric acid is then
added.The whole is heated on a
boiling water-bath for 30 minutes and
the clear liquid is poured off. The
specimen is etched for 5-15 minutes
in the boiling solution. It is useful for
distinguishing between ferrite and
cementite; the latter is stained black,
but ferrite is not attacked.

The best general etchant for copper,
brasses and bronzes. Used for
swabbing or immersion. Must be
freshly made, as the hydrogen
peroxide decomposes. (The 50%
ammonium hydroxide solution can be
stored, however.)

Ammonium hydroxide/hydrogen
peroxide — for copper, brasses
and bronzes

50 cm? ammonium hydroxide
(0.880), 50 cm? water. Before
use, add 20-50 cm? hydrogen
peroxide (3%)

Acid ferric chloride — for copper
alloys

10 g ferric chloride, 30 cm?
hydrochloric acid, 120 cm?
water

Produces a very contrasty etch on
brasses and bronzes. Use at full
strength for nickel-rich copper alloys,
but dilute one part with two parts of
water for brasses and bronzes.

Dilute hydrofluoric acid — for
aluminium and its alloys

0.5 cm?® hydrofluoric acid,
99.5 cm?® water

A good general etchant for aluminium
and most of its alloys. The specimen is
best swabbed with cotton wool
soaked in etchant.

Note: N.B. On no account should hydrofluoric acid or its fumes be allowed to come into contact with the eyes or skin.
Care must be taken with all concentrated acids.

This should be closed until the width of the beam is just sufficient to cover the rear compo-
nent of the objective lens O. Excess light, reflected within the microscope tube, would scatter
and cause glare in the field of view, leading to a loss of contrast and definition in the image.

The optical system of the microscope consists essentially of two lenses, the objective O and
the eyepiece E. The former is the more important and expensive of the two lenses, since it
must resolve fine detail of the object under examination. Good-quality objectives, like cam-
era lenses, must be of compound construction. However, at magnifications of x1000 or so,
one is dealing with dimensions comparable with the wavelength of light itself, and further
improvements in the magnification of the lens would produce no corresponding improve-
ments in the sharpness of the image. The magnification given by an objective depends upon
its focal length — the shorter the focal length, the higher the magnification obtainable. It is
calculated by dividing the tube length of the microscope (200 mm for most instruments) by
the focal length of the objective lens.

The eyepiece is so called because it is the lens nearest to the eye. Its purpose is to magnify
the image formed by the objective. The magnification produced by the eyepiece is determined
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Figure 10.5 A metallurgical microscope. This illustrates a very basic student’s model. More modern instru-
ments are more streamlined and may be of inverted construction, i.e. the objective is at the
upper end of the instrument so that the specimen is suspended above it. The basic method of
illumination remains similar to that shown.

by its magnifying power (this is the least distance an image can be from the eye and be in
focus, about 25 cm, divided by the focal length of the lens). Eyepieces are generally made in
a number of powers, generally x6, x8, x10 and xI15.

The overall magnification produced by the microscope is the product of the contributions
made by each lens and is the linear magnification produced by the objective lens multiplied
by the magnifying power of the eyepiece. The magnification of the system can thus be
calculated:

tube-length (mm) x power of eyepiece

magnification =
& focal length of objective (mm)

Thus, for a microscope having a tube length of 200 mm, and using a 4 mm focal-length
objective in conjunction with a x8 eyepiece:

200 x 8:40

magnification =
It is not simply high magnification which is required of a microscope; we need to consider
the detail we can see in the image. Thus, when working at high magnifications it can be use-
less to increase the size of the image by either increasing the tube length or using a higher-
power eyepiece, as a point is reached where there is a falling-off in definition. A parallel
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Figure 10.6 Mounting a specimen so that its surface is normal to the axis of the microscope.

example in photography is where a large enlargement fails to show any more detail than a
smaller print but instead gives a rather blurred image; this is particularly obvious in digital
photography where the number of pixels constituting the image is so obviously a limiting
factor. The resolving power of a microscope is affected by the quality of the objective lens.

10.5.1 Using the microscope

There are two steps involved: mounting the specimen so that it can be viewed through the
microscope, and focussing the microscope in order to see it.

The specimen must be mounted so that its surface is normal to the axis of the instrument.
This is best achieved by fixing the specimen to a microscope slide, by means of a pellet of
Plasticine, using a mounting ring to ensure normality between the surface of the specimen and
the axis of the parallel end-faces (Figure 10.6). Obviously, the mounting ring must have per-
fectly parallel end-faces. If the specimen is in a plastic mount, it can of course be placed directly
on to the microscope stage, provided that the end-faces of the mount are completely parallel.

The specimen is brought into focus by first using the coarse adjustment and then the fine
adjustment. Lenses are designed to work at an optimum tube length (usually 200 mm), and
give the best results under these conditions. Hence, the tube carrying the eyepiece should
be drawn out to the appropriate mark (a scale is generally engraved on the side of the tube).
Slight adjustments in tube length should then be made to suit the individual eye. Finally, the
iris D in the illumination system should be closed to the point where the illumination begins
to decrease. Glare due to internal reflection will then be at a minimum.

Invariably, the newcomer to the microscope selects the combination of objective and eye-
piece which will give him the maximum magnification, but it is a mistake to assume that
high magnifications in the region of x1000 are necessarily the most useful. In fact, they may
well give a misleading impression of the structure, by pinpointing some very localised fea-
ture rather than giving a general picture of the microstructure of the material. Directional
properties in wrought structures, or dendritic formations in cast structures, are best exam-
ined using low powers of between x30 and x100. Even at x30, a single crystal of a cast struc-
ture may completely fill the field of view. In a similar way, a more representative impression
of the lunar landscape may be obtained by using a good pair of binoculars than by using
the high-powered system of an astronomical telescope. Hence, as a matter of routine, a
low-powered objective should always be used in the initial examination of a microstructure,
before it is examined at a high magnification.

10.5.2 The care of the microscope

Care should be taken never to touch the surface of optical glass with the fingers, since even
the most careful cleaning may damage the surface coating (most high-quality lenses are
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‘bloomed’; that is, coated with magnesium fluoride to increase light transmission). In normal
use, dust particles may settle on a lens, and these are best removed by sweeping gently with
a high-quality camel-hair brush.

If a lens becomes finger-marked, this is best dealt with by wiping gently with a piece of
soft, well-washed linen moistened with the solvent xylol. Note that the operative word is
wipe, not rub. Excess xylol should be avoided, as it may penetrate into the mount of the lens
and soften the cement holding the glass components together so that they become detached.
Such a mishap will involve an expensive re-assembly job!

High-power objectives of the oil-immersion type should be wiped free of cedar-wood oil
before the latter has a chance to harden. If, due to careless neglect, the oil has hardened on a
lens, then it will need to be removed with the minimum amount of xylol, but the use of the
latter should be avoided whenever possible.

10.5.3 Forms of light microscopy

Most metallurgical microscopy is conducted using bright-field illumination, where a flat
specimen is perpendicular to the incident light and, consequently, the image is bright. This is
referred to as bright-field microscopy. Other illumination methods can be used. In dark-field
microscopy, the light from features perpendicular to the optical axis is blocked and appears
dark whilst the light from features inclined to the surface appears bright, as opposed to dark
with bright-field microscopy.

10.6 THE ELECTRON MICROSCOPE

As the reader will have gathered, the greater proportion of routine microscopic exami-
nations of metals is carried out using magnifications in the region x100. It is sometimes
necessary, particularly in the field of research, to examine structures at much higher magni-
fications. Unfortunately, it is not practicable to use magnifications in excess of x2000 with
an ordinary optical microscope, since one is then dealing with an object size of roughly the
same order as the wavelength of light itself and this leads to a loss of definition.

For high-power microscopy — between x2000 and about X200 000 - an electron micro-
scope may be used. In this instrument, rays of light are replaced by beams of electrons. Since
electrons are electrically charged particles, their path can be altered by electric and magnetic
fields. Consequently, the ‘lenses’ in an electron microscope consist of a system of coils to
focus the electron beam. The other important difference between an optical and an electron
microscope is that, whereas in the former light is reflected from the surface of the specimen,
in the electron microscope the electron beam passes through the specimen, rather in the
manner of light rays in a biological microscope. Hence, thin foil specimens must be used, or,
alternatively, a very thin replica of the etched metallic surface may be produced in a suitable
plastic material. This replica is then examined with the electron microscope.

The limitations of the optical microscope have already been mentioned, but it should be
noted that the range of the ordinary electron microscope is also limited. Whilst it is true
that magnification obtained with this instrument can exceed a quarter of a million times, it
should be appreciated that a magnification of something like 20 million times is required for
us to be able to see an average-size atom. Magnifications of this order can now be obtained
using a modern field-ion microscope.
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Iron and steel

1. INTRODUCTION

Since the onset of the Industrial Revolution, the material wealth and power of a nation has
depended largely upon its ability to make steel. During the nineteenth century, Britain was
prominent amongst steel-producing nations, and, towards the end of the Victorian era, was
manufacturing a great proportion of the world’s steel. But exploitation of vast deposits of
ore abroad changed the international situation. By the middle of the twentieth century, what
we then referred to as the two superpowers — the United States and the former Union of
Soviet Socialist Republics — owed their material power largely to the presence of high-grade
ore within, or very near to, their own vast territories. Consequently, they led the world in
terms of the volume of steel produced annually. More recently, rapid technological devel-
opments in Asia have meant that the People’s Republic of China is currently the world’s
premier steel producer, followed by the European Union, Japan, India, the United States,
Russia and South Korea. The United Kingdom now occupies nineteenth place in the ‘league
table’ of international steel producers.

Although Britain has large reserves of iron ores, they are of low grade and are little used
for input to British blast-furnaces. It is cheaper to use the higher grade iron ores from China,
Brazil and Australia, who are the major producers of iron ore.

This chapter is about steel-making and the composition and structure of plain-carbon steels.

11.2 SMELTING

Smelting of iron ore takes place in the blast-furnace (Figure 11.1). A modern blast-furnace is
around 60 m high and 7.5 m in diameter at the base and may produce from 2000 to 10 000
tonnes of iron per day. Since a refractory lining lasts for several years, it is only at the end
of this period that the blast-furnace is shut down; otherwise, it works year round. Processed
ore, coke and limestone are charged to the furnace through the double-bell gas-trap system,
whilst a blast of heated air is blown in through the tuyéres near the hearth of the furnace.
At intervals of several hours, the furnace team opens both the slag hole and the tap hole, in
order to run off first the slag and then the molten iron. The holes are then plugged with clay.
The smelting operation involves two main reactions:

1. The chemical reduction of iron ore by carbon monoxide gas (CO) arising from the
burning coke:

FezO3 +3CO—> 2Fe+3COz

Iron oxide ore + Carbon monoxide — Iron + Carbon dioxide

139
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Figure I1.] A modern blast-furnace.

2. Lime (from limestone added with the furnace charge) combines with many of the
impurities and the otherwise infusible earthy waste (mainly silica, SiO,) in the ore to
form a fluid slag which will run from the furnace.

The slag is broken up and used for road-making, or as a concrete aggregate. The molten iron
is either cast into ‘pigs’, for subsequent use in an iron foundry, or transferred, still molten, to
the steel-making plant. In the case of a large modern furnace, a daily output of 2000 tonnes
of pig iron would require the materials shown in Table 11.1.

One feature of Table 11.1 which may surprise the reader is the vast amount of furnace
gas passing along the ‘down-comer’ each day. The gas contains a large amount of carbon
monoxide, and therefore has a considerable calorific value. The secondary function of the
blast-furnace is, in fact, to act as a major gas producer. If the blast-furnace plant is part of an
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Table 11.] Materials involved with a daily output of
2000 tonnes of pig iron

Charge Amount (tonnes)
Ore, say 50% iron 4000
Limestone 800
Coke 1800
Air 8 000
Total 14 600
Products Amount (tonnes)
Pig iron 2000
Slag 1600
Dust 200
Furnace gas 10 800
Total 14 600

integrated steelworks, then much of this vast quantity of gas will be used for raising electric
power; but its main function is to be burnt in the Cowper stoves to heat the air blast to the
furnace. Two such stoves are required for each blast-furnace. One is being heated by the
burning gas, whilst the other is heating the incoming air.

In recent years, much research has been conducted into steel production by the direct
reduction of iron ore, but it seems that for some years yet the blast-furnace will survive as
the major unit in iron production. The thermal efficiency of the blast-furnace is very high
and this is improved further in modern management by the injection of oil or pulverised
low-cost coal at the tuyeéres in order to reduce the amount of expensive metallurgical coke
consumed. Be that as it may, we must not lose sight of the fact that the blast-furnace we have
been considering briefly here is responsible for releasing some 6600 tonnes of ‘greenhouse
gas’ (carbon dioxide) into the atmosphere each day of the year.

11.3 STEEL-MAKING

Until Henry Bessemer introduced his process for the mass-production of steel in 1856,
all steel was made from wrought iron. Nowadays, wrought iron is no longer produced,
except perhaps in small quantities for decorative purposes (though much of the ornamental
‘wrought iron” work is in fact mild steel). The Bessemer process, too, is obsolete, and, as far
as steel production in the United Kingdom is concerned, has been followed into obscurity by
the open-hearth process, though the latter is still used in a few countries abroad. In Britain,
the bulk of steel is made either by one of the basic oxygen processes developed since 1952
or in the electric-arc furnace.

11.3.1 Basic oxygen steel-making (BOS)

The process of steel-making is mainly one involving oxidation of impurities present in the
original charge so that they form a slag, which floats on the surface of the molten steel or are
lost as fumes. In the Bessemer process, impurities were removed from the charge of molten
pig iron by blowing air through it. The impurities, mainly carbon, phosphorus, silicon and
manganese, acted as fuel. This limited the range of compositions of pig iron that could be
used, because the charge could ‘blow cold’ from lack of fuel if there was an insufficient
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Figure 11.2 Stages in the manufacture of steel by the basic oxygen process. Steel scrap is added first (A),
followed by molten pig iron (B) and oxygen is blown in through a lance (C). At the end of the
‘blow’, the slag is run off first (D) before ‘teeming’ the steel into a ladle.

amount of such impurities. The oxidised impurities either volatilised or formed a slag on the
surface of the charge.

Since the air blast contained only 20% of oxygen by volume, much valuable heat was car-
ried away from the charge by the 80% nitrogen also present. Worse still, a small amount of
this nitrogen dissolved in the charge, and, in the case of mild steel destined for deep-drawing
operations, caused a deterioration in its mechanical properties. The newer oxygen processes
produce mild steel very low in nitrogen, so that its deep-drawing properties are superior to
that of the Bessemer process. Improvements of this type are essential if mild steel is to sur-
vive the challenge of reinforced plastics, such as ABS, in the field of automobile bodywork.

The earliest of these oxygen processes was the L-D process, so called because it origi-
nated in the Austrian industrial towns of Linz and Donawitz in 1952. It was made pos-
sible by the low-cost production of ‘tonnage oxygen’. It is interesting to note that Bessemer
had foreseen this possibility almost a century earlier but, of course, did not have access to
tonnage oxygen. Since 1952, a large number of variations of the original process have been
developed but have become rationalised under the general heading of BOS. Generally, the
basic oxygen furnace is a pear-shaped vessel of up to 400 tonnes capacity lined with basic
refractories — magnesite bricks covered with a layer of dolomite. This lining must be basic
to match the basic slag which is necessary for the removal of impurities from the charge. If
the lining were chemically acid (e.g. silica bricks) it would be attacked by the basic slag and
would quickly disintegrate.

In this process, no heat is carried away by useless nitrogen (as was the case in the old
Bessemer process), so a charge containing up to 40% scrap can be used. This scrap is loaded
to the converter first, followed by lime and molten pig iron (Figure 11.2). Oxygen is then
blown at the surface of the molten charge from a water-cooled lance which is lowered
through the mouth of the converter to within 0.5 m of the surface of the metal. At the end
of the blow, this slag is run off first and any adjustments made to the carbon content of the
charge which is then transferred to the ladle, preparatory to being cast as ingots, or, much
more probably, fed to a continuous-casting unit which, in the United Kingdom (and the
European Union) now deals with some 90% of the steel produced.

11.3.2 Electric-arc steel-making

In the United Kingdom, electric-arc steel-making is now the only alternative process to BOS,
to which it is complementary rather than competitive. Originally, electric-arc furnaces were
used for the manufacture of high-grade tool and alloy steels but are now widely employed
both in the treatment of ‘hot metal’ and of process scrap, as well as scrap from other sources.
The high cost of electricity is largely offset by the fact that cheap scrap can be processed
economically to produce high-quality steel.
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Figure 11.3 The principles of the electric-arc furnace for steel-making. Modern furnaces have water-cooled
panels built into the side walls to protect the refractory lining. Some furnaces lack the pouring
spout and the charge is poured from a tap hole in the bottom of the furnace.

Since electricity is a perfectly ‘clean’ fuel, no impurities are transmitted to the charge as
was the case with producer gas used in the largely extinct open-hearth process. Moreover,
the chemical conditions within the electric-arc furnace can be varied at will to favour suc-
cessive removal of the various impurities present in the charge. Sulphur, which was virtually
impossible to eliminate in either the Bessemer or open-hearth processes, can be effectively
reduced to extremely low limits in the electric-arc process. The furnace (Figure 11.3)
employs carbon electrodes which strike an arc onto the charge. Lime and mill scale are
added in order to produce a slag which removes most of the carbon, silicon, manganese and
phosphorus. This is run off and is often replaced by a slag containing lime and anthracite,
which effectively removes sulphur.

11.4 COMPOSITION OF STEELS

Plain-carbon steels are those alloys of iron and carbon which contain up to 1.7% carbon. In
practice, most ordinary steels also contain up to 1.0% manganese, which is left over from
a deoxidisation process carried out at the end of the steel-making process. This excess of
manganese dissolves in the solid steel, slightly increasing its strength and hardness. It also
helps to reduce the sulphur content of the steel. Both sulphur and phosphorus are extremely
harmful impurities which give rise to brittleness in steels. Consequently, most specifications
allow no more than 0.05% of either of these elements, whilst specifications for higher-quality
steels limit the amount of each element to 0.04% or less. In fact the quality, in respect of
chemical composition, of mild steel is continually improving and it is common for specifica-
tions of steel used in gas and oil pipelines to demand sulphur contents as low as 0.002%,
with phosphorus at a maximum of 0.015% and carbon typically at 0.04%.

Although the remainder of this chapter and most of the next are devoted to the heat treat-
ment of carbon steels used for constructional and tool purposes, we must not lose sight of
the fact that by far the greater quantity of steel produced is mild and low-carbon steel for
structural work, none of which is heat treated except for stress relief.

11.4.1 Cementite

At ordinary temperatures, most of the carbon in a steel which has not been heat treated is
chemically combined with some of the iron, forming an extremely hard compound known
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by chemists as iron carbide, though metallurgists know it as cementite. Since cementite is
very hard, the hardness of ordinary carbon steel increases with the carbon content. Carbon
steels can be classified into several groups (see Table 12.3):

Dead mild, with up to 0.15% carbon.
Mild, 0.15-0.25% carbon.

Medium carbon, 0.25-0.60% carbon.
High carbon, 0.60-1.50% carbon.

11.5 THE STRUCTURE OF PLAIN-CARBON STEELS

In Chapter 4, we saw that iron is what we call a polymorphic element; that is, an element
which leads a sort of Jekyll-and-Hyde existence by appearing in more than one crystal form.
Below 910°C, pure iron has a body-centred cubic crystal structure; but on heating the metal
to a temperature above 910°C, its structure changes to one which is face-centred cubic. In
this form, iron will take quite a lot of carbon — up to 2.0%, in fact — into solid solution,
whereas body-centred cubic iron will dissolve scarcely any — a maximum of just 0.02%.
Since the solid solubility of carbon in iron alters in this way, it follows that changes in the
structure will also occur on heating or cooling through the polymorphic transformation
temperature. Thus, it is the polymorphic transformation, and the structural changes which
accompany it, which cause the thermal equilibrium diagram (Figure 11.4) to have a some-
what unusual shape as compared with those already dealt with in Chapter 9.

Any solid solution of carbon up to a maximum of 2.0% in face-centred cubic iron is
called austenite (), whilst the very dilute solid solution formed when up to 0.02% carbon is
dissolved in body-centred cubic iron is called ferrite (o). For all practical purposes, we can
regard ferrite as being more or less pure iron, since less than 0.02% carbon will have little
effect on its properties.

Thus, in carbon steel at, say 1000°C, all of the carbon present is dissolved in the solid
austenite. When this steel cools, the austenite changes to ferrite, which retains practically
no carbon in solid solution. What happens to this carbon? The answer is that, assuming the
cooling has taken place fairly slowly, the carbon will be precipitated as the hard compound
cementite (see Section 11.4.1).

11.5.1 A 0.4% carbon steel

By referring to Figure 11.4, let us consider what happens in the case of a steel containing
0.4% carbon as it solidifies and cools to room temperature. It will begin to solidify at a
temperature of about 1500°C (Q,) by forming dendrites of &-iron (a body-centred cubic
polymorph of iron) but as the temperature falls to 1493°C the y-dendrites react with the
remaining liquid to form crystals of a new phase: y-iron containing 0.16% carbon (y is the
phase we call austenite). This process of change in structure takes place by what is termed
a peritectic reaction. As the temperature continues to fall, the remaining liquid solidifies as
austenite, the composition of which changes along PS,. The steel is completely solid at about
1450°C (S,). The structure at this stage will be uniformly austenitic; there will be no coring
of the dendrites because the diffusion of the interstitially dissolved carbon atoms is very
rapid, particularly at high temperatures in the region of 1400°C. As this uniform austenite
cools, nothing further will happen to its structure — except, possibly, grain growth — until
it reaches the point U,, which is known as the upper critical point for this particular steel.
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Figure 11.4 The iron-carbon equilibrium diagram. The small dots in the diagrams depicting structures con-
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concentration of carbon atoms dissolved in the austenite and in the real microstructures would,
of course, be invisible. The inset shows the ‘peritectic’ part of the diagram in greater detail.

Here, austenite begins to change to ferrite, which will generally form as small new crystals
at the grain boundaries of the austenite (Figure 11.44i). Since ferrite contains very little carbon,
it follows that at this stage the bulk of the carbon must remain in the shrinking crystals of
austenite; and so the composition of the latter moves to the right. Thus, by the time the
temperature has fallen to 723°C, we shall have a mixture of ferrite and austenite crystals of
compositions C and E, respectively. The overall composition of the piece of steel is given by
L,, and so we can apply the lever rule:

weight of ferrite (composition C) x CL; = weight of austenite (composition E)x L,E

Since CL, and L, E are of more or less equal length, it follows that the amount of ferrite
and austenite at this temperature of 723°C are roughly equal for this particular composition
of steel (0.4% carbon).

The reader will recognise the point E as being similar to the eutectic points dealt with
in Chapter 9 (Figures 9.6 and 9.7). In the present case, however, we are dealing with the
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Figure 11.5 The transformation of austenite to pearlite (in this case in a 0.8% carbon steel).

transformation of a solid solution (austenite), instead of the solidification of a liquid
solution. For this reason, we refer to E as the eutectoid point, instead of the eutectic point.

As the temperature falls to just below 723°C (the ‘lower critical temperature’), the aus-
tenite, now of composition E, transforms to a eutectoid (Figure 11.4iii) by forming alternate
layers of ferrite (composition C) and the compound cementite (containing 6.69% carbon).
Such a laminated structure is called pearlite. Clearly, since the austenite at this temperature
was of composition E (0.8% carbon), the overall composition of the eutectoid which forms
from it will be of composition E (0.8% carbon), even though the separate layers comprising
it contain 0.02% and 6.69% carbon, respectively. Since the relative densities of ferrite and
cementite are roughly the same, this explains why the layers of ferrite are about seven times
as thick as the layers of cementite (see Figure 11.7, for example).

The austenite-to-pearlite transformation begins at the grain boundaries of the austenite
(Figure 11.5). It is thought that carbon atoms congregate there in sufficient numbers to form
cementite nuclei, which grow inwards across the austenite grains. Since carbon atoms are
removed from the austenite by this process, the adjacent layer of austenite is left very low
in carbon and so it transforms to produce a layer of ferrite. This grows inwards, follow-
ing closely behind the cementite. Beyond the new ferrite layer, an increase in carbon atoms
occurs so that further cementite nucleates, and so on. In this way, the structure builds up as
alternate layers of cementite and ferrite. In most cases, a eutectic or eutectoid in an alloy sys-
tem is not given a separate name, since it is really a mixture of two phases. The iron-carbon
system, however, is the most important of the alloy systems with which the metallurgist or
engineer has to deal; so the eutectoid of ferrite and cementite is given the special name of
pearlite. This name is derived from the fact that the etched surface of a high-carbon steel
reflects an iridescent sheen like that of mother of pearl. This is due to the diffraction of white
light as it is ‘unscrambled’ into the colours of the spectrum by minute ridges (of cementite,
in the case of steel) protruding from the surface of the structure.

To summarise, there are four main stages in the process of cooling and solidification of
0.4% carbon steel:

1. Solidification is complete at S, and the structure is uniformly austenitic.
2. This austenite begins to transform to ferrite at U,, the upper critical temperature of
this steel (about 825°C).
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Figure 11.6 This series of photomicrographs depicts steels of varying carbon contents, in the normalised
condition. As the carbon content increases, so does the relative proportion of pearlite (the
dark areas); until, with 0.8% carbon, the structure is entirely pearlitic. The light areas consist
of primary ferrite. The magnification (x80) is not high enough to reveal the laminated nature of
the pearlite.

3. At 723°C (the lower critical temperature of all steels), formation of primary ferrite
ceases, and, as the austenite is now saturated with carbon, the eutectoid pearlite is
produced as alternate layers of ferrite and cementite.

4. Below 723°C, there is no further significant change in the structure.

Figure 11.6 shows a series of micrographs of steels with carbon contents ranging from pure
iron at 0% to steel at 0.8%.

11.5.2 A 0.8% carbon steel

A steel which contains exactly 0.8% carbon will begin to solidify at about 1490°C (Q,)
and be completely solid at approximately 1410°C (S,). For a steel of this composition, the
upper critical and lower critical temperatures coincide at E (723°C), so that no change in the
uniformly austenitic structure occurs until a temperature slightly below 723°C is reached,
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when the austenite will transform to pearlite by precipitating alternate layers of ferrite and
cementite. The final structure will be entirely pearlitic (Figure 11.4iv).

11.5.3 A 1.2% carbon steel

Now let us consider the solidification and cooling of a steel containing, say, 1.2% carbon.
This alloy will begin to solidify at approximately 1480°C (Q;), by depositing dendrites of
austenite and these will grow as the temperature falls, until at about 1350°C (S;) the struc-
ture will be uniformly solid austenite. No further change in the structure occurs until the
steel reaches its upper critical temperature, at about 880°C (U;). Then, needle-like crystals
of cementite begin to form, mainly at the grain boundaries of the austenite (Figure 11.4vi). In
this case, the remaining austenite becomes less rich in carbon, because the carbon-rich com-
pound cementite has separated from it. This process continues, until at 723°C the remaining
austenite contains only 0.8% carbon (E). This is, of course, the eutectoid composition; so,
at a temperature just below 723°C, the remaining austenite transforms to pearlite, as in the
previous two cases (Figure 11.7).

11.5.4 Hypo- and hyper-eutectoid steels

Thus, the structure of a carbon steel which has been allowed to cool fairly slowly from any
temperature above its upper critical temperature will depend upon the carbon content:

¢ Hypo-eutectoid steels, i.e. those containing less than 0.8% carbon, are - primary fer-
rite and pearlite (Figure 11.4iii).

¢ Eutectoid steels, containing exactly 0.8% carbon, are completely pearlite (Figure
11.4iv).

¢ Hyper-eutectoid steels, i.e. those containing more than 0.8% carbon, are - primary
cementite and pearlite (Figure 11.4vii).

Naturally, the proportion of primary ferrite to pearlite in a hypo-eutectoid steel, and also the
proportion of primary cementite to pearlite in a hyper-eutectoid steel, will vary with carbon

Primary

e """ Cementite

/\&’<

Figure 11.7 A high-carbon tool steel (1.2% carbon) in the cast condition (x620). Since this steel contains
more than 0.8% carbon, its structure shows some primary cementite (indicated on the right-
hand diagram). The remainder of the structure consists of typical laminar pearlite, comprising
layers of cementite sandwiched between layers of ferrite, which have tended to join up and so
form a continuous background or matrix.
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Figure 11.8 A diagram showing the relationship between carbon content, mechanical properties and uses of
plain-carbon steels which have been slowly cooled from above their upper critical temperatures.

content, as indicated in Figure 11.8. This diagram summarises the structures, mechanical
properties and uses of plain-carbon steels which have been allowed to cool slowly enough
for equilibrium structures to be produced.

11.6 HEAT TREATMENT OF STEEL

The exploitation of the properties of iron-carbon alloys is both a tribute to human ingenu-
ity — or, probably, blind chance (see Section 12.1) — and the great diversity of the properties
of elements, in this case the polymorphism of iron. Depending upon the composition, steel
has a wider range of properties than are found in any other engineering alloy. Steel can be a
soft, ductile material suitable for a variety of forming processes, or it can be the hardest and
strongest metallurgical material in use. This enormous range of properties is controlled by
varying both the carbon content and the programme of heat treatment. Structural effects of
the type obtained by the heat treatment of steel would not be possible were it not for the nat-
ural phenomenon of polymorphism exhibited by the element iron. It is the transformation
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from a face-centred cubic structure to one which is basically body-centred cubic, occurring
at 910°C when iron cools, that makes it possible to heat treat these iron-carbon alloys.

There is not a single heat-treatment process, but many which can be applied to steels. In
the processes we shall deal with in this chapter, the object of the treatment is to obtain a
pearlitic type of structure; that is, one in which the steel has been allowed to reach struc-
tural equilibrium by employing a fairly slow rate of cooling following the heating process.
In Chapter 12, we shall deal with those processes where quenching is employed to arrest
the formation of pearlite and, as a result, increase the hardness and strength of the steel.
Within certain limits, the properties of a steel are independent of the rate at which it has
been bheated, but are dependent on the rate at which it was cooled.

11.6.1 Normalising

The main purpose in normalising is to obtain a structure which is uniform throughout the
work-piece, and which is free of any ‘locked-up’ stresses. For example, a forging may lack
uniformity in structure, because its outer layers have received much more deformation than
the core. Thicker sections, which have received little or no working, will be coarse-grained,
whilst thin sections, which have undergone a large amount of working, will be fine-grained.
Moreover, those thin sections may have contracted faster than thicker sections and so set up
residual stresses. If a forging were machined in this condition, its dimensions might well be
unstable during subsequent heat treatment.

Normalising is a relatively simple heat-treatment process. It involves heating a piece of
steel to just above its upper critical temperature, allowing it to remain at that temperature
for only long enough for it to attain a uniform temperature throughout, then withdrawing
it from the furnace and allowing it to cool to room temperature in still air.

When, on heating, the work-piece reaches the lower critical temperature L (Figure 11.9),
the pearlitic part of the structure changes to one of fine-grained austenite and, as the temper-
ature rises, the remaining primary ferrite will be absorbed by the new austenite crystals until,
at the upper critical temperature U, this process will be complete and the whole structure

Normalising
temperature

800 - ! Austenite
Austenite + Ferrite

4 723°
700 1T Ferrite iL
600 - :
Ferrite + Pearlite
500
400 1 ; 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Carbon (%)

Figure 11.9 The normalising temperature of a medium-carbon steel in relation to the equilibrium diagram.
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will be of uniformly fine-grained austenite. In practice, a temperature about 30°C above the
upper critical temperature is used, to ensure that the whole structure has reached a tempera-
ture just above the upper critical. When the work-piece is withdrawn from the furnace and
allowed to cool, the uniformly fine-grained austenite changes back to a structure which is of
uniformly fine-grained ferrite and pearlite. Naturally, the grain size in thin sections may be a
little smaller than that in thick sections, because of the faster rate of cooling of thin sections.

11.6.2 Annealing

A number of different heat-treatment processes are covered by the general description of
annealing. These processes are applied to different steels of widely ranging carbon content.
There are three principal annealing processes:

1. Annealing of castings

Sand-castings in steel commonly contain about 0.3% carbon, so a structure consist-
ing of ferrite and pearlite is obtained. Such a casting, particularly if massive, will cool
very slowly in the sand mould. Consequently, its grain size will be somewhat coarse,
and it will suffer from brittleness because of the presence of what is known as a
Widmanstdtten structure. This consists of a directional plate-like formation of primary
ferrite grains along certain crystal planes in the original austenite. Since fracture can
easily pass along these ferrite plates, the whole structure is rendered brittle as a result.

The annealing process which is applied in order to refine such a structure (Figure 11.10)
is fundamentally similar to that described earlier under ‘normalising’; that is, the
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Figure 11.10 The refinement of grain in a steel casting during a suitable annealing process.
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casting is heated to just above its upper critical temperature, so that the coarse grain
structure is replaced by one of the fine-grained austenite. It is held at this temperature
for a sufficient time for the temperature of the casting to become uniform throughout
and for the recrystallisation to fine-grained austenite to be complete. On cooling, this
gives rise to a structure of fine-grained ferrite and pearlite. It is in the cooling stage
where the two processes differ. Whereas air-cooling is employed in normalising, in
this process the casting is allowed to cool within the furnace. This ensures complete
removal of all casting stresses which might otherwise lead to distortion or cracking of
the casting, without causing a substantial increase in grain size over that obtained by
normalising. Whilst the tensile strength is not greatly improved by this treatment, both
toughness and ductility are considerably increased, so that the casting becomes more
resistant to mechanical shock.

An annealing temperature of 30-50°C above the upper critical temperature for
the casting is commonly used. If the temperature range is exceeded, then the newly
formed small crystals of austenite are likely to grow and result in a final structure
almost as coarse-grained as the original cast structure. A prolonged holding time at
the maximum temperature will also produce a coarse-grained structure. On the other
hand, annealing at too low a temperature, i.e. below the upper critical temperature,
or for too short a period, may mean that the original coarse as-cast structure does not
recrystallise completely so that some coarse-grained Widmanstatten plates of ferrite
remain.

2. Spheroidisation annealing
Although this may appear an onerous title, it is hoped that its meaning will become
clearer in the following paragraphs. Essentially, it is an annealing process which is
applied to high-carbon steels in order to improve their machinability and, in some
cases, to make them amenable to cold-drawing.

It is an annealing process which is carried out below the lower critical temperature
of the steel; consequently, no phase change is involved and we do not need to refer to
the equilibrium diagram. The work-piece is held at a temperature between 650°C and
700°C for 24 hours or more. The pearlite, which of course is still present in the struc-
ture at this temperature, undergoes a physical change in pattern due to a surface ten-
sion effect at the surface of the cementite layers within the pearlite. The surface tends
to shrink and break up into small plates, which gradually become more spherical in
form (Figure 11.11); that is, they spheroidise, or ‘ball up’. (In the same way, surface ten-
sion causes water to form rounded droplets when on a greasy dish; the surface tension

(©) (D)

Figure I1.11' The spheroidisation of pearlitic cementite during a subcritical annealing process. (A) The nor-
mal lamellar form of pearlite. (B) Cementite layers begin to break up (C) and ultimately form
globules. (D) Finally, the original pattern of the pearlite is lost.



Iron and steel 153

Annealing
at 650°C

Figure 11.12 Annealing of cold-worked mild steel causes recrystallisation of the distorted ferrite, so produc-
ing new ferrite crystals which can again be cold-worked.

causes the surfaces to shrink to the shape with the minimum surface area possible,
i.e. a sphere.) When this condition has been reached, the charge is generally allowed
to cool in the furnace. Steel is more easily machined in this state, since stresses set
up by the pressure of the cutting edge on these cementite globules cause minute chip
cracks to form in advance of the cutting edge. This is a standard method of improving
machinability
3. Annealing of cold-worked steel

Like the spheroidisation treatment described earlier, this is also a subcritical annealing
process. It is employed almost entirely for the softening of cold-worked mild steels,
in order that they may receive further cold-work. Such cold-worked materials must
be heated to a temperature above the minimum which will cause recrystallisation to
take place. Again, the equilibrium diagram is not involved, and the reader should ot
confuse this recrystallisation temperature with the lower critical temperature. The
latter is at 723°C, whilst the recrystallisation temperature varies according to the
amount of previous cold-work the material has received, but is usually about 550°C.
Consequently, stress-relief annealing of mild steel usually involves heating the mate-
rial at about 650°C for 1 hour. This causes the distorted ferrite crystals to recrystallise
(Figure 11.12), so that the structure becomes softer again, and its capacity for cold-
work is regained.

Since the cold-working of mild steel is usually confined to the finishing stages
of a product, any annealing is generally carried out in a controlled atmosphere, in
order to avoid oxidation of the surface of the charge. The furnace used generally
consists of an enclosed ‘retort’ through which an inert gas mixture passes whilst
the charge is being heated. Such mixtures are based on ‘burnt ammonia’ or burnt
town gas.

All of the foregoing heat-treatment processes produce a microstructure in the steel which
is basically pearlitic. By this, metallurgists mean that the structure contains some pearlite
(unless, of course, the steel is dead mild). Thus, a hypo-eutectoid steel will contain ferrite
and pearlite, a eutectoid steel only pearlite, and a hyper-eutectoid steel cementite and pearl-
ite. Figure 11.13 summarises the temperature ranges at which these treatments are carried
out, and also indicates the carbon contents of the steels most commonly involved in the
respective processes.
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Figure 11.13 Temperature ranges of various annealing and normalising treatments for carbon steels related
to their carbon contents.

11.7 BRITTLE FRACTURE IN STEELS

Fracture in metals generally takes place following a measurable amount of slip. Sometimes,
however, fracture occurs with little or no such plastic extension. This is termed cleavage or
brittle fracture. In a tensile specimen after fracture, the two specimen halves may be fitted
back together so that the appearance is virtually that of the specimen before fracture. Brittle
fracture is the main mode of failure of glass. If you drop a drinking glass and it breaks, it is
possible to stick the broken bits together and end up with the same shape.

In plain-carbon steels, the phenomenon is temperature dependent; a low-carbon steel
which at ambient temperatures is tough and ductile will suddenly become extremely brittle
at temperatures not far below 0°C. This type of failure was experienced in the welded
‘liberty ships’ manufactured during the Second World War for carrying supplies from the
United States to Europe, particularly when these ships were used in the very cold North
Atlantic.

Plastic flow depends upon the movement of dislocations during a finite time. As tempera-
ture decreases, the movement of these dislocations becomes more sluggish; when a force is
increased very rapidly it is possible for stress to increase so quickly that it cannot be relieved
by slip. A momentary increase in stress to a value above the yield stress will produce frac-
ture. Such failure will be precipitated from faults like sharp corners or arc-welded spots. In
the liberty ships, a crack, once started, progressed right around the hull, whereas in a nor-
mal riveted hull the crack would have been halted at an adjacent rivet hole.

Metals with a face-centred cubic (FCC) structure maintain ductility at low temperatures,
whilst some metals with structures other than FCC exhibit brittleness. Body-centred cubic
ferrite is very susceptible to brittle fracture at low temperatures. The temperature at which
brittleness suddenly increases is called the transition temperature. For applications involving
atmospheric temperatures commonly encountered in places like Great Britain, the transition
point can be depressed to a safe limit by increasing the manganese content to about 1.3%.
Where lower temperatures are involved, it is better to use a low-nickel steel.



Chapter 12

The heat treatment of
plain-carbon steels

12.1 INTRODUCTION

Some of the simpler heat treatments applied to steel were described in Chapter 11. In the
main, they were processes in which the structure either remained or became basically pearl-
itic as a result of the treatment. Here we shall deal with those processes which are better
known because of their wider use, namely hardening and tempering.

Almost any schoolchild knows that a piece of carbon steel can be hardened by heating
it to redness and then plunging it into cold water. The ancients knew this too, and no one
can tell us who first hardened steel. Presumably, such knowledge came about by chance, as
indeed did most knowledge in days before systematic research methods were instituted. One
can imagine that sooner or later some prehistoric metal-worker, seeking to cool an iron tool
quickly after heating it in the glowing charcoal of the fire prior to forging it, would plunge
it into water.

Although the fundamental technology of hardening steel has been well established for
centuries, the scientific principles underlying the process were long a subject of argument
and conjecture. More than a century ago, Professor Henry Sorby of Sheffield began his
examination of the microstructure of steel, but it was only during my undergraduate years
that convincing explanations of the phenomenon were forthcoming.

12.2 PRINCIPLES OF HARDENING

If a piece of steel containing sufficient carbon is heated until its structure is austenitic — that
is, until its temperature is above the upper critical temperature — and is then quenched, i.e.
cooled quickly, it becomes considerably harder than if it were cooled slowly.

Generally, when a metallic alloy is quenched, there is a tendency to suppress any change
in structure which might otherwise take place if the alloy were allowed to cool slowly. In
other words, it is possible to ‘trap’ or ‘freeze in’ a metallic structure which existed at a higher
temperature, and so preserve it for examination at room temperature. Metallurgists often
use this technique when plotting equilibrium diagrams, and it is also used industrially as, for
example, in the solution treatment of some aluminium alloys (see Section 17.7).

Clearly, things do not happen in this way when we quench a steel. Austenite, which is
the phase present in a steel above its upper critical temperature, is a soft malleable mate-
rial — which is why steel is generally shaped by hot-working processes. Yet when we quench
austenite, instead of trapping the soft malleable structure, a very hard, brittle structure is
produced, which is most unlike austenite. Under the microscope, this structure appears as
a mass of uniform needle-shaped crystals and is known as martensite (Figure 12.1 A). Even
at very high magnifications, no pearlite can be seen, so we must conclude that all of the
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Figure 12.] Representative structures of quenched and tempered specimens of a 0.5% carbon steel:
(A) water-quenched from 850°C — martensite, which appears as an irregular mass of needle-
shaped crystals, but what we see is a cross-section through roughly discus-shaped crystals
(x700); (B) water-quenched from 850°C and tempered at 400°C — tempered martensite, the
crystals of which have become darkened by precipitated particles of cementite (x700); (C) oil-
quenched from 850°C — the slower cooling rate during quenching has allowed a mixture of
bainite (dark) and martensite (light) to form (x100).

cementite (which is one of the components of pearlite) is still dissolved in this martensitic
structure. So far, this is what we would expect. However, investigations using X-ray meth-
ods tell us that, although the rapid cooling has prevented the formation of pearlite, it has not
arrested the polymorphic change from face-centred cubic to body-centred cubic.

Ferrite is fundamentally body-centred cubic iron which normally will dissolve no more
than 0.006% carbon at room temperature (see Figure 11.4). Thus, the structure of martens-
ite is one which is essentially ferrite supersaturated with carbon (assuming that the steel we
are dealing with contains about 0.5% carbon). It is easy to imagine that this large amount
of carbon remaining in supersaturated solid solution in the ferrite causes considerable dis-
tortion of the internal crystal structure of the latter. Such distortion will tend to prevent slip
from taking place in the structure. Consequently, large forces can be applied and no slip will
be produced. In other words, the steel is now hard and strong.
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In order to obtain this hard martensitic structure in a steel, it must be cooled quickly
enough. The minimum cooling rate that will give a martensitic structure is termed the criti-
cal cooling rate. If the steel is cooled at a rate slower than this, then the structure will be
less hard, because some of the carbon has had the opportunity to precipitate as cementite.
Under the microscope, some dark patches will be visible amongst the martensite needles
(Figure 12.1C), these being due to the tiny precipitated particles of cementite. The structure
so produced is called bainite, after Dr. E. C. Bain, the American metallurgist who did much
of the original research into the relationship between structure and rate of cooling of steels.
Bainite is, of course, softer than martensite, but is tougher and more ductile. Even slower
rates of cooling will give structures of fine pearlite.

12.2.1 TTT diagrams

The ultimate structure obtained in a plain-carbon steel is independent of the rate of heating,
assuming that it is heated slowly enough to allow it to become completely austenitic before
being quenched. It is the rate of subsequent cooling, however, which governs the resultant
structure and hence the degree of hardness.

Time-temperature-transformation (TTT) curves describe the relationship between the
rate of cooling of a steel and its final microstructure and properties. A test-piece is heated
to a temperature at which it is completely austenitic and then quickly transferred to a lig-
uid lead bath at a measured temperature for a measured amount of time. After this time,
the test-piece is quenched in cold water to convert the remaining austenite to martensite,
then microscopic examination is used to determine the amount of martensite and hence
the amount of austenite that had not been transformed in the liquid bath phase. By repeat-
ing such experiments for a number of liquid baths of different temperatures and a range of
times, TTT curves can be constructed. However, they are experimental results for steels
which have been transformed isothermally; that is, at a series of single fixed temperatures.
In practice, we are generally more interested in transformations which occur on falling tem-
perature gradients such as those that prevail during the water-quenching or oil-quenching
of steels. For this reason, slightly modified TTT curves which are displaced a little to the
right of the original TTT curves are generally used. Modified TTT curves are used here
(Figure 12.2). It should be appreciated that a set of TTT curves relates to one particular
steel of fixed composition.

A TTT diagram consists essentially of two C-shaped curves. The left-hand curve indi-
cates the time interval which elapses at any particular temperature before a carbon steel (in
this case, one containing 0.8% carbon) in its austenitic state begins to transform, whilst the
right-hand curve shows the time which must elapse before this transformation is complete.
The expected transformation product at that temperature is indicated in the diagram. The
two parallel lines near the foot of the diagram are, strictly speaking, not part of the TTT
curves but indicate the temperatures where austenite will start to transform to martensite
(M,) and where this transformation will finish (M;).

It will be apparent that in order to obtain a completely martensitic structure, the steel, pre-
viously heated to point O to render it completely austenitic, must be cooled at a rate at least
as rapid as that indicated by curve A (Figure 12.2). This represents the critical cooling rate for
the steel mentioned earlier. Thus, curve A just grazes the nose of the ‘transformation begins’
curve so that the austenitic structure is retained right down to about 180°C (M,), when this
unstable austenite suddenly begins to change to martensite — this change being completed
at about —40°C (M;). Since quenching media are at a temperature higher than —40°C, some
retained austenite may be present in the quenched component. This retained austenite usually
transforms to martensite during subsequent low-temperature tempering processes.
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Figure 12.2 Modified TTT curves for a 0.8% plain-carbon steel. Note that a logarithmic scale is used on the
horizontal axis in order to compress the right-hand end of the diagram without at the same
time cramping the important left-hand side.

It follows then that a 0.8% carbon steel must be cooled very rapidly, i.e. from above
750°C to 120°C in little more than 1 second, if it is to be completely martensitic (with, pos-
sibly, a little retained austenite as mentioned earlier).

The situation is even more difficult for carbon steels with either more or less than 0.8%
carbon. For both hypo- and hyper-eutectoid steels, the TTT curves are displaced further to
the left, making their critical cooling rates even faster. Fortunately, the presence of alloying
elements slows down transformation rates considerably so that TTT curves are displaced to
the right (Figure 12.3B), giving much lower critical cooling rates; quenching in oil or even in
air can be used to give a completely martensitic structure. Even so-called plain-carbon steels
contain enough manganese, residual from deoxidation processes (see Section 11.3), to give
lower critical cooling rates than equivalent pure iron-carbon alloys.

In Figure 12.2, curve B illustrates the result of quenching a plain 0.8% carbon steel in
oil. Here, transformation begins at U and is completed at V, the resultant structure being
bainite. Curve C indicates a rate of cooling intermediate between A and B. Here, transfor-
mation to bainite begins at W but is interrupted at X and no further transformation takes
place until the remaining austenite begins to change to martensite (at Y), this final trans-
formation being complete at Z. Thus the resulting structure is a mixture of bainite and
martensite.

The conditions prevailing during normalising are indicated by curve D. Here, transfor-
mations to pearlite begin a few degrees below 723°C (the lower critical temperature) and is
complete a few degrees lower still.

12.2.2 Factors affecting cooling rates

In practice, factors such as the composition, size and shape of the component to be hard-
ened govern the rate at which it can be cooled. Generally, no attempt is made to harden
plain-carbon steels which contain less than 0.35% carbon. The TTT curves for such a steel
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Figure 12.3 (A) The TTT curves for a 0.35% carbon steel showing that it is virtually impossible to produce
a completely martensitic structure by quenching, since, however rapid the cooling rate, ferrite
separation inevitably begins as the ‘ferrite transformation begins’ curve is cut. (B) The TTT
curves for an alloy steel containing 0.6% carbon, 0.6% manganese, 1.8% nickel, 0.6% chromium
and 0.3% molybdenum. This indicates the effects of alloying in slowing transformation rates
so that the TTT curves are displaced far to the right. This steel can be oil quenched to give a
martensitic structure.

are displaced so far to the left (Figure 12.3A) that it is impossible to cool the steel rapidly
enough to avoid the precipitation of large amounts of soft ferrite as the cooling curve inevi-
tably cuts far into the nose of the ‘transformation begins’ curve. Large masses of steel of
heavy section obviously cool more slowly when quenched than small components of thin
section; so, whilst the outer skin may be martensitic, the inner core of a large component
may contain bainite or even pearlite (Figure 12.4). More important still, articles of heavy
section will be more liable to suffer from guench-cracking. This is due to the fact that the
outer skin changes to martensite a fraction of a second before layers just beneath the sur-
face, which are still austenitic. Since sudden expansion takes place at the instant when face-
centred cubic austenite changes to body-centred cubic martensite, considerable stress will
be set up between the skin and the layers beneath it, and, as the skin is now hard and brittle
due to martensite formation, cracks may develop in it.
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Figure 12.4 TTT curves for a thick component.
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Table 12.1 Order of quenching speeds for different media

5% Caustic soda solution Most rapid
5-20% Brine
Cold water T
Warm water
Mineral Oil Oils are being Least rapid
Animal Oil replaced by synthetic
Vegetable Oil polymer quenchants

Design also affects the susceptibility of a component to quench-cracking. Sharp varia-
tions in cross-section and the presence of sharp angles, grooves and notches are all likely to
increase the possibility of quench-cracking by causing uneven rates of cooling throughout
the component.

12.2.3 Quenching media

The rate at which a quenched component cools is governed by the quenching medium and
the amount of agitation it receives during quenching. The media shown in Table 12.1 are
commonly used and are arranged in order of the quenching speeds shown in the table.

The very drastic quenching resulting from the use of caustic soda solution or brine is
used only when extreme hardness is required in components of relatively simple shape.
For more complex shapes, it would probably be better to use a low-alloy steel, which
has a much lower critical cooling rate and can therefore be hardened by quenching in
oil. Mineral oils used for quenching are derived from petroleum, whilst vegetable oils
include those from linseed and cottonseed. Animal oils are obtained from the blubber
of seals and whales, though near extinction of the latter has led to the long overdue
banning of whaling by most civilised countries. Synthetic polymer quenchants are now
being developed to replace animal oils. This is good news for those gentle giants of
the ocean and, incidentally, for heat-treatment operatives, since the synthetics generate
fewer fumes and offensive smells. These new quenchants consist of synthetic polyalkane
glycols which can be mixed with water in varying proportions to give different quench-
ing rates.

12.3 THE HARDENING PROCESS

To harden a hypo-eutectoid steel component, it must be heated to a temperature of 30-50°C
above its upper critical temperature, and then quenched in some medium which will provide
the required rate of cooling. The medium used will depend upon the composition of the
steel, the size of the component and the ultimate properties required in it. Symmetrically
shaped components, such as axles, are best quenched ‘end-on’; and all components should
be violently agitated in the medium during the quenching operation.

The procedure in hardening a hyper-eutectoid steel is slightly different. Here, a quenching
temperature about 30°C above the lower critical temperature is generally used. In a hyper-
eutectoid steel, primary cementite is present, and, on cooling from above the upper critical
temperature, this primary cementite tends to precipitate as long, brittle needles along the
grain boundaries of the austenite. This type of structure would be very unsatisfactory, so
its formation is prevented by continuing to forge the steel whilst the primary cementite is
being deposited — that is, between the upper and lower critical temperatures. In this way,
the primary cementite is broken down into globules during the final stages of shaping the
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Martensite Martensite + Bainite Martensite + Cementite

Figure 12.5 Typical microstructures produced when quenching both medium carbon (0.5% C) and tool
(1.2% C) steels in their appropriate media.

steel. During the subsequent heat treatment, it must never be heated much more than 30°C
above the lower critical temperature, or there will be a tendency for primary cementite to
be absorbed by the austenite, and then precipitated again as long brittle needles on cool-
ing. When a hyper-eutectoid steel has been correctly hardened, its structure should consist
of small, near-spherical globules of very hard cementite (Figure 12.5) in a matrix of hard,
strong martensite.

12.4 TEMPERING

A fully hardened carbon steel is relatively brittle, and the presence of quenching stresses
makes its use in this condition inadvisable unless extreme hardness is required. For these
reasons, it is usual to reheat, or ‘temper’, the quenched component, so that stresses are
relieved, and, at the same time, brittleness and extreme hardness are reduced.

As we have seen, the martensitic structure in hardened steel consists essentially of ferrite
which is heavily supersaturated with carbon. By heating such a structure to a high enough
temperature, we enable it to begin to return to equilibrium by precipitating carbon in the
form of tiny particles of cementite.

On heating the component up to 200°C, no change in the microstructure occurs.
However, quenching stresses are relieved to some extent, whilst hardness may even increase
slightly as any retained austenite transforms to martensite. At about 230°C, tiny particles of
cementite are precipitated from the martensite, though these are so small that they are dif-
ficult to see with an ordinary microscope. Generally, the microstructure appears somewhat
darker, but still retains the shape of the original martensite needles. This type of structure
persists as the temperature is increased to about 400°C (Figure 12.1B) and the precipitation
of tiny cementite particles continues, making the steel progressively tougher — though softer
than the original martensite. The structure produced at this stage was commonly known as
troostite.
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Tempering at temperatures above 400°C causes the cementite particles to coalesce (or fuse
together) to such an extent that they can be seen clearly at magnifications of about x500.
At the same time, more cementite is precipitated. The structure, which is relatively granular
in appearance, was known as sorbite. It must be emphasised that there is no fundamental
difference between troostite and sorbite, since both are formed by precipitation of cementite
from martensite; and there is no definite temperature where troostite formation ceases and
formation of sorbite begins. Naturally, sorbite is softer and tougher than troostite because
still more carbon has been precipitated from the original martensite structure.

The names troostite and sorbite are long since obsolete and should not be used. The
modern metallurgist describes these structures as ‘tempered martensite’, mentioning the
temperature used during the tempering process.

Generally speaking, low temperatures (200-300°C) are used for tempering various types
of high-carbon steel tools where hardness is the prime consideration, and higher tempera-
tures (400-600°C) are used for tempering stress-bearing medium-carbon constructional
steels where strength, toughness and general reliability are more important.

12.4.1 Tempering colours

Furnaces used for tempering are usually of the batch type, in which the charge is carried
in a wire basket through which hot air circulates. By this method, the necessarily accurate
temperature can easily be maintained. The traditional method of treating tools is to ‘temper
by colour’, and this still provides an accurate and reliable method of dealing with plain-
carbon steels. After the tool has been quenched, its surface is first cleaned to expose bright
metal. The tool is then slowly heated until the thin oxide layer which forms on the surface
attains the correct colour (Table 12.2). It should be noted that this technique only applies to
plain-carbon steels, since some of the alloy steels, particularly those containing chromium,
do not oxidise readily.

12.4.2 Applications of heat-treated plain-carbon steels

A summary of typical heat-treatment programmes and uses of the complete range of plain-
carbon steels is given in Table 12.3.

Table 12.2 Tempering colours for carbon steels

Temperature (°C)  Colour Types of components

220 Pale yellow Scrapers, hack-saws, light turning-tools

230 Straw Hammer faces, screwing-dies for brass, planing- and slotting-tools,
razor blades

240 Dark straw Shear blades, milling cutters, drills, boring-cutters, reamers, rock-drills

250 Light brown Penknife blades, taps, metal shears, punches, dies, woodworking tools
for hardwood

260 Purplish-brown  Plane blades, stone-cutting tools, punches, reamers, twist-drills for
wood

270 Purple Axes, augers, gimlets, surgical tools, press-tools

280 Deeper purple  Cold chisels (for steel and cast iron), chisels for wood, plane-cutters

for softwood
290 Bright blue Cold chisels (for wrought iron), screwdrivers
300 Darker blue Wood-saws, springs
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Table 12.3 Heat treatments and typical uses of plain-carbon steels

Type of steel ~ Carbon (%)

Heat-treatment

Hardening
temperature  Quenching
(°O) medium

Tempering

temperature

°9

Typical uses

Dead-mild Up to 0.15
Mild 0.15-0.25
Medium- 0.25-035
carbon
0.35-0.45
0.45-0.60
High-carbon  0.60-0.75
tool
0.75-0.90
0.90-1.05
1.05-1.20
1.20-1.35
1.35-1.50

These do not respond to heat-treatment,
because of their low carbon content

These do not respond to heat-treatment,
because of their low carbon content

880-850" Qil or water,
depends upon
type of work

870-830"

850-800" Qil, water or
brine, depends
upon type of
tool

820-800" Water or brine.
Tools should
not be allowed
to cool below
100°C before
tempering

800-820

780-800

760-780

760-780

760-780

Temper as
required

275-300

240-250

230-250

230-250

240-250

200-230

Nails, chains, rivets, motor-car
bodies

Structural steels (RS)), screws,
tinplate, drop-forgings,
stampings, shafting, free-
cutting steels

Couplings, crankshafts,
washers, steering arms, lugs,
weldless steel tubes

Crankshafts, rotor shafts,
crank pins, axles, gears,
forgings of many types

Hand-tools, pliers,
screwdrivers, gears,
die-blocks, rails, laminated
springs, wire ropes

Hammers, dies, chisels, miners
tools, boilermakers’ tools,
set-screws

Cold-chisels, blacksmiths’
tools, cold-shear blades,
heavy screwing dies, mining
drills

Hot-shear blades, taps,
reamers, threading and
trimming dies, mill-picks

Taps, reamers, drills, punches,
blanking-tools, large turning
tools

Lathe tools, small cold chisels,
cutters, drills, pincers, shear
blades

Razors, wood-cutting tools,

drills, surgical instruments,
slotting-tools, small taps

*The higher temperature for the lower carbon content.

12.5 ISOTHERMAL HEAT TREATMENTS

The risk of cracking and/or distortion during the rather drastic water-quenching of carbon
steels has already been mentioned (see Section 12.2) and such difficulties may be overcome
in the case of suitably dimensioned work-pieces by both martempering and austemper-
ing (these two processes are stuck with these clumsy titles, which unfortunately do not
accurately describe the principles involved). These processes are known as isothermal heat

treatments.
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12.5.1 Martempering

The principles of martempering are indicated in Figure 12.6A. Here, a carbon steel com-
ponent has been quenched into a bath (either of hot oil or molten low melting-point alloy)
held at a temperature just above M,. The component is allowed to remain there for a time
sufficient for the whole component to have reached a uniform temperature throughout. It
is then removed from the bath and allowed to cool very slowly in warm air. Note that in
Figure 12.6A, the cooling curve is foreshortened by the use of the logarithmic scale. Thus,
several minutes will elapse before the steel would begin to transform at the quench-bath
temperature, giving ample time for uniformity of temperature to be attained in the work-
piece. Since, under these conditions, both skin and core of the component pass through the
M, and M; lines almost simultaneously, there is little chance of stresses being set up which
may induce either distortion or cracking in the hard martensitic structure which results.

12.5.2 Austempering

Austempering (Figure 12.6B) is a means of obtaining a tempered type of structure without
the necessity of the preliminary drastic water-quenching which is involved in traditional
methods of heat treatment. As with martempering, the work-piece is quenched from the
austenitic state into a bath held at some suitable temperature above M, but in this case it
remains there long enough for transformation to occur to completion, between B and E
on the TTT curves. This yields a structure of bainite which will be similar in properties to
those structures of traditionally tempered martensite. The rate at which the work-piece is
finally cooled is not important since transformation is already complete at E.

12.5.3 Limitations of martempering and austempering

Although austempering and martempering would seem to provide enormous advantages in
that risks of distortion and cracking of work-pieces are largely removed, there is one very
obvious drawback to the wide application of such processes, namely that their use is limited
generally to components of thin section since the whole of the cross-section of the work-
piece must be capable of being cooled rapidly enough to miss the nose of the ‘transforma-
tion begins’ curve of the TTT diagram appropriate to the composition of the steel being
used. Thin-sectioned components which are austempered include steel toe-caps of industrial
boots, whilst garden spades and forks were similarly heat treated long before the fundamen-
tal theory of the process was investigated by Davenport and Bain in the 1930s.

°C Stable austenite °C Stable austenite
723 % 723 %6 """""""
b%
2
Quench Bainite
| bath ™~
Ms M,
. | Martensite M, \
(A) Time (logarithmic scale) (B) Time (logarithmic scale)

Figure 12.6 The isothermal treatment of (A) martempering and (B) austempering.
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Similarly, the patenting of high-tensile steel wire was achieved by winding it through an
austenitising furnace (at 970°C), followed by a bath of molten lead (at 500°C) where the
structure transformed directly from austenite to bainite. In this condition, the wire can be
further hardened by cold-drawing.

12.6 HARDENABILITY

In order to harden a piece of steel completely, it must be cooled quickly from its austenitic
state. The rate of cooling must be as great as, or greater than, the ‘critical rate’, otherwise the
section will not be completely martensitic. Clearly, this will not be possible for a work-piece
of very heavy section; for, whilst the outer skin will cool at a speed greater than the critical
rate, the core will not. Consequently, whilst the outer shell may be of hard martensite, the
core may be of bainite, or even fine pearlite.

This phenomenon is generally referred to as the mass effect of heat treatment, and plain-
carbon steel is said to have a ‘shallow depth of hardening’, or, alternatively, ‘a poor harden-
ability’. The term hardenability is used as a measure of the depth of martensitic hardening
introduced by quenching; the shallower the depth, the poorer the hardenability. Whilst a
rod of, say, 12 mm diameter in plain-carbon steel can be water-quenched and have a mar-
tensitic structure throughout, one of, say, 30 mm diameter will have a core of bainite and
only the outer shell will be martensitic. The influence of section thickness and quenching
medium used on the structure produced in a low-alloy steel is illustrated in Figure 12.7.

For some applications, this variation in structure across the section will not matter,
since the outer skin will be very hard and the core reasonably tough; but in cases where a

Quenchant
e | e
Diameter Qil Water Brine
O O O

14 mm

|:] Hardened region Unhardened region

Figure 12.7 Specimens of different diameter have been quenched in different media and the depth of hard-
ening assessed in each case. A low-alloy steel containing 0.25% carbon, 0.6% manganese, 0.2%
nickel and 0.2% molybdenum was used.
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Table 12.4 Limiting ruling sections

Limiting ruling section (mm) Suggested heat-treatment Tensile strength (MPa)
100 Oil harden from 850°C 695
62.5 and temper at 650°C 770
29 850

component is to be quenched and then tempered for use as a stress-bearing member, it is
essential that the structure obtained by quenching is uniform throughout.

12.6.1 Ruling section

Fortunately, the addition of alloying elements to a steel reduces its critical rate such that it
can be oil-quenched in thin sections, or, alternatively, much heavier sections can be water-
quenched. Thus, an alloy steel generally has a much greater depth of hardening, i.e. better
hardenability, than has a plain-carbon steel of similar carbon content.

However, it would be a mistake to assume that any alloy steel in any thickness will harden
right through when oil-quenched from above its upper critical temperature. The low-alloy
steel used as an example in Figure 12.7 illustrates this point. This steel has a critical cooling
rate just a little lower than that of a plain-carbon steel; but, as the diagram shows, sections
much over 14 mm diameter will not harden completely unless quenched in brine, and the
maximum diameter which can harden completely — even with this drastic treatment — is only
about 30 mm.

In order to prevent the misuse of steels by those who imagine that an alloy steel can be
hardened to almost any depth, both the British Standards Institution and manufacturers
now specify limiting ruling sections for each particular composition of steel. The limiting
ruling section is the maximum diameter which can be heat-treated (under conditions of
quenching and tempering suggested by the manufacturer) for the stated mechanical proper-
ties to be obtained. As an example, Table 12.4 shows a set of limiting ruling sections for a
low-alloy steel (BS 530M40, EN1.7035), along with a manufacturer’s suggested heat treat-
ment, and the corresponding BS specifications in respect of tensile strength. Formulae are
given by British Standards for deriving the equivalent diameters of rectangular and other
bars, so that ruling section information can be applied to other cross-sections.

12.7 THE JOMINY TEST

This test (Figure 12.8) is of considerable value in assessing the hardenability of a steel.

A standard test-piece (Figure 12.8B) is heated to above the upper critical temperature of
the steel, i.e. until it becomes completely austenitic. It is then quickly transferred from the
furnace and dropped into position in the frame of the apparatus shown in Figure 12.8A.
Here it is quenched at one end only, by a standard jet of water at 25°C; thus, different rates
of cooling are obtained along the length of the test-piece. When the test-piece has cooled, a
‘flat’ approximately 0.4 mm deep is ground along the length of the bar and hardness deter-
mined every millimetre along the length from the quenched end. The results are then plotted
(Figure 12.9).

These curves show that a low nickel-chromium steel hardens to a greater depth than a
plain-carbon steel of similar carbon content, whilst a chromium-molybdenum steel hardens
to an even greater depth.
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Figure 12.8 The Jominy end-quench test. (A) The apparatus: the end of the water pipe is 12 mm below the
bottom of the test-piece, but the ‘free height’ of the water jet is 63 mm. (B) A typical test-piece.

Hardness

| 10%

0.45% C

Cr

0.45% C
1.25% Ni
0.8% Cr

0.2% Mo \\

\

10

15 20 25

Distance from quenched end (mm)

Figure 12.9 Hardness as a function of depth for various steels of similar carbon content, as shown by the

Jominy test.
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Whilst the Jominy test gives a good indication as to how deeply a steel will harden, there
is no simple mathematical relationship between the results of this test and the ruling section
of a steel. Using the results of the Jominy test as an indication, it is often more satisfactory
to find the ruling section by trial and error.

12.8 HARDENABILITY
Hardenability of a steel is affected by several factors:

¢ Quench rate.

e Grain size: pearlite starts to grow at grain boundaries.A coarse grain structure has
fewer grain boundaries and will therefore have greater hardenability.

¢ Composition of the steel: alloying elements affect the hardenability (see Chapter 13).

12.9 HEAT-TREATMENT FURNACES

It was mentioned earlier (Section 12.4) that hardened steel is generally tempered in some
form of furnace in which hot air is circulated over the charge. Since the temperatures
involved are relatively low, little or no change in composition occurs at the surface of the
steel. Hardening temperatures, however, are much higher so that both decarburisation and
oxidation of the surface can occur unless preventative measures are taken. Baths of elec-
trically heated molten salt are sometimes used and these not only maintain an accurate
quenching temperature, due to the high heat capacity of the salt, but also provide protection
of the surface from decarburisation and oxidation.

When furnace atmospheres derived from hydrocarbons (see Section 6.7) are used, both
the carbon dioxide and water vapour produced can act as decarburisers and oxidisers. Thus,
carbon (in the surface of the steel) will combine with carbon dioxide (in the furnace atmo-
sphere) to form carbon monoxide:

C+CO, =2C0O

whilst iron itself reacts with carbon dioxide to form iron oxide (scale) and carbon monoxide:

Fe+CO, = FeO+CO

Water vapour can react with iron to form iron oxide and hydrogen:

FC+H20 = FCO+H2

For these reasons, the compositions of both exothermic and endothermic gases (see
Section 6.7) must be controlled to reduce the quantities of carbon dioxide and water vapour
they contain when used as furnace atmospheres in the high-temperature heat treatment
of steels.



Chapter 13

Alloy steels

13.1 INTRODUCTION

The first deliberate attempt to develop an alloy steel was made by Sir Robert Hadfield dur-
ing the 1880s, but most of these materials are products of the twentieth century. Possibly,
the greatest advance in this field was made in 1900, when Frederick Winslow Taylor and
Maunsel White, two engineers with the Bethlehem Steel Company in the United States, intro-
duced the first high-speed steel and so helped to increase the momentum of the Industrial
Revolution and, in particular, what has since become known as mass-production.

This chapter is about alloy steels, but there is a problem in defining what is meant by the
term. So-called plain-carbon steels contain up to 1.0% manganese, which is the residue of that
added to deoxidise and desulphurise the steel just before casting. Consequently, a steel was not
originally classified as an alloy steel unless it contained more than 2% manganese and/or other
elements (nickel, chromium, molybdenum, vanadium, tungsten, etc.), with each in amounts of
at least between 0.1% and 0.5%. Now that steels of very high purity are commonly produced
commercially, alloy additions of as little as 0.005% can significantly influence mechanical
properties and a range of ‘micro-alloyed’ or ‘high-strength low-alloy’ (HSLA) steels has been
introduced. This renders the original definition of an alloy steel somewhat obsolete.

Although there are alloy steels with special properties, such as stainless steels and heat-
resisting steels, the main purpose of alloying is to improve the existing properties of carbon
steels, making them more adaptable and easier to heat treat successfully. In fact, one of the
most important and useful effects of alloying was mentioned in Chapter 12 (Section 12.6) —
the improvement in ‘hardenability’. Thus, an alloy steel can be successfully hardened by
quenching in oil, or even in an air blast, with less risk of distortion or cracking of the com-
ponent than is associated with water-quenching. Moreover, suitable alloy steels containing
as little as 0.2% carbon can be hardened successfully because of the considerable slowing
down of transformation rates imparted by the alloying elements (see Figure 12.3B).

13.1.1 Alloying elements

Alloying elements can be divided into two main groups:

1. Those which strengthen and toughen the steel by dissolving in the ferrite. These ele-
ments are used mainly in constructional steels, and include nickel, manganese and,
when used in low concentrations, chromium and molybdenum.

2. Alloying elements which combine chemically with some of the carbon in the steel to
form carbides which are much harder than iron carbide (cementite). These elements are
used mainly in tool steels, die steels and the like. They include chromium, tungsten,
molybdenum and vanadium.
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Other alloying elements which are added in small amounts and for special purposes include
titanium, niobium, aluminium, copper, boron and silicon. Even sulphur, normally regarded
as the steel-maker’s greatest enemy, is utilised in free-cutting and ‘bright-drawn’ steels (see
Section 7.5).

The most commonly used alloying elements affect the structure of a steel in various ways:

1. Manganese (Mn) is probably the most important alloying element, after carbon, in
steel. It promotes sound structures, minimises brittleness and increases the rate of
hardening and depth of hardness, so making it possible to harden a steel by cooling
in air.

2. Silicon (Si) increases hardness and hardness penetration, particularly when used in
combination with manganese, chromium or molybdenum.

3. Nickel (Ni) is mainly added to lower the temperature at which it is possible to harden a
steel. It also toughens steel by refining the grain, strengthens ferrite and causes cement-
ite to decompose — hence used by itself only in low-carbon steel.

4. Chromium (Cr) promotes higher response to heat treatment and can form a thin, inert,
oxide film on the surface of a steel, hence its use in stainless steels. Chromium pro-
motes grain growth and so causes brittleness. However, when combined with carbon
as chromium carbide, it also gives high wear resistance.

5. Molybdenum (Mo) improves the strength-toughness properties of heat-treated steel and
eliminate problems of brittleness following hardening and tempering. Molybdenum
stabilises carbides and improves high-temperature strength.

6. Vanadium (V) can promote finer grain size, improved toughness and, when combined
with carbon as vanadium carbide, higher strength. It raises the softening temperature
of hardened steels.

7. Tungsten (W) forms very hard stable carbides and is used in high-speed tool steel
as it enables tools to cut at high speeds and still retain high hardness and wear
resistance.

All of these alloying elements increase the depth of hardening of a steel, so an alloy steel
has a bigger ruling section than a plain-carbon steel. This is because alloying elements slow
down the rate of transformation of austenite to martensite, so it is possible to oil harden or,
in some cases, air harden a suitable steel (see Figure 12.3B).

13.1.2 Alloy steels

Alloy steels may be classified into three main groups:

1. Constructional steels, which are generally used for machine parts that will be highly
stressed in tension or compression.

2. Tool steels, which require great hardness and, in some cases, resistance to softening
by heat.

3. Special steels, e.g. stainless steels and heat-resisting steels.

13.2 CONSTRUCTIONAL STEELS

Whilst the ‘nickel-chrome’ steels are the best known in this group, other alloy steels contain-
ing just nickel or just chromium, respectively, are also important.
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Table 13.1 Nickel steels

Typical mechanical properties

EN Yield point Tensile Charpy V-notch

specification ~ Composition % MPa strength MPa | at —196°C Elongation %  Uses

10028-4, 0.02-0.04% C, >585 680-820 >70 >|8 Storage and
X8Ni9 9.0 Ni transportation

of natural gas
at cryogenic
temperatures

13.2.1 Nickel steels

Nickel increases the strength of a steel by dissolving in the ferrite. Its main effect, however, is
to increase toughness by limiting grain growth during heat-treatment processes. Table 13.1
indicates the uses of such a steel.

Unfortunately, nickel does not combine chemically with carbon, and, worse still, tends
to cause iron carbide (cementite) to decompose and so release free graphite. Consequently,
nickel steels are always low-carbon steels, or, alternatively, medium-carbon steels with very
small amounts of nickel. However, because of their shortcomings in respect of carbide insta-
bility, they have been almost entirely replaced in recent years by other low-alloy steels.

13.2.2 Chromium steels

When chromium is added to a steel, some of it dissolves in the ferrite (which is strengthened
as a result), but the remainder forms chromium carbide. Since chromium carbide is harder
than ordinary iron carbide (cementite), the hardness of the steel is increased. Because chro-
mium forms stable carbides, these steels may contain 1.0%, or even more, of carbon. The
main disadvantage of chromium as an alloying element is that, unlike nickel, it increases
grain growth during heat treatment. Thus, unless care is taken to limit both the temperature
and the time of such treatment, brittleness may arise from the coarse grain produced.

As indicated by the uses mentioned in Table 13.2, these low-chromium steels are impor-
tant because of their increased hardness and wear resistance.

Table 13.2 Chromium steels

Typical mechanical properties

EN,

BS 970 Yield point Tensile strength Izod |

spec. Composition % MPa MPa Heat-treatment Uses

1.7035 045 C, 880 990 40 Oil-quench from Agricultural machine parts,

41Cr4 0.9 Mn, 860°C, temper  machine-tool

530M40 1.0Cr at 550-700°C components, parts for
concrete and tar mixers,
excavator teeth,
automobile axles,
connecting rods and
steering arms, spanners

535A99 1.0C, 850 Oil-quench from  Ball- and roller-bearings,

0.45 Mn, 810°C, temper roller- and ball-races,
1.4 Cr at 150°C cams, small rolls
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13.2.3 Nickel-chromium steels

In the foregoing sections dealing with nickel and chromium, it was seen that in some
respect the two metals have opposite effects on the properties of a steel. Thus, whilst
nickel is a grain refiner, chromium tends to cause grain growth. On the other hand, whilst
chromium is a carbide stabiliser, nickel tends to cause carbides to break down, releasing
graphite. Fortunately, the beneficial effects of each metal are stronger than the adverse
effects of the other, and so it is advantageous to add these two metals together to form
a steel. Generally, about two parts of nickel to one of chromium is found to be the best
proportion.

In other respects, the two metals, as it were, work together and the hardenability is
increased to the extent that, with 4.25% nickel and 1.25% chromium, an air-hardening
steel is produced; that is, one which can be ‘quenched’ in an air blast, thus making cracking
or distortion even less likely than if the steel were quenched in oil. However, for air-harden-
ing, a ruling section of 62.5 mm diameter must be observed; for greater diameters than this,
the steel must be oil quenched.

Unfortunately, these straight nickel-chromium steels suffer from a defect known as ‘tem-
per brittleness’ (described in Section 13.2.4) and for this reason straight nickel-chromium
steels have been almost entirely replaced by nickel-chromium-molybdenum steels.

13.2.4 Nickel-chromium-molybdenum steels

As mentioned earlier, a severe drawback in the use of straight nickel-chromium steels is
that they suffer from a defect known as temper brittleness. This is shown by a very seri-
ous decrease in toughness (as indicated by a low Izod or Charpy impact value) when a
quenched steel is subsequently tempered in the range 250-580°C. Further, if such a steel
is tempered at 650°C, it must be cooled quickly through the ‘dangerous range’ by quench-
ing it in oil after the tempering process. Even with this disastrous reduction in impact
toughness, the tensile strength and percentage elongation may not be seriously affected.
Consequently, a tensile test alone would not reveal the shortcomings of such a steel, and the
importance of impact testing in cases like this is obvious. Fortunately, temper brittleness
can be largely eliminated by adding about 0.3% molybdenum to the steel, thus establishing
the well-known range of ‘nickel-chrome-moly’ steels. Table 13.3 shows typical properties
and uses of such steels.

13.2.5 Manganese steels

Most steels contain some manganese remaining from the deoxidisation and desulphurisa-
tion processes, but it is only when the manganese content exceeds 1.0% that it is regarded
as an alloying element. Manganese increases the strength and toughness of a steel, but
less effectively than nickel. Like all alloying elements, it increases the depth of hardening.
Consequently, low-manganese steels are used as substitutes for other, more expensive low-alloy
steels.

Manganese is a metal with a structure somewhat similar to that of austenite at ordinary
temperatures; therefore, when added to a steel in sufficient quantities, it tends to stabilise
the face-centred cubic (austenitic) structure of iron at lower temperatures than is normal
for austenite. In fact, if 12.0% manganese is added to a steel containing 1.0% carbon, the
structure remains austenitic even after the steel has been slowly cooled to room tempera-
ture. The curious — and useful — fact about this steel is that if the surface suffers any sort of
mechanical disturbance it immediately becomes extremely hard. Some suggest that this is
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Table 13.3 Nickel-chromium-molybdenum steels

Typical mechanical properties

EN Composition  Yield point  Tensile strength

BS 970 spec. % MPa MPa Izod | Heat treatment Uses

1.6582 04 C, 990 1010 72 Oil-quench from Differential shafts,
817M40 0.55 Mn, 840°C, temper  crank-shafts and other

1.5 Ni, at 600°C high-stressed parts.

I.I Cr, (If tempered at 200°C,

0.3 Mo it is suitable for
machine-tool and
automobile gears)

1.6746 04C, 850 1000 45  Oil-quench from Thin sections where
826M40 0.65 Mn, 830°C, temper  maximum shock

2.5 Ni, at 600°C resistance and ductility

0.65 Cr, are required, e.g.

0.55 Mo connecting rods,
inlet-valves, cylinder-
studs, valve-rockers

1.6747 03C, 1450 1700 37  Oil-quench from An air-hardening steel
835M30 0.5 Mn, 830°C, temper for aero-engine

4.25 Ni, at 150-200°C connecting rods, valve

1.25 Cr, mechanisms, gears,

0.3 Mo differential shafts, etc.

and other highly
stressed parts

due to spontaneous martensitic formation but others think it is simply due to work-harden-
ing. Whatever the reasons, the result is a soft but tough austenitic core with a hard wear-
resistant shell. This is useful in conditions where both mechanical shock and severe abrasion
prevail, as in dredging, earth-moving and rock-crushing equipment. A further point of inter-
est regarding this steel is that it was one of the very first alloy steels to be developed — by
Sir Robert Hadfield in 1882 — though little use was made of it until the early days of the
twentieth century.
Table 13.4 shows examples of manganese steels, their properties and their uses.

13.2.6 Boron steels

Boron is not a metal and is more generally familiar in the form of its compound, borax. The
pure element is a hard grey solid with a melting point of 2300°C. In recent years, it has been
developed as an alloying element in some steels.

Extremely small amounts — 0.0005-0.005% - added to fully deoxidised steels are effec-
tive in reducing the austenite to ferrite plus pearlite transformation rates in those steels
containing between 0.2% and 0.5% carbon, i.e. the TTT curves are displaced appreciably
to the right so that these low-carbon steels can then be effectively hardened. Moreover, in
some low-alloy steels, the amounts of other expensive elements like nickel, chromium and
molybdenum can be reduced by as much as half if small amounts of boron are added. Low-
carbon manganese steels containing boron are used for high-tensile bolts, thread-rolled
wood screws and in automobiles where extra strength is required, e.g. in sills, chassis areas
and rear cross members. Table 13.5 gives the composition, properties and uses of typical
boron steels.
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Table 13.4 Manganese steels

Typical mechanical properties

EN Yield  Tensile
BS 970 point  strength
spec. Composition %  MPa MPa Izod| Brinell | Heat treatment Uses
150M36 0.35C, 510 710 71 Oil-quench from Automobile and
1.5 Mn 850°C, temper at general
600°C engineering,
605M36 0.36 C, 1000 1130 72 Oil-quench from as a cheaper
1.5% Mn 850°C, temper at substitute for
600°C the more
expensive
nickel-
chromium
steels
X120Mnl3 1.2C, 350 940 Case-  Finish by quenching Rock-crushing
BS EN 10213 12.5 Mn 550 from 1050°C to equipment,
(Hadfield steel) Core- keep carbides in buckets,

200 solution — heel-plates and
quenching does bucket-lips for
not harden the dredging
steel, however. equipment,

earth-moving
equipment,
trackway
crossings and
points
Table 13.5 Boron steels
Typical composition (%) Typical mechanical properties
Yield point Tensile strength Percentage
C Mn  Ni Cr Mo B (MPa) (MPa) elongation ~ Uses
0.2 1.5 0.0005 690 790 18 Some structural steels
0.17 0.6 0.6 0.003 690 860 18 High-tensile
constructional steels
045 08 03 04 0.12 0.002 700 1000 15 Automobile
engineering

13.2.7 Maraging steels

Maraging steels (Table 13.6) are a group of very high-strength alloys which have been used
in aerospace projects, such as for the Lunar Rover Vehicle, but have found a wide variety of
uses in general engineering, such as the flexible drive shafts for helicopters, barrels for rapid-
firing guns, die-casting dies and extrusion rams.

On examining the composition of such alloys (Table 13.6), one notices that the amount of
carbon present is very small. Indeed, carbon is only residual from the manufacturing process
and plays no part in developing strength. These alloys should be thought of as high-strength
alloys rather than steels, in the sense that steels normally depend to an extent on the pres-
ence of carbon for their properties.
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Table 13.6 Typical maraging ‘steels’

Typical composition (%) Typical mechanical properties
0.2% proof  Tensile strength Percentage  Impact,
Ni  Co Mo Ti Al C  Heat-treatment  stress (MPa) (MPa) elongation  Charpy (J)
I8 85 3 0.2 0.1 0.0l Solution treated 1430 1565 9 52
at 820°C for
| hour, air-

cooled and age
hardened at
480°C for

3 hours

18 9 3 0.5 0.1 0.0l Solution treated 1930 1965 75 21
at 820°C for
| hour, air-
cooled and age
hardened at
480°C for
3 hours

17.5 125 375 1.6 0.15 0.0l Solution treated 2390 2460 8 |
at 820°C for
| hour,
air-cooled and
age hardened at
480°C for
12 hours

Cobalt and nickel are essential constituents of maraging ‘steels’. If such an alloy is solu-
tion treated at 820°C to absorb precipitated intermetallic compounds, uniform austenite is
formed. On cooling in air, an iron-nickel variety of martensite is produced due to the retar-
dation of transformation rates caused by the large amounts of alloying elements present.
This form of martensite, however, is softer and tougher than ordinary martensite based on
the presence of carbon. If the alloy is ‘age-hardened’ (see Section 17.7) at 480°C for 3 hours
or more, coherent precipitates of intermetallic compounds (TiNi;, MoNi; or AINi;) are
formed. This makes slip along crystal planes more difficult, resulting in alloys with high
tensile strengths of up to 2400 MPa. The main function of cobalt seems to be in providing
more lattice positions where the coherent precipitates are able to form.

These alloys combine considerable toughness with high strength when heat treated, and
are far superior to conventional alloy constructional steels — but also very much more expen-
sive. Heat treatment, however, is relatively uncomplicated since decarburisation cannot take
place and no water quench is required. They are also very suitable for surface hardening by
nitriding (see Section 14.5).

13.3 TOOL AND DIE STEELS

The primary requirement of a tool or die steel is that it shall have considerable hardness
and wear resistance, combined with reasonable mechanical strength and toughness. A plain
high-carbon tool steel possesses these properties, but unfortunately its cutting edge soft-
ens easily on overheating during a high-speed cutting process. Similarly, dies which are to
be used for hot-forging or extrusion operations cannot be made from plain-carbon steel,
which, in the heat-treated state, begins to soften if heated to about 220°C. Consequently,



176 Alloy steels

Table 13.7 ASTM classification of tool steels
ASTM symbol Steel

Water-hardening tool steels

Shock-resisting tool steels

Oil-hardening cold work tool steels

Air hardening, medium alloy cold work tool steels

High carbon, high chromium cold work tool steels for Dies
Plastic mould steels

Hot work tool steels, chromium, tungsten

Tungsten high-speed tool steels

X4I90O>»0wnS

Molybdenum high-speed tool steels

tool steels which work at high speeds and die steels which work at high temperatures
are generally alloy steels containing one or more of those elements which form very hard
carbides — chromium, tungsten, molybdenum and vanadium. Of these elements, tungsten
and molybdenum also cause the steel, once hardened, to develop a resistance to tempering
influences, whether from contact with a hot work-piece or from frictional heat. Thus, either
tungsten or molybdenum is present in all high-speed steels, and in most high-temperature
die steels. In addition to British and European standards, the American Society for Testing
and Materials (ASTM) designation is widely used as a classification method for tool steels
(Table 13.7). Each steel grade is named by a letter followed by a number. The letter signifies
one characteristic of the tool steel, and the number denotes a particular steel. Table 13.8
shows examples of tool and die steels.

13.3.1 Die steels

As mentioned earlier, these materials will contain at least one of the four metals which form
hard carbides; whilst hot-working dies will in any case contain either tungsten or molybde-
num to provide resistance to tempering and, hence, the necessary strength and hardness at
high temperatures. The heat treatment of these steels resembles that for high-speed steels,
which is described in Section 13.3.2.

13.3.2 High-speed steel

High-speed steel, as we know it, was first shown to an amazed public at the Paris Exposition
of 1900. A tool was exhibited cutting at a speed of some 0.3 m per second, with its tip
heated to redness. Soon after this, it was found that the maximum cutting efficiency was
attained with a composition of 18% tungsten, 4% chromium, 1% vanadium and 0.75% car-
bon, and this remains possibly the best-known general purpose high-speed steel to this day.

Since high-speed steel is a complex alloy, containing at least five different elements, it
cannot be represented by an ordinary equilibrium diagram (see Section 9.5); however, by
grouping all the alloying elements together under the title ‘complex carbides’, a simplified
two-dimensional diagram (Figure 13.1) can be used to explain the heat treatment of this
material.

It will be seen that the general shape of this diagram still resembles the ordinary iron-
carbon diagram. The main difference is that the lower critical temperature has been raised
(alloying elements usually raise or lower this temperature), and the eutectoid point E is now
at only 0.25% carbon (instead of 0.8%). All alloy