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This u~it will be 
~ssessed by ~ series of 

~ss~~me~s set by your 

tutor. 

Metals are a group of materials that underpin every aspect of 
engineering. This unit considers the mechanical characteristics of 
metals. It will help explain why metals are so versatile and how they 
can be tailored to suit particular applications by combining them in 
alloys and applying heat treatment processes. Of course, even the 
strongest materials have their limits. Understanding the mechanisms 
by which metals fail is important for all engineers if they are to use and 
apply metallic materials safely. In this unit you will measure properties 
such as hardness and tensile strength using testing equipment and 
investigate in-service failures. 

How you will be assessed 
This unit will be assessed by a series of internally assessed tasks set by your tutor. 

Throughout this unit you will find assessment practice activities to help you work 
towards your assessment. Completing these activities will mean that you have carried 
out useful research or preparation that will be relevant when it comes to your final 
assignment. 

In order for you to complete the tasks in your assignments, it is important to check 
that you have met all of the Pass assessment criteria. You can do this as you work your 
way through each assignment. 

If you are hoping to gain a Merit or Distinction grade, you should also make sure that 
you present the information in your assignment in the style that is required by the 

relevant assessment criterion. For example, Merit criteria require you to analyse and 
discuss, and Distinction criteria require you to assess and evaluate. 

The assignments set by your tutor will consist of a number of tasks designed to meet 
the criteria in the table. They are likely to take the form of written reports, but may 
also include activities such as the following: 

~ Carrying out destructive test procedures on a range of metallic samples. 

~ Carrying out non-destructive test procedures on a range of metallic samples. 

~ Analysing case studies and assessing physical evidence to investigate in-service 
component failure. 
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Getting to know your unit UNIT 25 

Assessment criteria 

This table shows what you must do in order to achieve a Pass, Merit or Distinction grade, and where 
you can find activities to help you. 

Pass Merit Distinction 

Leaming aim El Investigate the microstructure of metallic materials and the 
effects of processing on them and how these effects influence 
their mechanical properties •. ,. 

Explain how the microstructure of non
processed metallic materials affects the 
mechanical properties of the material. 

Assessment practice 25.1 .,. 
Explain how the microstructure of 
processed metallic materials affects the 
mechanical properties of the material. 

Assessment practice 25.1 

Analyse, using an accredited data source, 
the microstructure of non-processed and 
processed metallic materials to correctly 
identify the material, including how the 
processing history affects the mechanical 
properties of the materials. 

Assessment practice 25.1 

.,.,, 
Evaluate, using an accredited data 
source, the microstructure of non
processed and processed metallic 
materials to identify the material, 
including how the processing history, 
impurities and grain boundaries affect 
the mechanical properties of the 
materials. 

Assessment practice 25.1 

Leaming aim Ill Explore safely the mechanical properties of metallic materials 
and the impact on their in-service requirements 

i :l@M 
Conduct destructive tests safely on 
different non-processed and processed 
metallic samples. 

Assessment practice 25.2 

i :l:Zi 
Conduct non-destructive tests safely 
on at least two non-processed and 
processed metallic samples. 

Assessment practice 25.2 

i :IJW 
Explain, using the test results, how 
the mechanical properties of metallic 
materials affect their behaviour and 
suggest an application. 

Assessment practice 25.2 

l:l~1fl •=•·>• 
Conduct destructive and non-destructive Evaluate, using the results from safely 
tests accurately on different non- conducted tests and an accredited data 
processed and processed metallic samples. source, how the mechanical properties 

Assessment practice 25.2 of processed and non-processed 
metallic materials affect their behaviour 
and suitability for different realistic 
applications, justifying the validity of the 
test methods used. 

l :l®il 
Analyse, using the test results and 
an accredited data source, how the 
mechanical properties of metallic 
materials affect their behaviour and 
suggest a realistic application. 

Assessment practice 25.2 

Assessment practice 25.2 

Leaming aim m Explore the in-service failure of metallic components and 
consider improvements to their design 

Conduct a visual inspection check and at 
least one test safely on components that 
have failed in service. 

Assessment practice 25.3 .,. 
Explain, using the results, how each 
component failed and how each 
component's design could be improved. 

Assessment practice 25.3 

Conduct a visual inspection check and 
at least one test safely and accurately on 
components that have failed in service. 

Assessment practice 25.3 

Analyse, using the results, how each 
component failed and justify how each 
component's design could be improved. 

Assessment practice 25.3 

... ,. 
Evaluate, using language that is 
technically correct and of a high 
standard, the results from safely 
conducted and accurate checks and tests 
to establish how components failed in 
service, recommending a design solution 
from a range of alternatives. 

Assessment practice 25.3 
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Getting started 
Work in a small group to describe all the properties that you associate with 
metallic materials. When you have come up with at least eight properties 
between you, go on to identify an engineered product or an engineering 
process where each of the properties you have identified is important. 

I Investigate the microstructures of metallic materials and 
the effects of processing on them and how these effects 
influence their mechanical properties 

The physical properties of a metallic material are a 
consequence of the metallic bonds that hold the atoms 

together in a regular crystal structure. It is important for 
engineers to understand these structures and how they can 
be manipulated using alloying or heat treatment techniques. 

A1 Types of ferrous metals and alloys 
By definition, ferrous metals contain the metallic element 
iron {Fe). Pure iron is relatively soft and malleable and as such 

is unsuitable for many engineering applications. However, 
when alloyed with other elements, notably carbon, the 
characteristics of the material can be transformed. 

Plain carbon steel 

Steel is a general term used for a range of metal alloys 
containing iron and 0.08-1.2% carbon by weight. As 
the carbon content of the alloy increases, so does the 

strength and hardness of the steel. However, there is 
a corresponding reduction in toughness and ductility. 
Table 25.1 lists the carbon content of plain carbon steels, 
as well as wrought iron and cast iron. 

Key term ) 

Alloy - a mixture of two or more metals which has 

enhanced mechanical properties or corrosion resistance 
compared with the pure metal used alone. 

~ Table 25.1 Plain carbon steels, wrought iron and cast iron 

Material Carbon content _______ , 
Wrou ht iron Less than 0.08% 

Low-carbon st_ee_l ___ __ u.P to 0.~ 

Mild steel Between 0.15% and 0.35% 

Medium-carbon steel Between 0.35% and 0.6% 

High-carbon steel Between 0.6% and 1.2% 

Cast iron Between 1.4% and 4% -------
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Alloy steels 

An enormous range of additional alloying elements 
are utilised in small amounts to further enhance the 

mechanical properties of steel. 

Structural steel 

Grade S275JR is a typical hot-rolled steel used in welded, 
bolted and riveted structural applications. 
It contains 0.21% carbon, 1.5% manganese, 0.55% copper, 

0.04% sulphur and 0.04% phosphorous. 

Tool steel 

Grade 01 is a typical carbon-manganese hardenable tool 
steel used in a range of applications, including press tools, 
marking punches, taps and knife blades. 
It contains 0.95% carbon, 1.25% manganese, 0.50% 

chromium, 0.50% tungsten and 0.20% vanadium. 

Stainless steel 

Grade 304 is a typical stainless steel in the UK. 
It contains 0.08% carbon, 2.00% manganese, 18.00% 
chromium, 8.00% nickel, 0.045% phosphorous, 0.03% 
sulphur and 0.75% silicon. 

Heat-resistant steel 

Certain alloying metals such as molybdenum confer 
heat-resistant properties so that the steel maintains its 
key mechanical properties such as strength and creep 

resistance, even when operating at elevated 
temperatures. 

Link 

For more details about ductility, tensile strength and 
hardness, see Section A3. For more details about heat 
treatment, see Section AS. For more details about creep 
failure, see Section C2. 



Cast iron 
Grey 

The most common form of cast iron contains between 
2.5% and 4% carbon, the majority of which is present as 
graphite. This gives the characteristic dark grey appearance 
of a fracture surface. The presence of silicon and a gradual 
cooling process assist the formation of graphite. 

For more details about fracture surface, see Section B2. 

White 

In this form of cast iron, the carbon does not form areas 
of graphite but instead forms iron carbides such as Fe3C 
(cementite). These increase the hardness of the cast iron at 
the expense of ductility. White cast iron is extremely brittle 
and therefore has limited practical applications. 

Malleable cast iron 

This is a form of white cast iron that is heat-treated after it 
has been cast in order to increase its ductility and fracture 
toughness. 

Wrought iron 
Wrought iron is a very pure form of iron which does 
contain carbon but in quantities less than 0.08%. 
This makes it relatively soft and malleable, and therefore 
suitable for use by blacksmiths, who were able to work 
it using a forge and basic hand tools. Wrought iron is the 
forerunner of modern mild steel. It was used in a wide 
range of applications such as railways, bridges and warships 
prior to the availability of steels. Wrought iron is no longer 
commercially produced in the UK, and any currently 
available form is more likely to be low-carbon mild steel. 

Identification methods 
Thousands of steel alloys have been developed over 
time to provide the exact characteristics required for 
a very broad range of applications. In order to define 
the composition and characteristics of these alloys, a 
number of national and international standards have been 
developed and are still in common usage. 

International equivalents for the example grades of material 
mentioned earlier in this section are shown in Table 25.2. 

~ Table 25.2 International equivalents of some example grades 
of steel 

ndard --
uctural steel 5275 

Sta 
5tr 
To 
5ta 

-
ol steel 01 
in less steel 304 

--
Europe UK 
EN B5 
5275JR 43B 
- BOl ---
X6CrNi1810 304515 -

--
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Case study 

Material for automotive brake pipes 
Few automotive systems are as important for 
ensuring the safety of the vehicle and its passengers 
as the braking system. Modern vehicles rely on a 

supply of pressurised hydraulic fluid reaching the 
braking mechanism at each wheel for the brakes to 

operate effectively. A system of pipes carries the fluid 
from the brake master cylinder under the bonnet to 
all four wheels. 

During its production from 1959 to 2000, the classic 
Mini was fitted with steel brake pipes as standard. 
Invariably when these corroded and needed to be 

replaced, either copper pipes (typically almost pure 

copper with just 0.01% phosphorous) or cupronickel 
pipes (an alloy containing 10% nickel) were used by 
automotive technicians in local service centres. 

~ Replacement cupronickel brake pipes connecting into 
the master cylinder in the engine bay 

Check your knowledge 

1 What advantages do copper and cupronickel 
have over alternatives such as steel for 

replacement brake pipes? 

2 How do manufacturers increase the longevity of 

mild steel pipes in a tough environment such as 
that underneath a car? 

3 If you were an automotive manufacturer, which 
material would you choose for brake pipes fitted 

in the factory and why? 

Germany USA USA 
DIN AISl/A5TM/ASME UN5 

--+----~---& 

5t44-2 1020 Gl0200 -
100MnCrW4 01 T1501 -- - ------
X5CrNi18-10 304 530400 
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PAUSE POINT 

Keyterms ) 

Wrought alloy - an alloy 

generally supplied in some 
processed form, such 
as billets, rods or bars, 
and which is suitable for 

machining or secondary 
forming processes. 

Casting alloy - an alloy 

suitable for casting 
applications which 
generally exhibits good flow 
characteristics when molten. 

Investigate common uses for ferrous alloys such as different types of steel and cast 
iron. 

Internet search engines provide a wealth of information on metallic materials, but 

don't forget that hard copies of engineering handbooks, catalogues and textbooks 
are also extremely useful. 

What makes the materials you have investigated suitable for the applications that 
you have identified? 

A2 Types of non-ferrous metals and alloys 
Common non-ferrous pure metals 
Table 25.3 lists the most commonly used non-ferrous metals. Information included 

here on equilibrium crystal structures will be covered in more detail in Section A4. 

~ Table 25.3 Common non-ferrous pure metals 
- -
Non-ferrous Che mical Equilibrium crystal Density Melting 
metal sym bol structure at 20°c (kgm-3) point (°C) -
Aluminium Al 

-
Copper Cu 

Gold Au 
-

Lead Pb 

Magnesium Mg 

Silver Ag -- ---
Tin Sn 

.~ 

Titanium TI --- -- -
Zinc Zn 

Non-ferrous alloys 

FCC 

FCC 

FCC 

FCC 

HCP 

FCC 

Tetrahedral 

HCP 

HCP 

2700 

8930 

19300 

11 360 

1740 

10500 

5765 

4500 
-~---

7133 

As with pure iron, the applications of most pure non-ferrous metals are limited. 
Alloying is used to tailor the properties of non-ferrous metals to engineering 
applications. 

Aluminium alloys 

660 

1085 

1065 

327 

650 

962 

232 

1668 

420 

Aluminium in its pure form is soft, ductile and malleable with relatively low tensile 
strength. When alloyed with small quantities of copper, silicon, magnesium or 

manganese, its properties are greatly enhanced. 

~ Wrought aluminium alloys - These are commonly used to produce extrusions or 

rolled plates and sections. A common wrought alloy is: 

~ AW 3004 - contains 1.3% manganese and 1.1 % magnesium; used in the 

production of drinks cans. 

~ Casting aluminium alloys - Due to its relatively low melting point, aluminium also 

lends itself to the production of castings. Casting alloys generally contain 4-13% 
silicon, which improves the flow when molten. A common casting alloy is: 

~ 319 - contains 5.5-6.5% silicon, 3-4% copper, 0.35% nickel, 0.25% titanium, 0.5% 

manganese, 1 % iron, 0.1 % magnesium and 1 % zinc; used in the production of 
engine blocks. 

Both wrought and casting alloys are available in forms which can be heat-treated to 
further enhance their mechanical strength and hardness. 
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Learning aim A -

Copper alloys 

~ Brass - Brasses are a group of copper alloys that use zinc as the principal alloying 
element, often with small amounts of other metals to enhance particular properties. 
Common brass alloys are: 

~ general-purpose common or rivet brass - contains 32% zinc; suited to cold 

working appl ications. 

~ nickel brass - contains 24.5% zinc and 5.5% nickel; used in the production of the 

£1 coin. 

~ Bronze - Bronzes are a group of copper alloys that use tin as the principal alloying 
element. Again, their properties can be further enhanced by the addition of small 

amounts of other metals. Common bronze alloys are: 

~ phosphor bronze alloy C519 - contains 6% tin and 0.2% phosphorous; a wrought 
alloy suitable for the manufacture of springs, electrical contacts and fasteners. 

~ bronze alloy C905 - contains 10% tin and 2% zinc; a common casting alloy used 

for pipe fittings, gears and pump components. 

Magnesium 

Magnesium is around 40% less dense than aluminium but exhibits similar strength and 
stiffness. 

In magnesium alloys, aluminium, zinc, manganese and silicon are the principal alloying 

elements and yield improved strength, corrosion resistance and casting characteristics. 
Common magnesium alloys are: 

~ AZ91 - contains 9% aluminium, 0.7% zinc and 0.1 % manganese; used as a general

purpose casting alloy. 

~ AZ31 - contains 3% aluminium, 1% zinc and 0.2% manganese; a wrought alloy 
particularly suited to extrusion. 

For more details about stiffness, see Section A3. 

Titanium 

Aluminium and vanadium are the principal alloying elements in titanium alloys. 

A common titanium alloy is: 

~ Ti-6Al -4V - contains 6% aluminium, 4% vanadium, 0.25% iron and 0.2% oxygen; the 
most widely used of the titanium alloys, with applications in airframes, fasteners, 

biomedical implants and forged components. 

([) PAUSE POINT Investigate the common uses of a range of non-ferrous alloys. 

Internet search engines provide a wealth of information on metallic materials, but 
don't forget that hard copies of engineering handbooks, catalogues and textbooks 
are also extremely useful. 

What makes the materials you have investigated suitable for the applications that 
you have identified? 

0 -
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Shape memory alloys (SMAs) 
SMAs are a highly specialised group of alloys that exhibit unusual and surprising 
properties. 

Super-elastic properties 

These properties allow the material to be strained by up to 10% and still 
spontaneously return to its original shape when the stress is removed. At these strain 
rates conventional materials would undergo plastic deformation, and the majority 

of the deformation would be permanent. Super-elasticity is made possible by fully 
reversible movement in the material's crystal lattice (see Section A4). 

Shape memory effects 

Shape memory describes the ability of an apparently plastically deformed material 

to fully regain its original shape when heated above a certain temperature. This again 
relies on changes within the special crystal structure of the material that is formed in 
the course of complex thermomechanical treatment during manufacture. 

Below a certain critical temperature the material exists in a structural form that is 
soft and can be easily deformed. When the material is heated above the critical 

temperature, a spontaneous crystalline phase change occurs. The structure of the 
material changes into a high-strength form, and the original shape of the material 
is re-formed. The material retains this shape as it is cooled to below the critical 
temperature. At this point the internal crystal structure spontaneously changes back to 

its soft and easily deformed condition. The cycle can then be repeated. 

,...... 

Phases and phase changes are covered later in this Learning aim, in Section A4 

under 'Metallurgical phase'. 
~ ~ 

~ The most widely known alloy that exhibits both super-elastic and shape memory 

effects is nitinol, which contains 55% nickel and 45% titanium. 

Applications 

Typical applications of SMAs include spectacle frames, dental braces and medical 
implants such as bone fixings and arterial stents. They are biocompatible and so can 
be used in applications inside the body, and they have good mechanical properties. 
However, SMAs are very expensive to manufacture and have poor fatigue properties 

compared with conventional alloys. For example, a steel component can withstand 
around 100 times more fatigue loading cycles than one made from an SMA. 

Identification methods 
International equivalents for two of the grades of non-ferrous alloy material 

mentioned earlier are shown in Table 25.4. 

~ Table 25.4 International equivalents of two example grades of non-ferrous alloys 

Germany USA USA 

Standard 

Europe 

EN 

UK 

BS DIN AISl/ASTM/ASME UNS 

Aluminium alloy AW 3004 AW 3004 

Titanium alloy Ti-6Al-4V Ti-6Al-4V 
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A3 Mechanical properties of metallic materials 
The mechanical properties of materials describe their response to the application of 
force; see Table 25.5 for a brief summary. 

~ Table 25.5 Types of externally applied force 

Description Illustration Type 

Tensile 
~~~~~~~~-t-~~~~~ 

A pulling force - pulling apart, 
stretching 

Compressive A squeezing force - pushing 
together, crushing 

Torsional A twisting force 

Shear A cutting or shearing force 
41( \ 

'\ ~ ~ 

As the effects of a force depend on the area over which it is applied, we use stress 
when considering the mechanical properties of materials. 

Link ) 
r ~ 

An introduction to stress, strain and elastic constants was given in Unit 1, Section 82 

('Loaded components'). 
\. ~ 

Elastic and plastic behaviour 
When a stress is applied to a material sample, the material has a tendency to deform. 
The deformation is measured as a proportion of the original size of the material, 

known as strain. 

~ Elastic behaviour - If, when the stress is removed, the strain returns to zero and the 

material reverts to its original shape, then the material is behaving elastically. 

~ Plastic behaviour - If, when the stress is removed, the material does not return to its 
original shape and some degree of permanent strain remains, then the material is 
exhibiting plastic behaviour. 

Learning aim A """' 

Keyterms ) 

Stress - the load distribution 

within a material expressed as 
force per unit area of material, 

force . 
stress= area, measured in 

pascals (Pa). 

Strain - the extension 
of a body expressed as a 

proportion of its original 
length. 
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Strength 
Tensile strength 

Ultimate tensile strength (UTS) is defined as the maximum 
stress that a material is able to withstand before failure. This 
is shown as point Don the stress-strain curve in Figure 25.1. 
For a ductile metal this does not usually represent the 
fracture point of the material; the fracture point occurs at 
point E after further rapid plastic deformation. 

Ductile metals will undergo significant plastic deformation 
before fracture. Generally in engineering applications 

design loads are kept well within the region of elasticity. 

Vl 
Vl 
QJ .... ...... 

l/'l 

Strain 

D 
E 

A Region of elasticity 

B Limit of proportionality 
C Yield point 
D Ultimate tensile strength (UTS) 

E Fracture point 

~ Figure 25.1 Typical stress-strain curve of a ductile ferrous 

metal, showing a distinct yield point 

Yield point 

A useful indication of usable material strength is the yield 

point of the material. This point marks the transition 
from elastic to plastic behaviour, after which further 
deformation will be permanent up to the point of fracture. 

In steels, the yield point tends to be a sudden, small but 
distinct relief in stress as the material reaches its elastic 
limit and permanent slippage occurs. This is shown as 

point C in Figure 25.1. Strain hardening soon restores 
the strength of the material and the stress level once again 
begins to rise. 

Proof stress 

For materials other than steel, a clear indication of the 
yield point is not obvious on the stress-strain curve. 

Instead, we can calculate an equivalent indicator, called 
the proof stress. This is the stress at which a permanent 
plastic strain of 0.2% occurs. It is found by locating the 
strain corresponding to 0.2% extension on the strain axis 

(point G in Figure 25.2), drawing a line from this point 
parallel to the straight (elastic) portion of the stress-strain 
curve, and then reading off the stress value at which this 
line intersects the curved portion of the stress-strain curve 
(point F in Figure 25.2). 
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G 

, . 
: 

: 

. , 
: 

F proof stress 
G strain corresponding 

to 0.2% extension 

Strain 

~ Figure 25.2 Stress-strain curve without a distinct yield point, 

for which 0.2% proof stress should be determined 

Compressive strength 

In metals, compressive strength is usually similar in 
magnitude to the stress in tension at the yield point. 

Shear strength 

The shear strength in metals, however, is generally 
different from the tensile strength. It must be considered in 
its own right when designing components that are loaded 
in multiple directions and which will therefore experience 

both shear and tensile stresses. 

Hardness 

Surface hardness is a measure of a material's ability to 
resist surface plastic deformation in the form of scratches, 
indentations or cutting. High hardness also provides good 

wear resistance. 

Fracture toughness 

Fracture toughness is a measure of a material's ability to 
resist fracture under shock loading at the sites of pre
existing defects, such as cracks or internal material defects 

(voids or inclusions). 

Key terms ) 

Slippage - permanent movement along slip planes 
within the crystal structure of the material (explained in 

more detail in Section A4). 

Strain hardening (work hardening) - a phenomenon 

where deformation of the crystal structure at high strain 
rates helps to block further movement or slippage, 
which makes the material harder. 

Shock loading - rapidly increasing dynamic loading 
such as that in aircraft landing gear. 

Voids - areas of empty space within a material, for 
example where grains are not fully in contact. 

Inclusion - an impurity in the material's microstructure. 
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Plasticity 
Plasticity refers to the tendency of a material to undergo permanent deformation 
under load. This can be described in two ways: 

~ Ductility - the ability of a material to be stretched and permanently plastically 
deformed by tensile forces. 

~ Malleability - the ability of a material to be squeezed and permanently plastically 
deformed by compressive forces. 

Elastic modulus 

The elastic modulus (or modulus of elasticity) describes the stiffness of a material 
undergoing elastic deformation. Different values of elastic modulus are used in cases 

of direct loading and shear loading: 

~ In direct loading, the elastic modulus (also known as Young's modulus) is the 
gradient of the straight portion of the stress-strain curve, shown as the region of 
elasticity in Figure 25.1 . The stiffness or rigidity of the material is defined as the 

strain produced per unit of applied stress. 

~ In shear loading, the modulus of rigidity or shear modulus is the ratio of shear stress 
to shear strain in the region of elasticity. 

Specific stiffness 

Specific stiffness indicates the resistance of a material to bending in relation to its 

density. It is calculated as the elastic modulus per unit density. 

Fatigue limit 

Fatigue is a process of material degradation caused by the effects of cyclic loading. 
Eventual cracking and fatigue failure can occur at stresses well below the UTS of the 
material that would apply in static loading. 

The fatigue limit for a material is a measure of the maximum level of stress that can 

safely be applied to a material as a cyclic load. 

r Key terms ) 

Cyclic loading - constantly 

varying dynamic loading such 
as that in a shaft running out 
of balance. 

Static loading - constant 

loading such as that in the 
structure of an electricity 

pylon . 

Lattice structure - the 

regular structure of atoms 
that make up a crystalline 
material. 

~ ~ 

G PAUSE POINT Close your book. Working either by yourself or with colleagues, draw a spider 
diagram with 'Mechanical properties of metals' in the centre. Add in as many 

mechanical properties with as much detail as you can. 

When you run out of ideas, refer back to the textbook to help you complete the 

spider diagram. 

Choose an engineering component (for example, a lift cable, a wood screw or 
a bicycle frame) and explain the relative importance of different mechanical 

properties in its operation . 

A4 Grain structure of metallic materials 
Crystal lattice structures 
As the atoms of a pure molten metal cool, they start to form crystalline lattice 
structures. By far the most common of these are body-centred cubic (BCC), 

face-centred cubic (FCC) and hexagonal close-packed (HCP), shown in Table 25.6 
and Figure 25.3. Some metals only ever exist in one of these forms, but other 
metals can exist in more than one form depending on the prevailing conditions of 
temperature and pressure. Notably, iron typically exists as BCC at room temperature 
but spontaneously transforms to FCC when the temperature reaches a certain level. 
This type of behaviour will be considered in more detai l later in the unit. 

0 ........ 

n 
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grain 
boundaries 

individual 
grains 

~ Figure 25.4 Typical metallic grain 

structure at a magnification of 

xlOOO 

~ Table 25.6 :The three most common crystal lattice structures 
-~ 

Lattice structure 

Body-centred cubic 

Face-centred cubic -- ------
Hexagonal close-packed 
~ -

Abbreviation 

BCC 

FCC 

HCP 

• 
: ,• . - . ,:.-. 

,'' . : 
·-~-· 

~ 

Occurs in 

Fe, Ti -
Al, Cu, Au, Pb, Ag, Fe -
Mg,Zn, Ti 

BCC 
body-centred cubic 

FCC 
face-centred cubic 

HCP 
hexagonal close-packed 

~ Figure 25.3 Body-centred cubic (BCC), face-centred cubic (FCC) and hexagonal close-packed 

{HCP) crystal lattice structures 

Grain structure 
As a molten metal cools and begins to solidify, individual atoms begin to arrange 
themselves into the crystal lattice structure that characterises their solid form. They 
form small groups of atoms that act as seed crystals onto which other atoms are 
able to attach themselves and thus form larger structures. In this way a crystal lattice 
structure grows. 

Numerous seed crystals tend to form throughout the material, with each one growing 
until it starts to encounter its neighbours and is prevented from growing further. This 
leads to an overall structure that does not exist as a continuous and uniform crystal 
lattice but rather as collection of randomly oriented, closely packed grains of varying 
sizes. 

The areas around and between grains are known as grain boundaries (see 
Figure 25.4). 

Keyterms ) 

Grain - a defined area of uniform crystal lattice structure that forms during 
cooling. 

Grain boundary - the area which separates individual grains in a crystalline 
material. 

Crystal lattice defects 
Within grains the regular lattice structure rarely forms perfectly and tends to contain 
numerous defects. 

Point defects 

These are imperfections in the regular crystal lattice caused by an irregularity at one 
point in the crystal that has an effect on the structure immediately around it. Some 
common point defects are shown in Figure 25.5. 
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Vacancy point 
defect 

Interstitial point 
defect 

Substitutional point Substitutional point 
defect (large) defect (small} 

~ Figure 25.S Point defects in the regular crystal lattice structure 

Key terms ) 

Vacancy point defect - where an atom is missing from the regular structure. 

Interstitial point defect - an atom not part of the regular lattice, often an 
impurity, is present in the usually unoccupied small spaces between atoms in the 
lattice structure. 

Substitutional point defect - an atom within the regular lattice structure is 
replaced by another type of atom, often an impurity, that is significantly larger or 
smaller than those surrounding it. 

Dislocations 

Line defects are imperfections that affect a whole row of atoms. A dislocation is a type 
of line defect where the regular crystal lattice structure has not formed correctly during 
cooling or has been altered by plastic deformation of the material. Dislocations take two 
general forms, as illustrated in Figure 25.6: screw dislocations and edge dislocations. 

screw dislocations edge dislocations 

~ Figure 25.6 Two types of dislocation in the regular crystal lattice structure 

When shear stresses are applied to a material, it is the movement of dislocations along 
planes out to the edges of the grain that is responsible for the majority of plastic 
deformation. This is a relatively low-energy process of breaking and re-forming 
just the bonds around the dislocations as they move through the material. If the 
movement of dislocations can be blocked or disrupted, then the material exhibits 
increased strength and hardness. 
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Planar defects 

Planar defects are imperfections that involve a 20 surface of atoms in the crystal 
structure. The most common planar defects are the grain boundaries themselves, 

which are regions of imperfect crystalline arrangement. They occur where regular 
crystal grain structures that are formed in different orientations meet during cooling. 

Slip planes 
Elastic deformation 

A material undergoing elastic deformation caused by an applied stress will return to 

its original shape once the stress is removed. This means that the bonds between the 
atoms in the crystal lattice are strained to accommodate the deformation but remain 
intact (see Figures 25.7 and 25.8). When the stress is removed, this relieves the strain 
and the lattice returns to its original shape. 

t 

not loaded loaded in shear 
loaded in tension 

~ Figure 25.7 Schematic examples of elastic deformation in a simple crystal lattice 

Plastic deformation 

Plastic deformation occurs when the applied stress not only stretches the bonds 
between atoms in the lattice but actually causes atoms to slide over each other 

and form new bonds in a different and permanently changed arrangement (see 
Figure 25.8). It is a different process from the movement of dislocations, which can 
cause plastic deformation with relatively low loads. This sliding along entire structural 
planes requires considerably greater energy as more bonds are broken and re-formed 

at the same time. 

~ --------~----------· 

elastic deformation plastic deformation 

~ Figure 25.8 Elastic versus plastic deformation 

In reality the sliding that occurs in plastic deformation, correctly referred to as slippage, 
acts in three dimensions along specific slip planes and in particular directions where 
the lattice structure is weakest. Preferred slip planes and slip directions differ between 
crystal structures, as they depend on the arrangement of atoms. Plastic deformation 
tends to occur by the sliding of closely packed planes in the directions of closest packing. 
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The three common lattice structures all have different slippage characteristics, shown 
in Figure 25.9. 

BCC 

One of several 
slip planes in 
the BCC lattice 

~ Figure 25.9 Slip planes in BCC, FCC and HCP lattice structures 

FCC 

slip planes in 
the FCC lattice 

~ The BCC unit cell has no close-packed planes. The slip planes are those with the 
greatest spacing between them, but it is difficult for these to slide over one another. 
Metals with the BCC structure (e.g. iron, tungsten, chromium) therefore tend to 
exhibit high strength with moderate ductility. 

~ The FCC unit cell contains four close-packed planes. Any one of these can form a 

slip plane in three possible directions. Metals with the FCC structure (e.g. copper, 
lead) therefore tend to exhibit relatively low strength and high ductility. 

~ The HCP unit cell contains just one close-packed plane. This can form a slip plane in 
three possible directions. Metals with the HCP structure (e.g. zinc) therefore tend to 
have low ductility. 

So far we have considered deformation only within a single regular crystal lattice, but 
most metals encountered in engineering are made up of multiple grains (known as 
polycrystalline structures). Within each grain the deformation processes of dislocation 
movement and slippage will take place. However, as each grain forms in a random 

orientation during solidification, a directional force applied to the material will affect 
each of the grains to a differing degree. 

Any slippage or movement of dislocations will not easily cross grain boundaries. This 
is the main reason why materials consisting of small grains exhibit greater strength, 

hardness and impact resistance than materials consisting of fewer larger grains. 

Surface slip bands 

Cyclic loading tends to cause the formation of slip bands within grains at the 

surface of a material. Over time, intrusions and extrusions form on the surface, 
as illustrated in Figure 25.10. The intrusions can become sufficiently deep to form 

significant defects or micro-cracks in the material surface. These can act as localised 
stress raisers and initiate fatigue cracking. This can then propagate (spread) through 
the material, causing component failure at loads significantly below the UTS of the 

material. Fatigue is discussed in greater detail later, in Section C3 of this unit. 

HCP 

Slip plane in 
the HCP lattice 

Key terms ) 

Unit cell - the smallest 

arrangement of atoms that we 
can use to define the general 

structure of a crystalline 
material. 

Slip band - a section of 
displaced lattice structure 

between active slip planes. 
Slip bands can be observed as 
'steps' in the crystal structure. 

Intrusion - a trough formed 
in the surface of a material. 

Extrusion - a peak pushed 

out from the surface of a 
material. 

Localised - limited to a small 

area. 

Stress raiser - any feature, 
such as a sharp corner 

or void, that will cause a 
localised increase in stress. 

PAUSE POINT Use marbles, ping-pong balls or any spherical objects that you have available to 
create models of the FCC, BCC and HCP crystal structures. 

Use a hot glue gun to hold together your models and build them as large as you like. 

Identify the close-packed planes that define the slip planes and slip directions within 
each structure. 
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~ Figure 25.10 Cyclic loading causes movement in surface slip planes, leading to the formation of surface intrusions and extrusions. 

Metallurgical phase 
You are probably familiar with using the term 'phase 
change' when referring to a change of state of a material, 
for example, from solid to liquid or from liquid to gas. 

In metallurgy, phases refer to a wide range of physical 

states related to the structure adopted by the crystal lattice 
at different temperatures. 

A liquid metal or alloy is a mix of atoms without any 
defined structure. In a pure metal there will be a single 
type of atom, and in an alloy there could be several types 
of metal atoms (and other substances such as carbon in 
the case of steel). 

When the liquid cools, solidification takes place as atoms 

begin to form regular crystal lattice structures. Depending 
on the structures formed and the solubility of different 
atoms within them, a number of different phases, or 
structural types, might be present. 

Keyterms ) 

Metallurgy - the study of metals, including their 
structure, properties and uses. 

Solubility - the ability of one substance to remain 
dissolved in another. 

Solid solution - a metal alloy in which the main metal 
has alloying elements dissolved within its structure. 

'- ~ 

Although now solid, the mix of metal atoms, known as 
a solid solution, can still change. As the crystal lattice 
structure cools, it has a natural tendency to adopt a stable 
equilibrium structure or phase. At different temperatures 

the shape of this equilibrium structure can change. This 
means that a phase which is stable at high temperatures 
might transform to a different structural phase, with 
different characteristics, at a lower temperature. In alloys, a 
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single phase which is slable at the higher temperature can 
transform into a mix of two or more phases as it cools. 

This behaviour seems complex at first and is best 
understood by studying equilibrium phase diagrams, 
which will be considered for iron-carbon (steel) alloys and 

aluminium-copper alloys a little later. 

Alloys 
As introduced in Sections Al and A2, an alloy is a mixture 
of metals (and sometimes other elements, notably carbon 
in steels). Often, the mechanical properties and other 
important characteristics, such as corrosion resistance, of a 
pure metal can be substantially enhanced with the addition 

of relatively small quantities of one or more other metals. 

Eutectic alloy 

Eutectics are alloys which are made up from the specific 
ratio of pure metal and alloying elements that gives the 
lowest possible melting point for the alloy. Moreover, the 

melting point of the eutectic alloy is uniform (the same) 
throughout the material. In alloys with compositions either 
side of the eutectic, complete melting occurs over a range 

of temperatures. 

Interstitial solid solution 

In a similar way to an interstitial point defect, the alloying 
element in an interstitial solid solution occupies a space 
between atoms in an otherwise regular lattice structure 

(see Figure 25.5). 

Substitutional solid solution 

In a similar way to a substitutional point defect, the 
alloying element in a substitutional solid solution takes the 
place of an atom within the regular lattice structure. These 
substituted atoms may be of a similar size or significantly 
larger or smaller than the atoms surrounding them. 



lntermetallic compounds 

lntermetallic compounds exist in metal alloys where the bonding attraction between 

the atoms of different metals leads to the formation of chemical compounds with a 

different structure from that of the pure metal crystal lattice. The strong interatomic 

bonding present in these compounds means that they are generally hard and brittle. 

If concentrated at grain boundaries or present in large quantities, the intermetallic 

compounds will make the alloy as a whole brittle and less ductile. However, if they are 

distributed evenly throughout the material as small particles, they can increase the 

alloy's strength and hardness. 

Iron-carbon thermal equilibrium diagram 
The iron-carbon phase diagram is probably the most important equilibrium phase 
diagram for engineers, as it describes the phases that form at different temperatures 

of this widely used and versatile alloy of iron and carbon. The part of the diagram 

of greatest relevance to engineers is the region describing steel alloys (up to 

approximately 2% carbon) - see Figure 25.11. 
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~ Figure 25.11 Simplified iron-carbon equilibrium phase diagram for steel alloys 

The mechanical properties of steel are greatly influenced by the carbon content of the 

alloy. In the liquid phase, carbon is completely soluble, but it is only partially soluble in 

the solid crystal lattice structures that form as the alloy cools. 

In the area of the iron-carbon phase diagram that refers to steel (Figure 25.11), the 

following phases can be observed. 

Austenite 

As pure iron cools from 1394°C to 912°C, it exists in a single phase called austenite, 

which has an FCC crystal lattice structure. Austenite exhibits the high ductility typical 

of the FCC structure and is the phase in which hot forming is carried out. Most heat 

treatment processes begin with the steel being heated sufficiently to transform the 

iron into the austenite phase. 

Austenite is able to dissolve up to 2% carbon by weight. 
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Ferrite 

Below 912°C iron transforms into a BCC crystal structure 
called ferrite. Only 0.02% carbon can be kept in solution with 
the ferrite, so if more than this was dissolved in the austenite 
phase, it will be forced out of solution as the ferrite forms. 

Cementite 

Carbon forced out of solution in the transition from 
austenite to ferrite forms an intermetallic compound called 

cementite {Fe3C). Typical of intermetallic compounds, 
cementite is both hard and brittle. It can confer useful 
properties on the alloy if dispersed evenly but can prove 

problematic if present in large or localised concentrations. 

Pearlite 

Ferrite and cementite frequently occur together and can 
be observed under the microscope as alternating layers 
or plates. The combination of these two phases resembles 
mother-of-pearl when magnified, and so became known 
as pearlite. 

Important phase transformations of steel alloys 

The key transformation occurs when single-phase 
austenite cools and transforms into a mixture of the two 

phases ferrite and cementite. The nature of this transition 
and the properties of the materials formed will vary 
according to the composition of the alloy: 

~ Eutectoid {0.77% carbon) - line x to x' in Figure 25.11. 
At temperatures above 727°C, the alloy consists of a 
single phase, austenite, in which all of the 0.77% carbon 
is dissolved in solid solution. As the material is cooled to 

727°C, the transformation of austenite into ferrite and 
into cementite occurs simultaneously. This gives rise to a 
structure consisting of fine grains of ferrite and cementite 

(pearlite) mixed evenly throughout the material. 

~ Hypo-eutectoid {less than 0.77% carbon) - line y to 

y' in Figure 25.11. At high temperatures, the single 
phase present is austenite, in which all of the carbon 
is dissolved in solid solution. However, as the material 
cools, it enters a region where austenite and ferrite are 

both present. As the ferrite grains begin to grow and 
the remaining austenite becomes increasingly rich in 
carbon, the eutectoid composition of 0.77% carbon 

will eventually be reached, and this will transform into 
pearlite at 727°C. The resulting grain structure consists 
of the ferrite that formed first and regions of pearlite. 

~ Hyper-eutectoid (greater than 0.77% carbon) - line z to 
z ' in Figure 25.11. At high temperatures, the single phase 
present is austenite in which all of the carbon is dissolved 
in solid solution. This time, as the alloy cools, it passes 
through a region where austenite and cementite are both 
present. As the cementite forms, the levels of carbon 
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dissolved in the austenite decrease until the eutectoid 
composition is reached, which will transform into pearlite 
at 727°C. The resulting grain structure consists of primary 
cementite, which formed first, and regions of pearlite. 

Everything discussed so far is true only during gradual 
cooling, where atoms are given time to arrange themselves 
into their most energy-efficient or equilibrium forms at a 

given temperature. 

Heat treatment of steels (to be discussed later) is based on 
disrupting the natural phase transitions that would occur 

in gradual cooling. 

Aluminium-copper thermal equilibrium diagram 
The aluminium-copper thermal equilibrium diagram 
{Figure 25.12) refers to solutions of copper in aluminium. 
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~ Figure 25.12 Simplified aluminium- copper equil ibrium phase 

diagram 

Solid aluminium exists in a single phase as an FCC 
crystal lattice. This is referred to as the o. (alpha) phase. 
In an aluminium alloy containing between 0.2% and 

5.7% copper by weight, the solubility of copper in solid 
solution with aluminium increases with temperature, as 
can be seen from the sloping phase boundary A to Bin 
Figure 25.12. Anywhere to the left of this phase boundary 

is unsaturated, which means that all of the copper present 
is dissolved in the aluminium o. phase. 

Anywhere to the right of the phase boundary is saturated, 

which means that the aluminium a phase is unable to 
dissolve all of the copper present. The copper must therefore 
adopt a different form. Here that form is the intermetallic 
compound CuAl2, which is referred to as the() {theta) phase. 

Consider an aluminium alloy containing 4% copper. At 
S00°C all the copper will be dissolved in the aluminium 
a phase. When the alloy is cooled, the saturation point is 
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reduced by the decrease in temperature. If the alloy is cooled rapidly by quenching in 
water, there is no opportunity for excess copper to precipitate from (i.e. be forced out 
of} the solid solution, so the alloy becomes a non-equilibrium super-saturated solid 
solution with more copper dissolved in the aluminium phase than it would have in its 
natural equilibrium state. 

This is the first stage in the heat treatment of aluminium-copper alloys and is known as 
solution treatment, which will be discussed in greater detail in Section AS. 

Effects of grain structure, crystal lattice structure and alloying 
elements on mechanical properties 
Grain structure, crystal lattice structure and alloying elements will have different 
effects on the mechanical properties of metal alloys. 

Grain structure 

~ Small grains with regular spheroid shapes will increase toughness and tensile 
strength by restricting the movement of dislocations and slip planes. 

~ Concentrations of intermetallic compounds in large quantities or at grain 
boundaries will cause brittleness. 

~ Even distribution of intermetallic compounds throughout the grain structure will 
increase hardness without increasing brittleness. 

Crystal lattice structure 

FCC lattice structures contain the most possible slip planes active in the numerous slip 
directions, and so tend to have low strength and high ductility. 

Alloying elements 

~ Alloying elements that form intermetallic compounds tend to increase hardness and 
tensile strength (as long as these are distributed evenly through the structure). 

~ Alloying elements that occupy interstitial or substitutional positions in the crystal 
lattice cause deformation, which disrupts the movement of dislocations and slip 
planes. This leads to an increase in hardness and tensile strength. 

PAUSE POINT Close your book. Work alone or with a group of colleagues to create a spider 
diagram which summarises the ways in which alloying elements, lattice structures 
and grain size can affect the mechanical properties of materials. 

When you run out of ideas, refer back to your notes or the textbook to fill in the details. 

Try drawing sketches or diagrams to illustrate each of the effects. 

A5 Effects of processing on the mechanical 
properties of metallic materials 

When raw metal stock is received from a supplier, it will 
already have gone through some form of processing to 
shape it into plates, bars, sheets or billets. Changing 
the external shape of the material in this way provides a 
convenient starting point for subsequent manufacturing 
operations. In addition, processing the metal has a 
significant impact on the internal structure, and therefore 
the mechanical properties, of the material. 

Key terms ) 

Raw metal stock - metals as they arrive from the 
manufacturer or foundry. 
Plates - metal sheets usually above 3 mm thickness. 
Sheets - metal sheets usually below 3 mm thickness. 
Bars - fully finished round or square bar that has been 
rolled to an exact size and is ready for use. 
Billets - part finished round or square bar that will 
require further shaping or processing prior to use. 
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Recrystallisation 
When initially cast, ingots of the raw stock metal tend to 
form large crystal grains of uneven size and shape. They 
also commonly contain voids and cavities formed by gas 
bubbles or due to rapid shrinkage during cooling. 

Recrystallisation is the process of re-forming and refining 
the grain structure of the metal. Smaller consistently 
shaped and sized grains tend to provide enhanced 
strength and toughness. 

There are several forms of heat treatment that achieve 
recrystallisation, including sub-critical annealing, full 
annealing and normalising. These are all discussed later. 

Keyterms ) 

Cavities - areas of empty space within a material 
caused by the removal of a particle, for example where 
an impurity has burned away during heating. 
Spring back - the tendancy of a metal to recover some 
of its original shape once forming stresses are removed. 

Hot working 

Hot working processes are carried out at elevated 
temperatures in a phase where the metal becomes softer 
and more ductile. In steel, hot working is carried out 
when it is in the single-phase austenite form. Continuous 
recrystallisation within the material during formation at 
these temperatures allows large plastic deformations to 
occur without the risk of fracture. Table 25.7 describes 
some common hot working processes. 

~ Table 25.7 Hot working processes 

_J 

Cold working 
Plastic deformation below the recrystallisation 
temperature is known as cold working. This deforms and 
strains the material without any subsequent re-forming 
or refinement of the grain structure. Cold working can 
impart strain hardening to the finished component, which 
can yield the required strength and hardness that might 
otherwise have been achieved through an additional heat 
treatment after forming. 

Cold working is generally used only for materials with a 
relatively low yield point (the point at which plastic flow 
occurs) and high ductility (the ability to undergo plastic 
deformation without rupturing or fracture). Materials are 
usually annealed prior to cold working to make them as 
ductile as possible. 

Annealing is also sometimes performed part way through 
a cold forming process where work hardening needs to 
be relieved in order to restore ductility to the material. 
Annealing is discussed in detail later in this section, under 
'Heat treatment of steels'. 

'Spring back' is a phenomenon commonly encountered in 
cold working and must be accounted for in tooling design. 
Even in materials with a relatively low yield point, some 
elastic deformation will occur prior to reaching the plastic 
region. Once the forming stresses are removed, there will 
be a tendency for the material to spring back towards its 
original shape. 

Drop 
forging 

A large mechanical hammer is used to shape a heated billet. The process used is one of the fo llowing: 

Press 
forging 

Rolling 

• open die - the material is not fully contained and has to be manipulated by an operator between blows. 
• closed die - a closed die consists of two parts. The heated billet is placed in the lower die and struck with the upper 

die, forcing material into the die cavity and thus shaping the component. 

Drop forging imparts greater strength and toughness than casting or machin ing counterparts because of: 
• the formation of a fine recrystallised grain structure 
• the elimination of voids within the material. 

Impurities that do not undergo recrystallisation are distributed along grain boundaries following the lines of material 
flow. Where these form parallel to the surface of the component, enhanced strength and fracture resistance are obtained. 

This involves a slow squeezing action at extremely high pressure instead of the high-energy blows used in drop forging. It 
is able to penetrate all the way into the interior of the component, giving more uniform deformation and flow. 

Often, the first stage in the production of wrought metals, rolling involves reshaping large starting stock (such as billets or 
slabs) into plate, strip or specialised profiles, such as those used in the railway and construction industries. 

Heated billets or slabs are passed several times between two driven rolls that squeeze and elongate the material. 
Temperature control is important and reheating may be required between rolls. 

The metal must be heated and maintained at uniform high temperatures. This ensures that the finished product: 
• has a uniform fine grain structure 
•_ is free of any residual internal stresses caused by plastically deformed regions th~ were not recrystallised. 

Extrusion A heated billet of metal is forced through a shaped die to form a product with a uniform cross-section along its entire length. 

This process is suitable for metals with low yield strength and low working temperatures, such as aluminium. 
- --
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Cold forming 

The squeezing processes used in hot working processes often have a direct cold 
forming equivalent. Cold forming processes are used in order to obtain greater 
accuracy and improved surface finish. Table 25.8 gives some common examples. 

~ Table 25.8 Cold forming processes 

Cold • Very similar to hot rolling . 

rolling • Used to make a range of sheets, strips and bars with scale-free surfaces that have an excellent finish. 

• Can reduce material thickness by 1-50%. The greater the reduction, the greater the degree of strain (or work) 
hardening in the final product. This can limit the use of further cold working processes. 

Cold (or • Similar to hot extrusion . 

impact) • Primarily used with low-strength materials, such as lead, zinc and aluminium. 

extrusion • Common products include thin-walled tubes such as toothpaste tubes and those used in the production of batteries . 

Coining • Similar to closed die press forging; involves squeezing a metal blank that is totally enclosed in a set of dies . 

• Commonly used to manufacture coinage, as excellent detail, finish and dimensional accuracy can be achieved . 
~ 

Drawing processes Key term ) 
Drawing processes rely on the ability of ductile metals such as copper to be plastically 
deformed when put under tension. Some common drawing processes are described in 
Table 25.9. 

~ ~ 

Mandrel - a mould or former 
over which sheet metal can 
be shaped. 

~ Table 25.9 Drawing processes 

Wire The cross-sectional area of a wire or rod is reduced by pulling it through a die. 

drawing It is similar in some ways to extrusion, but pulling the wire through the die involves tensile rather than compressive forces. 

The reduction in area is between 20% and 50% in a single operation - any higher and the forces required to pull the wire 
through the die could exceed its tensile strength and cause the wire to break. 

Multiple draws may be needed to achieve the required diameter. Annealing may be required between draws to relieve 
strain hardening. 

~~~-· ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

Spinning A rotating sheet of ductile material is progressively formed over a shaped mandrel. 

Shallow/ 
Deep 
drawing 

Mounted on a lathe, the sheet and mandrel spin together and the material is manipulated by an automated roller or by 
hand using a rounded tool. Several passes may be required for the spun sheet to adopt the shape of the mandrel. It can 
then be removed and trimmed. 

These processes are used to form sheet material into cylindrical containers with closed bottoms. 
• Shallow drawing is where the depth of the final product is less than its diameter. 
• Deep drawing is where the depth of the final product is greater than its diameter. 

Drawing is carried out on a press where the sheet is formed by a punch and die with sufficient clearance between them to 
accommodate the material's thickness. 

During drawing, stretching and shrinkage will occur in different parts of the material. Careful component design and 
process control are required to prevent the occurrence of splitting, excessive thinning or buckling. 

PAUSE POINT Investigate the manufacture of a metal product of your choice (for example, a 
spanner, a car body panel or a drinks can), and explain the effects of the processes 
used on the microstructure of the material. 

Heat treatment of steels 

Choose a product that is familiar to you and will be straightforward to investigate. 

Use sketches and diagrams to help support your explanation of what is happening to 
the microstructure at each stage of manufacture. 

Heat treatment is used to manipulate the crystal lattice formed within grains and 
the size and shape of the grains themselves in order to influence the mechanical 
properties of the steel. 

0 ..... 
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Sub-critical (or process) annealing 

Sub-critical annealing is a process of recrystallisation 
carried out below the eutectoid temperature at which 

phase changes would start to occur in the metal. It is 
commonly used to relieve work hardening by causing new 
grains to form in areas where the crystal lattice structure 
has been strained during cold working. 

Full annealing 

This process is carried out at higher temperatures. It is 
used to fully re-form the crystal structure of the solid 
solution of ferrite and cementite and to eliminate any 

non-equilibrium structures present, such as martensite. 
As the crystal structure is totally re-formed, annealing 

also eliminates any work hardening that was present in 
the original crystal structure. The overall effect is to cause 
softening and increased ductility by eliminating hard non
equilibriurn phases and re-forming a coarse structure with 

large (sometimes excessively large) grains. 

~ Hypo-eutectoid steels - Full annealing involves heating 

to around 950-1000°C and soaking for a period to 
ensure that the single-phase austenite structure is 
fully established and is of uniform temperature and 
composition. When cooled slowly, the resulting 

formation will consist of coarse pearlite surrounded by 
excess ferrite equilibrium structures. 

~ Hyper-eutectoid steels - The temperature required 
for full annealing is slightly lower, 750-800°C. If the 
material was fully converted to the austenite phase, 
then during slow cooling, cementite forming around 
grain boundaries would make the material excessively 
brittle. When cooled slowly, the resulting formation will 

consist of coarse pearlite with excess cementite in the 
form of spheroids dispersed throughout the material. 

In both cases, a slow, controlled cooling process lasting 
several hours must be used to bring the material back 
below the eutectic temperature. After this , cooling to 
room temperature can be achieved in air. The initially 

slow cooling rate ensures the formation of equilibrium 
structures corresponding to those in the phase diagram. 

Key term) 

Normalising 

Normalising is closely related to full annealing. In materials 
of both hypo- and hyper-eutectoid composition, the 
steel must be heated to around 950-1000°C and soaked 

at that temperature for a period to ensure the formation 
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of fully uniform austenite. The steel is then removed from 
the furnace and allowed to cool in air. This relatively rapid 
cooling in comparison to that used in full annealing tends to 
result in the formation of smaller and more uniform grains 

of pearlite and either excess ferrite or excess cementite. 

Components formed using hot forming techniques such 

as forging are often normalised prior to any subsequent 
machining. 

Through hardening 

The iron-carbon equilibrium phase diagram for steel 
(Figure 25.11) describes the formation of the equilibrium 
structures of austenite, ferrite, cementite and pearlite, 

which form when sufficient time is given during cooling for 
the material to adopt its preferred state. 

In steels containing sufficient carbon (generally above 
0.3%), rapid cooling from high-temperature single-phase 
austenite (the same starting point required for normalising) 
will result in the formation of a non-equilibrium structure 

called martensite. 

Martensite forms when the FCC austenite is unable to 

force out sufficient carbon to adopt the BCC ferrite form, 
which in equilibrium can dissolve much less carbon. This 
happens as a consequence of rapid cooling by quenching 
in water or oil. The FCC structure changes instantly to 

BCC and traps excess carbon interstitially within its crystal 
lattice, forming the highly distorted BCC structure seen in 
martensite. The degree of distortion is proportional to the 
amount of trapped carbon, which in turn is related to the 
rate of cooling and the minimum temperature reached. 
This structure is extremely hard, strong and brittle, as the 

severe distortion of the lattice prevents the movement of 
dislocations through the structure and disrupts slip planes. 

Through hardening affects the full thickness of the 
material. However, during quenching the cooling at the 
interior of a large component is unlikely to be as rapid as 
at the surface, so some variation in hardness through the 

material can be expected. 

Tempering 

High-carbon martensite has very low toughness and 
ductility. As a consequence, it is far too brittle to be useful in 
engineering. However, an additional process called tempering 
can be used to increase toughness and ductility while 

retaining much of the hardness and strength of the material. 

Martensite is a super-saturated solid solution of ferrite 
and carbon that is stable at low temperatures, but heating 

it to between 200°C and 700°C encourages it to release 
some of the trapped carbon and form stable ferrite and 
cementite structures. The rate and quantity of martensite 
decomposition is controlled by the temperature and the 
duration of the tempering process. 



When the desired composition of ductile ferrite, hard but brittle cementite and very 
hard but very brittle martensite is achieved during tempering, any further changes can 
be stopped by returning the steel to room temperature. 

Case hardening 

Significant hardening can only be achieved in steel with greater than 0.3% carbon 

content. Mild steel is not hardenable, but it is tough, ductile and easier to machine 
than its high-carbon counterparts (even when these are fully annealed) as it contains 

more ductile ferrite and less hard but brittle cementite. 

Often, in a particular application, the tough, ductile properties of mild steel are preferable, 
but there is also the requirement for the surface to be hard, perhaps to increase wear 
resistance. This combination of properties can be achieved through case hardening. 

Case hardening relies on the diffusion of additional carbon into the outer surface of 

the mild steel component. Traditionally this was achieved by packing the component 
in charcoal or cast iron shavings and heating it to around 850-900°(, into the austenite 

phase. This carbon-rich atmosphere encourages the diffusion of the carbon atoms into 
solution with the austenite at the surface of the material to a depth of 0.5-1 .0 mm. 

Once quenched and tempered, you are left with a tempered martensite outer layer which 
is extremely hard and a mild steel core that enables the component to remain tough. 

Learning aim A 

Key term ) 

Diffusion - mixing that 
results from the natural 

tendency of atoms or 
molecules to move from 

areas of high concentration to 
areas of low concentration. 

PAUSE POINT Investigate the heat treatment processes carried out on a HSS slot drill (used in milling). 

•=nn• 
ltj@t·• 

Your first port of call should be the workshop, to find an example of the product you 
are investigating. The wealth of information online provided by the manufacturers of 

tooling will also be helpful. 

Explain the heat treatment processes in terms of what is happening at a 
microstructural level within the material. 

Heat treatment of aluminium alloys 
Precipitation hardening 

Precipitation hardening is the principal method used in the heat treatment of 
aluminium alloys and is generally conducted in three phases: 
~ Solution treatment - This was discussed earlier when looking at the phase diagram 

for aluminium-copper alloys (Figure 25.12). It involves heating the alloy so that any 
e phase intermetallic compound CuAl2 present is dissolved back into the aluminium 
a phase. The alloy is soaked at a temperature not above the eutectic melting 

point for a period of time to ensure even temperatures throughout the alloy and a 
uniform structure. 

~ Quenching - Rapid cooling by quenching in water traps the copper in the 
aluminium a phase, forming an unstable non-equilibrium super-saturated solid 
solution. In this state the material is soft and can be readily formed or machined. 

~ Ageing - Over time, even at room temperature the unstable super-saturated solid 
solution will convert into the stable two-phase structure by precipitating CuAl2. 

Often artificial ageing at elevated temperatures is used to accelerate this process. 

Over-ageing 

Small clusters of precipitated atoms occupying sites within the lattice structure cause 
considerable straining within the lattice. This blocks the movement of dislocations 
through the material and so increases its strength considerably. However, if these 

clusters grow large enough to break free from the parent lattice and form discrete well
defined grains, the useful effects of straining the crystal lattice are lost, and strength and 
hardness begin to decrease. This is known as over-ageing. 
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Heat treatment of titanium alloys 
Precipitation hardening in titanium alloys is achieved 
in a very similar way to the precipitation hardening of 
aluminium alloys, using the same processes. 

Alloying elements in steel 
These are listed in Table 25.10, together with the 
properties they impart to the steel. 

~ Table 25.10 Alloying elements used in steel 
- - -
Alloying Properties conferred 
element 

Chromium • Increases hardness penetration in heat 
treatment. 

• Increases toughness, wear resistance and 
corrosion resistance. 

>----

Manganese • Present in most commP.rcial steels . 

• Increases the strength of ferrite. 

• Increases hardness penetration in heat 
treatment. -

Molybdenum • Increases hardness penetration . 

• Increases tensile strength at elevated 
tern peratu res. ·- --

Nickel • Increases strength of ferrite . 

• Increases toughness and hardenability . 

Tungsten • When combined with chromium retains 
high hardness at elevated temperatures. 

• Increases wear resistance and hardness . 
---·-

Vanadium • Inhibits grain growth during heat treatment, 
giving a more refined grain structure. 

• Increases strength and toughness . 

Common alloying elements in aluminium and 
titanium 
These are listed in Table 25.11. 

~ Table 25.11 Alloying elements in aluminium and titanium 

Metal 

Alum in ium 

Titaniu m 

Alloying elements 

copper, silicon, magnesium, manganese, 
t itanium, chromium, lithium 

aluminium, vanadium 

A6 Microstructure investigation of 
metallic materials 

Using appropriate equipment, such as a hand lens, optical 
microscope or digital imaging system, it is possible to view 
grain structures, grain boundaries and even the phases 
present within grains. 

The macrostructure of prepared samples can be viewed 
at low magnifications of xlO or less through a hand lens. 
This is sufficient to make out larger grains and identify 
structures such as pearlite in carbon steel. 
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At higher magnifications of between xlOO and xlOOO, a 
clear picture of the microstructure can be observed. This 
might include much smaller features such as individual 
grain boundaries or the presence of intermetallic 
compounds within grains. 

Comparing information gained through investigation with 
reference data, including micrographs of typical structures, 
will allow you to identify the composition and processing 
history of a given material sample. 

Figure 25.13 shows a micrograph of a sample of a hyper
eutectoid steel. During cooling from the austenite phase, 
cementite forms first at the austenite grain boundaries, 
seen as white bands around the grains. When sufficient 
carbon has been rejected from the austenite so that the 
remaining composition is eutectic, pearlite forms from 
the remaining carbon-enriched austenite. The pearlite is 
readily identified from its lamellar (plate-like) structure, 
seen here within the grains. 

~ Figure 25.13 Micrograph of a hyper-eutectoid (1 .3% carbon) 

steel sample, annealed at 1100°C 

Key term ) 

Micrograph - a high-resolution, highly magnified (xlOO 
to xlOOO) photograph of a polished cross-section of a 
crystalline solid, taken using a microscope. 

Figure 25.14 shows a micrograph of the same hyper
eutectoid steel that has been quench-hardened. The 
presence of martensite is identifiable from the distinctive 
needle-like structures. 

~ Figure 25.14 Micrograph of hyper-eutectoid (l .3% carbon) 

steel sample, quenched 

'\ 



Learning aim A 

Figure 25.15 shows a micrograph of an aluminium alloy with 4% copper content 
that has been over-aged during prolonged heat treatment. Grains of the intermetallic 
compound CuAl2 can be seen outside the aluminium grains. These no longer 
contribute to the strain hardening effect of small clusters of CuAl2 that form within 
grains. Over-aged aluminium has generally poor mechanical properties. 

~ Figure 25.15 Aluminium alloy with 4% carbon showing signs of being over-aged 

Assessment practice 25.1 A.P1 A.P2 A.M1 A.01 

You work as a technician in a quality assurance 
laboratory for a metals wholesaler. Your employer has 
asked you to evaluate six numbered metal alloy samples 
from a new supplier. 

The samples have been suitably prepared for you so that 
a polished cross-section of the grain structure is visible. 

For each sample you will write a short report based 
on your observations of the grain structure under 
magnification by a microscope. 

Drawing on your knowledge of the microstructures 
of metallic materials and using a library of standard 
micrographs for reference, do the following: 

Identify the materials and evaluate their likely 
processing histories. 

• Evaluate the mechanical properties that are likely to 
be exhibited by each sample. Do this by referring to 
the microstructural features you have identified. 

(>~ 

What will I be looking for when I carry out the 
observations under the microscope? 

• Do I have all the equipment and reference materials 
that I need? 

/)() 

I can work in a logical and methodical way through 
all aspects of the assignment. 
I can identify when I've gone wrong and adjust my 
approach to get myself back on track. 

tl.eview 
I am clear about the effectiveness of my approach to 
the task and what I would do differently next time. 
I recognise the gaps in my knowledge, how they 
affected my performance and where I need to 
concentrate my efforts. 
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Explore safely the mechanical properties of metallic 
materials and the impact of their in-service requirements 

B1 In-service requirements of metallic materials 
Across all engineering sectors there are countless applications for metallic materials, 

each requiring a different combination of mechanical properties for optimal 
functionality, cost and performance. Some examples are given in Table 25.12. 

~ Table 25.12 Examples of common in-service requirements in a variety of applications 
-

Characteristic ____ ,~plicatio_n_s ______________________ _ 
High tensile strength Pressure vessels, vehicle suspension components and any application where large loads must be 

___ , sup orte~afel and reliably. 

High specific strength Weight-critical applications, such as in aerospace and motor sport, where high strength is essential but 
(strength-to-weight ratio) unnecessat)' weight will increase fuel consum tion and ower re uirements. 

High resistann'! to Impact tool bits, hammer heads and masonry drills all have to withstand high impact loads without 
impact loading . deformation or cracking __ . ___ _ 

High hardness Cutting tools, vice jaws, taps and dies and lathe tools all require high hardness in order to function. 
----1 For any cutting tool, the tooling material must be considerably harder than the material being cut. 

Toughness Motor vehicle crumple zones, where deformation without shattering helps to absorb the high energy of 
1-----------i an im . act and so rotect vehicle asse_n=ge_r_s. ____________________ , 

Ductility Structural components such as beams. Ductile materials give an indication by showing visible signs of 
deformation. Sudden brittle failure in this situation cou ld cause a disastrous structural calla se. 

-------~ 

(I) PAUSE POINT 

•=@• 
Choose an engineered product and describe the in-service working conditions it will 
experience, including details of the environment in which it will operate. 

Think about the worst-case scenarios that the product must withstand. Don't forget 
about environmental factors such as temperature and weather. 

Rate the importance of a range of mechanical properties that will be relevant when 
selecting a material to perform in those service conditions. What other factors must 
you consider? 

B2 Destructive test procedures 
It is important to ensure that the results of mechanical testing completed by different test 

facilities are directly comparable and repeatable. To facilitate this, standard methodologies 
for carrying out testing have been developed. In the UK these are in the form of British 
Standards. The tests in this section use methods that follow the recommendations made 
in these standards. The appropriate standard for each test is identified so that you can find 

out the detailed guidance for carrying out destructive test procedures. 

Tensile strength testing 

Applicable standard: 

~ BS EN ISO 6892-1 :2009 Metallic material - Tensile testing Part 1: Method of test at 

ambient temperature. 

Selection and preparation of test specimens 

Tensile testing can be performed on a wide range of material sample types and cross
sections (circular, rectangular, square, etc.). The sample must have a constant cross
sectional area over its entire length. 
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Sometimes material samples have machined shoulders at either end to allow secure 

gripping in holders. Other types of samples are not machined and come directly 
from manufacturing runs of products, such as wire or strip. These must be secured in 
different ways, such as by using screwed grips or parallel-faced jaws. 

You must determine the cross-sectional area of each test piece prior to testing. This 
must be accurate, as any subsequent stress calculations will be heavily skewed by an 

error at this stage. In practice this means you should measure the area in at least three 
places over the sample length and find the average. 

The start and end of the gauge length over which test results will be determined should 

also be marked on the sample. This will correspond to the length of the extensometer. 

Tensile testing machine 

There are various sorts of tensile testing machine, but they are generally aligned 
vertically and use a hydraulic ram to move an upper and a lower crosshead. A prepared 

tensile test sample is held between the upper and lower crossheads, using a gripping 
mechanism suitable for the type of sample. As the hydraulic ram begins to move, the 
force exerted on the test sample is measured by a load cell. Any associated extension is 

measured by an extensometer at regular intervals. Data from these two instruments is 
recorded throughout the test, which continues until the test sample fractures. 

On completion of the test, data is analysed by plotting a force-extension graph, from 
which the results of the test can be determined. (A typical force-extension graph for 
ductile mild steel is shown in Figure 25.18). 

Examination of fracture surfaces 

The fracture surface in tensile testing can reveal the general characteristics of the 
material before you analyse the test data. 

~ Ductile materials exhibit extensive necking around the point of fracture and a 
characteristic cup-and-ball fracture surface (see Figure 25.16). 

~ Brittle materials exhibit minimal or no necking, and there is little or no plastic 

deformation prior to fracture (see Figure 25.17). 

~ Figure 25.16 Necking with cup-and-ball fracture surface is indicative of ductile fracture 

Learning aim B 

r Key terms ) 

Extensometer - a device 

attached to the test piece 
which measures extension 

during testing. 

Necking - a reduction in 

cross-section . 

~ Figure 25.17 Little or no necking 
or plastic deformation prior to 

failure is indicative of brittle 

failure 
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B 

c 
Extension (mm) 

~ Figure 25.18 Example force

extension graph for ductile mild 

steel 

Data analysis 

Several parameters can be determined from the test results and force - extension 

graph, which you can include in the test report. 

~ Upper yield strength (unit: Pa) - determined from the force-extension graph. This is 
the maximum value of stress prior to the first decrease in force, which corresponds 

to point A in Figure 25.18, at the end of the straight (elastic) portion of the graph. 
The upper yield strength is obtained by dividing the force at point A by the cross
sectional area of the test piece: 

force at point A 
upper yield strength = ------ ---

test piece cross-sectional area 

~ Ultimate tensile strength (unit: Pa) - determined from the force-extension graph. 
This is the stress at point B in Figure 25.18, corresponding to the maximum value of 
force indicated during the test: 

force at point B 
ultimate tensile strength = - ---------

test piece cross-sectional area 

~ Percentage elongation at fracture (unit:%) - determined from the force-extension 
graph. The total extension at fracture is at point C in Figure 25.18. Divid ing this 
by the extensometer gauge length (the initial length of the section of the test piece 
examined during testing) gives: 

. extension at fracture 
percentage elongation at fracture= 

1 
h x 100 

extensometer gauge engt 

~ Percentage reduction in cross-sectional area (unit:%) - describes the amount of 

necking observed in the test sample after fracture. If necessary, the fractured test 
piece should be fitted back together so that you can measure the minimum cross
sectional area after fracture: 

percentage reduction in cross-sectional area 

original cross-sectional area - min imum cross-sectional area after fracture 
--------- ---------- --------x lOO 

original cross-sectional area 

Test reporting 

Your test report should include: 

~ a reference to the standard under which the test was conducted 

~ identification of the test piece 

~ type of material tested (where known) 

~ type of test piece 

~ examination of the fracture surface 

~ test results. 

Hardness testing 
Surface preparation 

The surfaces to be tested should be smooth and even so that the indent made during 
testing is clearly visible and distinct. You should remove any oxide scale such as that 

commonly present after hot working processes. Degrease the sample surface and remove 
any lubricants. (Some metals such as titanium, which might otherwise stick to the indenter, 
w ill require lubrication with kerosene. Make sure that you note this in your test results.) 

Brinell hardness test 

Applicable standard: 

~ ISO 6506-1 :2014 Metallic materials - Brinell hardness test - Part 1: Test method. 
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Learning aim B *'Uhf\J 
A tungsten carbide ball is pressed into the surface of the 

material under a static load. 

The size of the ball and the test load are determined by 

the material being tested, with the aim of providing a 

clear indentation that is easy to measure and with a size 

between 24% and 60% of the ball diameter. 

Apply the load for 10-15 seconds to ensure that any plastic 

deformation has time to occur fully. 

When the load and ball are removed, measure the 

diameter of the circular indentation under magnification 

in each of two perpendicular directions. Then calculate the 

mean of these diameters. 

Find the Brinell hardness number (HBW) by looking up 

the average indentation diameter (in mm) from Table C.1 

in Annex C of the ISO 6506-1:2014 standard. Figure 25.19 
shows the format for expressing the Brinell hardness 

number in your test results. 

400 HBW 10 I 750 I 20 
L Duration of test if not within 

the specified range (10-1 S s) 

Test load in kg 

Diameter of indenter ball (mm) 

-------Indicates use of tungsten 
carbide indenter ball 

-------- Brinell hardness symbol 

---------- Brinell hardness value 

~ Figure 25.19 Example of how the Brinell hardness should be 
stated in a test report 

Vickers hardness test 

Applicable standard: 

~ ISO 6507-1 :2005 Metallic materials - Vickers hardness 

test - Part 1: Test method. 

The Vickers test is very similar to the Brinell test, but 

instead of selecting from a range of spherical indenters, a 

single square-based pyramid is used. 

It is often easier and more accurate to measure across 

the diagonals of the clearly defined square indentation 

~ Table 25.14 Common variants of the Rockwell hardness test 
-

obtained in the Vickers test. Table 25.13 shows the test 

loads corresponding to different values on the Vickers 

hardness scale. 

~ Table 25.13 Loads used in different Vickers hardness scales 

Vickers hardness scale Test load {kg) 

HVlO 10 -
HV20 20 

HV50 50 

HVlOO 100 

-

- -- -
Find the Vickers hardness number (HV) by looking up the 

measured diagonal of the indentation (in mm) from a data 

table contained in ISO 6507-4:2005 Metallic materials -

Vickers hardness test - Part 4: Tables of hardness values 

(see Table 3 in the standard for the range HV 5 to HV 100). 

Figure 25.20 shows the format for expressing the Vickers 

hardness number in your test results. 

740 HV SO I 25 

I L_ Duration of test if not within I_ the specified range (10-1 S s) 

Test load in kg 

..._------Vickers hardness symbol 

....._ __________ Vickers hardness value 

~ Figure 25.20 Example of how the Vickers hardness should be 
stated in a test report 

Rockwell hardness test 

Applicable standard: 

~ ISO 6508-1 :2015 Metallic materials - Rockwell hardness 

test - Part 1: Test method. 

The most common and widespread method of gauging 

hardness is the Rockwell hardness test. As with the Brinell 

and Vickers tests, it depends on the indentation of the test 

sample under static load, but the test method is somewhat 

different. 

The Rockwell hardness test can be performed using a 

range of loads and indenters depending on the type of 

material being tested. The most common versions of the 

test are Rockwell A, Band C, summarised in Table 25.14. 

Rockwell Hardness unit Indenter Preliminary Total load Typical range Typical materials 
hardness scale load (kg) (kg) 

·I-

A HRA Diamond cone 10 60 20-95 HRA Thin steel, case-
hardened steel 

B HRBW Ball l .5875 mm 10 100 10-lOOHRBW Copper alloys, 
aluminium alloys 

·--
c HRC Diamond cone 10 150 20-70 HRC Steel, titanium -

n 
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The test is conducted as follows: 

1 Preload the indenter in contact with the material surface with a 10 kg preliminary 
load. Any indentation caused at this stage is primarily due to elastic deformation. 

2 On the dial gauge, set the measuring penetration into the material to zero. 

3 Apply the additional test load to the indenter according to the Rockwell scale being 
applied . 

4 Remove this additional load after 5 seconds. 

5 With the preliminary load still in place, read the Rockwell hardness number from 
the dial gauge. 

Figure 25.21 shows the format for expressing the Rockwell hardness number in your 
test results. 

58 HR B w 

I I_ Indicates use of tungsten L_ carbide ball indenter 

Rockwell scale 

...__ ______ Rockwell hardness 

...__ __________ Rockwell hardness value 

~ Figure 25.21 Example of how the Rockwell hardness should be stated in a test report 

Test reporting 

When reporting the results of hardness testing, as well as the appropriate hardness 
number you must include the applicable test type and scale, which indicates the 
conditions under which the test was carried out. 

Your test report should also include: 

~ a reference to the standard under which the test was conducted 

~ identification of the sample tested 

~ temperature at which the test was carried out 

~ the hardness result in the appropriate format 

~ any deviation from the applicable standard or optional elements (such as 
lubrication where required) 

~ the date the test was performed. 

Impact testing 
Tensile strength is an important consideration for designers of systems where the load 
will be primarily static or where any variation in load is applied gradually, as with tow 

cables or bridge suspension wires. However, in most applications, engineers also need 
to consider behaviour under shock loading, where high rates of strain can cause brittle 
fractures to form in materials that are otherwise considered to be ductile. 

lzod and Charpy impact testing 

The lzod and Charpy tests use similar equipment and notched test specimens 
(depicted in Figure 25.22). Both tests measure the energy absorbed by a sample 
during an impact fracture. 
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Learning aim B l'UUIP 
70 (lzod) 

55 (Charpy) 

28.0 (lzod) 

1 • 27.5 (Charpy) ~ 
I 
I 
I w .------.\..--
i ~Radiusof 

curvature at 
base of notch 
0.25mm 

10 

~ Figure 25.22 Variations of the V-notch test specimen suitable for lzod and Charpy impact tests 

Applicable standards: 

~ BS 131-1 :1961 Methods for notched bar tests - Part 1: The lzod impact test on metals. 

~ ISO 148-1 :2009 Metallic materials - Charpy pendulum impact test - Part 1: Test method. 

The main difference between the lzod and Charpy tests lies in the test piece 

arrangement adopted during testing, as shown in Figures 25.23 and 25.24. 

Striking distance 

from centre of~ 
notch 22 

22 

~ Figure 25.23 lzod impact testing uses a cantilever test piece 

arrangement with one end fi xed 

Anvil 

~ Figure 25.24 Charpy impact testing uses a simply 

supported test piece arrangement with both ends of 

the test piece fixed 

The same type of impact testing machine can be used for both tests. These machines 
commonly have a heavily weighted pendulum that is raised to a set height and so has 

a known level of potential energy. When the pendulum is released, all of its potential 
energy is transformed into kinetic energy as it reaches the bottom of the swing and 
the point of impact with the test piece. The height the pendulum achieves after its 

impact with the test piece is recorded on the test apparatus. This is directly related 
to the energy remaining in the pendulum after impact, and from this the energy 
absorbed during the impact can be calculated. The equipment is often designed so 
that the tester can read the energy absorbed directly from the scale after each test. 
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Crystalline fracture 

Inspection of the fracture surface 

After testing, the fracture surface can help determine the nature of the fracture and 
provide an indication of the notch toughness of the material. A large proportion of 
shear fracture generally indicates a high fracture toughness. 

The fracture surface usually consists of clear regions of fibrous shear fracture and 
shiny crystalline fracture, shown schematically in Figure 25.25 and in a photograph in 

Figure 25.26. 

surface indicative ---"1---"~~><>cxl' Shear fracture 
surface (dull) of brittle fracture 

~ Figure 25.25 Schematic representation of the fracture surface 

after an impact test 

~ Figure 25.26 Photograph of a fracture surface showing the 

notch, a peripheral region of dull shear fracture and a central 

area of shiny crystalline fracture 

You can determine the percentage areas of shear and crystalline fracture by several 
methods, including by comparing the fracture with fracture appearance charts, such as 
those available in ISO 148-1:2009 Metallic materials - Charpy pendulum impact test -

Part 1: Test method, an example of which is shown in Figure 25.27. 

EJ El El EJ EJ E:i E:i Ei Ei 
10 20 30 40 so 60 70 80 

~ Figure 25.27 Impact test fracture appearance chart for estimating the percentage of shear present (and from which the 

percentage of crystalline area can also be determined) 

Source: ISO 148-1 :2009 Metallic materials - Charpy pendulum impact test - Part 1: Test method 

Test reporting 

The test report should include: 

~ a reference to the standard under which the test was conducted 

~ identification of the sample tested 

~ the temperature at which the test was carried out 

~ the type of notch used (usually the V-notch, but Charpy testing can also be 

performed with a U-notch) 

90 

~ any deviation from the applicable standard, such as the size of the test piece if it is 

not as specified 

~ the energy absorbed by the test piece 

~ the fracture appearance, together with percentage shear and crystalline areas. 
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Learning aim B .. 

PAUSE POINT Investigate the types of destructive test equipment that are available for use in your 
centre. 

Ask a tutor or technician to explain how the test equipment works, read the test 
manual that accompanies the equipment, and familiarise yourself with any necessary 
safety considerations. 

Can you now explain to your tutor how to safely conduct a destructive test using the 
equipment available? If so, you might be ready to give it a try. 

B3 Non-destructive test procedures 
It is not always convenient to carry out destructive testing. 
For instance, if you manufacture a single large pressure 

vessel for use in the nuclear industry by welding together 
formed sections, it is impractical to test each weld to 
destruction to ensure that there are no voids, inclusions or 

areas of porosity which could cause points of weakness. 

Where engineered products are expensive to produce, 
safety-critical or both, non-destructive testing can 
detect or confirm the absence of a range of material and 

processing faults that might be cause for concern. 

Surface defect detection 
These methods make surface defects visible so that you 
can count, photograph, measure and classify them. This 

allows you to assess whether the component is fit for use, 
needs to be reworked or must be scrapped. 

Dye penetrant testing 

Dye penetrant testing enables you to detect surface 
defects that would otherwise be extremely difficult to 

identify using the naked eye. Both colour contrast and 
fluorescent dyes are commonly used. When a liquid of 

low viscosity (such as a dye) is applied to the surface of 
a material, it is drawn by capillary action into surface 
defects, such as micro-cracks and areas of porosity, 

therefore indicating their presence (see Figure 25.28). 

~ Figure 25.28 Surface defects detected by dye penetrant testing 

Dye penetrant testing proceeds in the following steps: 

1 Thoroughly clean, degrease and dry the surface to be 
inspected to remove any material that might block the 
penetration of the dye. 

2 Apply the dye to the prepared surface by painting, 
spraying or immersion, depending on the size of the 

component or area being tested. 

3 Leave the dye to penetrate any surface defects for the 

time specified in the manufacturer's guidelines. This is 
referred to as the dwell time. 

4 Carefully remove any excess dye following the dye 

manufacturer's instructions, usually by gentle cleaning 
with a solvent. 

5 Apply a fine powder or liquid developer to the surface 
being tested. This will draw out any dye trapped in 

surface defects and begin to reveal the surface defects 
as areas of visible dye after around 10 minutes. 

Magnetic particle testing 

Magnetic particle inspection is used on ferromagnetic 
materials such as ferrous alloys, including steel. It is quick, 
easy to perform and requires less thorough surface 
preparation than dye penetrant tests. 

r Key terms ) 

" Areas of porosity - clusters of small voids often caused 

by the presence of gas bubbles during solidification. 

Viscosity - the thickness of a liquid. 

Capillary action - the tendency of a liquid to be drawn 
into narrow gaps. 

Ferromagnetic - describes a material that becomes 

magnetised when exposed to a magnetic field. 

Magnetic flux - lines along which the magnetic field 
acts. 

Flux leakage - the forcing out of lines of flux from the 
surface of a material. 

The component first has to be magnetised. The lines of 

magnetic flux passing through the sample are distorted 
by surface defects in the sample, and flux leakage occurs 
above the material surface at such points, as illustrated in 
Figure 25.29. 
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Key term ) 

Discontinuity - any change 
in the structure of the material 
such as a crack or void. 

/ 

Magnetic flux leakage caused by 
distortion around surface flaws 

~ Figure 25.29 Detection of surface defects in ferromagnetic materials using magnetic particle 

inspection 

The next stage is to apply iron filings, either as a fine powder or suspended in a liquid 

spray, to the component surface. The iron particles will be attracted to the areas where 
flux leakage is occurring and form clusters around them, thus indicating the presence 
of material defects. 

Internal defect detection using ultrasonic testing 

The pulse reflection method of ultrasonic testing uses high-frequency sound energy to 
detect internal material defects, such as cracks, porosity or inclusions. It is often used 

to inspect welds in safety-critical applications. 

An ultrasonic transducer/receiver in contact with the surface of the material being 
tested transmits ultrasonic waves into the material. When the sound waves encounter 

any discontinuity in the material structure, such as a crack or void or even the back 
wall of the sample, a proportion of the sound wave is reflected back towards the 
surface and is detected by the transducer/receiver (see Figure 25.30). 

Reflection from 
material flaw 

back surface 

Void or inclusion 

Internal fracture 

~ Figure 25.30 High-frequency sound waves being reflected by internal discontinuities 

The time between the transmission of the original pulse and receipt of the reflected 
echo is directly related to the distance travelled through the material, and so the 
depth of the discontinuity can be determined. The test equipment processes this data 
and displays it in one of a number of ways, referred to as types A, Band C (shown in 
Figure 25.31). 
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4]) PAUSE POINT Investigate the types of non-destructive test equipment that are available for use in 
your centre. 

Ask a tutor or technician to explain how the test equipment works, read the test 

manual that accompanies the equipment, and familiarise yourself with any necessary 
safety considerat ions. 

Can you now explain to your tutor how to safely conduct a non-destructive test 
using the equipment available? If so, you might be ready to give it a try. 

Assessment practice 25.2 B.P3 B.P4 B.Ps B.M2 B.M3 s.02 

You are working as a technician in the mechanical testing laboratory of a 

company that manufactures industrial pipework. Your employer has asked 
you to perform a series of destructive tests on six material samples taken 
from the walls of sections of pipe manufactured using different materials. 

Your employer expects you to measure a full range of mechanical properties 
for each material, using the necessary test equipment appropriately. 

The tests you conduct should include: 

Tensile test 

• yield strength 
ultimate tensile strength 
modulus of elasticity 

percentage elongation at fracture 
percentage reduction in cross-sectional area at fracture 
an examination of the fracture surface. 

Rockwell hardness test 
• Rockwell hardness number. 

Charpy impact test 
• energy absorbed at impact 
• percentage shear and crystalline area at the fracture surface. 

You have also been asked to perform a non-destructive dye penetrant test 

on a section of pipe wall to ensure that no surface defects have formed 
during manufacture. 

Record the results of all the testing you carry out and present them 
appropriately in a testing laboratory log book. 

For each material, evaluate, based on the combined test results, the 
characteristics that the material will exhibit in service and suggest alternative 
applications where the material might be of use. 

justify the validity of the test methods used on each material. 

f~ 

Do 

Am I suitably familiar with the 
safe use of the equipment that I 

need for these tests? 
Do I have all the equipment and 
reference materials I need? 

I can work in a logical and 
methodical way through each 
test procedure, keeping careful 

notes as I go. 
I can identify when I've gone 
wrong and adjust my approach 
to get myself back on track. 

ll.evuw 
• I am clear about the overall 

aims of the tasks and what I was 

expected to produce. 
I recognise the gaps in my 
knowledge, how they affected 
my performance and where I 
need to concentrate my efforts 

in the future. 

Explore the in-service failure of metallic components 
and consider improvements to their design 

When components fail in service, the results can be disastrous. It is important for 
engineers to have an understanding of the in-service limitations of metallic materials so 
that costly mistakes can be avoided. Many lessons in how metals tend to behave and 
how they fail in service have been hard-learned in terms of financial cost and loss of life. 
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Learning aim C 1•nn111 
Case study 

The world's first commercial passenger jet - the de Havilland Comet 

When the UK company de Havilland launched the 
world's first production jet airliner on its maiden test 

flight in 1949, it was a moment that heralded a new era in 
long-distance travel. 

The first passenger flights in 1952 were anticipated with 
great excitement. The Comet was on the verge of great 
commercial success, when a series of serious accidents 

began to happen. By 1954, three aircraft had been lost 
with all on board, after breaking up in flight. The race was 

on to find the cause of these tragedies. 

Extensive investigations and tests were carried out 
in the search for answers. One test involved build ing 

facilities on the ground to simulate the pressurisation and 
depressurisation that a plane undergoes on take-off and 
landing. When this test reached somewhere in the region 

of 3500 cycles, the fuselage ruptured. 

The cause was discovered to be the aircraft's square 
windows. 

The Comet was designed and built before our modern 

understanding of fatigue failure, and the designers of the 
Comet had decided to fit square windows in the fuselage. 
At that time no-one appreciated that the sharp corners of 

the frames would act as stress raisers and perfect initiation 
sites for fatigue cracks. When the aircraft was placed in 
service, these tiny cracks quickly formed and then grew 

with every flight until the structure of the fuselage was 
weakened sufficiently to cause catastrophic failure. 

C1 Ductile and brittle fracture 
Brittle fracture 

The answer was to fit rounded windows, which is why all 

aircraft today have these. 

~ The de Havilland Comet 

Check your knowledge 

1 Investigate a major incident or disaster that was 

rooted in a lack of understanding of the behaviour 
of metallic materials. (You could use the Tay Bridge 
disaster of 1879 as a starting point or just type 
'engineering disasters' into an internet search 

engine.) 

2 Summarise the lessons learned as a consequence of 
the incident and present these to your class. 

Brittle fracture occurs in high-strength metals that have low toughness and poor 

ductility. There is little or no plastic deformation or necking before a brittle 
fracture. 

Transgranular cleaving 

A brittle fracture usually initiates at a micro-fracture, void or inclusion within 

the material. The fracture then propagates rapidly across the material in a plane 
perpendicular to the applied stress. The easiest pathway for the fracture to follow 
is generally along crystalline planes within the lattice structure, travelling through 

individual grains and splitting them apart (see Figure 25.32). The resulting fracture 
surface is flat and made up of differently oriented crystalline cleavage faces that give 
its characteristic crystalline appearance. Any variation in the flat surface is caused 
when the fracture moves from one grain into the next - the different orientations of 
the grains causes the fracture to change direction in order to stay on the path of least 
resistance through the material. 
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transgranular 
fracture 

~ Figure 25.32 Transgranular fracture cleaving through randomly 

oriented crystalline grains 

lntergranular fracture 

Another form of brittle fracture arises when the path 
of least resistance is along the grain boundaries and 

not through the grains themselves (see Figure 25.33). 
This happens where brittle phases or impurities are 
concentrated at grain boundaries. For example, it can 

happen when cementite is present in large quantities at 
grain boundaries in hyper-eutectoid steels. 

intergranular 
fracture 

~ Figure 25.33 lntergranular fracture along grain boundaries 

Other useful indicators may also be visible in the fracture 

surface. If the fracture initiated at a particular point, perhaps 
at a small defect in the surface of the component, it is 
often possible to observe ridge lines emanating from that 
point. These indicate the direction along which the fracture 

propagated (see Figure 25.34), and they not only signify 
brittle failure but also help to pinpoint the origin of the failure. 

distinctive ridge 
lines indicating 
origin of fracture 

~ Figure 25.34 Ridge lines indicating the origin of the fracture 
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Load rate 

Brittle fractures can also occur in ductile materials that 
are subject to the extremely high strain rates encountered 
during impact loading. A brittle fracture observed in what 
would otherwise be considered a ductile material might 

indicate a failure caused by an impact and not through 
simple overloading. 

Grain size 

Plastic deformation in ductile materials is mostly due to 
the movement of dislocations through the crystal lattice 
structure. In small grains, dislocations are unable to move 

far before they are stopped by the grain boundary. This 
decreases the amount of plastic deformation that can 
occur before fracture and so makes the material more 

brittle. In general, then, as grain size decreases, ductility 
also decreases, and so materials with small grains are likely 
to undergo brittle failure. 

Ductile fracture 
Ductile fracture is usually observed in materials with 
high ductility and toughness. It generally happens by 
transgranular cleaving through crystalline grains (as 
shown in Figure 25.32). Ductile failure is characterised by 

considerable plastic deformation, elongation and necking 
prior to fracture. The primary cause of ductile failure is 
overloading of the material. 

The process of ductile fracture begins when small voids 
form at grain boundaries or around inclusions in the grain 
structure. As the applied stress increases, these voids 
become larger and begin to coalesce (join together) into 

larger areas of separation. Eventually the strength of the 
grains left supporting the load is exceeded and they fail by 
transgranular cleavage. During ductile failure, movement 
along slip planes also occurs around the edges of the 

fracture site, forming a shear lip. This gives rise to the 
fracture surface characteristics indicative of ductile failure: 
significant plastic deformation, necking and a cup-and-ball 
fracture surface with a central flat face surrounded by a 
shear lip (See Figure 25.16 in Section B2). 

C2 Creep failure 
Creep is a phenomenon usually encountered at elevated 
temperatures, where the application of a constant tensile 

stress, well below the yield point of the metal, produces 
plastic deformation and elongation over time. This process 
can be illustrated graphically on a strain-time graph, as 
shown in Figure 25.35. 

The initial strain shown in Figure 25.35 is due to the 

elastic deformation caused by the applied load. 
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PAUSE POINT Work in a small group to summarise the differences between the characteristics of 
brittle and ductile fracture surfaces. 

Use annotated sketches and diagrams. 

Explain why, if a structural component is going to fail, it is always preferable for it to 

fail by ductile fracture. 

c .f§ 
...., 
Vl 

elastic strain 
caused by 
initial loading 

tertiary creep 

primary creep 

secondary or 
steady state 
creep 

Time 

material 
failure 

~ Figure 25.35 Strain-time graph illustrating the stages of creep 
(under constant temperature and stress) 

Creep occurs in three distinct zones: primary, secondary 
and tertiary. 

Primary creep 
The primary creep rate is initially high as the movement 
of dislocations causes straining. This soon slows and then 
stops as work hardening in the material takes effect. 

Primary creep usually occurs in a short time period after 
initial loading. 

Secondary creep 
Secondary (or steady-state) creep is a slower process 

and occurs at a steady rate over a considerable period of 
time. There are numerous mechanisms that contribute to 
secondary creep. These fall into two categories: dislocation 
effects and diffusion effects. 

Dislocation effects 

These are dominant at low temperatures. As in the primary 
stages of creep, dislocations usually move along the same 

slip plane all the way to the edges of a crystal lattice, 
causing plastic deformation even at relatively low stresses. 
However, straining in itself causes more dislocations 

to form, which begin to get in each other's way as they 
move and soon block movement almost completely. 
This effect is called work hardening and severely limits 
dislocation movement along blocked slip planes. However, 
at high stresses, 'dislocation climb' can occur, where the 

dislocations are able to move between slip planes and so 
work their way around obstacles and continue to cause 
deformation. 

Grain boundary sliding occurs as a result of these 

dislocation flow processes. 

Diffusion effects 

These are dominant at high temperatures approaching the 
melting point of the material. Diffusion creep is a high
temperature process in which atoms move to positions 

along the line of applied stress. This can happen inside the 
grain or along the grain boundaries and has the eventual 
effect of elongating the grains in the direction of stress, 

causing a corresponding permanent strain. 

Grain boundary sliding occurs as a result of these diffusion 

flow processes. 

Tertiary creep 
In tertiary creep the strain rate increases rapidly. At this 
stage the internal structure of the material will have 

sustained considerable damage. Voids and cracks will be 
present at grain boundaries and around inclusions, and 
necking occurs. When the remaining intact grain structures 

become overloaded, they fail and the material fractures. 

Temperature effects 
Increasing temperature has an accelerating effect on all 

the mechanisms involved in creep. At or near the melting 
point of a material, creep rates can be significant. Blades 
in gas turbines or jet engines are able to perform in 

these environments only through careful temperature 
management and the development and use of high 

temperature creep-resistant materials. 

Below a certain temperature threshold it is unlikely that 
creep will be observed in a given metal. As a rule of thumb 
for metals with high melting points, the temperature 

threshold is approximately 40% of the melting point. For 
metals with low melting points, such as lead, creep can be 
observed at room temperature. 

Applied stress 
Increasing stress also has an accelerating effect on all the 
mechanisms involved in creep. However, for a material to 
exhibit creep, it must be loaded above its limiting creep 
stress at any given temperature. Below the limiting creep 
stress, little or no creep will be observed. 

0 ......, 

n 
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PAUSE POINT Investigate the conditions in which turbine compressor blades are required to 
operate. Which of these operating conditions might accelerate the mechanisms of 
creep? How are the blades manufactured to limit the effects of creep? 

Generally speaking, creep is reduced as grains get larger. 

Why is the effective control of creep so important in this particular application? 

Grain size 

In general, large grain sizes increase resistance to creep. 
Indeed, at the limits of materials technology, jet engine 
turbine blades, which operate in very hostile environments 

with high stress and temperatures at or near the melting 
point of the material, are manufactured as a single crystal 
to eliminate any effects related to movement at grain 

boundaries. 

C3 Fatigue failure 
Fatigue failure is a phenomenon encountered in 
components that are subject to cyclic loading. This 
might be in the form of full stress reversal, like that 

encountered by vehicle suspension springs; random 
loading, like that experienced by a chain holding a vessel 
at anchor; or vibration, like that experienced by an 

engine mounting. 

In all these instances, fatigue can cause premature failure 
at loads considerably below the normal tensile strength of 

the material. Although eventual failure can come with little 
warning, fatigue cracking takes some time to develop and 
propagate through the material until the remaining intact 

cross-section can no longer support peak loading and the 
material fractures. 

In ferrous metals such as steels, it is found that there are 
stress levels below which cyclic loading will not produce 
fatigue fracturing. This is known as the fatigue limit and 

can be found from a graph of stress versus number of 
cycles, or S-N curve, as shown in Figure 25.36. 

S: ---uTS 
Vl 
Vl 
(L) ..._ ....,, 
Vl 

-------------·--·-·1-· ···-
Fatigue limit = SD 

1Q3 1 Q4 1 os 1 Q6 10 7 1 as 
Number of cycles to failure (N) 

~ Figure 25.36 5- N curve for a typical ferrous metal, showing the 
fatigue limit (SD) 
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In non-ferrous metals, often no such fatigue limit can 

be determined, and any level of cyclic loading is likely to 
eventually lead to fatigue failure. In such cases a different 

approach is taken that requires more careful monitoring, 
which in effect means counting the number of loading 
cycles the material undergoes while in service. The 

endurance limit is the stress which can be endured for a 
given number of loading cycles. This too can be displayed 
graphically on an S-N curve, as shown in Figure 25.37. 

SN ------------··-
endurance 
limit .. ....... 

N 
Number of stress cycles 

~ Figure 25.37 5-N curve for a material that does not exhibit a 
fatigue limit and instead is characterised using an endurance 
limit (SN) 

The initiation sites where fatigue fracturing begins are 
microscopic stress fractures which form at points of high 
stress concentration . Common stress raisers include: 

~ internal voids, inclusions or areas of porosity formed 
during manufacture or processing (Figure 25.38a) 

~ external surface defects such as intrusions 
(Figure 25.38b), sharp corners, abrupt changes in 

cross-section (Figure 25.38c) or tooling marks. 

The formation of intrusions was discussed in Section A4, 
under 'Surface slip bands'. 

Once a micro-fracture is formed, it acts as its own stress 

raiser. With each peak in the loading cycle, a little more 
damage is caused at the tip of the fracture as it finds a 
path through the microstructure of the first few crystalline 

grains it encounters. Once it is several grains long, the 
fracture is well established and will continue to propagate. 
The time until final fracture depends on the material and 
loading conditions. Once the fracture has reduced the 
surface area of intact material by so much that it becomes 
over-stressed at peak loads, the material will fail. 
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stress concentrations 
around a void formed 
at a grain boundary 

b 

stress concentrations 
around a surface intrusion 

stress concentrations 
at an abrupt change 

in cross-section 

~ Figure 25.38 Stress concentrations can form: a) around a void 

at a grain boundary; b) around a surface intrusion; c) at an 

abrupt change in cross-section 

The fracture surface characteristics indicative of fatigue 
cracking are quite distinctive - burnished beach marks 
spreading from the point of initiation and a crystalline 
fracture surface where the final tensile failure took place 
(see Figure 25.39). 

C4 Corrosion mechanisms 
Corrosion is a process of chemical degradation in 
metals that gradually affects their physical appearance 
and removes their mechanical properties. The corrosion 
mechanism that we are most familiar with is the formation 
of rust on iron and steel. 

Chemical fundamentals of corrosion 
The most common corrosion mechanism encountered 
by engineers is called electrochemical corrosion and is 
caused when metal atoms lose electrons and become ions 
which are then transported away from the material in a 
liquid electrolyte. By far the most common electrolyte 
encountered by metals in service is water. It is no 
coincidence that cars tend not to rust in hot, dry countries. 

Learning aim C .. 

The electrochemical cell 

A simple electrochemical cell consists of two dissimilar 
metals that are in electrical contact with each other and 
also in contact with a liquid electrolyte. 

At the anode, the metal atoms will lose electrons to 
become metal ions that then enter the liquid electrolyte. 
The liberated electrons flow directly from the anode to the 
cathode if the two are in direct electrical contact. 

If the anode is iron for example, an atom of iron will lose 
two electrons and move into the solution as an ion, while 
the liberated electrons pass directly to the cathode. This is 
described by the reaction 

Fe --+ Fe 2• + 2 e-

When the liberated electrons from the anode reach the 
cathode, they combine with elements of the electrolyte 
present to form negative ions. These negative ions then 
combine with the positive ions formed at the anode that 
are now available in the electrolyte to form the corrosion 
by-product. 

\.. 

Keyterms ) 

Beach marks - fracture surface markings indicative of 
fatigue failure. 

Ions - electrically charged particles formed when 
atoms either lose or gain electrons. 

Electrolyte - a solution through which ions are able to 
move. 

Anode - a positive electrode. 

Cathode - a negative electrode. 

Area of 

initiation 

Beach 

~ Figure 25.39 A fatigue fracture surface 
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If the anode is iron and the electrolyte is water, the 
electrons at the cathode combine with water and oxygen 
to form hydroxide ions in the following reaction: 

H20 + -!02 + 2 e- ~ 2(0H)-

The hydroxide ions formed at the cathode can now 
combine with the iron ions that were formed at the anode 

to form the precursor to rust, called iron(ll) hydroxide: 

2(0H)- + Fe2+ ~ Fe (OH)z 

At this stage in the formation of rust, the iron(ll) hydroxide 
reacts further with the oxygen and water to form iron(lll) 
hydroxide: 

2 Fe (OH)z + H 20 + -!0 2 ~ 2 Fe (OHh 

Over time, iron(lll) hydroxide dries and crystallises into the 

red flaky hydrated iron(lll) oxide that we all recognise as 
rust 

Electrochemical series for metals 

When an electrochemical cell is set up using electrodes 
of dissimilar metals, which metal that will form the anode 
and which will form the cathode is determined by their 

relative positions in the electrochemical series, which is 
summarised in Table 25.15. 

~ Table 25.15 The electrochemical series for commonly 

encountered metals in engineering 

Anodic Magnesium 

Aluminium 

Titanium 

Manganese 

Zinc 

Chromium 

Iron 

Lead 

Copper 

Cathodic Silver 

For instance, if a cell is established with iron and zinc, 
then zinc will form the anode as it is above iron in the 
electrochemical series. Zinc will be the metal that loses 

ions into the electrolyte and becomes corroded. Iron will 
be protected from being corroded by the presence of 
the zinc. 

Galvanising takes advantage of this relationship between 
iron and zinc. A layer of zinc on steel provides both a 
physical barrier to water and electrochemical protection 
from corrosion. 
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Dry corrosion 

Dry corrosion takes place in the absence of water. 
For example, the reaction of steel with atmospheric 

oxygen does not occur readily, at least not at room 
temperature. However, at elevated temperatures such 
as those encountered during hot forming processes or 
heat treatment, steel will react directly with atmospheric 

oxygen to form a bluish-black layer of hard scale 
composed mainly of Fe30 4. 

Other metals, notably chromium, aluminium and titanium, 
form passivating oxide layers very readily upon contact 

with atmospheric oxygen, even at room temperature. 
However, these stable layers of oxide protect the 
remaining metal beneath from further oxidation and are 

actually advantageous in most circumstances. 

Key term ) 

Passivating - making a material passive by forming an 
inert protective layer over its surface. 

Galvanic action 

ln practical applications, the effects of electrochemical 
corrosion in localised areas of a component or assembly 
are collectively referred to as galvanic action. 

The electrochemical behaviour of different alloys in 
specific working environments (when exposed to different 

electrolytes and varying concentrations) can be complex 
and may vary from the standard electrochemical series. 
Galvanic series are used to predict the electrochemical 
behaviour of widely used engineering alloys in common 

electrolytes, such as fresh water and seawater, or 
other electrolytes that might be present in industrial 
environments. 

There are three significant mechanisms of localised 
galvanic corrosion. 

~ Composition cells form between dissimilar metals that 
are in contact with each other. The metal highest in the 

galvanic series for that operating environment becomes 
the anode and undergoes corrosion. 

~ Concentration cells form between areas with different 
electrolyte concentrations. The same metal becomes 
anodic when in contact with a high-concentration 
electrolyte and becomes cathodic when in contact with 
a low-concentration electrolyte. 

~ Stress cells develop between regions of the same metal 
that are stressed by different amounts. Areas of high 
stress become anodic and areas of lower stress become 
cathodic. 
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PAUSE POINT If a copper water pipe is joined with lead solder, which of the two metals will tend to 
corrode? 

Establish the anode by referring to the electrochemical series. 

Which of the three types of galvanic corrosion cell is being established here? 

Types of corrosion 

Table 25.16 lists the types of corrosion you are likely to encounter. 

~ Table 25.16 Types of corrosion encountered in engineering applications 

Type of corrosion Cause/Description 

Hydrogen 
embrittlement 

Surface corrosion 

Crevice corrosion 

Caused by hydrogen atoms diffusing into the surface of a metal 
from a hydrogen-rich external environment (which may exist 
during processing or while in service). The H atoms become 
dissolved in the metal 's solid solution crystalline structures. Once 
present in sufficient quantities, H atoms may combine into their 
molecular form H2 or combine with the carbon present in steel 
to form methane (CH 4). These forms of hydrogen are too large to 
diffuse further and become trapped, causing increased stresses 
inside or between the grains. 

Probably the most common but least problematic form of general 
corrosion encountered in engineering. 

Light surface rust on a steel structure is almost inevitable but also 
predictable and controllable. 

Galvanic corrosion caused by the formation of a concentration 
cell between areas of high and low oxygen concentration in 
a water electrolyte. The poorly oxygenated region acts as the 
anode and the normally oxygenated region acts as the cathode. 
Elsewhere in the water electrolyte, oxygen levels are maintained 
through diffusion of atmospheric oxygen into solution. 

~~~~~~~~t·~~~ 

I ntergran u lar 
corrosion 

A type of galvanic corrosion caused by the formation of a 
composition cell between alloy phases or between precipitates 
present at grain boundaries and the grains themselves. The grain 
boundaries become anodic and corrode. 

Bimetallic corrosion A type of galvanic corrosion caused by the formation of a 
composition cell when dissimilar metals are in contact with each 
other. The metal highest in the galvanic series will form the anode 
and be corroded. 

Pitting corrosion 

Stress corrosion 

I 

Severe localised corrosion in otherwise corrosion-resistant 
materials - those protected from corrosion by a passive 
oxide layer at their surface. A corrosion pit can be initiated 
when damage occurs to the passivation layer and a galvanic 
combination cell is established with the exposed metal. The pit's 
continued growth is encouraged by the presence of chloride ions 
(plentiful in seawater), which cause the acidity within the pit to 
increase and the corrosion process to accelerate. 

A type of galvanic corrosion caused by the formation of a stress 
cell between areas of differential stressing in a component. The 
high-stress region becomes the anode and corrodes. 

Effects/Where encountered 

Can lead to the formation of micro-cracks 
within the structure and can make the 
component more prone to brittle failure. 

High-strength steel alloys, titanium and 
aluminium can all be affected by hydrogen 
embrittlement. 

Will not cause significant weakening of the 
structure if kept in check by regular painting 
or other measures to slow its progress. 

Often occurs under tape, wood or dirt in 
contact with the metal surface or between 
lap joints, under washers and under rivet 
heads, where trapped water will become 
depleted in oxygen. 

lntergranular corrosion between the layers 
causes them to delaminate, leading to the 
appearance of flaky blisters as shown in 
Figure 25.40. 
Exfoliation is a severe form of intergranular 
corrosion encountered in metals which have 
undergone cold rolling and so consist of 
layers of slightly flattened grains. 

Commonly encountered when steel fixings 
are used to secure aluminium components. 

Leads to the formation of deep pits and 
eventually holes in otherwise corrosion 
resistant materials such as stainless steel and 
aluminium alloys. 

Can be very damaging and cause the failure 
of pipes and pressure vessels with little 
warning. 

-f- -
Stress cells can form between areas of 
residual stress formed by cold working 
operations and adjacent unworked areas that 
have lower residual stress. 
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PAUSE POINT 

•=on• 

~ Figure 25.40 Surface signs of severe intergranular corrosion causing exfoliation in aluminium 

Keep an eye out for examples of corrosion that you encounter in your local 
environment. Once you start looking, you will see the signs everywhere. Take photos 
of any signs of corrosion you encounter and bring them in to discuss. With your 
colleagues, decide on the likely mechanism by which the corrosion is happening. 

Signs of corrosion are commonly seen on older cars and vans, street furniture, gate 
hinges and so on. 

How might some of the mechanisms of corrosion that you have encountered be 
prevented? 

C5 Design considerations to help prevent 
component failure 

Knowledge of the component's operating environment 
Table 25.17 describes the effects of a component's operating environment on its 
performance. 

~ Table 25.17 Effects of a component's operating environment 

Temperature 

Wet or dry 

Loading 
conditions 

Has a significant effect on the beh 
as creep. Materials operating at hi 

aviour of failure mechanisms such 
gh temperatures that undergo phase 
t mechanical properties from those changes have significantly differen 

operating at room temperature. 

The amount of water (or other elec trolyte) in the operating environment has 
r of possible corrosion mechanisms that a significant impact on the numbe 

will need to be considered. 

• Static loading requires materials with an appropriate UTS . 
esistance becomes an important • With dynamic loading, impact r 

consideration. 
• Cyclic loading makes materials prone to fatigue failure, which must be 

accounted for. 
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Correct choice of material 
Only when engineers have a full understanding of the component's operating 
environment can they begin the material selection process. In commercial 
engineering, cost is always a consideration, and engineers choose materials that will 
provide the most cost-effective combination of the required mechanical properties 
and resistance to creep, fatigue and corrosion. 

Design features 
We have seen that certain design features, such as sharp corners or abrupt changes in 
cross-section, introduce stress raisers which, in combination with cyclic loading, can 
form fatigue crack initiation sites. Any problematic features should be designed out of 
the component to avoid such problems. Even leaving a component with a poor surface 
finish is not just a matter of aesthetics. Machining marks can act as crack initiation 
sites, and so engineers need to avoid these by specifying an appropriate roughness for 
the surface finish at the design stage. 

Higher-quality materials 
The selection of materials is done on the basis of achieving the required properties 
at minimum cost. Materials processed to eliminate all inclusions or areas of porosity 
within their structure may require the use of alternative manufacturing techniques 
such as forging, which will add to the overall cost of the component. However, it 
may sometimes be more cost-effective to use a carefully processed and heat-treated 
inexpensive material than to use a more expensive material that does not require the 
same degree of processing. 

Surface treatment and finishes 
These are usually used for aesthetic reasons and to form a physical barrier to prevent 
the ingress of water, oxygen or other chemical agents that will enable corrosion of 
the material. Surface treatments and finishes might be in the form of paint, powder 
coating or plating with a corrosion-resistant metal such as chromium. 

Sealants or gaskets are often used between contact surfaces of dissimilar metals to 
prevent corrosion through galvanic action. 

Other beneficial effects can be obtained through the use of surface treatments. In the 
manufacture of automotive suspension springs, the surfaces are shot peened after 
heat treatment, which involves covering the surface of the material with small dints. 
This obliterates any marks made during manufacturing, strain hardens the surface of 
the spring and introduces residual compressive stresses. All of these help to prevent 
the formation of surface micro-cracks during service, which can act as initiation sites 
for fatigue fractures. 

Key terms ) 

Shot peened - a process of causing multiple dints in the surface of a metal by 
bombarding it with a stream of high velocity metal shot. 

Dints - slight hollows or indentations made in a hard, even surface by a blow or the 
application of high pressure. 

Learning aim C 11111 
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Assessment practice 25.3 C.PG c.P1 C.M4 c.Ms c.03 

You are working as a part of a technical team 
investigating the failure of a series of mechanical 

components in plant machinery that your company 
manufactures. 

You have been supplied with three failed components 
that appear to have fractured in different ways and so 
perhaps through different mechanisms. 

Your supervisor has asked you to apply your knowledge 
of the different characteristics of failure mechanisms in 

metals to determine the cause of each failure. 

Carry out a detailed visual inspection and perform 
other testing procedures (e.g. hardness tests) to support 
your findings. 

Present all of your findings in a detailed technical 
report, fully evaluating the conclusions you have 
reached on the most likely failure mechanism in 

each case. In addition, make detailed suggestions 
on measures to limit the likelihood of similar failures 
happening in future. This may mean changes in 

component design, material or processing techniques. 
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Do 

Am I clear on what the outcome of the assignment 
should look like? 
What key elements do I need to include in the written 
report? 

I can work methodically and logically through each 

stage of the assignment. 
I can effectively plan the key areas I need to include 
in a written report so that I don't miss anything 

important. 

fl.evuw 
I am able to recognise weaknesses in my approach to 
the task and find ways to address these next time. 
I can prioritise which of the gaps in my knowledge are 
most important and need to be addressed first. 



UNIT 25 

THINK 
FUTURE 

Simon Kirkpatrick 
Mechanical testing 
technician 

I have worked for the three years since leaving school in the quality control 
laboratories of a manufacturer of steel wire. The products we make are very 
specialised and are exported all over the world. Our product range includes lift 
cables, tow lines and the wire that is used in pre-stressed concrete structures. 

Obviously if any of these fail in service then the consequences could be 
horrific. That's why we take the job of quality control so seriously. Samples are 
taken at regular intervals for every batch of wire strand that is manufactured. It 
is part of my job to carry out tensile tests on these samples and check that the 
results are above the minimum requirements for that particular type of wire. 
Only then is that batch allowed to be spun together with other wire strands 
into thicker cables. 

We also have rigs that test the creep resistance of our concrete reinforcing wire 
over several weeks to make sure that it won't start to elongate during use. This 
is important, but nowhere near as much fun as tensile testing wire samples to 
destruction! 

I very much enjoy my job, the kinds of work I get to do and the sense of 
teamwork that we have across the whole site. I know that if I don't do my job 
quickly I will be holding up the wire-spinning production unit. I also know 
that I have quite a responsible job, as it's up to me and my supervisor to spot 
any problems and prevent substandard wire from being made into finished 
products that lives might later depend on. 

Focusing your skills 
Working safely in a new environment 

Whenever you are asked to perform practical tasks using 
new equipment or in an unfamiliar working environment, it 
is important that you follow some simple rules: 

Obey all the general safety guidance that you are given 
when first entering the workshop. 

Wear the appropriate personal protective equipment (PPE). 
Never use a piece of machinery or equipment that you 
are not trained to use. Even if you have used a tensile 
testing machine before, make sure you are familiar with 
the particular type in use. 

If you need a refresher because it's been a while since 

you last used a piece of equipment, don't be afraid to 
ask. 

Always obey workshop safety posters. These are often 
there to remind you to wear ear or eye protection. 
Know where the emergency exits are and know the 
route to the closest exit from where you will be working. 

• Know where the emergency stop buttons are located. 
• Always use common sense. 

Never take unnecessary risks. 
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Eve is working towards a BTEC National in Engineering. She was given an assignment 
for Learning aim A which asked her to use her knowledge of the microstructures of 
metals to identify a series of material samples. The assignment went on to ask her 

to relate the microstructure in each case to the overall mechanical properties of the 
material. 

Her findings had to be written up in a technical report, in which she needed to: 

~ identify the materials and evaluate their likely processing histories 

~ evaluate the mechanical properties likely to be exhibited by each sample, based on 
the microstructural features that were identified. 

Eve shares her experience below. 

How I got started 
First, I had a good look at what I would need in order 
to carry out the assignment. I had already used a hand 
lens and microscope during our lessons looking at the 
structures visible in polished cross-sections of various 

materials, so I was comfortable with that. I also knew that 
we would have access to some example micrographs of 
different types of materials processed in different ways. 
I knew that to get the highest grade I had to identify the 

samples correctly, and I was confident I could do that. At 
our centre we have a digital camera fitted to one of the 
microscopes, so I was able to use that to take nice big 

photographs of the samples to include in my report. 

The second part of the assignment was about the way 

different microstructures affect mechanical properties. 
This relied more on having good class notes and carrying 
out some additional research on a few websites. To start 

with I made a mind map to help me structure my thoughts 
on the general effects of different microstructural features. 
This gave me something easy to refer back to when I was 
considering each sample in turn. 

How I brought it all together 
I wanted my report to look professional, as if it had been 
produced in a real testing lab, so I used a simple Arial font 
and included a footer on each sheet containing my name 

and the page number. I added a title page which included 
one of the micrographs that I had taken and wrote a short 
introduction. I included all the micrographs I had taken of 
the samples and annotated them to support what I was 
saying about the identification of the types of material. I 
included a similar reference micrograph in each case and 
pointed out the similarities to my samples. 
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While I was writing the parts of the report on mechanical 
properties, I ticked off the points I had covered on my 
mind map to make sure I remembered to mention 

everything. 

What I learned from the experience 
I think my assignment went really well, and that was 
mostly down to good preparation and having a clear idea 
of what I was going to do. Keeping organised notes of the 
things we covered in class really helped too. I am going 
to buy a notebook to keep all my class notes together, as 

I did lose the notes from a couple of lessons that were on 
loose bits of paper. 

It's important to keep a copy of the assignment and 
the unit specification at hand when doing your work. 
The specification 'Essential information for assessment 

decisions' page is really useful as it explains what the 
assessment criteria actually mean in practice, and tutors 
use this when marking the work. 

Think about it 
~ Have you planned what you need to do in the time 

available for completing the assignment to make 
sure that you meet the submission date? 

~ Do you have all your class notes on the 
microstructures of metals and their effects on 
mechanical properties? 

~ Is your report written in your own words and 
referenced clearly where you have used quotations 
or reference information such as example 

micrographs? 


