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vi Foreword

FOREWORD

When the Nuffield Advanced Science series first appeared on the market
in 1970, they were rapidly accepted as a notable contribution to the
choices for the sixth-form science curriculum. These courses were
devised by experienced teachers working in consultation with the
universities and examination boards, and subjected to extensive trials in
schools before publication and they introduced a new element of
intellectual excitement into the work of A-level students. Though the
period since publication has seen many debates on the sixth-form
curriculum, it is now clear that the Advanced Level framework of
education will be with us for some years in its established form. That
period saw various proposals for change in structure which were not
accepted but the debate to which we contributed encouraged us to start
looking at the scope and aims of our A-level courses and at the ways
they were being used in schools. Much of value was learned during those
investigations and has been extremely useful in the planning of the
present revision.

The revision of the physics course under the general editorship of
John Harris has been conducted with the help of a committee under the
chairmanship of K. F. Smith, Professor of Physics, University of Sussex.
We are grateful to him and to the committee. We also owe a
considerable debt to the Oxford and Cambridge Schools Examinations
Board which for many years has been responsible for the special
Nuffield examinations in physics and to the Assistant Secretary of the
Board, Mrs B. G. Fraser, who has been an invaluable adviser.

The Nuffield—Chelsea Curriculum Trust is also grateful for the
advice and recommendations received from its Advisory Committee, a
body containing representatives from the teaching profession, the
Association for Science Education, Her Majesty’s Inspectorate, univer-
sities, and local authority advisers; the committee is under the chairman-
ship of Professor P. J. Black, educational consultant to the Trust.

Our appreciation also goes to the editors and authors of the first
edition of Nuffield Advanced Physics, who worked with Jon Ogborn
and P. J. Black, the project organizers. Their team of editors and writers
included: W. Bolton, R. W. Fairbrother, G. E. Foxcroft, Martin Harrap,
John Harris, A. L. Mansell, and A. W. Trotter. Much of their original
work has been preserved in the new edition.

I particularly wish to record our gratitude to the General Editor of
the revision, John Harris, Lecturer at the Centre for Science and
Mathematics Education, Chelsea College, and a member of the team
responsible for the first edition. To him, to E. J. Wenham, Consultant
Editor of the revision, and to the editors of the Units in the revised
course — all teachers with a wide experience of the needs of students and
of the current state of physics education — Roger Hackett, Nigel Wallis,
David Grace, Mark Ellse, Charles Milward, Trevor Sandford, Paul
Jordan, Peter Harvey, Maurice Tebbutt, David Chaundy, Wilf Mace,
Stephen Borthwick, Peter Bullet, and Jon Ogborn, we offer our most
sincere thanks.




I would also like to acknowledge the work of William Anderson,
publications manager to the Trust, his colleagues, and our publishers,
the Longman Group, for their assistance in the publication of these
books. The editorial and publishing skills they contribute are essential
to effective curriculum development.

K. W. Keohane,
Chairman, Nuffield-Chelsea Curriculum Trust

Foreword Vii



ABOUT THE COURSE AND
ABOUT THIS BOOK

At the beginning of a new course in physics we think you should know
something about its special features, the ways in which it may be
different from other physics courses at A-level, and the reasons for these
differences.

Physics, and the world with it, are changing so fast that no one can
tell what aspects of physics you will use in, say, ten years’ time: however,
one can be pretty sure that there are some basic ideas that will be
relevant to the new problems of tomorrow. We have tried to build the
course around these basic ideas.

A-level physics courses do not all cover exactly the same topics. So
you will find some topics in this course that do not appear in other
A-level courses. You will also find that this course does not include
some items that are included in others. But you should know that there
is a core syllabus which is common to all A-level physics courses,
including this one. The core of physics which universities and other
institutions regard as essential to further study is covered in this
course.

You will study fewer physics topics in this course than you would in
most other A-level courses because we believe that it is more important
to have a good understanding of some basic ideas and to be able to use
them confidently, than to know less about more. Those who understand
their physics are the ones who can offer sensible, relevant ideas that ’
would help towards clearing up a problem. |

The course aims to show you what doing physics is like, and this is
another reason for encouraging plenty of discussion of problems, for
that is the way physicists work. To use physics successfully and to
understand what it can, and what it cannot do, it is important to know
about such things as how theories, models, experiments, and facts fit
together. Physicists also guess, estimate, and speculate, and you will be
asked to do these things too.

But physics is more than facts and theories: it has practical value and
through its application in science and technology it has social and
economic effects on the way we live. Some of the Units in the course
emphasize this aspect of physics, and in most of the Units there are ||
questions and reading about how physics can be used in engineering
and technology.

This course regards students as active, creative people making their
own sense out of the physical phenomena they meet. The alternative |
view of students as passive recipients of knowledge, dry sponges [
absorbing facts and formulae provided by a teacher or text book is not
one we have adopted in designing this course.

You will find that this emphasis on activity takes many forms: you
will do many experiments — and sometimes be asked to demonstrate |
them to others; you will read from a variety of sources including text
books, magazines, and special articles — and you may be asked to give a f
written or verbal report on what you have found out; you will do two
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independent investigations, in which you plan and carry out your own
work on a topic of your choice for a couple of weeks. And there should
be plenty of opportunities to zalk about the physics you are learning —
because that is probably the best way to find out how well you
understand it.

We think that to learn effectively, now and in the future, certain skills
are very valuable, and in designing the course we have sought ways of
helping you develop skills of various sorts: including experimental,
communication, and mathematical skills.

This Student’s guide is not the ‘text book’ of the course. It is
important to realize that you must keep your own notes and records of
the course as you go along. You will also need access to other sources:
text books and reference books in the school or college library, data
books, journals, magazines, and so on.

More about this book

The course is divided into twelve Units. Units A to G are covered in this
book, Units H to L in Students’ guide 2. For each Unit there are:

Summaries These are very short and are not intended to do more than
the name suggests. They only summarize the most important ideas of
each part of the course. They do not show you how results are derived,;
they do not give full explanations of methods, or evidence for the facts
stated. You can follow some of these derivations by working through
questions in the book; some of the evidence is provided by the
experiments and demonstrations suggested for the course. You will find
references in the margin to these questions and to the practical work.

These summaries will be most useful to you after you have studied a
particular part of the course in class, and for revision. We hope they will
help you remember what some of the key ideas are, and what the
experimental evidence and theoretical basis for them are.

Readings As part of most Units we have included a few short passages
which depend on the ideas developed in the Unit. We have included
questions about them, to help you develop the skill of reading with a
purpose, which is one of the aims of the course.

Laboratory notes  You will find brief notes on most of the experiments
and demonstrations suggested for the course — notes, not instructions.
Their purpose is to show what equipment is needed, how to set it up,
and to suggest some questions which can be answered, or some
observations which can be made with it.

Home experiments Learning and doing science is not something to be
confined to school or the laboratory. So in some of the Units we have
included suggestions for practical activities that you can do at home.

Questions With each Unit we have included a large number of
questions — more than any one student will be able to do while studying
the Unit. There are various kinds of questions. Each has a letter
as well as a number: the letter tells you what kind of a question it is.
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The code is:

I Introductory questions: These are questions which you should be
able to do confidently before you start the Unit. These questions
make use of the simpler ideas which the Unit takes as its starting
point.

L Learning questions: Many of the derivations of standard results,
formulae, relationships, etc., are presented in the form of questions.
These questions are intended to help you learn new physics rather
than test what you have learned before.

P Practice questions: You should find these relatively simple and
straightforward. They are intended to give you practice in using the
new ideas you have learned in fairly simple situations.

E Essay, estimation, and discussion questions: A more open category
of question to encourage a different kind of thinking and writing.
There are no right and wrong answers to these.

R Review and revision questions: As the name suggests, these are
examples of the kind of questions that you should be able to answer
at the end of the course. This kind of question may cover work from
more than one Unit. Several of them are taken from past examin-
ation papers.

Formulae, relationships, data, and symbols are gathered together at the
end of each Students’ guide.

Experimental work The short passage on pages Xii to xvi of this book
makes some general points about doing experiments, taking measure-
ments, and interpreting results. You will find it useful to refer to it from
time to time throughout the course.

So there are many things in this Students’ guide that you should find
helpful during the course. But it is important to realize that you will
need to use other sources as well, and to keep your own notes of the
work as you go along.

More about skills

Some of the useful skills we hope the course will help you acquire
include:

Experimental skills: ability to use a range of modern tools used in
physics; ability to design effective experiments; understanding of the
factors which affect the reliability of measurements.

Communication skills: ability to extract and make use of information
from technical articles; ability to present technical arguments; ability to
convey technical ideas to a ‘lay’ reader; ability to discuss critically and
constructively experimental or theoretical work, either your own or a
colleague’s. The course will give you opportunities to practise these
communication skills both verbally and in writing.

Mathematical skills: algebraic manipulation; handling scientific no-
tation quickly and efficiently; giving useful rough estimates and dealing
sensibly with approximations; graphical work — use of graphs to display
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data, recognition of some important functions, interpretation of the
physical significance of the slopes and areas under some graphs; using
the idea of rate of change in many experimental situations; ability to
discuss the exponential function in a number of different situations;
numerical methods of solving equations, which lead into computer
methods.

The course itself

This Revised Nuffield A-level physics course is the result of the
combined efforts of many teachers with considerable experience of
teaching the original course. One of the main reasons that we want to
offer you some physics is that we like the subject and get excited about
it. So we hope you enjoy it too.

The Editors
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EXPERIMENTAL WORK

Wilf Mace
King Edward VII School, Sheffield

Physics is about how the world works, and the only way to find how it
works is to observe it. This is why observation and measurement are
vital to physics. As with all techniques, experimenting has its own set of
particular skills, and these notes are to draw your attention to a number
of things that need to be borne in mind in practical work.

Uncertainty

Nothing can ever be measured exactly. Even if an object apparently
reads exactly 15 divisions against a millimetre scale, we know that if it
were 1498 mm or 15.02mm we simply wouldn’t be able to tell the
difference: there is always an uncertainty in every measurement we
make, however carefully we work, and the size of the uncertainty is
governed by the instrument we are using. We therefore need to consider
our instruments rather carefully, in order to make the best possible use
of them. '

Characteristics of measuring instruments

The variety of instruments and techniques at our disposal have some
rather obvious properties, and also some less obvious ones that may be
equally important. There is a vocabulary about this, and a glossary of
the most important terms is given below. We don’t suggest you should
‘learn’ these at the start, but as your experience grows you will find that
the ideas they represent keep cropping up, and you will come to
appreciate the kinds of situation in which they need to be taken into
consideration.

Range: This term has the obvious meaning. Typical values would be
0-100 mA for a meter, —10 to +110°C for a thermometer, and so on.

Resolution: This refers to the smallest change (increment) that can be
detected. For instruments with scales (micrometer, ammeter, ther-
mometer, etc.) it is normally taken to mean the value indicated by one
smallest scale division, though in practice, fractions of a scale division
can often be judged quite reliably. For digital readout instruments it
means the value of one unit in the last digit. Manufacturers often
express resolution as a percentage of the range. Thus a typical school
microammeter may have a range of 100 puA, with 50 divisions: this
constitutes a resolution of 2pA or 2% (of the range). But note that
resolution is by no means the only factor which may affect the
uncertainty of a measurement: see, for example, repeatability, below.

Xii
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Sensitivity: This refers particularly to instruments such as the light
beam galvanometer, and the oscilloscope, where a scale of mm or cm is
provided and may be made to represent different ranges of values.
Statements of sensitivity take the form ‘16.2mm pA~" or (in inverse
form) 0.2 Vem ™.

Response time: A light beam galvanometer responds rather slowly to
changes of voltage; an oscilloscope responds within a small fraction of a
microsecond. The rapid response is obviously very necessary for
following high frequency fluctuations, as in electronics, but there are
situations when a long response time is advantageous. In a ratemeter
for radioactivity measurements a long response time is deliberately
built in, so that the pointer, instead of flickering at every count, tends to
show a fairly steady averaged value of the count rate.

Response time can be an important property of transducers too.
Temperature-measuring instruments tend to be very sluggish, so that
rapid fluctuations of temperature are difficult to measure reliably. Some
types of photocell, too, have response times of an appreciable fraction of
a second, and may be unsuitable for fast photographic work.

Accuracy: Given an ammeter stated by the manufacturer to have a
range of 5SmA, we tend to assume that this figure is reliable: similarly
with metre rules, stopwatches, frequency generators, and indeed all
scaled instruments. This is what we mean by accuracy. Sometimes
instruments are stated to conform to some British Standard Specifi-
cation (B.S.S.), and that is a guarantee that they are accurate to within
some specified limit. In school laboratories, accuracy has sometimes to
be taken on trust, though one learns to notice that some makes of
meter, for example, tend to be consistent with one another and so can
be hoped to be accurate, or perhaps that 10g slotted masses can
disagree by 0.4 g and therefore some of them must be inaccurate by at
least 0.2 g.

Linearity: A meter may be extremely accurate at one point, but
inaccurate over other parts of its scale: this is referred to as a fault in
linearity, since a graph showing the true current against the scale
reading would not be a straight line. In high accuracy work it is often
necessary to draw a calibration curve to use in conjunction with an
instrument to correct readings for non-linearity.

Repeatability: Experimental situations are very often not as simple as
we would like to make them. Pointers may be sticking slightly, a bad
contact may make a current change slightly, a clamp may not be
sufficiently rigid, we may handle a micrometer clumsily: the list is
endless. But effects like these are very easily missed unless we go out of
our way to look for them, so the first thing we should do with any
reading is to check that it is repeatable. Whatever the ‘theoretical’
resolution of an instrument may be, the actual uncertainty in a
measurement must be judged in terms of repeatability.

Systematic error: Some factor in an experimental situation may cause
a whole series of apparent values to be wrong by the same amount. If in
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radioactivity measurements we fail to take into account the back-
ground radiation which is always present, this will cause a systematic
error in our readings. Another common cause of systematic error can be
diagnosed by plotting a suitable graph: a line expected to show
proportionality may not pass through the origin, for example.

Drift: This term speaks for itself: readings are not only not repeatable,
but they move further and further in the same direction. Battery-
powered instruments are prone to this, as their supply runs down, but
there can be other causes: measurements of the length of a wire may
drift because of changing temperature, for example. Sensitive electrical
readings can sometimes drift because of temperature changes in
components or at junctions between different conductors (causing
thermoelectric e.m.f.s).

Loading effects: If we want to know the temperature of some water, we
put a thermometer in it. But the thermometer takes some energy from
the water, and thereby reduces the temperature it was put there to
measure. In the same way, a voltmeter reduces the p.d. between the
terminals of a battery to which it is applied, because it takes some
current. In situations like this we say that the measuring instrument is
loading the system to which we have applied it. (Load is a widely used
term: the torch bulb is the load on the battery, the consumers’
equipment is the load on a power station, and so on.) Loading does not
always have to be taken into account, as it should be in the two
examples above. The voltmeter built into a power supply is technically
a load on the supply, but the reading it gives is the p.d. which that

supply is providing, and as that is normally what we want to know, no

correction is needed. Loading is relevant to more than measurement
systems — see the article on ‘Systems’ in Physics in engineering and
technology.

Validity: This is a term we apply to whole techniques rather than to
instruments: is the apparatus measuring what we assume it is? To take a
very obvious example, suppose we want to measure the rate of heating
of some water by an immersion heater. If we put the thermometer high
in the water it will show a rapid rise in temperature, but if we put it
below the level of the heater its readings may change very slowly indeed.
Neither set of readings is valid, because they are not values of the true
average temperature of the water. Validity considerations can be much
more subtle than this: does an ammeter read the correct value for an
unsmoothed direct current? To answer that we have to think very hard
about what we are going to use the reading for; in some cases the
answer might be yes, in others it could well be no.

The effect of uncertainty upon conclusions

Once a set of readings has been taken, we have to assess what
conclusions we can draw from them — and how uncertain the con-
clusions are. This involves a little calculation, and often makes use of
graphs.
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Graphs

Two examples will help you to appreciate how uncertainty can be dealt
with in terms of graphs.

1 If we are trying to find out whether two quantities are proportional
(current and p.d. for some new component, perhaps), we generally draw
a graph like figure 1.

Do these points seem to be indicating a straight line or not? If we
hold the graph almost up to eye level and look along it from the origin,
it looks like figure 2. This seems to show a very definite curvature away
to the right.

A
\d
L]
Ld
Corer————_ % ——pd.
Current 5 P

Figure 2

- But suppose there were appreciable uncertainties in the readings
plotted vertically. We can allow for this by plotting error bars, as in
figure 3.

A straight line drawn through the origin and through all the error
bars, now shows that a proportional relationship is possible. But
‘possible’ is the operative word. One inescapable fact in science is that
no theory can ever be ‘proved correct we may believe very firmly in
certain laws, but we have to recognize that one day a very careful
experiment might disprove any one of them. Older text books often
talked about ‘verifying’ laws. But no law can ever be positively verified:
the most we can do is fail to contradict it — and to regard an experiment
as an attempt to disprove something is often a very healthy attitude of
mind. )

2 Suppose we are satisfied that a conductor obeys Ohm’s Law (as
closely as we will ever need), and we want to find its resistance. We
could take a number of readings and calculate V/I for each, getting a
series of different values and taking the average.

Yet this might not be the best thing to do. Plotting the results might
give something like figure 4. '

We can look at the lie of these points using a ruler (or better, a length
of cotton) to ‘average’ much more intelligently. One point stands out as
further from the general line than the rest. If we had simply taken the
average V/I value, instead of drawing the graph and calculating its
slope, this point would have been distorting the average, and therefore
distorting our conclusion as to the most likely value for the resistance.

Finally, we can obtain from our graph a firm value for the highest
and lowest possible values of the resistance, by drawirlg in the most
extreme lines that can be fitted within the error bars (figure 5).

In these graphs we have shown variations and uncertainties which
are quite large. Graphs of your own results will generally (though
perhaps not always) be much more precise. It will be up to you to
decide, in the light of the above ideas, how best to interpret them
intelligently.
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Calculation of uncertainty

If a reading is 8.6 with an uncertainty of +0.1, we can consider the
figure 0.1 itself: it is called the absolute uncertainty. We can also express
it as a fraction of the measured value: 0.1/8.6. This is close to 0.1/10, or
1%, and we say that the percentage uncertainty is +1 %. (Note that
since uncertainties are themselves a matter of estimation, we rarely
write them to more than one significant figure.)

There are two simple rules for calculating the uncertainty in the final
result of an experiment:

i Where quantities are added or subtracted, absolute uncertainties must
be added.

Thus if a flask containing water weighs 187+2g and when empty
weighs 10742 g, then the mass of water is 804-4 g. If a smaller quantity
of water was used, and the readings were 117+2g and 107+2g, then
the mass of water would be 10+4g. Note that the same absolute
uncertainty (+4 g) is now a much bigger percentage uncertainty.

ii Where quantities are multiplied or divided, percentage uncertainties
must be added.

For example, in calculating the density of a sphere, measuring mass
and radius, we write

m

P=—r—3~

bé-h

Suppose
m=902+0.1g
=0.0902 +0.000 1 kg (about 1 in 1000, i.e., 0.1 %)
and
r=4.84+0.1cm
=0.048 +-0.001 m (about 1 in 50, i.e., 2 %)

The percentage uncertainty in p will be the sum of the percentage
uncertainty in m (0.1 %), and 3 times the percentage uncertainty in r
(because the formula involves r3, i.e., r x r x r), that is, 6 %.

This amounts to 6.1 % in all, so we write

0.0902 kg
= X8 6o
=T 008y ms L0170

=195kgm™3+6.1%

=195+11.9kgm ™3 by calculator

Since we only know the uncertainty roughly we round this off as
p=190+10kgm™3

Note that just as the percentage uncertainty in r* is 3 times the

percentage uncertainty in r, so the percentage uncertainty in \/;
(=x'?)is half that in x, and so on.

XVi

Experimental work




ACKNOWLEDGEMENTS

One of the pleasantest aspects of the development of Revised Nuffield
Advanced Physics has been the willing way in which so many people
have contributed and become involved in the work. Above all, teachers
have helped in many ways, and the very number who have done so
makes it impossible to acknowledge the contribution of each individual.
Many have offered suggestions at meetings or have written in with ideas
for questions, demonstrations, and so on. We have tried to consider
carefully all the suggestions put forward and, inevitably, it is impossible
to give proper credit to the source or origin of every idea we have used.
One who has made a particularly valuable contribution in this way is
Colin Price. To him and the many others whose contributions go
unacknowledged, we offer our sincere thanks.

Other teachers have helped by conducting trials of some of the more
radically changed parts of the course, and of a major innovation — the
‘Dynamic modelling system’. The trial schools are: Aylesbury Grammar
School; Beechen CIliff School, Bath; Bexley-Erith Technical High
School, Bexley; Bishop Hedley High School, Merthyr Tydfil; Chelten-
ham College; Esher College; Forest Hill School, London; Godolphin
and Latymer School, London; The Grammar School, Batley; The
Greenhill School, Tenby; Haverstock School, London; Heathland
School, Hounslow; Henbury School, Bristol; Highfield School, Wolver-
hampton; Howell’s School, Liandaff, King Edward VI College, Nun-
eaton; Kingsbridge School; Lady Margaret High School, Cardiff;
Malvern College; Marlborough College; Netherhall School, Cambridge;
North London Collegiate School; Northgate High School, Ipswich;
Oulder Hill Community School, Rochdale; Richmond-upon-Thames
College; Royal Grammar School, High Wycombe; Rugby School,
Samuel Ward Upper School, Haverhill; and Sutton Manor High
School.

We are grateful to the Inner London Education Authority for trying
some of our material on electronics in their 1983 Summer School for
sixth-form students at the North London Science Centre.

Mark Ellse has read and commented on much of the draft material,
and has made particularly useful suggestions about the up-dating of
some experiments and pieces of equipment.

Thanks are due to a group of teachers, convened by Bob Fairbrother,
who met several times to discuss assessment. Their suggestions led to
some changes in the structure of the examination.

Others, as well as teachers, have helped, of course. While he was
working as a technician at the Centre for Science and Mathematics
Education, Chelsea College, Phil Webb found time in a busy schedule
to try out ideas for demonstrations and experiments, and to suggest
ideas for new apparatus.

CLEAPSE School Science Service reviewed all the suggested experi-
ments and demonstrations and made useful suggestions on the safety

aspects of some of them.

Acknowledgements  Xvii



Industry has helped too, and, among others, we are indebted to Rank
Xerox, Amersham International P.L.C., and the CEGB for technical
help and information.

Examination questions in the Students’ guide are reprinted by
permission of the Oxford and Cambridge Schools Examination Board.
With one exception all are taken from Oxford and Cambridge Nuffield
A-level Physics papers. The exception is one question taken from an
Oxford and Cambridge O-level Nuffield Physics paper. Where guide
lines for answers to examination questions are provided it must be
understood that these are not the Examination Board’s responsibility.

The Consultative Committee have, I believe, been asked to work
harder and contribute more than is usually expected of such a group. As
well as attending many meetings they have read and commented in
detail on draft manuscripts ~ sometimes in a far from ideal state — and
they have done all this most willingly.

It is a pleasure to acknowledge E.J. Wenham’s help and sound
advice. Much of what is written in these books has benefited from his
knowledge and experience as teacher and author.

All of us who have contributed to these books owe a great debt of
gratitude to Nina Konrad and her colleagues in the Publications office
of the Nuffield-Chelsea Curriculum Trust for their thorough and
painstaking work in preparing our manuscripts for the printers and our
sometimes quite inadequate drawings for the artists.

Finally, I would like to express my sincere thanks to Paul Black and
Jon Ogborn. Their help and support has been invaluable. During a
period when both have been particularly busy, they have still found
time to give advice both on general matters and on points of detail.
They were, of course, the chief architects of the original Nuffield
Advanced Physics course. Their willingness to be involved with what
must at times have seemed like a severe distortion of their original
plans, says much about their generosity of spirit.

John Harris

XVviii

Acknowledgements




Section A1
Section A2
Section A3
Section A4

Unit A

MATERIALS
AND MECHANICS

Roger Hackett
Christ’s Hospital, Horsham

SUMMARY OF THE UNIT

INTRODUCTION page 2

THE BEHAVIOUR OF MATERIALS 2

THE STRUCTURE OF SOLID MATERIALS 7

STATICS, STRUCTURES, AND COMPOSITE MATERIALS 72
MOMENTUM AND THE SIMPLE KINETIC THEORY OF GASES 76

READINGS

MECHANICAL TESTING OF MATERIALS 23
LOOKING AT THE STRUCTURE OF MATERIALS 24
MODELS 371

THEORIES — TRUE OR NOT? 32

MATERIALS USED IN ARCHITECTURE 33

LABORATORY NOTES 37
HOME EXPERIMENTS 67

QUESTIONS 62




Section A1’

QUESTION 4

SUMMARY OF THE UNIT

INTRODUCTION

This Unit is about the science of the materials upon which a techno-
logically based society depends for its buildings, bridges, tunnels,
lorries, fabrics, telecommunications equipment, tubes, rails, and so on.
The application of the science is the province of the engineer who must
design and construct large and small structures, choose the most
appropriate materials for the job, calculate the forces which will exist
within the structure when in use, and achieve the best balance between
cost and function. '

The scientist is responsible for investigating the properties of the
materials used by the engineer, whether these are metals, woods, glasses,
plastics, etc. This involves the measurements of the effects of applied
forces, studies of the behaviour of the materials under widely varying
conditions, consideration of the energy stored within the material when
in use, all of which determine the suitability of the material for its
purpose.

To understand the information obtained, scientists need a theor-
etical model for materials in general. Such a model, based upon
experience in the laboratory and in the field, will allow them to predict
how the material under study will behave under various conditions. It
may also allow them to develop new materials to meet specific needs.
Such materials are often composite, for example, concrete, glass fibre,
plywood.

Using simple ideas from mechanics, the kinetic theory (or model) of
gases is developed to account for many properties of real gases.

Some of the topics and ideas within the Unit will be developed
further later in the course. For example, the nature of the force between
atoms will be taken up in Unit E, ‘Field and potential’, the oscillations
of mechanical systems will be examined in Unit D, ‘Oscillations and
waves’, and the important theme of randomness will be used in a
different context in Unit K, ‘Energy and entropy’.

THE BEHAVIOUR OF MATERIALS

Descriptive terms

We need to study how materials behave under the action of forces so
that we can choose the most suitable for a particular job. What, for
example, are the best properties for the material with which to make the
springs of an easy chair or the cables of a suspension bridge? The
behaviour of constructional materials under the action of forces is
described by words to which very specific meanings are attached. For
example, steel which is strong under steady tension and compression
deforms elastically and is stiff with soft yielding near the point of
fracture. Brief explanations of some of these terms follow.

‘2 Unit A Materials and mechanics




QUESTIONS 1, 2

. . extension
Tensile strain=——————
original length

a applied force
Tensile stress = —————
cross-sectional area

EXPERIMENTS A3, A4, Ab

Strengths of aluminium, glass, and paper

Stress

HOME EXPERIMENT AH1
Saved by a hair!

QUESTION 9

Strain

Tension, compression, and shear

The size of the force needed to deform a material by a given amount, or
to break it, depends on how the force is applied. Pulling on both ends of
a specimen causes tension; pushing on both ends causes compression;
twisting both ends in opposite directions causes shear. Most of the
examples in the course are concerned with tension.

Stress and strain
The size of a specimen must be taken into account when comparing the
deformations produced by the applied forces. In the case of stretching
under tension the ratio of the extension, x, to the original length, I, is
called the strain.

The ratio of the tension in the specimen, F, to the cross-sectional
area, A, is known as the stress.

Stiffness
A stiff material is one in which a large stress is required to produce a
small strain. Stiff materials have high Young moduli.

Strength

A material is strong if a large stress is required to break it. The breaking
stress (ultimate tensile stress) is the stress needed to break the material.
A material may be stiff but not strong, such as a biscuit; quite strong but
not very stiff, such as nylon; both strong and stiff, such as steel. Some
materials are strong in compression but weak in tension, such as brick
and concrete.

Stress

breaks

Strain

Figure A1
1 is twice as stiff as 2; 2 is twice as strong as 1.

Elastic; plastic

An elastic material returns to its original shape after the deforming
forces are removed, with no loss of energy. Steel and many other metals
are elastic for small strains (up to about one-tenth of one per cent).
Materials which flow, slip, or slide internally long before they break are
said to show plastic deformation. Plasticine is an obvious example, as
are metals which can be hammered or pressed into new shapes.

Figure A2
Stress—strain curve for a plastic material.

Section A1 The behaviour of materials 3



EXPERIMENT A2
Stretching rubber, nylon, polythene

EXPERIMENT A4
Breaking strength of glass fibre

EXPERIMENT A7
Effect of cracks

Figure A3
Stress-strain curve for a brittle material.

EXPERIMENT A1
Stretching, bending, and breaking
materials; force—extension relationship

QUESTION 3

What are the units of k?
k is called the spring or force constant

QUESTIONS 5 ta 8

tensile stress
The Young modulus= ———
tensile strain

What are the units of E?

EXPERIMENT A6
Behaviour of springs

HOME EXPERIMENT AH2

An accurate newtonmeter

Tough

A tough material will deform plastically before breaking. Examples
include steel, which has a high breaking stress and nylon, which has a
much lower breaking stress.

Brittle

Materials which do not deform plastically before breaking are brittle.
They snap cleanly and the edges fit together after breaking. Glass,
pottery, and concrete are brittle.

Stress

Strain

Ductile, malleable

Ductile materials can be drawn into wires and malleable materials can
be hammered into new shapes. Both processes involve plastic
deformation.

Hard, soft

Hardness is a measure of the resistance of the material to scratching and
indentation of its surface. Diamond is the hardest substance found in
nature.

Hooke's Law and the Young modulus

A wire or a spring, if not extended too far, will obey Hooke’s Law. The
extension, x, of the material is proportional to the applied force, F.

F=kx

Hooke’s Law may be written: stress is proportional to strain, if the
strain is not too large. Stress=E x strain, where E, the constant of
proportionality, is called the Young modulus.

. F/A
E =stress/strain = xL/l
Since
k=F/x
k=EA/l

4 Unit A Materials and mechanics
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QUESTICN 10

EXPERIMENT A8
The Young modulus for the
material of a wire

QUESTION 9
READING

Mechanical testing of materials
(page 23)

EXPERIMENT A5
Strength of paper

EXPERIMENT A9
Translational kinetic energy

EXPERIMENT A10
Energy stored in a spring

QUESTIONS 11 to 16

The Young modulus is important because it depends only on the
material, not the size and shape of the specimen. It can be found from
the slope of the linear (elastic) region of the stress—strain curve. For a
typical metal wire the limit of proportionality is reached for a strain of
0.001, and the Young modulus may be 10! Nm~2,

An engineer may also need to know the yield strength, the stress at
which plastic deformation becomes important.

The treatment which a wire specimen has undergone before it is
tested often affects its properties. For example, a wire which has been
flexed a number of times, or squashed at one point, will behave
differently from a new, undamaged one. The stress—strain curve will be
different and the wire will fail at a lower stress. Most wires found in the
laboratory have been made by drawing through a circular die and have
thus been subject to considerable stress. This partly explains why the
stress—strain curves for new short rod specimens tested in automatic
extensometers and reproduced in many textbooks exhibit features not
observable in simple laboratory experiments with cold drawn wires.
Automatic extensometers are hydraulic machines which can sense any
reduction in stress in the specimen although the strain is still increasing.
Such an effect cannot be observed with simple equipment.

Time and temperature effects

A material under a continuous stress which is not large enough to break
it, may gradually extend more and more. This creep is shown by rubber
bands, and by lead and materials such as pitch and tarmac. Metal wires
creep if stressed beyond their yield point, and the effect becomes more
pronounced near the breaking stress. Probably more materials show
creep than we realize, but the time needed for an observable extension is
very long. Raising the temperature usually increases the rate of creep
and may affect other behaviour of the material. For example, a rubber
ball becomes brittle and will shatter if dropped after being cooled to the
temperature of liquid nitrogen.

The time scale of events can also alter the behaviour. Silicone putty
(‘potty putty’) flows like a viscous liquid if left alone. It can also be
moulded into a ball. If the ball is dropped, it bounces elastically. If hit
with a hammer, it shatters.

Elastic strain energy

Energy is transformed when a specimen is stretched. Although the
stretching force is not constant, the work required to produce a given
extension is given by the area under the force-extension graph. For a
material obeying Hooke’s Law and not stretched beyond its elastic
limit, the energy stored in the strained specimen, W, can be found from
the area of the triangle under the force-extension curve (figure A4):

area = (average force) x (extension)

W=1Fx=1kx?

Section A1 The behaviour of materials 5




Applied force

"
—

X e e——_— i

Figure A4 d Extension

By expressing the applied force and extension in terms of tensile
stress and strain, we can show that the elastic strain energy stored per
unit volume = (stress) x (strain).

If the stretch is elastic (that is, if the specimen returns to its original
shape when the applied force is removed) all the stored energy is
recoverable, for example as kinetic energy.

QUESTION 17 For a specimen not obeying Hooke’s Law (figure A5), or one stretched
beyond its elastic limit, the area under the force-extension graph is still a
measure of the energy transformed, but W=2%kx? cannot be used.
When such a sample is released, the area between the loading (upper)
curve and the unloading (lower) curve represents the energy transfor-
med in deforming the specimen and so heating it. The closed curve
shown for rubber is an example of elastic hysteresis and is important in
the behaviour of tyres.

QUESTION 14

3
3 B 8
2 £ 3
2 / 2 g
o / = <
-8 / =%
< < g
// F e e e e — e —
// e |
Fr——————= ‘* W‘
| [ I
| [ |
| | |
| | |
1) &= ] 0 L 0 I
0 X Extension 0 X Extension 0 X Extension
Figure A5 Figure A6 Figure A7
Force-extension curve for copper. Force-extension curve for rubber.
EXPERIMENT A11 Experimental attempts to check the expression for elastic strain

Changing elastic strain energy into  energy assume that the Law of Conservation of Energy applies and
gravitational P.E. or translational K.E.  arrange to convert the elastic strain energy into another measurable
form. Typically this is the gravitational potential energy of a mass, or
Gravitational PE.=mgh  the kinetic energy of a vehicle. The success of such experiments depends
on how completely the stored elastic energy is transformed into one
Translational KE. =3 mo®  ¢insle measurable form.

DEMONSTRATION A12 The transformation from kinetic to strain energy has to be con-
Energy absorbed in deformation  sidered in the design of safety belts and in the choice of materials for

items such as climbing ropes, crash barriers, and car chassis.

6 Unit A Materials and mechanics
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Section A2

READING
Maodels (page 31)
Theories — true or not? (page 32)

QUESTION 18

EXPERIMENT A13
Optical analogue for X-ray diffraction

Unit J, ‘Electromagnetic waves’

READING
Looking at the structure of materials
(page 24)

Atom about 107 % m in diameter

Figure A8

1 nm (nanometre) = 10”° m

(a) A small particle of magnesium oxide.
It shows a very clear twin boundary.

The atomic arrangement on one side of
the boundary is the mirror image of the
arrangement on the other.

NEWCOMB, S. B., SMITH, DAVID J., and
STOBBS, w. M. J. Microsc. 130 p. 137, 1983.

THE STRUCTURE OF SOLID MATERIALS
Atoms and molecules

All matter is made up of particles consisting of single atoms, molecules,
or ions. Knowledge of their sizes and how they are arranged in various
materials leads to a better understanding of why materials behave
differently and exhibit different properties. The arrangement of atoms
in a metal such as copper is quite simple. Such substances as rubber,
polythene, wood, and concrete are rather complicated chemically, and
have correspondingly complex structures.

As well as a physical model of the structure of materials, physicists
need a mathematical model for the dependence of the forces between
atoms or molecules and their separation.

The upper limit to the size of a molecule was estimated by Lord
Rayleigh in 1899 by pouring a thin layer of oil onto water. He argued
that the layer of oil could not be less than one molecule thick. Later (in
1912), von Laue passed a beam of X-rays through a crystal and
observed different patterns of spots on a photographic plate depending
on the crystal used. Sir Lawrence Bragg, using an X-ray spectrometer
his father had invented, developed this technique so that it was possible
to relate the systems of spots and rings to the arrangement and spacing
of the atoms in the crystal. This same method has been used and refined
to such an extent that the incredibly complex structures of such very
large organic molecules as vitamin B12 and DNA have been unravelled.
Several researchers have won the Nobel prize for this work.

Modern developments in electron and field-ion microscopes give
more direct evidence for the arrangement and spacing of atoms in
crystals. The photographs shown were taken with a 600kV electron
microscope at Cambridge.

Section A2 The structure of solid materials 7




Figure A8

(b) A small particle of gold. The rows of
atoms are viewed end-on with each row

showing up as a white spot. Note the

hexagonal arrangement of atoms and five

twin boundaries.
MARKS, L. D. and SMITH, DAVID J.
J. Microsc. 130 page 249, 1983.

‘Mole’ means heap, c;r pile

QUESTIONS 20, 24

The Avogadro constant, L

QUESTIONS 20 to 22

JYonic: NaCl
Covalent: H, CH,
Metallic: metals
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The mole and molar mass

The fact that the volumes of combining gases are always in simple ratio
led Avogadro to suggest, early in the nineteenth century, that equal
volumes of gases (at the same temperature and pressure) contain equal
numbers of particles.

It is useful to specify an amount of a substance that contains a
specific number of individual particles. The appropriate SI unit is the
mole: the amount of substance which contains as many elementary
entities as there are atoms in 0.012 kg of carbon-12. One mole contains
6.02 x 10?3 particles, so it is unusual to apply the idea to anything not
of atomic or molecular size.

The molar mass of a substance is the mass of one mole of particles,
and it is essential to say what the particles are — atoms, molecules, ... .
The molar mass of hydrogen atoms (H) is 0.001 kg mol ~ %, but the molar
mass of hydrogen molecules (H,) is 0.002 kg mol . Copper atoms have
a molar mass of 0.0636 kg mol 1.

The mass and size of an individual atom can be estimated by
assuming that the atoms in a solid are in contact.

Forces between atoms and molecules

Atoms are held together in molecules by electrical forces. The different
kinds of bonding which chemists call ionic, covalent, or metallic are all
electrical. There are electrical forces between molecules too, and the

8 Unit A Materials and mechanics



QUESTIONS 25, 26

Hooke’s Law
F=FkAr

tensile stress

tensile strain

QUESTIONS 28, 29, 30

forces depend on how far apart the molecules are. In a gas the average
distance between two molecules is so large (about 10 molecular
diameters) that the force between them is negligible.

The behaviour of solid materials under tension suggests that
powerful attractive forces exist between molecules which are close
together. Similarly, their behaviour under compression suggests that
there are also repulsive forces which increase very rapidly with
diminishing separation. At the equilibrium separation, r, these two
forces are equal and opposite (zero resultant force).

g :
£ 5
K| | = 1
3 | £ !
: t S
E | < |
g \ ! |
..E v\ compression | )
\repulsion \ Hooke's Law
\ | region
\ \
\
\ Molecular separation
0 > )
r°‘ Molecular
tension \ separation
F A
m[— Fm B ~
/ attraction
Figure A9 Figure A10

The gradient of the force—distance curve indicates the stiffness of the
solid, and if the curve is linear close to r,, then the substance obeys
Hooke’s Law. Brittle fracture will occur when the force applied to the
solid is greater than the maximum molecular attraction, F,,,

The Young modulus and the interatomic force constant

The origin of the elastic behaviour of a solid being stretched or
compressed, and so of Hooke’s Law, lies at atomic level. Imagine two
sheets of atoms, equilibrium distance, r,, apart, being pulled elastically
a distance Ar, by a force F. The atoms can be pictured as being held
together by small springs of force constant k. This interatomic force
constant is related to the Young modulus, E, by the equation:

k=Er0
For steel E~2x 10! Nm™?

and fox3x1071%m,
SO k~60Nm™ L
Figure A11

Section A2 The structure of solid materials 9



DEMONSTRATION A15
Intermolecular force—distance model
using air track

QUESTION 27

EXPERIMENT A16b
Bubble raft model

Intermolecular energies

Two molecules have zero potential energy when an infinite distance
apart. As they move together they lose potential energy because of-the
attractive force between them: the potential energy becomes negative.
At the equilibrium separation, r,, the energy is a minimum. Work must
be done to push them any closer together. The deeper this ‘potential
well’, the greater the binding energy, the energy needed to separate the
molecules completely from the equilibrium position.

S
2
®
c
0]
=
-
3
>
o
a
ro Molecular separation
| W
!
|
|
Figure A12

When a material is heated, its molecules gain energy: in a gas the
molecules move faster; in a solid they depart from their equilibrium
positions. The solid will sublime or the liquid vaporize when the kinetic
energy of molecules is equal to the binding energy. The energy needed
to sublime a mole of the solid or to vaporize a mole of the liquid (the
molar latent heat) can be measured. From this measurement the
binding energy per molecule can be estimated for solids and for liquids.

Structure of solids

Atoms linked by metallic bonds form simple structures, since this bond
has equal attractions in all directions. A model of a metal structure in
two dimensions can be made using a raft of soap bubbles. Each is
surrounded by six neighbours. Areas of neatly ordered bubbles are
formed, divided by discontinuities (grain boundaries), a useful model of a
polycrystalline solid.

Figure A13
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QUESTION A23

DEMONSTRATION A14
How atoms are arranged in solids

EXPERIMENTS A2
Stretching rubber, nylon, polythene

EXPERIMENT A16a
Splitting stretched rubber

QUESTIONS 31 to 33

Figure A15

EXPERIMENT A16b
Bubble raft model

Many metal crystals (copper, aluminium, and magnesium, for
example) are made up of layers of hexagonally arranged atoms packed
together as closely as possible. Some metals (including sodium, and iron
at temperatures below 900 °C) form crystals in which the atoms are in a
slightly more open arrangement. ‘

Sodium chloride is an example of an ionic crystal. The small sodium
ions, Na*, fit into the holes in the packing of the larger chloride ions,
G

Figure A14

Polythene, rubber, and nylon are examples of very long chains of
organic molecules called polymers. Within each long chain, strong
unidirectional covalent bonds hold carbon and hydrogen atoms together.
Weak van der Waals forces cross-link between chains. The chains are
tangled and tightly coiled. When the material is stressed the molecular
chains unravel and line up (ordering of the structure), and this enables
rubber and polythene to accept strains of more than 100 per cent. Once
straightened the material becomes much stiffer, like pulling out a tangie
of string. If the stress is released, the molecular chains return to their
original tangled and coiled state.

Structures in which the same regular arrangement covers very many
atoms or ions (long range order) are called crystalline. Completely
irregular structures or those with only very short range order are called
glassy or amorphous. In glass, the disordered liquid structure is
maintained into the solid state. Polymeric solids, such as polythene,
rubber, hair, and wool, can exhibit both amorphous and crystalline
properties depending on temperature and method of formation. Crys-
talline substances have precise melting temperatures, glasses do not.

Metals, unlike rubber or glass, can be hammered flat or drawn
through a die to make wires. Metallic bonds enable layers of atoms to
slip over each other rather than suffer brittle fracture like the disordered
but strongly bonded glasses (figure A15).

The presence of dislocations can make slip easier than it would be in
a perfect structure.

Dislocations

A dislocation is a single defect in the otherwise perfect and regular
arrangement of atoms in part of a crystal. There are several kinds. One
of the simplest occurs where a row of atoms stops and meets two rows
instead of continuing on as it would in a perfectly regular arrangement.

Section A2 The structure of solid materials 11




Figure A16

QUESTIONS 34 to 36

EXPERIMENT A16¢c
Heat treatment of steel

Section A3

Static: ‘standing, at rest’

>
—

Figure A17

The presence of a few dislocations can make a material soft or plastic,
because the dislocations can run through the crystal causing slip. Creep
is an example of the slow movement of dislocations through the crystal.
The dislocations move as far as the grain boundaries before stopping.

Large numbers of dislocations together reduce the ability of atoms
to slip over each other, making the material stronger. Work hardening
increases the number of dislocations through hammering, stretching, or
bending, etc. In time, the dislocations can vanish again, especially if the
material is kept hot, because dislocations of opposite types may come
near each other and allow the atoms to ‘snap back’ into a regular
arrangement, or they may travel to the edge of the crystal leaving only a
step on the surface. This process is called annealing.

Introducing a certain number of foreign atoms into the material
(alloying) can have the same effect as work hardening in reducing slip in
a polycrystalline material, giving it greater strength. Heat treatment of
the material can alter the arrangement of the foreign atoms in the
material completely changing the properties of the alloy.

The presence of defects, such as dislocations, extra foreign atoms, or
simply holes in the crystal pattern, means that the strength of real
materials is usually much less than predicted for large perfect crystals.

STATICS, STRUCTURES, AND COMPOSITE MATERIALS

Statics: structures and objects in equilibrium

Mechanics deals with the effect of forces on simple objects and
complicated structures. Part of it, dynamics, is concerned with forces
that cause acceleration (change in velocity) or change in rate of rotation.
Another part, statics, is about forces in equilibrium. Forces in equilib-
rium don’t cause change in rotation or acceleration — this is Newton’s
First Law. But as seen in Sections A1 and A2, they do deform and may
break an object. Statics allows engineers to calculate the stresses at
critical places in a complex structure such as a building or a bridge.

Contact forces: the ‘normal’ force, and friction

Typically statics is concerned with gravitational force (the weight of a
body), forces caused by defermation (tension, compression), and forces
due to friction. When a book rests on a table, the two forces acting on it
are in equilibrium: the upward force of the table just balances the
weight of the book. This upward force is called the ‘normal’ force,
because it is perpendicular to the surface of the table. It is due to the
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Fsin 6

—

F cos 5
Figure A20

QUESTIONS 37, 38, 42
ZF=0= ZF.=0and £F,=0

EXPERIMENT A17
Forces on systems in equilibrium

compression of the table under the weight of the book — the molecules
are slightly closer together, the repulsive force between them is
increased.

A mass suspended from a spring will be in equilibrium if the upward
force on it due to the tension of the spring balances its weight. The
tension is caused by the extension of the spring — its atoms have been
pulled slightly further apart than in the unstressed spring, and the
attractive force between them is increased. An object at rest on a slope is
in equilibrium because the forces acting on it — its weight, the normal
force, and friction — are in balance.

-~

- () —

vw ¥

Figure A18 ’ Figure A19

The components of a force

Force is a vector quantity, and any force can be resolved into two
components. The vector sum of the two components is, of course, equal
to the original force. If the two components are at right angles to each
other, then,

F.=Fcos?f F,=Fsinf
and
F*=F2+F/}

Each of the forces acting on the body can be resolved in this way. If
the sum of all the F. components is zero there is no force tending to
accelerate the body in the x direction, and similarly for the sum of the F,
components. For equilibrium both sums must be zero.

Addition of forces: triangle and polygon of forces

The resultant effect of several forces acting through a point is found by
adding them, taking account of both magnitude and direction. Each
force can be represented by a line whose length and direction represent
the magnitude and direction of the force. The lines are drawn head to
tail. Suppose there are three forces and these lines form a closed
triangle: then their resultant is zero and the forces are in equilibrium
(figure A21). If the triangle does not close, the set of forces does have a
resultant and the body will accelerate.

Section A3 Statics, structures, and composite materials 13
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(a) Space diagram. v
(b} Force diagram. (a) Fa (b) I

With more than three forces the same technique applies: the
resultant force can be found by drawing a polygon of forces, each side of
QUESTIONS 44,45 41, polygon representing one of the forces. The resultant force is

represented by the line joining the first to the last point. If the polygon is
closed, then the resultant force is zero.

Fi

£y -
Foa— £
Fi Fy
Figure A22
(b) &

(a) Space diagram.
(b) Force diagram.  (a) F3

Moments and couples

The moment or turning effect of a force about a given point is the
product of the force and the perpendicular distance from the point to
the line of action of the force.

fulcrum
Figure A23 moment = £ x /
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QUESTIONS 39, 40, 41, 43

EXPERIMENT A18
Loaded bridge

EXPERIMENT A19
‘Weighing’ a retort stand
T (moments) =0

EXPERIMENT A20
Forces in a roof truss

A couple consists of two forces, equal in magnitude but opposite in
direction, which do not pass through a point. The effect of a couple on a
body is to change its rate of rotation: a couple does not cause any linear
acceleration.

F
/
= clockwise moment
= couple
F
=Fx/
Figure A24 .

To test for equilibrium we add all the moments. For equilibrium, the
sum of the moments tending to produce clockwise rotation must equal
the sum of those tending to produce anti-clockwise rotation.

Conditions for equilibrium of coplanar forces

Both conditions discussed above are necessary for equilibrium:

i the sum of the resolved components of all the forces in any two
perpendicular directions is zero, and

ii the resuitant moment about any point in the plane of the forces is
ZEero. ’

If condition i is true the body will not accelerate; if condition ii is
true its rate of rotation (if any) will not change. If all the forces pass
through one point (concurrent forces) then condition i is sufficient.
Condition ii is also required for non-concurrent forces.

These are the rules used to calculate the forces which exist within
any rigid structure, such as bridges, towers, cranes, electricity pylons,
and so on.

Static friction .
When two surfaces in contact are at rest, the frictional force between

them, parallel to the contact plane, opposes their relative motion and
can have any value up to a limiting value. The ratio of the maximum
frictional force, F, just as motion begins, to the normal force, N, is called
the coefficient of static friction, .

N
3

push P

¥

Se——

For no motion F = P < uN

Figure A25
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EXPERIMENT A17c
Coefficient of friction

QUESTIONS 46 to 49

HOME EXPERIMENT AH3
The jelly column

HOME EXPERIMENT AH4
Cement

READING
Materials used in architecture (page 33)

See Section A2 page 12

Section A4

Newton 1

Linear momentum
p=mv

Friction plays an important role in all mechanical situations, some
beneficial, some inconvenient. Dynamic (moving) friction usually causes
translational or rotational energy to be transformed into thermal
energy. Friction is reduced by ball-, roller-, or fluid-bearings, by
lubrication, or even by special surface coatings such as PTFE (‘Teflor’).
Without static friction life would be intolerable, since the contact force
at a ‘smooth’ (frictionless) surface is normal, that is, at right angles to
the surface. There would be no grip between surfaces in contact. For
example, normal walking would be impossible, no ordinary wheel
would roll, and a ladder leaned against a wall would slide to the ground.

Composite materials

Few materials used by the engineer are pure substances. Many pure
metals, for instance, are soft and relatively weak.

Composites are combinations of materials where each retains its
own properties but the combination leads to a wider range of
applications. For example, ordinary glass fibres are strong, but brittle
when scratched. Encasing the fibres in a resin produces a tough
material, glass fibre, which resists cracks. Glass fibres are flexible, but
the material glass fibre is stiff. Carbon fibres in a polymer resin produce
a material which is lighter and stronger than steel. Concrete is strong in
compression but weak in tension. Through the use of steel rods, a
stronger more useful composite material, reinforced concrete, is made.

Alloys are a mixture of a pure metal with other elements. For
example, steel is formed by adding a small quantity of carbon to iron.
Different amounts of carbon give the alloy different properties. Special
steels for specific applications may contain elements such as chromium,
tungsten, and nickel. The engine blocks of some modern motor car
engines are made of an aluminium alloy which is as strong as steel, but
much lighter. Strong modern plastics have also replaced metals in some
applications, reducing both cost and mass.

In any branch of technology, progress depends on the availability of
the right material for the job. The development and use of new
substances and the application of existing materials through new
machining techniques (for example, superplastic moulding of metals
such as titanium) together make possible continuing advances.

MOMENTUM AND THE SIMPLE KINETIC THEORY OF GASES
Newton’s Laws of Motion, momentum, and impulse

Newton’s First Law of Motion states that if no external resuitant force
acts on a body it will continue in its present state of rest or uniform
motion. To change a body’s state of motion, that is, to cause it to
accelerate, a resultant external force must act on it. Newton’s First Law
is difficult to demonstrate because, in practice, there is nearly always
some frictional force acting.

The linear momentum, p, of a body of mass m moving with velocity v
is mv. Velocity, v, is a vector quantity, and so therefore is momentum.
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Zp=constant
ZAp=0

EXPERIMENT A22
Collisions on an air track

QUESTIONS 51, 53

Newton 2

EXPERIMENT A21
Momentum change and impulse

QUESTION 50

Impulse = FAt

FAt= A(mv)

Figure A26
- QUESTION 52

Momentum is a useful and important quantity because it is a conserved
quantity — it does not change. If no net force acts on a single body, then
since its velocity does not change, neither does its momentum. For an
isolated system of interacting bodies (for example the molecules in a jar
of gas) the total momentum remains constant, though there may be an
exchange of momentum between individual bodies. Isolated means that
no unbalanced external forces act on the system.

In general the Law of Conservation of Linear Momentum can be
written:

the total linear momentum of a system of interacting bodies remains
constant provided there is no net external force.

Momentum is not conserved unless the system being considered
does include all of the interacting bodies. For example, a swinging
pendulum does not appear to conserve momentum, nor does a car
accelerating. In both these cases the Earth is one of the interacting
bodies and its motion must also be considered when applying the Law.

If no resultant external force acts on the centre of mass of the
system, then the vector sum of the momenta of all the constituent parts
of the system relative to the centre of mass must be zero.

Newton’s Second Law describes the effect of an external resultant force
on a body. A force, F, causes the body’s momentum to change at a rate
given by F = Ap/At. Or, in words:

the resultant force on a body is equal to the rate of change of linear
momentum.

The product FAt is called the impulse of a force, and an alternative
way of writing Newton’s Second Law as FAt=Ap expresses the fact
that

impulse =change of momentum.

The change in momentum of any body acted upon by a variable
force can be found from the area under the force—time graph.

Farce/N

momentum
change of body

0

0 Time/s
As long as the mass of the body does not change
Ap = A(mv) =mAv

and so

Av
F=m— =ma
At

force = mass x acceleration
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Newton 3

QUESTION 54

Figure A27

Unit F, ‘Radioactivity and the nuclear
: atom’

EXPERIMENT A23
Newton’s cradle

EXPERIMENT A25
Collisions in two dimensions

QUESTIONS 55 to 59

Unit F, ‘Radioactivity and the nuclear
atom’

EXPERIMENT A24
Speed of air rifle pellet

R=831Jmol 'K~

Newton’s Third Law of Motion is concerned with the forces between
two interacting bodies. Forces always occur in pairs, one acting on each
of the bodies: the forces have equal magnitude but are in opposite
directions. So, for example, when two bodies collide they exert equal
and opposite forces on each other, for the same time.

The Law of Conservation of Momentum follows from Newton’s
Third Law of Motion. Consider two bodies of masses m; and m,
interacting for a time At. If the force on body 1 from body 2 is F, and
the force on body 2 from body 1is F,, then F, = — F,.

So the total impulse, FiAt + F,At=0.

And from the impulse-momentum change relationship Ap, + Ap, =0.

The vector sum of the momenta of the two bodies interacting with
each other is constant as the changes in momenta add to zero.

Elastic and inelastic collisions

Evidence for the nuclear model of the atom, for the nature and mass of
atomic particles, and explanations of the behaviour of matter described
on an atomic scale come from the study of collisions.

Collisions in which the total kinetic energy of the bodies before and
after the collision is the same, are called elastic collisions. An electron
can ‘bounce off’ a gas atom elastically exchanging little kinetic energy
with the relatively massive atom. Alpha particles making elastic
collisions with helium nuclei in a cloud chamber can transfer all of their
energy to the helium nucleus if the collision is a head-on one. If it is
oblique, then the particles will move apart at right angles, showing that
they have equal mass. The mass of the neutron was determined by
Chadwick (in 1932) by observing the elastic recoil of different nuclei
making visible tracks in a cloud chamber.

Situations where some of the kinetic energy is transformed to other
forms of energy, such as internal energy (for example, random mole-
cular motion), are called inelastic collisions. Two vehicles on an air track
colliding and moving apart may interact inelastically. When an electron
makes an ionizing collision with a gas atom some kinetic energy is lost
in removing an electron from the atom. If the objects stick together, for
example, an air rifle pellet fired into a lump of Plasticine, then the
collision is said to be perfectly inelastic, but the total kinetic energy does
not necessarily fall to zero.

In all collisions where there are no resultant external forces acting
the total momentum of the interacting bodies is conserved, regardless of
whether the collision is elastic or inelastic.

The simple kinetic theory of gases

The ideal gas equation
On a macroscopic scale, an ideal gas exactly obeys the relationship

pV=nRT

n is the number of moles of gas molecules present, and R is a universal
constant called the molar gas constant.
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Figure A28
(2) Alpha particle tracks in wet hydrogen. One collided with a

hydrogen nucleus, which recoiled forward and upward, making
a thin track.

BLACKETT, P. M. 5. Proc. Roy. Soc. A. Vol. 107, Pl.6(1), 1925.
(b) Collision of alpha particle with helium.

BIACKETT, P. M. 5. Proc Roy. Soc. A. Vol. 107, PI. 6(3), 1925.
(c) Collision of an alpha particle with nitrogen.

BIACKETT, P. M. 5.
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QUESTIONS 60, 61

V., is molar volume

‘Kinetic’ means moving

QUESTION 64

QUESTIONS 62, 63

low temperature

high temperature

Number of molecules with a given speed

o

0 Speed

M is molar mass

Such a gas would obey Boyle’s Law (pV =constant at constant
temperature), and the Pressure Law (poc T, if volume is held constant)
exactly. For one mole of ideal gas, pV,=RT. This equation defines
temperature on the ideal gas scale.

‘The behaviour of a real gas at low pressures and ordinary tempera-
tures is very nearly ideal.

Assumptions of kinetic theory
On a microscopic scale we have a model for an ideal gas which embodies
the following assumptions.

i The ideal gas is made up of very large numbers of identical
monatomic molecules. They are in constant random motion colliding
by chance with one another and with the walls of the container.

ii These collisions are (at least on average) elastic, so that the total
kinetic energy of the molecules remains constant; and the centre of mass
of the gas is at rest. .

iii The volume of the gas molecules themselves is negligible compared
with the volume of the container.

iv The forces between molecules are negligible except during collisions.
Collisions occupy a negligible time in comparison to the time between
collisions; the molecules move with uniform velocity between collisions
(gravitational effects are ignored).

The pressure in an ideal gas )
Applying Newtonian mechanics to the very large number of molecular
collisions with the walls of the coritainer per second enables the product

pV for a quantity of gas to be related to the mean square speed, c?, of its
molecules.

pV=4iNmc?

where there are N molecules each of mass m.
Also, since density p = Nm/V

Dox

=

p:

The root mean square (r.m.s.) speed of air molecules \/ (c?) at room
temperature and pressure is about 500ms~!. The speeds of the
molecules are very varied and are distributed as suggested in figure A29.

Figure A29

The kinetic interpretation of temperature .
The total kinetic energy of the molecules in one mole of gas is ZMc?.
Using the above equation for pressure and the ideal gas equation, the
total kinetic energy per mole =3 RT.

A monatomic ideal gas can only store energy by its translational
motion. (Diatomic gas molecules can store energy by rotating and
vibrating too.) For an ideal gas the total kinetic energy is the internal
energy of the gas, U.

20  Unit A Materials and mechanics



QUESTIONS 65, 66

k=R/L
=138x10723JK !

Figure A30
Mean free path of a molecule.

QUESTIONS 67, 68

The molar heat capacity of the ideal gas (the energy required to
raise the temperature of one mole of the gas by one kelvin) is

3R =12.5Jmol~ ! K~'. The monatomic gases helium and argon have

molar heat capacities close to this value at room temperature.
. R .
The mean kinetic energy of one molecule = %Z T =3kT, where k is a
unjversal constant called the Boltzmann constant.

At the same temperature the mean translational kinetic energy per
molecule is the same for all monatomic gases and is equal to 3k 7.

Behaviour of gases

The kinetic theory of gases offers an explanation of many of the known
properties of gases. These include Avogadro’s Law, which states that
equal volumes of gases at the same temperature and pressure contain
the same number of molecules, Dalton’s Law of partial pressures and
Graham’s Law of diffusion,

Effects of intermolecular collisions
The average distance travelled by a molecule between collisions is
called the mean free path, A.

By considering the passage of a molecule having a finite diameter, d,
in a gas containing n molecules per unit volume down an imaginary
cylinder of radius d (the greatest distance away another molecule may
be for a collision to occur) it can be shown that

1
mean free path Az p—

irrespective of the molecule’s speed.

A
N

L\ B
Figure A31

Molecular motion from A to B — a random walk.
For pureiy random motion between collisions, a molecule moves a

distance L through the gas in time ¢ given by L=\/1V A, where N is the
number of collisions made by the molecule in time .

At normal temperature and pressure, an air molecule of diameter
about 3 x 10™1°m has a velocity of about 500ms ™. It travels about
10~ 7 m between collisions, making about 5 x 10° collisions per second.
It would take a molecule more than a week to diffuse across a large

room of still air.
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QUESTION 69

Unit K, ‘Energy and entropy’

Unit F, ‘Radioactivity and the nuclear
' atom’

Unit B, ‘Currents, circuits, and charge’

Unit K, ‘Energy and entropy’

Work done in expansion

When a gas expands reversibly at constant pressure by an amount AV,
the work done by the gas is pAV. (Reversible refers to an ideal process in
which there are no losses due to friction, etc., and where a very small
change in conditions will reverse the direction of the process.)

7B 7 o el S
R

Figure A32

Randomness

The kinetic theory of gases is just one of the topics in physics which
involve the ideas of randomness and chance. Others include radioactive
decay, the movement of electrons which constitutes a current in a wire,
and the exchange of energy between atoms in a solid. Although the
behaviour of an individual particle in such a system can only be
predicted as a probability, it is possible to say quite precisely what the
properties of the whole collection will be — if a large enough number of
particles is involved.

Liquids

The liquid phase is much less well understood than either the solid or
gaseous phases, and is a subject of current research. As a rule a
substance is less dense as a liquid than as a solid (water is an important
exception). The molecules in the liquid are, on average, slightly further
apart than they are in the solid, and they have fewer nearest neighbours.
There is some short range order, but not the long range order of a
crystalline solid. A gas of course is completely disordered. In the liquid
phase molecules, or groups of molecules, are free to move about at
random,; the speeds are lower than in the gas.
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Figure A34

Figure A35
Hardness tester.
Griffin & George.

READINGS

MECHANICAL TESTING OF MATERIALS

To study the mechanical properties of different materials various types
of test have been devised. Some, such as the tensile and hardness tests,
can be used on all materials; but for materials which are brittle or weak
in tension the compression test may be used.

Figure A33
Tensile test machine.
Griffin & George.

The most widely used test in industrial and research organizations is
the tensile test. An extensometer or tensile testing machine applies a
controlled tensile force. The test sample has one of a number of
standard shapes and sizes, defined by the British Standards Institute. It
may be turned from a round rod or cut from a sheet. It has a narrowed
centre section of marked length (figure A34). It is the extension of this
length which is used to measure the strain. The machine stretches the
specimen and measures the force needed to do so. Information about
the ultimate tensile strength, the ductility, and the yield strength can all
be found from the stress—strain curve. One of the disadvantages of
the tensile test is that it destroys the specimen, and the tensile test can
become relatively slow and expensive if a large machine is required to
test a strong material.

As materials get stronger they become harder. For some metals
hardness is directly related to tensile strength. A hardness test can be
quick and convenient. Hardness is defined as the resistance to pene-
tration or abrasive wear. In most testers a small sphere or cone is forced
into the surface of the specimen by a load for a fixed time. The hardness
number is defined as the ratio of the applied load to the area of the
indentation it causes. This number allows one material to be compared
with others.

As well as struts and ties, rigid structures often contain beams or
cantilevers which bear loads, tending to make them bend. Materials

Reading: Mechanical testing of materials 23




load

compression

tension

| T

support support

(a)

-

C___

Figure A36

(a) The forces in a concrete beam.

(b) How a concrete beam would break.
(c) Reinforced concrete containing steel
rods as shown.

(c

must therefore be tested by bending. The specimen is subjected to both
compressive and tensile forces at the same time and therefore bends.
For example, concrete which has a high compressive strength but low
tensile strength would fail the test shown. Steel rods strong in tension
are embedded in the concrete for further reinforcement, hence the name
reinforced concrete. The hooked ends of the steel rod transfer the load to
the concrete. This is shown in figure 36.

Many substances suffer creep. A constant load is applied over a
period of time. Creep is a very temperature-dependent property and
becomes important at different temperatures for different materials.
This can be critical if the material is bearing a load. On a hot day in a
tropical country, the engineer could find that the structure he has built
has collapsed because creep has become a significant effect. Creep tests
are therefore carried out over a wide range of temperatures.

When a metal is put under stress, tiny cracks are likely to form
within the material. If the stress repeatedly increases and decreases, the
cracks will increase in number and may grow in size. Continuous stress
cycles lead eventually to the cracks becoming visible. The strength of
the material falls rapidly until fracture occurs. Fatigue testing normally
uses a periodically varying stress for a long period of time. A simple
tester might consist of a rod clamped in a ball race connected at the
other end to a motor but slightly off axis. The rod flexes slightly as it
rotates. After a large number of stress reversals, fracture can occur at
forces well below the elastic limit of the material. At larger loads,
fracture occurs more quickly. The time between the appearance of
surface cracks and failure is usually very short.

Questions ]
How many methods of mechanical testing are mentioned in the
passage?

Suggest how you might compression test a short ceramic pipe.
In what units might hardness be measured?

A diamond pyramid indentor measures a range of hardness values
from 20 to more than 2000. Suggest materials that might be at either
end of the scale. (Hint: Think of a girl in stiletto-heeled shoes walking
over different floor surfaces in a house.)

Why do you think a steel ball indentor cannot register accurately
hardnesses of more than 3507

How do the ends of the hooked rod in the concrete beam transfer the
load to the concrete?

Sketch a design for a simple fatigue tester.

LOOKING AT THE STRUCTURE OF MATERIALS

Of the hundred or more known elements, about 80 per cent are metals.
Metals have a grain structure, formed when the liquid metal solidifies.
Within each grain or crystallite the atoms are arranged regularly. The
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Figure A39

The macrostructure of a cast metal. Large
grains have formed at the centre of the
ingot.

Dr R. T. Southin, School of Metallurgy,
University of New South Wales.

sizes and shapes of the grains of the material can vary greatly,
depending on the purity and method of formation of the metal (figures

Cast bronze (5 % Sn; 95 % Cu), polished and etched (taken at x 400). Note dendrite-
type structure (fern-like). If bronze is annealed, the structure looks like that shown for
brass.

Dr A. A. Smith, Faculty of Engineering, Ki

ng’s College, University of London.
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Figure A38
Brass (70 % Cu; 30 % Zn), polished and etched (taken at x 100).

Dr A. A. Smith, Faculty of Engineering, King’s College, University of London.

Grains can be as small as 0.01 mm, but some are large enough to be
seen with the naked eye (figure A39).

Optical microscopes, specially designed to observe reflected light
from the chemically etched surface of metals, are used to examine the
tinier grains, grain boundaries, and the structure of faulted and
unfaulted materials. The incident light is often polarized to produce
greater contrast and show the different orientations of the grains more
clearly. Magnifications of up to x 2000 can be achieved, enabling
details only 1 micron (10~ ®m) apart to.be distinguished. The paraliel
bands seen inside some of the grains in figure A38 are growth faults,
called twins. The atomic arrangement within the band is the mirror
image of the arrangement in the rest of the grain.

The different grain structures of steel, depending on the amount of
carbon present and on the heat treatment during composition, can be
seen in figures A40 to A43. Also contrast the grain structures of a metal
after cold-working and after annealing (figure A44).
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Figure A40

Steel (0.12 % C, taken at x 100). Note the
ferrite grains and small dark regions of
pearlite in the grain boundaries.

Dr A. A. Smith, Faculty of Engineering,
King’s College, University of London.

Figure A41

Steel (0.12 % C, taken at x 400).

Dr A. A. Smith, Faculty of Engineering,
King’s College, University of London.

Figure A42

High carbon steel (1.2 % C), polished and
etched (taken at x 400).

Dr A. A. Smith, Faculty of Engineering,
King’s College, University of London.

Figure A43

Steel (0.12 %C), quenched (taken at

x 400). Note the changes in structure. The
dark regions are oxide.

Dr A. A. Smith, Faculty of Engineering,
King’s College, University of London.
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When a metal is plastically deformed the layer of regularly-spaced
atoms within each grain can slip over each other, like shearing a pack of
cards. These slip planes show up on the surface of a metal as a series of
parallel edges, and can be seen in figure A45.

To detect imperfections on the atomic scale, such as dislocations in
metal crystals, we need to use higher magnifications, thatis x 20000 to
x 50000. An electron microscope is used for this purpose. An extremely
thin foil of metal is placed in the path of an electron beam and an image
of the imperfections is produced on a fluorescent screen. Figure A46
shows the dislocation structure of a sliver of metal cut before it had been

Figure A44  deformed. Figure A47 shows how the dislocations are entangled with
(a) Grain structure of a metal specimen  each other after plastic deformation of the original aluminium speci-
after cold-working.  men, causing work hardening. The dislocations are so interlocked that

RISRigE e clapelal boscimen they are no longer able to move around.
after annealing.

Welsh Laboratory, British Steel
Corporation, Port Talbot.

S
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Figure A45 .

A specimen of aluminium showing slip.
DrJ.W. Martin and Dr J. M. Dowling, : -
Department of Metallurgy and Science of Figure A46 Figure A47

Metals, University of Oxford. Dislocation structure of a metal Electron micrograph of a thin foil taken
specimen before plastic from a crystal of plastically deformed
deformation. aluminium showing dislocations tangled
Welsh Laboratory, British Steel into ‘cell’ walls.

Corporation, Port Talbot. Dr J. W. Martin, Department of Metallurgy
and Science of Metals, University of
Oxford.
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Figure A48

Electron micrograph of titanium dioxide.
The planes of atoms are visible as patterns
of lines in the photograph. Taken at

x 3400 000.

Dr Harvey Flower, Department of
Metallurgy and Materials Science, Royal
School of Mines, Imperial College of
Science and Technology, University of
London.

The electron micrograph of figure A48 is at a much greater
magnification and shows up rows of atoms.

s

e

Figure A49

Field-ion micrograph of iridium showing a grain boundary.

Professor B. Ralph, Department of Metallurgy and Materials Science, University College,
Cardiff.
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The field-ion microscope has provided evidence of the regular
arrangement of atoms in metal crystals. Gas ions are created close to
the sharp point of the metal specimen, then accelerated away radially to
hit a fluorescent screen and produce an image of the metal surface.
More ions are produced near prominent atoms, so these points show up
as bright spots on the screen (figure A49). A grain boundary between
two crystallites is visible. Within each grain of the metal, the atoms are
arranged in the same regular structure, but the relative orientation of
the atoms between crystal grains is different.

Figure A50 Figure A51

Von Laue pattern from an intermetallic compound of X-ray diffraction pattern for a single crystal (sucrose).
aluminium, iron, and silicon in the form of a single crystal. Department of Crystallography, Birkbeck College, University
Professor P. J. Black, Centre for Science and Mathematics of London.

Education, Chelsea College, University of London.

Figure AS52

X-ray diffraction pattern for a poly-
crystalline metal (copper wire).
Department of Crystallography, Birkbeck
College, University of London.

Other techniques, for example X-ray diffraction (see experiment A13
and Unit J, ‘Electromagnetic waves’), show up the regular structure
within each grain through a series of sharp rings or regular arrays of
dots. The crystal structure and spacing between atoms can be deter-
mined from measurement of these patterns. Figure A50 shows the Laue
pattern of an inter-metallic compound of aluminium, iron, and silicon
in the form of a single crystal. Figures A51 and AS52 are Bragg
diffraction pictures of a single crystal (sucrose) and of a polycrystalline
metal specimen (copper wire). X-ray patterns for glass and distilled
water are shown in the next two photographs (figures AS3 and A54).

The very fuzzy ring pattern or haloes indicate the lack of order
within these substances, showing that glass is rather like a ‘solid liquid’.
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Figure AS3
X-ray diffraction pattern for glass.
Pilkington Brothers P.L.C.

Figure A54

X-ray diffraction pattern for distilled
water.

Pilkington Brothers P.L.C.

Figure A56

Electron diffraction pattern for highly
stretched natural rubber, showing
evidence of crystallization.

Professor E. H. Andrews, Department of
Materials, Queen Mary College, University
of London.

The final pictures (figures A55 and A56) are electron diffraction
patterns (see experiment L7) of unstretched and stretched rubber. When
rubber is stretched the jumbled-up long chain molecules are stretched
out and line up partially, producing some measure of orderliness. This
would explain the existence of the spots in figure A56 which do not exist
in figure ASS.

Figure A55

Electron diffraction pattern for unstretched natural rubber, showing only amorphous
haloes.

The Malaysian Rubber Producers’ Research Association.

30 Unit A Materials and mechanics



Further reading

MARTIN and HULL, Elementary science of metals. (Chapters 2 and 4.)
NUFFIELD REVISED ADVANCED CHEMISTRY Special Studies, Metals as
materials. (Chapters 2, 3, and 5.)

Questions

Twins are a common feature of pictures of the microstructure of
metals. Why do twins have two parallel sides, unlike grain boundaries,
which are irregular? How does this structure arise? (Look in one of the
references.)

Figures A40 to A44 include examples of the microstructure of metals
which have been cold-worked, quenched, or annealed. How are the
properties of the metal changed by these processes?

In figure A45, why do the slip planes appear in different directions
although the stress is only in one direction?

What does an electron microscope look like? How large is it compared
with an optical microscope? How large in area and how thick are the
very thin metal specimens?

Find out how a field-ion microscope works. (You may not fully
understand the principle until you have studied Unit E, ‘Field and
potential’.,) In figure A49 you are not looking at atoms directly. What
are the bright spots on the picture?

Explain why fuzzy rings and haloes in the X-ray diffraction pictures
indicate lack of order, while sharp rings and spots indicate a degree of
order in a solid structure.

MODELS

The following passage about models is an extract from Eric M. Rogers
Physics for the inquiring mind: the methods, nature, and philosophy of
physical science Copyright © 1960 by Princeton University Press and
Oxford University Press. Excerpt reprinted by permission of Prince-
ton University Press. (Chapter 24.)

We do not necessarily believe that the picture of nature we thus form is
the real world. Many scientists say it is simply a model that works. It is
easy to see that our picture of atomic structure is only a model — the
invisible atom described in terms of large visible bullets and baseballs
and large forces that we can feel like weights and the attraction of
magnets. Yet it is uncomfortable to realise that we do not know what an
atom is ‘really like’, and can only say that it ‘behaves as if ...". Moreover,
with the progress of invention, microscope ... electron microscope ...
ion microscope ..., you may decide that we can see real atoms and not
just a model of them. Yet all such ‘seeing’ of the micro-world, however
clear its results, is quite indirect: the images we obtain must be
interpreted in terms of the models that guided our use of apparatus. In
casual talk we gladly say, ‘Now we know what the atoms are really like,
how they are arranged and how they move about’; but in serious
discussion, most scientists say, ‘We have only shown that our model
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serves well, and we have obtained some measurements of parts of our
model.” In a way, we use models in almost all our scientific thinking;
atoms, molecules, gravity, magnetic fields, perfect springs, ... .

Questions

There are some models whose job is to remind one of what things are
like: a model of a petrol engine, a circuit diagram, or a sketch map, for
example. Do the models described above have anything in common
with this type?

Are there scientists who do not make use of models at all? Are there
ways of using models other than in the way described above?

In a sentence or two, indicate the differences between model and reality
in some of the following examples:

i A model railway layout.

ii A railway map showing the lines neatly straightened out.

iii A model boat hull built for tests in a tank before building the real
structure.

iv Molecular models used by chemists.

v The use of a computer to simulate the random flow of traffic, so as
to improve the design of a road system.

vi Balls joined by springs to represent vibrating atoms in a solid.

vii An atom as a hard sphere.

Is a mathematical equation of the vibration of two isolated atoms, for
example an iodine molecule, a model in the same way that two air
track vehicles, connected by a spring oscillating about their common
centre of mass, are? Are all mathematical equations of physical
situations only models?

THEORIES — TRUE OR NOT?

The following extract is by Karl Popper, who is a philosopher. He
explains his view of scientific truth.

The way in which knowledge progresses, and especially our scientific
knowledge, is by unjustified (and unjustifiable) anticipations, by
guesses, by tentative solutions to our problems, by conjectures. These
conjectures are controlled by criticism; that is, by attempted refutations,
which include severely critical tests. They may survive these tests; but
they can never be positively justified: they can neither be established as
certainly true nor even as ‘probable’ (in the sense of the probability
calculus). Criticism of our conjectures is of decisive importance: by
bringing out our mistakes it makes us understand the difficulties of the
problem which we are trying to solve. This is how we become better
acquainted with our problem, and able to propose more mature
solutions: the very refutation of a theory — that is, of any serious
tentative solution to our problem — is always a step forward that takes
us nearer to the truth. And this is how we can learn from our mistakes.

As we learn from our mistakes our knowledge grows, even though
we may never know — that is, know for certain. Since our knowledge can
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grow, there can be no reason here for despair of reason. And since we
can never know for certain, there can be no authority here for any claim
to authority, for conceit over our knowledge, or for smugness.

From the author’s preface to K. R. Popper Conjectures and refutations,
Routledge & Kegan Paul Ltd, 1963.

Questions
a8 Rewrite the main points of the argument of this passage in your own
words.

b ‘Theories are nets: only he who casts will catch.” (Novalis.) Does
Popper agree with this statement? If so, where in the passage?

¢ Discoveries come through learning to ask the right questions. How do
we learn to ask the right questions?

MATERIALS USED IN ARCHITECTURE

Figure A57(a) is a sketch of a conventional brick house, with a tiled roof
carried on timber rafters. The brick walls are in compression, support-
ing the roof. The tie beam across the roof that prevents the roof from
pushing the top of the walls outwards — see figure A57(b) —is in tension.
An alternative way of preventing walls from bending uses compression,
by providing buttresses outside the walls. The beautiful flying buttresses
(a) = used by some cathedral builders are a fine example of the principle. (See
: = figure A58.)

tie beam

brick wall

walls pushed
outwards if
there is no
tie beam

Figure AS7

Figure AS8
Tours Cathedral.
Clive Hicks.
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The architecture of compression

Much early architecture relies mainly on compression for the stability
of its buildings, because stone and brick are brittle materials good in
compression but poor in tension. (Wood was for a long time the only
tough material, good in tension, that was available in quantity. But
wood rots, and was often avoided in buildings that were to be as
permanent as possible.) The ‘Romanesque’ arch is a fine example of the
architecture of compression, the compression often being expressed
visually in the massive, thick pillars and short arches. (See figure AS9.)
Greek temples used stone columns in compression, carrying short thick
stone beams bridging the tops of the columns. (See figure A60.)

v

¥ ki Y

Figure A59
Blyth Priory.
Clive Hicks.
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Figure A61

Construction photograph showing

(a) Top suspended structure of Commercial
Union building in the City of London.
(b) Completed building.

The Architectural Press.

Figure A60
The Theseion, Athens.
J. Allan Cash Ltd.

The architecture of tension

The introduction of steel as a structural material meant that parts of a
structure could be in tension without risk of fracture, for steel is tough,
not brittle. The most obvious example is the suspension bridge.

A less obvious example of the architecture of tension is the modern
tall tower block of offices or flats. In a conventional house, the walls
hold up the roof; in one design of tower block the roof holds up the
walls. The block has a central spine from which cantilever arms of steel
or steel-reinforced concrete stick out. The top cantilever arm carries the
roof, and the walls, often of glass in alloy frames, are hung between the
lower arms. The arms also take the load of the successive floors, by
withstanding bending forces. (See figures A61(a) and (b) and A62.)

spine

T cantilever

[ ‘curtain’ wall

tower block

Figure A62
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Questions
a8 Why is part of a beam that is being bent in tension? Sketch one beam
and indicate which parts are in tension and which are in compression.

b Why had the stone beams joining the tops of columns in a Greek
temple to be short and thick?

€ Figure A63 shows a pre-stressed concrete beam being used to support
both a floor and adjoining balcony in a building. Steel reinforcing bars
are set in the concrete and tightened before the beam is put in position.
Copy the figure and indicate where, in the beam, two rods should be
put and justify the positions you have chosen. What advantage does
this pre-stressed concrete have over unstressed concrete?

wall wall

fioor balcony

¥

Figure A63

d  The arch structure of figures A58 and A 59 makes use of the
compressive strength of stone. Indicate the forces acting on an arch
and hence justify the use of flying buttresses.

@ What properties would you consider desirable in choosing a material
or materials for a road bridge?

f  Give some other examples of the use of compression and tension in
architectural structures.

g Fit the modern motorway flyover into this pattern,

h 'How are large domes built? Are the internal forces similar to those in
an arch?

i ‘The tree is nature’s precursor of the modern office block.” Does this
make sense?
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LABORATORY NOTES

EXPERIMENT
The stretching and breaking of metals to compare strength,
ductility, and hardness

Selection of materials:

stainless steel wire, 1 m lengths, 0.08 mm diameter

copper wire, 1 m lengths, 0.28 mm diameter

other metal wires, e.g., iron, nichrome, fuse wire, etc., as available

selection of metal strips about 100mm x 10mm x 1 mm, e.g., copper, steel, aluminium.

G-clamp, small
Hoffman clip

2 V\gooden blocks, about 20mm x 20mm x 10 mm, and 2 strips, about 60 mm x 10 mm
x 5mm

2 dowel rods, 1-2 cm diameter; 10~15cm long

retort stand base, rod, boss, and clamp

centre punch

plastic, card, or metal tube (about 30cm long, to take centre punch)
hand lens

safety spectacles

Safety note: Take care when doing experiments which involve stretching
wires or breaking brittle materials. If the specimen suddenly breaks it
may fly up into your face. Wear eye protection.

Samples of different metals are available in wire and thin sheet form.
Apply forces to the specimens to observe their behaviour in different
situations: stretching (tensile forces), flexing, scratching, and hitting
(impact hardness).

Examine, with a hand lens, the broken ends of a wire or the impact
or scratch on a sheet.

Various terms are used to describe the different behaviours of the
metals. For each sample you have tested, classify it using some of the
following terms: strong, weak, hard, soft, ductile, brittle, rigid, tough,
malleable, flexible, elastic, plastic. (Some definitions are given on pages
3 and 4, or use a reference book.) For example, a steel wire is strong in
tension; it is ductile, elastic, and suffers brittle fracture.

Suggest a use for each of the specimens and say why the chosen
metal is particularly appropriate for this use. What metal might be
suitable for toothpaste tubes (malleable) but not suitable for beer cans?

Figure A64

Simple testing of metals.
(a) Stretching.

(b) Bending.

(c) Hardness.
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21(E)

22(E)

23(P)

the value of the food produced per head per year; and predict how
figure G12 would be changed if these quantities were taken into
account. (Your answers to question 3 will give a reasonable guide to
some of these answers.)

- Characteristics of fuels

Consider a family (of four people) in the U.K. whose domestic fuel
requirement is 10** J per year.

Assume for the moment that the requirement is entirely for heating.
Estimate what quantities of the following resources are required to

provide for their needs. Would each be a feasible solution for the needs

of the U.K. population of, say, 55 million?

i Forest, assuming that temperate forests produce 700 tonnes of dry

material suitable for fuel per km? per year. The energy equivalent of

wood varies widely: assume it is 3kWhkg™1.

ii Miners, assuming that each miner produces 500 tonnes of coal per

year.

iii Area of solar panels, assuming that the average insolation (the

measure of solar radiation falling on a unit area per unit time) is

10MJIm~2day ™! in the UK. and the efficiency of solar panels is

40 per cent.

Assume that it is feasible to use the resources in a to generate
electricity. What difference, if any, would be made to your answers if
the 101! J were provided by electricity?

In which sector(s) in table G5 (page 419) could fuel most easily be
saved? Would it be possible to save 20 per cent of the total?

If 20 per cent could be saved overall in the industrialized nations,
what would be the effect on global fuel consumption, and on the
lifetimes of fuel resources? (You will have to make some assumptions
about the other changes which will be occurring at the same time —it is
casiest to start by assuming that fuel consumption would otherwise
stay constant.)

Many fuels are produced far from where they will be used. Table G14
shows the cost of moving them by various means.

Calculate the percentage energy loss in the following situations:
transporting oil by pipeline from the North Sea to the U.K. (100 km);

transporting coal from the Siberian coal fields to Moscow by heavy
train (3000 km);

transporting oil by supertanker from the Middle East, round the Cape
to Western Europe (25 000 km);

transporting oil by small tanker from the Middle East (via the Suez
Canal) to Western Europe (15 000 km);
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A2a

EXPERIMENT
A preliminary study of the force—extension relationship for
lengths of various materials

rubber bands
thin rod of Plasticine

paper
polythene (e.g., from a food bag)
nylon line

strip of expanded polystyrene
steel wire

copper wire } asin Ala

2 dowel rods

safety spectacles

plastic ruler

Pull the various materials provided, using the two dowels where
necessary, and sketch graphs of applied force against extension for each
specimen. You should wear safety spectacles.

Compare the forces required to stretch the various materials and
then break them. Classify the materials using the terms listed in
experiment Ala.

EXPERIMENT
A study of how the length of a rubber band varies with the
applied force

size 32 rubber band, 75 mm x 3mm X 1 mm unstretched
hanger and slotted masses, 0.1kg, up to 2kg

retort stand base, rod, boss, and clamp

metre rule

Stretch and release the rubber band a number of times very rapidly. Do
you notice any physical change(s)?

Hang the rubber band from the clamp. Attach masses in units of
0.1kg and measure the extension for forces up to 15N. (If the band
breaks below this applied force, repeat up to a force below the breaking
force.) Remove the masses one at a time, measuring the extension as the
load is reduced. Plot a graph of applied force against extension.

Study the shape of your graph. Did the band have a permanent
extension at the end of the experiment? Were the extensions as the force
decreased equal to the extensions for the same value of applied force
when it was increasing? Can you suggest any significance for the size
and shape of the resulting loop? If you have time, repeat the experiment
loading the band to only 0.4 of the maximum load you used before.
Compare the shape of the two graphs.

Some of the terms applied to the metals of experiment Ala can also
be used to describe the behaviour of the rubber. Which? Do the
properties of the rubber change as it is stretched?
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A2b

A3

EXPERIMENT
The stretching of a nylon fishing line or a strip of polythene

nylon fishing line (breaking load about 10N), 1.5m long

retort stand base, rod, boss, and clamp )

hanger with slotted masses, 0.1 kg

polythene strip, 200 mm x 10 mm, (e.g. 500 gauge, about 0.1 mm thick)
2 polarizing filters, 50 mm x 50 mm

adhesive tape

metre rule

safety spectacles

Nylon

Safety note: Take care when stretching filaments. If the specimen
suddenly breaks it may fly up into your face; it is advisable to wear eye
protection.

Tie together the two ends of the fishing line to make a loop about
0.75m long. Make the knot carefully, and test it to see that it does not
slip. Hang the loop from the clamp and carefully attach masses in steps
of 0.1kg up to 0.8 kg, measuring the extension each time. Remove the
masses one by one, again measuring the extension.

Draw a graph as in experiment A2a, and answer the same questions.

How will the behaviour of an angler’s fishing line differ from the
behaviour of the short sample you have used? What factors will be the
same? You might like to find the maximum extension of the nylon
which will permit it to return to its original length. A more useful
quantity to know is the strain, the extension divided by the original
length.

Imagine what would happen if you tried the same experiment using
a strand of wool (try it if you wish). You can now suggest why nylon
garments last longer than woollen ones. Other properties, however,
make wool a better material for some applications. Suggest some.

Polythene

Make sure the polythene is cut with clean and not ragged edges. Devise
some simple method to hang up the strip and stretch it using the
masses. Watch what happens very carefully. When you have stretched
it, put the strip between crossed polarizers and look for stress patterns.

EXPERIMENT
Measurement and prediction of the breaking force for

aluminium samples

strip of aluminium (kitchen) foil, 100 mm x 10mm
micrometer screw gauge or Vernier calipers

ruler
strip of aluminium sheet, 100 mm x 10mm x 1 mm

adhesive tape
spring balance, 10N, or hanger with slotted masses, 0.1kg
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A4

Use paper and adhesive tape to make ‘handles’ to enable you to find a
value for the force required to break the aluminium foil by pulling along
its length.

Measure the thickness of the aluminium foil and of the sheet and
estimate how many strips of foil would be required to make the sheet.
Hence estimate the force which might be required to break the sheet.
Estimate an uncertainty in this value as follows. What is the maximum
percentage uncertainty in your estimates for:

i the foil breaking force
i the foil thickness
iii the sheet thickness?

Add all three of these together to find the maximum percentage
uncertainty in the calculated force. (See ‘Calculation of uncertainty’ on
page xvi.)

To estimate the force you assumed the breaking stress would be the
same for both the sheet and the foil. Suppose you had been given a sheet
of twice the width, how would the breaking force have varied? Would
the breaking stress still have been the same?

Can you suggest any reasons why your prediction is likely to be too
high or too low? Later, when you have studied how defects in the
structure of materials affect their strength, you may be able to give a
better answer to this question. The uncertainty you were asked to
calculate above is a random error. Some of your suggestions may
involve systematic errors.

EXPERIMENT
Measuring the breaking strength of a glass fibre

soda glass rod, 0.2 m long, about 3 mm diameter
retort stand base, rod, boss, and clamp

Bunsen burner

micrometer screw gauge

hanger with slotted masses, 0.1 kg

hand lens

string

safety spectacles

Safety note: Remember to wear safety spectacles.

Hold the top of the glass rod vertically in the clamp so that it is about
0.75m above the bench or floor. Tie a 1kg mass to the lower end with
string. (A clove-hitch is suitable.) Support the mass with one hand and
heat the middle of the glass over as short a length as possible until it is
red hot. The lower part of the rod may need to be supported. Remove
the flame and release the mass. The result should be a straight glass
fibre with a length of glass rod at each end.

Hang masses from the fibre to find the breaking force. By how much
does the fibre stretch?

Observe the broken ends of the glass fibre using a hand lens and
contrast the point of fracture with that seen for a copper wire in
experiment Ala. How do the two fractures differ? Explain the different
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Figure A65

Measuring the strength of paper.

behaviours using the terms for describing materials introduced in
experiment Ala. Measure the diameter of the fibre carefully at the place
where it broke.

Using the same method as for experiment A3, estimate the maxi-
mum load which the glass rod could support. The result of the
calculation should show you that glass is very strong. Is glass used as a
strong material? If so, where? What is the major difficulty with glass?

EXPERIMENT
Measuring the strength of paper

sheet of thin paper, A4

sheet of corrugated paper, at least 30 mm x 200 mm
hardboard square, about 80 mm x 80 mm

2 masses, 1 kg

10 slotted masses, 0.1 kg

adhesive tape

raw potato

paper drinking straw

metre rule

Cut several strips of paper about 30mm wide, and make paper
cylinders about 50, 60, and 70 mm in diameter.

Using the corrugated paper (or plain paper folded concertina-
fashion), make a similar cylinder about 60 mm in diameter.

Using the hardboard square as a platform, load each of the paper
cylinders centrally, carefully, and gently with masses until it collapses.
Repeat with the corrugated paper cylinder.

What factors affect the strength of each cylinder? Why is the
corrugated paper cylinder so much stronger?

What is the area of the paper which is supporting the load in each
case? Is there a relationship between the load and the area of paper?
Could you define a term crushing strength for the paper? Do you have
enough data to decide? If not, how would you proceed to be able to give
an answer? How would you re-design the experiment to avoid some of
the present difficulties?

Can you predict the load that a paper cylinder of diameter 120 mm
would support? Is your prediction likely to be too large or too small?

Take a raw potato. Hold it between your fingers and thumb so that the
top and bottom are clear. Hold a paper straw firmly in your other
clenched fist and thrust it very rapidly and firmly at the potato with a
‘karate’ chopping action. Do not check your swing but make a
determined effort to drive the straw right through the potato.

Estimate the force exerted by the paper straw. Why did it not buckle
as would be predicted by the investigation above on the strength of

paper?
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series

Figure A66
Springs in ‘series’ and in ‘parallel’.

EXPERIMENT
A short investigation of spring behaviour

4 expendable steel springs

hanger with slotted masses, 0.1 kg

retort stand base, rod, boss, and clamp

short length of stiff wire (e.g., from coat hanger, or 0.9 mm diameter copper)
stop watch

i Each spring should obey Hooke’s Law, F = kx, for small extensions, x,
of the spring. By plotting a graph of applied force, F, against extension,
x, find the spring constant, k (restoring force per unit displacement), for
one of the springs. Do not exceed the elastic limit of the spring.

ii Connect two springs in series. Find how the spring constant, k,, for
this system (that is F = k,x) is related to k for the single spring.

iii Connect two springs in parallel as shown in figure A66, using a ‘zig-
zag’ piece of wire to couple them to the mass, and measure the spring
constant, k, for this system. How is this spring constant related to k for
the single spring?

|

Find a general rule relating the spring constant of a system of
springs connected in series or parallel to the spring constant of a single
spring.

iv Hang 0.2kg from the end of a single spring, pull down and release.
Find the time period for the vertical oscillation. Connect four springs in
series and repeat. How do you think the period of oscillation is related
to the spring constant? Check your prediction by using two springs in
series.

v Compare the periods for the vertical oscillation of 0.4kg and 0.1kg
masses suspended from the end of two springs connected in series. How
is the period related to the mass? Check your prediction using other
masses.

You have now determined how the period of oscillation, T, varies
with m, the mass, and k, the spring constant for a spring. What are the
units of m and k? Does your expression for T in terms of m and k have
the units of time? If it does not, your prediction is either wrong or
incomplete, that is, the period of oscillation depends on other measur-
able quantities, such as the length of the spring.

R,

(

paraliel
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A7a

A7b

Alc

A8

DEMONSTRATION
The effect of cracks

Bunsen burner

3 lengths of soda glass, 0.1 m, about 3 mm diameter

file, e.g., triangular

matchstick

2 strips of polythene, 100 mm x 10mm (e.g., 500 gauge, about 0.1 mm)
SCissors

safety screen

Perspex strip, 250mm x 10 mm x 6 mm (clear faces 6 mm wide)

2 polarizing filters, 50mm x 50 mm, or liquid crystal display filters, 105mm x 35 mm
slide or overhead projector

safety spectacles

A glass rod can be cut by making a file mark and bending the rod across
the crack. Why does this work? Why does glass snap cleanly?

Stress concentration may be shown by projecting the image of a nick
cut in a strip of polythene or adhesive tape and held between crossed
polarizers. A strip without a nick is stretched first, to show that colours
develop as the strip is stretched.

Why are equally-spaced lines seen across the Perspex strip when it is
flexed between crossed polarizers? How can this help to explain why a
bent glass fibre may break if touched on the outside but not on the inside?

EXPERIMENT
Measurement of the Young modulus and breaking stress
of a wire

- G-clamp

2 wooden blocks

single pulley on clamp

metre rule

adhesive tape or gummed paper tape

hanger with slotted masses, 0.1kg, up to 2kg
micrometer screw gauge

safety spectacles

lengths of iron wire, 0.20 mm diameter
lengths of copper wire, 0.28 mm diameter
lengths of steel wire, 0.08 mm diameter

Choose one of the metal wires. Devise a careful, simple (and safe)
experiment to obtain a stress—strain graph, and values within stated
limits for the Young modulus and the breaking stress of the metal.

Arrange your apparatus horizontally across the bench. What length
of wire should you stretch? '

Steel, especially, is springy. Make sure you have a safety device to
stop an end whipping back when the wire breaks; and wear safety
spectacles.

How will you measure the extension of the chosen length of wire
accurately? Why should you measure the diameter of the wire in several
places and take readings at right angles in each place?
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From your graph find the Young modulus for the wire and estimate
the uncertainty in your value. Which of the measurements you have
made gives the largest contribution to the uncertainty? What is your
estimate for the breaking stress of the wire?

Would you expect the Young modulus for a bar of the metal you
have used to have the same value as you have found for the wire?

On your graph, identify the elastic limit and estimate the percentage
strain the wire can withstand before its elastic limit is reached.

Decide whether it would be better to design two different sets of
apparatus to investigate:

i the properties of the wire up to its efastic limit, and
i its properties from its elastic limit to its breaking stress.

EXPERIMENT
Testing the formula for translational kinetic energy

Catapulting an air track vehicle

air track and accessories

air blower

timer, resolution 1 ms

photodiode assembly with light source
metre rule

3 elastic cords for accelerating vehicle
thin card

balance, 1 kg

An elastic catapult is made from a rubber band or cord by stretching it
tightly between two firm supports as shown in figure A67, at such a
height that it will project a vehicle along the air track. Catapult the air
track vehicle with one, two, or three elastic bands or threads all at the
same stretch, so that the vehicle is given one, two, or three units of
kinetic energy.

Measure the speed of the vehicle. Also alter its mass to test the
expression for kinetic energy: 1muv?.

Measurements with potential energy changing to kinetic energy

either

i

Apparatus as experiment A9a (air track, etc.) with:
hanger and slotted masses, 0.01 kg
string

single pulley

or

i

runway

2 dynamics trolleys

single pulley on clamp

string

hanger and slotted masses, 0.1 kg
ticker-tape vibrator

carbon paper disc

ticker-tape

transformer

balance, 2kg
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Figure A68

A10

i Air track: level the air track carefully, and then use a falling mass to
accelerate the air track vehicle. Use the photodiode assembly and timer
to measure the vehicle’s speed, v, at different distances, A, falien by the

mass.
ii Trolley and runway: compensate the trolley runway carefully for
friction without the string connected. Attach 0.4kg to the end of the
string and accelerate the trolley using the falling mass. Make sure you
catch the trolley before it comes off the edge of the bench. Use the
ticker-tape to find the speed of the trolley, v, at different distances, A,
fallen by the mass. You only need one ticker-tape.

i and ii Plot graphs of v against A, and v? against h. How does your
straight line graph show that the kinetic energy is proportional to v2?

What is the total mass being accelerated in your experiment?

Change the value of the failing mass and/or use more trolleys
stacked together (or a train of air track vehicles) to show how the kinetic
energy depends on mass.

Does the small change in gravitational potential energy as the
trolley moves down the sloping runway lead to an error in the kinetic
energy? If not, where has this energy gone?

EXPERIMENT
Measuring the elastic strain energy stored in a spring

Method 1

runway
dynamics trolley

expendable steel spring

spring balance, I0N

retort stand base, rod, boss, and clamp
G-clamp

either

ticker-tape vibrator

carbon paper disc

ticker-tape

transformer

or

timer, resolution 1 ms

photodiode assembly with light source
metre rule
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Compensate the trolley runway carefully for friction. G-clamp the
retort stand to the bench and use the rod and clamp to hold a trolley
peg vertically over the middle of the runway. Its lower end should be a
few millimetres higher than the peg in the trolley. Hook the spring over
the two pegs, pull back the trolley, and release it. The spring should fall
from the fixed peg as the trolley passes.

Measure the extension of the spring, x, and the final speed of the
trolley, v, for extensions of the spring up to 120mm. Calculate the
kinetic energy given to the trolley in each case.

Use the spring balance to obtain a force—extension graph for the
spring over the range of x used.

peg held in clamp-h

ity

Figure A69
Method 2

Apparatus as for method 1 except for:
dynamics trolley with spring plunger
balance, 2 kg, or masses, 1kg

wooden block at least 8 cm high
adhesive tape

graph paper -

Figure A70

Calibrate the trolley’s spring plunger as follows. Make a scale on the
plunger (using adhesive tape and a graph paper strip for example). Note
the zero compression position, and measure the force required to
compress the plunger through various distances. Plot a graph of force
against compression distance.

Set up a friction-compensated slope and firmly G-clamp a block to
it. The trolley spring can be compressed to known distances, x, by
pushing against the block. Measure the maximum velocity, v, attained
by the trolley for several compression distances and then calculate its
kinetic energy.

For either method compare the values of $mv? with the area under the
appropriate part of the graph of force against distance. Are they equal
within the limits of the experiment? If the graph is a straight line, show
that the maximum velocity, v, should be proportional to the spring
compression or extension, x. Plot a graph to check whether this is true
in your experiment.
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Figure A71

Figure A72

Suggest why a part of the elastic energy originally stored in the
spring is not transformed into kinetic energy of the trolley. Estimate the
fraction of the elastic strain energy not transformed into kinetic energy.

EXPERIMENT
Changing elastic strain energy into gravitational 