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Unit4 (A21)

Deformation of Solids,

Thermal Physics, Circular
Motion, Oscillations and
Atomic and Nuclear Physics




4.1 Deformation of Solids

Students should be able to:

4.1.1  State Hooke’s law and use F = kx to solve simple problems;

4.1.2  Demonstrate an understanding of the terms elastic and plastic deformation
and elastic limit;

4.1.3  Distinguish between limit of proportionality and elastic limit;

4.1.4  Define stress, strain and the Young modulus;

4.1.5  Perform and describe an experiment to determine the Young modulus;
4.1.6  Use the equation for strain energy, E = V2Fx = Y2kx?;

4.1.7  Demonstrate an understanding of the importance of the stress, strain and
the Young modulus of a material when making design and economic
decisions about materials use;

Hooke’s Law

You will be familiar with Hooke’s Law from your studies at GCSE. At GCSE the
‘elastic limit’ and the ‘limit of proportionality’ were treated as meaning the same
thing. In fact, this is not so and at A2 level we must make the distinction clear.
Hooke’s Law, for any elastic material, states that:

Up to a maximum load, known as the limit of proportionality, the extension of
an elastic material is proportional to the applied load.

For many materials, the limit of proportionality and the elastic limit are the
same. This is why the form of Hooke’s Law you may have learned for GCSE
was accepted even if was in terms of elastic limit (which is wrong) rather than
the limit of proportionality (which is correct).

Hooke’s Law may be written as an equation:

F = kx where F = applied load in N
k = the Hooke’s Law constant (N m™ or N cm™ or N mm™)
Sometimes called the spring constant.
x = the extension of the specimen under test (m, or cm or mm)

The graph opposite illustrates how the load and

extension are related for a typical metal wire. 7 1 plastic region —
From (0,0) up to the limit of proportionality the - ; A

line is straight. This is the region where the wire —‘3 . ™ yield point

obeys Hooke’s Law. Beyond the limit of — clastic limit

proportionality, the line curves: there is no longer i _ .
direct proportion between load and extension. limit of proportionality

A point is then reached where any further load
will cause the wire to become permanently

. . . . . 0 - )
stretched. This is the elastic limit. 0 Extension / mm
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The elastic limit is therefore the maximum load a specimen can experience and
still return to its original length when the deforming force is removed. Up to the
elastic limit the material is undergoing elastic deformation. Beyond the elastic
limit the wire reaches a ‘yield point’. From this point onwards, the internal
molecular structure is being permanently changed as crystal planes slide across
each other. A wire stretched beyond its elastic limit is said to be 'plastic', ie it is
undergoing plastic deformation. The shape of the material is being permanently
changed and will not return to its original shape even when the force is
removed. It may stretch enormously before it finally breaks.

Stress, Strain and Young modulus

The definition of stress, strain and Young modulus are given below. All of them
can be expressed as equations.

Stress (0) is defined as the applied force per unit area of cross section.

o= where: 0 = the stress (N m~ or Pa)
F = the applied force (N)
A = the cross section area (m?)

Strain (¢) is defined as the ratio of the change in the length of a specimen to its
original length.
e=7" where: € = the strain (no units)
0 AL = the change in the length (m)
L = the original length in (m)

Generally the application of a tensile stress to a material produces a corresponding
strain. Provided the stress is not too large, the strain is directly proportional to the
stress. Within the limit of proportionality, the ratio of stress to strain is defined as
the Young modulus (E):

= % where: E = the Young modulus (N m= or Pa)

o = the stress (N m™ or Pa)
¢ = the strain (no units)

During your A2 course you should get the experience of determining the Young
modulus of the material of a metal wire. This is a prescribed experiment which
you may be required to describe in the examination.

Measuring the Young modulus of a metal

The method below uses two long wires suspended from a common support in
the ceiling. One wire is called the reference wire because the extension of the
wire under test is measured with respect to it.

Both the reference wire and the wire under test should be made of the same
material, have the same cross-section area and be approximately the same length.
This ensures that errors arising from thermal expansion as a result of temperature
changes in the wires are minimised. The wires should be as long as possible (at
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least 2 m) so as to obtain the greatest I —

; : : Ceiling

possible extension of the test wire. D Wire under test
Even so, a Vernier gauge is necessary
to measure the small extension with
respect to the reference wire. . Vernier
At th he length f th Reference wire =~ | | arrangement

t the outset the length, L, of the test T to measure the
wire is measured in mm using a metre _ extension of the
stick. The measurement should be < wire under test
taken from the point of suspension to =
the Vernier scale.

.

Using a micrometer screw gauge, the (I

. fth o Small load to JISIREE Variable load
diameter, d, of the test wire is keep wire taut v

measured at about six places spread
out along its length. It is necessary to measure the diameter in this way to avoid
the possibility of small kinks in the wire giving rise to erroneous results. The
cross section area, A, can then be found from the equation A = ni<d>? + 4 where
<d> is the average diameter of the wire from the measurements made.

The reference wire is loaded with about 5 N to keep it taught. The test wire is
loaded in steps of 10 N from 10 N to about 100 N. For each load on the
extension wire, the extension is found from the Vernier and the stress, o,

(0= F+A) and strain, ¢, (¢ = AL + L ) calculated and recorded in a suitable table.
Typical results are shown below.

Typical Results for Young modulus experiment on a metal

Length of test wire in metres: 2.055

Diameter of test wire in mm: 1.38,1.38,1.37,1.39,1.38, 1.38

Average diameter of test wirein mm:  1.38

Area of cross section in m2: 1.496x107¢

Force /N Extension / mm Stress / MPa Strain (X:I L)
no units

10 0.07 6.68 0.341
20 0.14 13.37 0.681
30 0.21 20.05 1.022
40 0.27 26.74 1314
50 0.34 3342 1.655
60 0.41 40.11 1.995
70 0.48 46.79 2.336
80 0.55 53.48 2.676
20 0.62 60.16 3.017
100 0.69 66.84 3.358

It is left as an exercise for the reader to plot a graph of stress (y-axis) against
strain (x-axis) and draw the straight line of best fit. The gradient of this straight
line gives the Young modulus. For the results above, your graph should give you
a value for the Young modulus of:

- % = 60x106 = 3x10~* = 2x10!! Pa,
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If we continue to measure stress and strain for . plastic
. . . A T region  TTtee. .
increasing loads on a wire, we would eventually be SC Y
. \4
able to plot a graph like the one shown. o . e B L
A T A
The gradient of the straight line region (OA) is the o . ) g
Young modulus. Point A represents the limit of 2 3 y fracture
proportionality beyond which the wire will not obey & Hooke’s elastic
Hooke’s Law. Point B represents the elastic limit ré?i\())vn region
beyond which the wire is plastic and will not return to :
its original length when the stretching force is ltimate tensile st
. - i et o= ultimate tensile stress
removed. Point C marks the position of ultimate i max N

tensile stress. O strain €

The ultimate tensile stress (UTS) is defined as the maximum stress which can be
applied to a wire without it breaking.

Strain energy

3

\ Limit of .__

proportionality S

The upper graph on the right shows how the
extension of a material varies as the stretching force is
increased. Up to the limit of proportionality the
extension x is proportional to the stretching force F.

All the work done in stretching the material is stored
as potential energy, sometimes known as elastic strain
energy, E (not to be confused with Young Modulus,
usually also denoted by the letter E). This strain
energy equals the work done in stretching the material.

Work done
= shaded area

Stretching force F/ N

x»
>

(=]
(e}

The force varies with the extension, as shown in the Extension x / m
graph, and the work done can be determined by
calculating the area between the line of the graph and

the extension axis.

If the stretching of the material obeys Hooke's Law, " Limic of

and it is not stretched beyond the limit of proportionality
proportionality, the strain energy can also be
calculated as the area under the straight-line graph as
shown in the lower graph on the right.

x

Material is
not stretched
beyond the

Work done limit of
Therefore the strain energy E = %2Fx = 1 Fx

This is the area of a triangle
= Y (base x perpendicular height) = %AFx

Stretching force F/ N

proportionality

x»
>

(=]

Since Hooke’s law is obeyed, F = kx (where k is the
Hooke's Law constant measured in N m™):

S

Extension x / m

Strain energy, E = Y2kx x x = Y2kx?
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Choice of materials

Many factors affect the choice of a material to be used for a particular purpose.
These factors include:

e Stiffness, which is a measure of how much something stretches when a load
is applied, and is represented by the Young modulus. It is a constant of the
material and is not affected by the shape or size of an object. Many real-world
applications require a stiff material, such as a metal. Examples include car
subframes and railway tracks.

e Lightness, which is a measure of the density of the material. Some
applications require light materials, eg packaging foams.

e Cost, another important factor when choosing a material for a particular
application. For example, concrete is both cheap and stiff and is ideal for
structures such as buildings, while cast iron is ideal for the base of a machine
tool bed since it also provides high stiffness at low cost.

Selecting the best material for a particular purpose can be a difficult task and in
most cases the use of appropriate computer software is an important part of the
decision process. A useful graphical tool is to display two properties of many
materials on a scattergram. These scattergrams can be used to compare the
ratio of, for example, strength/cost or stiffness/lightness.

In the left scattergram below, stiffness is displayed against density and in the
right diagram stiffness is displayed against cost. Note that the axes are not linear
but use a logarithmic scale, increasing by factors of ten.

Some applications require materials that are both stiff and lightweight, for example
rowing oars. Materials with both these properties are not very common but
composites offer a good compromise. Their main disadvantage is that they can
be quite expensive. Wood is often used for basic rowing oars since it provides

A A
1000 — 1000 —

1

> 0.01 T T T >
100 1000 10000 0.01 0.1 1 10 100
Density / kg m= Cost / £ per kg

—
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stiffness with a relatively low weight. Composite oars are both stronger and lighter than wood,
but they are only used by professional rowing teams because they are much more expensive.

Aluminium frames are used for many applications where a combination of low weight, low cost
and high strength is required, for example crutches and zimmer frames, or hang gliders. The

covering of a hang glider is usually made from nylon or a similar strong, lightweight material.

Exercise 4.1

1

Two identical springs are joined in series. One has a spring constant of 12 N cm™ and the
other has a spring constant of 18 N cm™. One free end is connected to a fixed point and
from the other a weight of 36 N is applied. Calculate

(a) the extension in the combination caused by the 36 N load and

(b) the spring (Hooke’s Law) constant of the combination.

(c) State the tension in each spring.

(d) Show that if two springs having Hooke’s Law constants, k, and k, are joined end-to-end,

k,.k

"2

(k1 kz)

then their combined spring constant is

Two springs are joined together in parallel with each
other as shown in the diagram. One spring has a spring
constant of 15 N cm™ and the other 25 N cm™. The
lengths of the springs are such that a metal bar
weighing 100 N suspended as shown rests horizontally.
Calculate the tension and extension of each spring.

Show that if two springs having Hooke’s Law constants
k, and k, are joined in parallel, then their combined
spring constant is: R, + k..

A nylon guitar string is in tune when it is under 32.0 N 100 N bar

tension. The length of the string from the fixed point to the tension key is 850 mm. On
average, each turn of the tension key increases the length of the string by 40.0 mm and the
key must be turned exactly ten times to bring the string into tune. Assuming the string obeys
Hooke’s Law when in tune, calculate

(a) the Hooke’s Law constant and
(b) the total length of the stretched string.

A metal cube of side 200 mm is held in a vice. Each turn of the handle of the vice moves the
jaws 0.500 mm closer together. The vice is tightened up by a quarter turn. A strain gauge
attached to the metal shows the compressive force to be 600 kN. Assuming the metal obeys
Hooke’s Law at this compression, calculate the reduction in the length of the metal and its
spring constant.

When carrying out an experiment to see if a steel wire obeyed Hooke’s Law, a teacher
insisted on (a) all students wearing safety spectacles and (b) measurements of length being
taken both when the wire was being loaded and unloaded. Why were these requirements of
the teacher good experimental practice?
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6 A lift and its occupants have a combined mass of 2500 kg. The lift is supported by a steel
safety cable which the manufacturers say is safe up to a maximum stress of 100 MPa. The
lift manufacturers require the lift to be able to accelerate up and down the lift shaft at a
maximum rate of 0.500 m s~2. Calculate:

(a) the minimum cross section area and

(b) the diameter of the safety cable.

7 In the showroom of an Irish crystal manufacturer, a chandelier of mass 11.0 kg hangs from
the ceiling, supported only by a solid aluminium rod of diameter 2 mm and length 2 m.

What is the (a) stress (b) strain and (c) extension of the aluminium rod if the Young modulus
for aluminium is 70 GPa?

8 A copper wire of length 900 mm and cross section area 0.9 mm? is welded to an iron wire of
length 1400 mm and cross section area 1.3 mm?. The compound wire is stretched so that its
length increases by 10.0 mm. The Young modulus for copper is 130 GPa and that for iron is
210 GPa.

(a) Write down the length and cross section area of each wire in m and m? respectively.

(b) Show that the extension of each wire is given by the formula: AL = (FL ) + (AE) where
the symbols have their usual meanings.
(c) Given that the force in each wire is the same, calculate (i) the ratio of the extensions of

the wires, using the formula given in part (b), (ii) the extension of each wire and (iii) the
tension in each wire.

9 A nylon rope of length 10.0 m and diameter 10.0 mm is used by a tow truck to tow a car
which has broken down. The rope obeys Hooke’s Law while being used for this purpose.
The Young modulus for nylon is 3.00 GPa. While towing at a constant speed on level
ground the extension of the tow rope is 25.0 mm Calculate:

a) the strain in the tow rope,

b) the stress in the tow rope,

(

(

(c) the tension in the tow rope,

(d) the sum of the forces which oppose the motion of the car.
(

e) In what way, if at all, would the tension and the extension of the tow rope change if it
has a larger cross section area? Assume the other factors remain as before.

The ultimate tensile stress of the rope is 21.8 MPa and the combined mass of the car and its

driver is 750 kg.

(f) Calculate the acceleration of the car which is just enough to break the rope, assuming
that the friction forces are unchanged.



4.2 Thermal Physics

Students should be able to:

4.2.1  Describe simple experiments on the behaviour of gases to show that

pV = constant for a fixed mass of gas at constant temperature b = constant for

"T
a fixed mass of gas at constant volume, and T = constant for a fixed mass of
gas at constant pressure, leading to the equation —= = constant;

T
4.2.2  Recall and use the ideal gas equation pV = nRT;

4.2.3  Recall and use the ideal gas equation in the form pV = NkT;

4.2.4  Demonstrate an understanding of the concept of internal energy as the random
distribution of potential and kinetic energy among molecules;

4.2.5 UsetheequationpV = %Nm<cz>;

4.2.6  Use the equation for average molecular kinetic energy, %m<cz> = %kT;

4.2.7  Demonstrate an understanding of the concept of absolute zero of temperature;
4.2.8  Perform and describe an electrical method for determining specific heat capacity;

4.2.9  Use the equation Q = mcA8

The behaviour of gases

Volume, pressure and temperature are the macroscopic (large-scale) properties
of a gas that you can observe in the laboratory. These three properties are
inter-related — if you change one, at least one of the others changes. They also
depend on the amount of gas present, so if you want to find out the connections
between the macroscopic properties of a gas, you need to carry out experiments
with a fixed amount of gas.

In addition, changing one of these properties can affect both of the others. For
example, a sealed balloon contains a fixed amount of gas. If we place it in warm
water, the temperature rises. However, the volume and pressure also change.

When investigating the behaviour of a gas, we seek to investigate how any two
properties depend on each other. Therefore, as well as keeping the amount of
gas constant, we also need to keep one of the other properties constant (either
the volume, pressure or temperature) and investigate the relationship between
the remaining two properties. In the next three experiments we will examine
each pair of properties by keeping the third property constant.

Volume and pressure - leading to Boyle’s Law

In this experiment we are investigating the relationship between volume and
pressure by keeping the temperature constant.

In the diagram opposite, the oil in the closed tube traps a fixed mass of air above
it. If the column of air has a constant cross-section, its length is proportional to



