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The Young Modulus

ThisFactsheet coversthequantity knownas* the' Y oung modulus whichis
used when describing how materials behave when they are stretched by a
force. In order to understand the Y oung modulus we must first consider
the quantities of stress and strain, which are used in defining the Y oung
modulus of amaterial.

Stress

One important factor that affects how a materia behaves when it is
stretched by aforceisthesizeof theforcebeing usedtostretchthematerial .
A bigger forcewill leadtoabigger stretch. Theeffect of thisstretchingforce
(or‘tensileforce’) will bedifferent for thick blocksand for thinwiresof the
same material.

Another important factor to consider when making comparisons between
materialsisthe cross-sectiona areaof the material being used.

Tensile stressis the force being applied per unit cross sectional area
(1 m’%) of the material.

Tensile Stress is defined as:
The force acting on unit cross sectional area of material.
tensile stress (Pa)

force (N)
Cross sectional area (m?)

The symbol used for tensile stress is the Greek letter . Stress has the
units Nm* which is exactly the same as pascals Pa; both units are
commonly used.

So, when aforce is stretching a material, physicists and engineers will
guote the tensile stress that the material is under rather than the force
being used, as the tensile stress takes account of the cross sectional area
of thematerial being stretched.

Exam Hint: A common mistake in exam answers is to leave out the
words ‘cross sectional’ when describing the area of the material.
These words are important and should always be included in the
definition.

h Breaking Stressisdefined as:
The stress at which a material will break or ‘snap’.

Strain
The effect of applying a tensile stress to a materia is a stretch, or an
extensioninlength of thematerial.

The amount of this extension also depends on the original length of the
materia; alonger piece of material will stretch further than ashorter piece
even though they are under the same stress.

Thetensilestrain of amaterial isthe extension per metre of the material.

@ Tensiesrainisdefined as:

Theextension per unit length of the material.
tensile strain (no units)
force (m)
cross sectional area (m)
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The symbol used for strain is the Greek letter €. Strain has no units as it
calcul ated by dividing onequantity of length by another quantity of length.

So, whenamaterial isbeing stretched physicistsand engineerswill refer to
thetensile strain of the material as thistakes account of the length of the
material.

Exam Hint: When exam questions ask for the definition of tensile
stressor tensilestrain, theequation can beused aswell asthedefinitions
giveninwordsabove, but don’t for get to definethe symbolsused inthe
equations.

’- Breaking Strain is defined as:
The strain at which a material will break or ‘snap’.

YoungModulus

¢ Young Modulus s defined by an equation as:

E = Young modulus(Nnr?)
E = g_ o = dtress (Nm?)
& = dfrain

The Young modulus has the units of Nm?, or Pa, the same units as stress.
The Young modulusisameasure of the ' stiffness’ of thematerial. A large
Young modulusindicatesthat alarge stressisrequired to produce asmall
strain and the material does not deform easily. Engineers use the Young
modulusfor different materials asit does not depend on the dimensions of
thematerial that they areusing. Itisaquantity for each material that can
be used regardless of its shape and size.

Using the equationsthat have already been introduced for stressand strain,
we can substituteinto our equation for Young modulus:

force (N)

original length (m)
cross sectional area (nv)
extension (m)

Thisgivesusan expression for Young modulus using quantitiesthat can be
directly measured from the material being stretched.
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Exam Hint: Don't be put off if your values for Young modulus seem
large. Typical values for Young modulus vary from rubber, Young
modulus = 7 x 10° Pa, to steel, Young modulus = 2 x 10"'Pa.
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Typical Exam Question

Aspart of aquality control check, amanufacturer of washingline
subjects a sample to a tensile test. The sample of washing lineis
12m long and of constant circular crosssection of diameter 5.0mm.
The manufacturer measures an extension of 42mm under a
stretching load of 72N.

The manufacturer also breakstheline under aload of 240N.

Calculate the Young modulus of the washing line. [3]
Calculate the breaking stress of the line. [2]

If the Young modulus of the line stays constant throughout
what is the extension of the line just as it breaks? [3]

Answer

The Y oung modulus equation requires the cross sectional areaof
the material so we must first calculate the cross sectional area of
thewashing line. The cross section of thelineiscircular and care
must be taken as the question gives a measurement for diameter
inmillimetr es. The measurement must bein metreswhen usedin
theequationand theusual equationfor areasof acirclerequiresthe
radius.

A=’ = m0.0052)° = 1.96 x 10°nv. v/

Wenow haveall thefiguresto substituteinto our equationfor Young
modulus, remembering to change my extension into metres.

v =
E = Fl/Ae = (72)(12)/(1.96 x 107)(0.042) = 1.05 x 10°Pa v/

When cal cul ating the breaking stresswemust usetheval ueof force
at which the line breaks. We aready have a value for the cross
sectional area of the line from part (a) of the question.

s v
o= FIA = 240/1.96 x 10° = 1.22 x 10'Pa

Thispart of thequestionismost easily under stoodif itiscompleted
in two stages. Firstly, knowing that the Young modulus remains
unchanged aswell asthe breaking stress, the breaking strain can
becalculated.

E=dle

Rearranging this equation, strain can be made the subject of the
equation

€= 0/E=122x1071.05x 10°= 0.0117 v/

Knowing the breaking strain and the original lengththe extension
can now be cal culated.

e=¢l

Rearranging this equation, extension can be made the subject
of theequation.

e=¢l = (0.0117)(12) = 0.14mv’

Stress—Strain Graphs

For agreat many materials, anincreasein stressleadstoanincreaseinstrain
i.e. abigger stretching forceproducesabigger extension. For materialssuch
asmetalsand glass, if the stressisdoubl ed, then the strain will be doubled
also. A graph of stresson the vertical axisagainst strain on the horizontal
axiswould therefore be a straight line through the origin.

Stress

Strain

This graph shows that stressincreases at the samerate as strain, or stress
is directly proportional to strain.

’- Hooke sLaw

A material that has stress proportional to strain is said to
obey Hooke's Law. A material that obeys Hooke's law
undergoeselastic deformation. Thismeansthat whena force
isnolonger appliedtothematerial itwill returntoitsoriginal
shape and will not have any permanent stretch or extension.

The gradient of this graph remains constant and can be calculated by
dividing the changeiny by the changein x. Onthegraph you are effectively
dividing a stress by a strain. This is the same as calculating the Young
modulus of the material.

’u Calculating Young modulus from a stress — strain graph
On a dtress—strain graph the Young modulus is given by the
gradient

stress

Young modulus =

= gradient

The stress — strain graph below has two lines on it for two different

materials, A and B. Both of thelinesare straight linesthrough the origin,

showing that both materials obey Hooke's law.

» Thelinefor material A hasasteeper gradient than thelinefor material
B showing material A to havealarger Young modulus; material A is
‘stiffer’ than material B.

* Noteasohow thelinefor material B finishes higher than material A.
This shows that material B has alarger breaking stress than material
A; material B is‘stronger’ than material A (Fig 1).

Figl

material B
Stress

material

Strain
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Typical Exam Question ExamWorkshop
The graph below isthe stress-strain graph for a metal that obeys Thisisatypical poor student’s answer to an exam question. The
Hooke's law over the region covered by the graph. comments explain what is wrong with the answers and how they
(@) What isthe Young modulus of the metal? [3] can beimproved. The Examiner’s answer isgiven below.
A wiremadefrom thismetal hasadiameter of 0.15mm and alength (3) When determining the Young modulus of a wire, a tensile
of 2.5m. . , stress is applied to the wire and the tensile strain produced
(b) Calculatethe extension of the wire under stress of 200M Pa. is measured.
(2
Stress/M Pa (i) Define the term: ‘tensile stress [2]
_____ stress= force/area v 12
400+ | | It isimportant that cross sectional areais specified. |
1 | (i) Define the term: ‘tensile strain’ [1]
2001 | Srain = extension/length v/ 11
. Although thiswould probably get themark, original length should
0 . . I. bespecified. Itisal sogood practiceto defineboth of theaboveterms
0.001 0.002 0.003 ] inwords aswell as equationsto leave no doubt in the examiner’s
Strain mind that you should have the marks.
The Young modulus is simply given by the gradient of the graph. (iii)Define Young modulus (1]
Remember that the vertical axisisin MPa. Young modulus = stress/strain - v/ n
(@ Youngmodulus, E = gradient of graph (b) The graph represents stress-strain curves for two different
= changein height/changein length materialsX and Y. Both materialsarestretched until they break.
=450 107/0.003=1.5%x10 Pa. v
(b) Reading fromthe graph, the metal has a strain of 0.0010 when Stress
under a stress of 150MPa. X
This strain can now be used in the equation for grai n:
extension, e = &l = (0.001)(2.5)= 2.5x 10°m v
Not all stress-strain graphs are straight lines through the origin. Stress- Strain
straingraphscanal so becurved or acombination of astraight linefollowed (i) Define the term: ‘ductile’ [2]
by acurve. The graph below shows three different materials (Fig 3). Bendy 02
Fia3 | This word is not very precise or scientific! |
'9 (ii) Which of the materials is ductile? [
Stress Material Y v/ 12
material B . . .
(iii) State and explain which of the two material has a greater
value of Young modulus. [2]
material A Material X asit is steeper v/ 12
. Although the student has identified the correct material the
material C explanationisdifficulttounderstand and poorly explained.
(c) A fishing line of length 3.0m and diameter 0.20mm supports
aload of 25N. Given that the Young modulus for thelineis
Strain 1.7 x 10"°Pa, calculate the extension in the line produced by
this load. [3]
Area = T’ = T(0.2)° = 0.13
Material A givesastraightlineright upuntil thematerial breaks, represented E = Fl/Ae, e=FI/AE = (25)(3)/(0.13)(1.7 x‘/101°) =34x10°m
by acrosson the line. This material obeys Hooke's law and breaks very 13
suddenly. The materia is brittle. An example of this material is glass Thediameter instead of the radius has been used in the cal culation
Material B alsoobeysHooke' slaw initialy. Itisalsostiffer than material A of area. Millimetres have not been changed into metres when
asithasalarger Y oung Modulusrepresented by the steeper gradient. The calculatingarea.

Y oung modulus of material B decreases rapidly beyond the point where
Hooke' slaw isobeyed. Inthisregionthematerial givesalarger strainfor
increasesisstress, thismeansit deformseasily and isductile. Anexample

Examiner’s Answers
(a) (i) Theforceacting on unit cross sectional area of material.

of thismaterial ismost metals. Tensilestress= tensile foré/e/cr0$ sectfonal area.

(ii) Theextension per unit length of the material.
Material C doesnot haveaconstant Y oung modulusanditismoreductile Tensilestrain = extension/original length v
than material B. It also stretchesmuch morebeforeit breaks. Anexample (iii) Young modulus = stress/strain v/

of this material i rubber. (b) (i) A ductile material behaves plastially and changesits shape

before it breaks.

’" Abrittlematerial doesnot behaveplastically, it doesnot change (if) Material Y v/ ,
itsshapebeforebreaking. Aductilematerial behavesplastically (iii)Material Xhastﬁggreatast Yogng modulus, becausethegradlerjt
and will easily change its shape before it breaks. of the stress-strain curve, which represents Young modulusis

steepest.v’

(© A= 10’ = 0.1 x 10%)? ="3.14 x 10 °n’.
E =FI/fe = (25)(3)/(3.14 x 10 (1.7 x 10" = 0.14m v

_——
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QualitativeTest

1

2.

7.

What is breaking stress?

Why do engineers prefer to use quantities such a s stress and strain
rather than force and extension?

How will astrong material differ from aweaker material ?

How arestressand strainrel ated for amaterial that obeysHooke' slaw?
How is this shown on a stress-strain graph?

Defineabrittle material.

How will the stress strain curve for astrong material differ from that
of aweaker material. Explain your answer.

Describe the stress strain graph of a ductile material.

QuantitativeTest

1

A material of diameter 2.0mm supports aload of 60N. Calculate the
stress exerted on the material.

A material hasabreaking strain of 0.075. If awirehasan original
length of 0.50m cal cul ate the extension of the material asit breaks.

A wireof length 1.5m and diameter 0.25mm extendsby 1.5mm when
aload of 120N isplaced on thewire.

(&) Calculatethe Y oung modulus of thewire
(b) What extension would aload of 85N produce?
(c) What isthe strain of the wire with aload of 85N?

When certain rocket enginesarefired they produceatotal thrust force
of 4.2 x 10°N. Intest firi ng, the rocket is held to the launch pad by 6
steel bolts, each of diameter 8.0cm. The'Y oung modulusof steel is2.0
x 10"'Pa. The breaking stress of steel is5.0 x 10°Pa

(@) Calculate the strain for each bolt during the test.
(b) Determinetheminimumnumber of boltsthat could havebeenused
for testing the engines.

QuantitativeTest Answers
2 -3\2 v - _2
1. A==m’=m1x10°)’=314x10°m" v

0=F/A=60/(3.14x10% = 1.9x 10'Pa v’
v
e= & = (0.075)(0.5) = 0.0375m v’

(@) A= 1r’= 1(0.125 x 10 °)’= 4.9 x 10°m’ v’ .
E = Fl/Ae= (120)(1.5)/(4.9 x 10%)(0.0015) = 2.4 x 10"”Pav’

(b) e= FI/AE=(85)(15)/4.9 x 10%(2.4 x 10™) ¥ 1.1 x 10°mv’

© e=ell=11x10715¥73x10" v

() Areaof 1bolt = w’ :‘}'[(0.04)2: 5.03x10°m v
o= FIA= 4.2"x10%(6"% 0.005) = 1.4 x 10°Pa v
(b) min number of bolts = total strain/breaking strain per bolt

= 5% 10%1.4 x 10°= 3.57 = 4 bolts v/
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