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ARTICLE

“The Strength and Stiffness of Materials™

Stress

The strength of a2 material depends on its ability to resist failure when placed under

stress. Stress (o) is a objective term and is given by the formula:

F
o=
A

where F is the applied force (in Newtons), A is the cross-sectional area in m? and o is
measured in Nm-2 (ie. Pascals).

There are two forms of stress: engineered and true. Engineered stress assumes that the
cross-sectional area of a material remains constant (used for non-ductile materials such
as glass) while the more commonly used true stress tikes into account a changing cross-
sectional area (eg. when a ductile material is stretched and it ‘thins out’). The three
types of siress are compressive stress, shear stress and tensile stress.

v

Tensile Compressive Shear

The strength of different material under different forms of stress varies (eg. brick is 40
times stronger under compressive stress than tensile stress).

Strain

Strain is a measure of the amount of deformation of an object when subjected to stress.

It is measured per unit length and in the direction of the force. Strain (g) is given by the
formula:
Al
£ = —Z'
where Al is the change in length and ! is the original length. Strain is dimensionless
since the units of / and Al are identical (and hence cancel).

When a material deforms when placed under stress but returns to its original shape
‘when the force is removed, it is said to be in its ‘elastic’ range. Once a material has
passed this point (the elastic limit) and will no longer regain its original shape (ie. itis
deformed permanently) the material has entered its “plastic’ range.

Young’s Modulus of Elasticity

In order to obtain a measure of ‘stiffness’ of a material a parameter known as Young'’s

Modulus (E) is used. Young’s modulus is the ratio of stress to strain of a given material,
ie:
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In its elastic range, a material’s Young's Modulus will remain constant and this can be
used to predict the material’s behaviour under different loads. An effective method for
displaying information regarding a material is to draw stress-strain graphs, such as those .
given below for common materials:

S_’Ef Steel
)
ass

a Glas Rubber
Qo
]
[¥s]

—_

Strain (g)

The slope of the graph (ie. i—c) represents Young's Modulus and the steeper the graph,
£

the stiffer the material. The graph will be straight in the elastic range. The key features
of a stress-strain graph are:

- # Elastic
a. C Deformation
= . Range
@ Plastic
g s Deformation
v Range
>

Strain (g}
Point A = elastic limit
Point B = failure point
Point C = breaking point

The area under the stress-strain graph also gives the stored energy per unit volume.

Word Count: 432




AIM

To investigate the relationship between the price of audio tape (and therefore its
assumed quality) and iis stiffness (as measured by Young’'s Modulus). This is achieved
by stretching the tape with a known force and measuring the resulting deformation.

THEORY

During its production and day-to-day use, audio tape is subjected to stress. The tape’s
ability to withstand this deforming force is its ‘stiffness’. Stiffness is defined as the ratio

of stress (o) o strain (g), ie. g . This parameter is also known as Young’s Modulus (E),
£
therefore the greater the value of E, the greater the stiffness.

Stress can be defined as -i;Nrn—2 (Pascals) where F is the force applied to the tape (in

Newtons) and A is the cross-sectional area (CSA) (in m?). If the CSA is assumed to be

constant the stress is said to be ‘engineered’ whereas if a changing CSA is taken into
account (eg. ductile materials) then the stress is said to be ‘true’.

Strain is a measure of relative deformation given by the formula: & = % where Al is

the change in length (in metres) and / is the original length (in metres).

Stress-strain graphs are used to illustrate the deformation of certain materials:

!

Steel

Glass Rubber

Stress (o) (Pa)

Strain (&)

VARIABLES

Mass- the mass (and resultant force, w) applied to the tape. Because we

(controlied) were focussing on Young's Modulus, it was decided that small
force increments would be applied to begin with (during the
expected linear region) and progress to larger increments.

Brand- the brand of audio tape. To ensure that differences in results were
- (controlled) not due to differences in the manufacturing process, the brand of
audio tape was kept constant (TDK brand) and four different
models of TDK tape (over a range of prices) were selected. These
were (in increasing order of cost): TDK AD, TDK AR, TDK SA
and TDK MA.. A cheap brand was also sought for comparison
(Value Brand).

Length ())- the length of the test sample was chosen as 1 metre. This was
(controtled) chosen to ensure that a large displacement was obtained (for

accuracy).
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Cross Sectional  the CSA of the tape is given by Area = Thickness x Width. While

Area (CSA or A)- the width of the tape (constant for all models) was measured to be

(uncontrolied) 3.81mm, the thickness could not be measured accurately and for
this reason the manufacturers specification of 12.5um for all the
tapes (except for the TDK MA which was 11.5um) was accepted.

"Time experimentation showed that once materials have entered their
discrepancies- plastic deformation range and given enough time, they will
(controlled) continue to ‘stretch’ under constant force until they fail, without

the addition of force. Therefore it was necessary to state a constant
time interval (10s) before each new mass was added.

Starting the initial tension in the tape is an important factor. There should
Tension- be no excess slack, but pre-stressing the tape would also affect the
(controlled) results. During the first run of the experiment, the tape’s slack was

taken and its position marked (the calibration line). This line was
used as a guide for all other trials, to keep the starting tension

constant,
Environmental factors such as temperature were kept constant using an air-
Factors- conditioning system, however other uncontroliable variables such
(controlled and as humidity, sunlight, could not be kept constant.
uncontrolled)

Experimental Design & History

MARK 1

In order to measure the deformation of the tape, a method for applying a known force
and measuring the resultant deformation was needed. It was agreed that one end of the
tape should be fixed, the other have masses applied to it and the deformation measured
(as shown):

Retort ——pr (amps
Stand .
Audio State Cord
/Tape /
[ Pulby
X
\ Weidht
\ Basket
Bench

Ruler




Problems encountered and their remedies were as follows:

|

“Problem

Solution

he poor quality of the clamps.

[The clamps were rubber-lined to improve

joins (ie. the clamps) the clamp was

grip. They were tested by attaching both
ends of a length of tape to two clamps and
stretching, If the tape did not fail at the

deemed suitable.

Clamp Detail

Tape fi

Rubber

Stopper Clip

The ‘rolling’ of tape over the pulley.
When audio tape was siretched, it was
observed by the use of a microscope that
the cross-section changed as follows:

Tape Cross-Sections
Stretched

o

It was feared that this deformation might
hinder the operation of the pulley.

Normal

The section of tape that ran over the
pulley was replaced by static cord (see
above design diagram).

The jerky addition of masses produced
excess force on the tape (ie. the force of
the falling weights).

A basket for the masses was created and
attached to the cord. The basket was
padded to reduce the jerk and tweezers
were used to carefully place the weights.

The tape did not deform uniformly, ie.
‘bottle-necks’ formed:

Tape

Clamp}—»~

Clam,

-

Measuring the entire length of tape would
therefore not give an accurate indication
of deformation, hence strain.

Two poiats, A and B (30cm apart) were
marked in the middle of the tape and the
deformation between the two were
measured, rather than the entire length of
tape.

ll

Friction due to the pulley’s components.

tsh

» All the pulley’s parts were oiled for
lubrication (good, but not perfect); or

» Alter the experimental design to
eliminate the pulley altogether.

Fixed end

.

) aRuler

= Clamp

Weights
Basket

'

Force
(inaccurate and awkward).




During preliminary testing it was found |+ Use a longer length of tape

that the results were too inaccurate. The (impractical).
masses were being added in 50g e Use a finer ruler, ie. one with smaller
increments and the deformation obtained divisions that 1mm (still not accurate
was less than 1mm (our smallest enough).
measuring division) therefore severely  Use larger mass increments (results in
diminishing accuracy. too few data points).
o Magnify the deformation using a
needie:
Ta Needle pinned

pinned to
tape only

to table
y '

Curved Ruler

(complex and difficult to replicate). |

MARK I

The greatest problem with Mark [ was the measurement of small deformations. After
more experimentation it was concluded that the greatest measurable displacement for
smallest mass increments (and therefore smallest inaccuracy) occurred when the two

ends of the tape were fixed and masses were hung from the middle.

/ Clamps \

T = =

measured
displacement

By finding the vertical displacement of the tape for different weights, the stress, strain
and therefore Young's Modulus can be calculated.

Design

1 metre




DETAIL OF CUP

S ___ Paper clip hooked
Static g, over tape
Cord
Padded
Styrofcam
Qp
APPARATUS MEASUREMENTS
- 1000mm , -
«—Centre Line (@500mm) *
* L :
@ -«+—Stopwatch ‘
Clamp Wooden Beam Tape Clam

TTTTTHITTET

GEOMETRIC CHARACTERISTICS

To calculate stress and strain from the above design, new formulas were constructed.
Consider the diagram below from which we can derive formulas for both stress and

strain.

Tape

<4——length (/)————

Elongated

Clamp Tape
e L DI0OAded Tape
Tape after
weights added
Derivation of Strain:

Al
£ ==

l

Iis known, however Al must be derived:
(from Pythagoras)

[+ M =P +d*
AN =P d -1

e s Al
Substitution inio £ = T gives:

tsh

displacement ( d)

length +Alength

/ (+N)

Weight (w)

Y

P




J2 +d* -1

£ =—
l

off) -

Derivation of Stress:

o== where F is the force along the tape.
To calculate stress we must examine the following force diagram:
Ta
F F

Weight (w)

It can be seen that the downward force (w) exerts force F along the tape in opposite
directions due to the two fixed ends. The detailed force diagram below shows the
resolved vectors for the force exerted along the tape. _

! - | >
L

b JW b

We wish to find F, however we only have the measurements of w (which can be
calculate using w = ma), [ and 4. Since @ and b are the resultants of F in horizontal
and vertical directions:

w=a+a=2a

W
A==
2

Because triangle AabF is similar to triangle AIdF (all angles are equal) therefore the
sides are in ratio. Therefore:

L
d

Calculating F using Pythagoras:




With an expression for the force exerted along the tape so we can say that

’ [l\
2V \g/

F
D‘=—-'=.-
A A

For engineered stress (O E) the value of A would remain constant, however for true

stress (O, )A would change as the ductile tape is ‘stretched’. Although the CSA cannot

be measured after each mass is added (due to impracticality), a mathematical model can
be made to predict the tape’s CSA.

Before stretching, the tape would look like:

Aj
< 7 >
where A; is the initia] CSA.
After stretching, however the tape retains its volume elongates:
¢ JAY
< oo —> Af

I/' 4&/

- -

FANAY
where Afis the final CSA.

Assuming that the volume doesn’t change (ie. inexpandable or incompressible) then:
Volume yjsiq) (Vi) = 4; %1

Volume 5., (Vf) = A x(l+ Al)

V; - V¢
Axl=Arx(1+Al)
= A xI
F e Al
A;
= —%F (Dividing by 1)
1+—
l
; Al
Af—.—AL" 1( 'T=="-)




=0 X 1 ('."—Ii——- O'E)
(_1 ) \ A
\1+¢

=oggx(l+e¢)

So the two expressions for Young’s Moduius, both true (ET) and engineered (Eg):

WX 1+(i\-
g d \d/ __opx(l+e)

T i
2A 1+\7} -1)1 ) -1

Procedure:
» Measure a length of tape approximately 1100mm in length and ensuring that you do

not place tape under any unnecessary siress, wind 50mm of one end of the tape
around one of the nails. Using a clamp, fix the tape as below:

Tape

Bulldog
Clip
Rubber

Nail

« Hook a bent paperclip over the tape and before clamping the other end of tape to the
nail, ensure that the tape is aligned with the ‘calibration line” (see Variables).

«  Attach the cushioned styrofoam cup to the paperclip and measure the displacement
of the tape. The measurer should ensure that their eyes are parallel to the point of
measurement. '

 Using tweezers carefully place one mass into the cup and measure the displacement.
Upon placement of the mass begin timing and at the end of 10 seconds, place the
next mass in.

» Repeat for all masses.




RESULTS

SAMPLE A

Value Brand

Width: 3.81 mm
Thickness: 12.5 pm
Base Material: tensilised polyester

Coating: 77
Cost: $0.35
Vertical Displacement (cm)

Mass (g) | Trial One | Trial Two |Trial Three Trial Four Trial Five Average
0.000 0.00 0.00 0.00 0.00 0.00 0.00
2.790 1.10 1.20 0.75 0.80 1.10 0.99
7.335 2.15 2.30 1.80 1.95 2.20 2.08

| 11.879 2.85 3.00 2.55 2.60 2.90 2.78
16.424 3.35 3.50 3.10 3.20 . 3.40 3.31
20.969 3.80 4.00 - 3.55 3.60 3.85 3.76
25.513 4.15 4.35 3.90 4.00 4.20 4.12
30.058 4.50 4.70 4.30 4.30 4.50 4.46
34,603 4.80 5.00 4,55 4.65 - 4.85 4.77
39.147 5.10 5.20 4,85 4,95 5.20 5.06
43,692 5.30 5.50 5.10 5.20 5.40 5.30
48.237 5.55 5.70 5.35 5.50 5.60 5.54
52.781 5.80 5.90 5.60 : 5.70 5.90 5.78
57.326 6.00 6.20 5.80 5.90 6.10 6.00
61.871 6.20 6.35 6.00 6.15 6.30 6.20
66.415 6.40 6.55 6.25 6.30 6.50 6.40
70.960 6.60 6.70 6.40 6.50 6.70 6.58
84.594 7.10 7.30 7.00 7.00 7.20 7.12
98.228 7.70 7.80 7.50 7.60 7.80 7.68

111.862 8.10 8.20 8.00 8.10 8.25 8.13

125.496 8.60 8.70 8.50 8.60 8.75 8.63

139.130 9.10 9.30 9.00 9.10 9.25 9.15

152.764 9.60 9.70 5.60 9.65 9.80 9.57

166.398 10.10 10.20 10.20 10.20 10.30 10.20

180.032 10.60 10.90 10.65 10.70 10.80 10.73

193.666 11.20 11.30 11.20 11.30 11.30 11.26

207.300 11.80 11.90 11.90 11.90 11.90 11.88

220.934 12.30 12.60 12.50 12.50 12.60 12.50

234.568 13.00 13.10 13.00 13.10 13.10 13.06

248.202 13.60 13.70 13.60 13.70 13.80 13.68

261.836 14.20 14.30 14.30 14.40 14.30 14.30

275.470 14.90 14.90 14.70 15.05 14.95 14.90

289.104 15.40 15.50 15.25 15.50 15.55 15.44

302.738 16.10 16.10 15.90 16.10 16.20 16.08

316.372 16.60 16.80 16.50 16.70 16.80 16.68

330.006 17.20 17.40 17.70 17.30 17.40 17.40

343.640 17.80 18.00 18.50 17.95 18.00 18.05

357.274 18.40 18.60 19.20 18.60 18.70 18.70

370.908 19.00 19.20 19.60 19.20 19.20 19.24

384.542 19.60 19.80 20.10 19.70 19.90 19.82

398.176 20.20 20.40 20.60 - 20.30 20.40 20.38

411.810 20.70 21.00 21.20 20.90 21.00 20.96

425.444 21.30 21.60 21.70 21.40 21.60 21.52
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SAMPLE B
TDKD

Width: 3.81 mm
Thickness: 12.5 ym
Base Material: tensilised polyester
Coating: Pure Grained Ferric

Cost: $3.25
Vertical Displacement (cm)

Mass (g) | Trial One | Trial Two |Trial Three| Trial Four Trial Five Average
0.000 0.00 0.00 0.00 0.00 0.00| 0.00
2.790 0.85 0.85 0.50 0.85 0.95 0.88
7.335 1.75 1.80 1.80 1.75 1.85 1.79

11.879 2.35 2.35 2.40 2.35 2.40 2.37
16.424 2.75 2.75 2.80 2.80 2.85 - 2.79
20.969 3.10 3.10 3.25 3.20 3.20 3.17
25.513 3.30 3.45 3.50 3.50 3.50 3.45
30.058 3.70 3.75 3.80 3.80 3.80 3.77
34.603 4.10 4.00 4.05 4.10 4.10 4.07
39.147 4,30 4.30 4.30 4.35 4.30 4,31
43.692 4.60 4.50 4.55 4,60 4.35 4.56
48.237 4.80 4.75 4.75 4.80 . 4.80 4.78
52.781 5.00 4.95 5.00 5.00 5.00 4,99
57.326 5.20 5.20 5.20 5.20 5.20 5.20
61.871 5.40 5.40 5.40 5.40 5.40 5.40
66.415 5.60 5.60 5.60 5.60 5.60 5.60
70.960 5.80 5.80 5.80 5.80 5.80 5.80
84.594 6.30 6.20 6.30 6.30 6.30 6.28
98.228 6.80 6.70 6.70 6.70 6.70 6.72

111.862 7.20 7.10 7.20 7.20 7.20 7.18

125.496 7.60 7.50 7.60 7.60 7.60 7.58

139.130 8.00 7.90 8.00 7.90 7.95 7.95

152.764 8.40 8.30 8.30 8.30 8.30 8.32

166.398 8.70 8.70 8.70 8.70 8.70 8.70

180.032 9.10 9.00 9.10 9.10 9.00 9.06

) 193.666 9.50 9.35 9.50 9.50 9.40 9.45
I 207.300 9.90 9.70 9.80 9.80 - 9.70 9.78

220.934 10.25 10.10 10.20 10.20 10.10 10.17

234.568 10.60 10.50 10.60 10.60 10.50 10.56

248.202 11.00 10.80 11.00 11.00 10.90 10.96

261.836 11.40 11.30 11.40 11.40 11.30 11.36

275.470 11.90 11.80 11.80 11.80 11.70 11.80

289.104 12.30 12.10 12.30 12.30 12.20 12.24

302.738 ) 12.70 12.50 12.80 12.70 12.70 12.64

316.372 13.20 13.10 13.10 13.10 13.10 13.12

330.006 13.70 13.50 13.70 13.60 13.50 13.60

343.640 1410 13.90 14.10 14.10 14.00 14.04

357.274 14.60 14.35 14.60 14.50 14.50 14.51

370.908 15.00 14.80 15.00 15.00 14.90 14.94

384.542 15.50 15.30 1550}  15.50 15.40 15.44

398.176 15.90 15.80 16.00 16.00 15.80 15.90

411.810 16.40 16.25 16.50 16.50 16.30 16.39

17.00 16.80 17.00 17.00 16.90 16.94
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SAMPLE C
TDK AR

Width: 3.81 mm
Thickness: 12.5 ym
Base Material: tensilised polyester
Coating: non-porous Aviiyn

Cost: $4.95
. Vertical Displacement (cm)

Mass (g) |Trial One | Trial Two |Trial Three | Trial Four Trial Five Average
0.000 0.00 0.00 0.00 0.00 0.00 0.00
2.790 1.00 1.00 1.00 1.05 0.90 0.99
7.335 2.00 2.00 2.00 2.00 1.0 1.98

11.879 2.60 2.60 2.60 2.65 2.60 2.61
16.424 3.10 3.15 3.10 3.20 3.10 3.13
20.969 3.50 3.60 3.60 3.65 3.50 3.57
25.513 3.90 4.00 4.00 4.00 4.00 3.98
30.058 4.30 4.40 4.30 4.40 4.30 4.34
34.603 4.70 4.70 4.70 4.70 4.60 4.68
39.147 5.00 5.00 5.00 5.00 4,90 4.98
43.692 5.30 5.35 5.30 530 ( 5.20 5.29
48.237 5.50 5.60 5.35 5.60 5.50 5.55
52.781 5.80 5.90 5.80 5.80 5.80 5.82
57.326 6.00 6.15 6.10 6.05 6.00 6.06
61.871 6.30 . 6,40 6.30 6.30 6.20 6.30
66.415 6.50 6.60 6.50 6.50 - 6.40 6.50
70.960 6.70 6.80 6.70 6.80 6.70 6.74
84.594 7.30 7.30 7.30 7.30 7.30 7.30
98.228 7.90 7.90 7.90 7.90 7.90 7.90

111.862 8.40 8.40 8.40 8.40 8.40 8.40

125.496 9.00 9.00 8.90 8.95 8.90 8.95

139.130 9.50 9.45 9.40 9.50 9.50 9.47

152.764 10.00 10.05 10.00 10.00 10.00 10.01

166.398 10.60 10.60 10.51 10.60 10.70 10.60

180.032 11.10 11.20 11.20 11.15 11.20 11.17

193.666 11.70 11.80 11.81 11.80 ~11.80 11.78

207.300 12.40 12.50 12.40 12.40 12.40 12.42

220.934 13.10 13.40 13.35 13.40 13.40 13.33

234.568 14.11 14.40 14.51 14.40 14.40 14.36

248.202 15.20 15.40 15.41 15.30 15.30 15.32

261.836 16.10 16.30 16.20 16.15 16.20 16.19

275.470 16.90 17.10 17.10 16.90 17.50 17.10

289.104 17.60 17.70 18.00 17.70 17.80 17.76

302.738 18.40 18.50 18.35 18.40 18.40 18.41

316.372 19.20 19.20 19.00 19.10 19.10 19.12

330.006 19.90 19.80 19.90 19.80 19.90 19.86

343.640 20.50 20.50 20.60 20.60 20.60 20.56

357.274 21.20 21.30 21.31 21.40 21.20 21.28

370.908 22.00 21.90 22.20 22.00 22.00 22.02

384.542 22.50 22.60 22.80 22.70 22.60 22.64

398.176 23.20 23.20 23.50 23.40 23.40 23.34

411.810 24.00 24.00 24.10 24.00 23.90 24.00

i 425.444 24.70 24.50 24.70 24.70 24.60 24.64
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TDK SA

SAMPLE D

Widih: 3.81 mm
Thickness: 12.5 pym
Base Material: tensilised polyester
Coating: Super Avilyn

Cost: $5.45
Vertical Displacement (cm)

Mass (g) { Trial One | Trial Two |Trial Three| Trial Four Trial Five Average
0.000 0.00 0.00 0.00 0.00 0.00 0.00
2.790 0.95 0.85 0.90 0.75 0.85 0.86
7.335 1.85 1.70 1.80 1.60 1.70 1.73

11.879 2.40 2.30 2.35 2.20 2.30 2.31
16.424 2.90 2.75 2.80 2.60 2.80 2.77
20.969 3.25 3.15 3.20 3.05 3.20 3.17
25.513 3.60 3.45 3.50 3.40 3.50 3.49
30.058 3.85 3.75 3.80 3.75 3.80 ] 3.79
34.603 4.10 4.00 4.10 4.00 4.10 4.06
39.147 4,35 4.30 4.40 4.25 4.30 4.32
43.692 4.60 4.50 4.60 4.50 4.60 4.56
48.237 4.85 4.70 4.80 475 4.80 4,78
52.781 5.00 4.90 5.00 4.95 5.00 4.97
57.326 5.20 5.10 5.20 5.10 5.20 5.16
61.871 5.40 - 5.35 5.40 5.30 5.40 5.37
66.415 5.60 5.50 5.60 5.50 5.60 5.56
70.960 5.80 5.70 5.80 5.70 5.70 574
84.594 6.30 6.20 6.30 6.10 6.20 6.22
98.228 6.70 6.00 6.70 6.60 6.70 6.66

111.862 7.10 7.00 7.10 7.00 7.10 7.06

125.496 7.50 7.40 7.50 7.40 7.50 7.46

139.130 7.90 7.80 7.90 7.80 7.90 7.86

152.764 8.20 8.20 8.20 8.20 8.30 8.22

166.398 8.70 8.60 8.60 8.60 8.60 8.62

180.032 9.00 8.90 9.00 9.00 8.90 B.96

193.666 9.30 9.30 9.30 9.30 9.30 9.30

207.300 9.60 9.70 9.70 9.60 9.70 9.66

220.934 10.00 10.00 10.00 10.00 10.00 10.00

234.568 10.30 10.30 10.40 10.40 10.40 - 10.36

248.202 10.70 10.70 10.80 10.70 10.70 10.72

261.836 11.10 11.00 11.20 11.10 11.20 11.12

275.470 11.45 11.40 11.50 11.40 11.45 11.44

289.104 11.90 11.80 11.90 11.80 11.90 11.86

302.738 12.10 12.20 12.20 12.20 12.10 12.16

316.372 12.50 12.50 12.60 12.60 12.50 12.54

330.006 12.90 12.90 12.90 12.90 12.80 12.88

343.640 13.30 13.20 13.30 13.30 13.20 13.26

357.274 13.60 13.60 13.60 13.60 13.60 13.60

370.908 13.90 13.90 13.90 13.90 13.90 13.90

384.542 14.20 14.20 14.20 14.30 14.20 14.22

14.60 14.60 14.60 14.60 14.60 14.60
15.00 14.95 15.00 14.90 14.95
15.30 15.30 15.30 15.30 15.30




SAMPLE E

TDK MA

Width: 3.81 mm
Thickness: 11.5 ym

Base Material: tensilised polyester
Coating: Finnavinx

Cost: $6.95
Vertical Displacement (cm)

Mass {(g) | TrialOne | Trial Two |Trial Three| Trial Four Trial Five Average ‘r
0.000 0.00 0.00 0.00 0.00 0.00 0.00
2.790 1.05 1.00 1.00 0.90 1.05 1.00
7.335 2.05 2.00 2.00 1.95 2.00 2.00

11.879 2.60 2.55 2.60 2.50 2.60 2.57
16.424 3.05 3.00 3.05 3.00 3.10 3.04
20.969 3.45 3.40 3.45 3.40 3.40 3.42
25.513 3.80 3.75 3.80 3.70 3.80 3.77
30.058 4.10 4.05 4.10 4.05 4.00 4,06
34.603 4.35 4.35 4.40 4.35 4.35 4.36
39.147 4,70 4.60 4.70 4,75 4.65 4.68
43.692 4,95 4.85 4.90 4.90 4.90 4.90
48.237 5.20 5.10 5.20 5.15 5.20 5.17
52.781 5.40 5.30 5.40 5.40 5.40 5.38
57.326 5.60 5.55 5.60 5.60 5.60 5.59
61.871 5.80 5.80 - 5.90 5.80 5.80 5.84
66.415 6.00 6.00 6.10 6.10 6.00 6.04
70.960 6.30 6.20 6.30 6.30 6.20 6.26
84.594 6.80 6.80 6.80 6.80 6.80 6.80
98.228 7.30 7.25 7.40 7.40 7.40 7.35

111.862 7.90 7.80 7.90 8.00 7.90 7.90

125.496 8.40 8.40 8.40 B.50 8.40 8.42

139.130 8.95 8.80 8.90 9.00 8.90 8.91

152.764 9.45 9.30 9.50 9.60 9.40 9.45

166.398 10.00 9.90 10.00 10.190 9.90 ~9.98

180.032 10.60 10.50 10.55 10.65 10.50 10.56

193.666 11.10 10.90 11.10 11.20 11.10 11.08

207.300 11.70 11.60 11.70 11.80 11.70 11.70

220.934 12.20 12.10 12.20 12.20 12.20 12.18

234.568 12.80 12.60 12.80 12.90 12.70 12.76

248.202 13.30 13.15 13.30 13.40 13.30 13.29

261.836 13.90 13.70 13.85 13.90 13.80 13.83

275.470 14.40 14.20 14.40 14.40 14:30 14.34

289.104 15.00 14.80 14.85 15.10 14.95 14,94

302.738 15.50 15.30 15.40 15.60 15.50 15.46

316.372 16.20 15.90 16.10 16.30 16.10 16.12

330.006 16.80 16.60 16.70 16.90 16.70 16.74

343.640 17.40 17.10 17.20 17.40 17.20 17.26

357.274 18.00 17.60 17.70 17.90 17.80 17.80

370.908 18.50 18.20 18.20 18.50 18.30 18.34

384.542 19.00 18.70 18.70 19.00 18.90 18.86

398.176 19.50 19.10 19.20 19.40 19.30 19.30

411.810 20.00 19.70 19.80 20.00 19.80 19.86

“ 425.444 20.60 |  20.30 20.30 20.30 20.30 20.36 ||
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ANALYSIS OF RESULTS

The ‘average’ column for each sample was fed into the following spreadsheet to

calculate stress and strain.
Mass (m) in |Weight (W) ] Average Engineered Stress True
grams [in Newtons [Displacement Strain (g) (gE) in Pascals Stress (UT) in
{d) incm.
Pascals
0.000 | mx981] DATA 2 wl 7122 -~ ogx(l+e)
r%oo —fl + (—\
1) 1l 2§ \d/
width x thickness

NB: width = 3.81x10-3 m and thickness = 12.5x10-0 m for all samples except TDK MA
(where thickness = 11.5x10-6 m).

These results are now plotted (stress v. strain):

Stress-Strain Comparison T 777 Value (eng)

Value (true)
160000000 -

140000000 + = 0L— T TDK D (eng)
120000000 + — TDK D (true)
é"; 100000000 1 - TTT7" TDK AR (eng)
n 80000000 +
o TDK AR (true)
g 60000000 +
so000000 &/ T/ TDK SA {(eng)
20000000 “TDK SA (true)
0 - t } } } t { e TOK MA (eng)
0.0000 0.0200 0.0400 0.0600 0.0800 0.1000 0.1200
Strain — TDK MA (true) .

NB: The ends of the graphs do not refer to the failure point, but the point where 425¢ of weights had been added.
Error bars are not shown because they are too small to be seen.

The first surprising observation (illustrated by the enlargement below) was that the
graph did not begin at the origin.




Stress-Strain Enlargement

¥

5.00E+07 -
4.50E+07 -
4.00E+07 -
3.50E+07 A
3.00E+07 -
2.50E+07 -
2.00E+07 -
1.50E+07 A
1.00E+07 A
5.00E+06 -
0.00E+00 - { ; } ; —
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

First Data
Points

Stress (Pa)

Strain

The most likely explanation would be that the starting tension was too great (ie. too
tight). This could be remedied by extrapolating the curves back to the X-axis, and then
moving the origin.

ORIGINAL STEP ONE STEP TWO
Stress Stress Stress
A
Strain® | Stram ] Strain

Extrapolate the linear
part of the curve to the

Move the origin to
match the

X-Axis extrapolation.

[t is not necessary to do this however, as we are only inferested in the gradient of the
curves for the calculanon of E.

At first glance it appears that the TDK SA has the greatest gradient in it’s linear section,
and therefore is the stiffest of the tapes. However upon inspection of the samples’
graphs, we find that not all of the tapes obey Hooke’s Law.




Stress (Pa)

1.20E+08 g-

1.00E+08

8.00E+07

1
1

6.00E+07
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Very
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0.00E+00
0.0000

0.0100
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Stress (Pa)
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Strain

0.0400
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Stress (Pa)

Sample C

1.20E+08

o]

s (O
1.00E+08 + e
. [ s i :.l%lg|\lﬁu.r
s )lsn\O‘l.\\Oiliu.O\!: -
‘ R
8.00E+07 +
6.006407 + ¢ T —O— Engineered
0—— True
4.00E+07 -
‘X:Ema.
2 00E+07 - not linear
q
0.00E+00 - - " “ ; “ |
0.0000 0.0200 0.0600 0.0800 0.1000 0.1200
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Stress (Pa)
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1.40E+08 —+
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-
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This point is further illustrated by a graph showing the gradient of the different curves
between strains of 0.0003 (the first data point) and 0.0075:

Gradient vs. Strain Comparison Value (eng)
Value (true)
/'\ 1.00E+10
t\i 9.00E+00N\\/ Y\  TTT=" TDK D (eng)
) 8.00E+09 TDK D (true)
1 o 7.00E+09
YT AR YA w7 AV U e TOK AR (eng)
'? 5.00E+09 TDK AR (true)
kj 4.00E+09 :
3008400+ 0000 = /0 TDK SA (eng)
2.00E+09 4 + '3 | TDK SA (true)
0.0015 0.0035 0.0055 0.0075
. ————=TDK MA (eng)
Strain

NB: The graph appears jagged due 1o the large magnificarion.

It can be seen that, ignoring minor error, only Sample A (Value Brand) has an almost
constant gradient (and is therefore linear). Therefore, we can only measure Young’s

Modulus for Sample A (which using a line of best fit, is approximately 5.54 x 109 Pa).
However, we can also gain an idea of stiffness from the “steepness’ of the graph (ie. the
steeper the curve, the stiffer the tape). Therefore:

Stiftness Cost for 60 .
(greatest to least) min tape
TDK SA $5.45 |
TDK D $3.25
TDK MA $6.95
Value Brand $0.35
TDK AR $4.95

There is obviously no stiffness-cost correlation, the reason for which might be that
stiffer materials may not provide better sound quality (which the more expensive tapes
offer).

ERRORS & UNCERTAINTIES

ABSOLUTE ERRORS
Deformation measurement {d): +0.00025m
Original Tape Length (1) +0.00025m
Masses: +0.0005g
Time: : +0.5s
Width: +0.00025m

CONSEQUENTIAL AND % ERRORS
Theory:
“When calculating consequential errors, the effect of each small variation in a variable

is approximately a product of that variation with its partial derivative and each effect is
independent of the others.™

tsh




For example. if y is a function of a, b, and ¢, ie.
ie. y= f(a, b, c)andemorina, b, ¢ = +06a, +dband +éc
d
ther Actual Tolerance /Errorin y: 8y = 4_-[ —2—64 —6c 1
oz | lab | lac |

“It is normal to assume that all variables will not be in maximum error simultaneously
and apply a root mean square deviation as follows:-"2

tsh

CRING ST T
Y rms) = J\ axéa +\a xﬁb} +\6c‘ 6(:)
Strain
€= 1+{~‘;—)~-1
as=x[a—£ad\ Eﬁaz]
|E%} al |
1
de 1 ! (d 21_5
23\ )[1“\7) J
1
oe _1f 523 (412
1'2(_“” )[l+\[) |
[ L L
Ly, -l (dy12 N LA |
68=i|5(_d[ )H\T)J  od) + (-2 )[H\T)J I
L ]
{ L by’
Of Og(ppsy= = :51:(2(”__2)[1”!’((17) ] " x 6d| +:—;—( 2d21_3)1+((71) ] " xatl
\ )
Worked Example
1-0.5m
d=0.048m
d6d = 0.00025 m
ol =0.00025 m,

{1( 0.048\[  70.048 1l | ) (1( 0.0482\[ [0048"Tl \
_S=|°x \ 2 _ [ 11 2x0.048" "2x -
Ot 1\'7\ 0.5% )[1 \OS)J o.oooszI +|\2\ 0.5 )[”\ o.s)J 0.00025

= +4.784 x 107>




e
% error = +—

4

4.784 x 107>

= & —

RO
_ 4.784 %1073

~0.004597432
= x0.0104

= +1.04%

Engineered Stress:

Since the electronic scales used were accurate to one-thousandth of a gram, the error of
w is negligible and can be ignored. The same applies to the thickness and width which,
although the manufacturer’s specifications used, were correct to the International

Electrochemical Commission’s required / cm. ?

| Gy IR g
60’5— __[ a! (5! + adédij
1
dog _w (20 (1?2
al 24 2\42)[1+\d)J
1
dop _w 123 (112
od _EAXZ(_Jd )1+\d) J
[ L R
| R Y A P AN I NP U S U Y B A B
dog =+ 3 ) )J ol + [ x5 (23 1 )J s
|
( (2051 1”1_l o [ 1"1_1 ¥
v 1200 (L R - = P S B
]\Z’.A 2\.d3)[1'\4)J ot +|\24 :( ~id )llT\d)J MJ

3 Reqmrcment extracted from Internatmnal Electrochemical Commlssmn ( 1981) *Magnetic Tape

RLEFTS N ot VLN B
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Worked Example

W=0473N
A= 4763 x108 m?
{=0.5m
d=0.048m
6d = 0.00025m
8l =0.00025m,
0.00025/ 2(0.5)\[, [ 0.5 2] :\ (04739 0.00025 [ /05 ’1_'1"\2
0473‘2x. _.5\ [.\ _I | % _.30 2 3 { O -'—[
Ok (rms) = |4x4.'763x10'8 \00#5)| " \0.038) J 4x4763x10- 7(2x05" x0.048 )”\0.043) ]
\
= +269530.111 Pascals
%El’l’OI‘:iég—E
OF
. 269530.111
H)
"\
_260530.111
T 51987697.4
==+(.00518
=+0.518%
True Siress:

or =opx(1+¢)

Therefore:

_‘?_97_'= (é-‘-j-i-':-+6—£)=%error
oT \og ¢

I+

Worked Example
W=0473N

A= 4763108 m?
[=0.5m
d=0.048m

8d = 0.00025m

61 = 0.00025 m,

i) o
From previous two examples 2 _ +1.04% and =2 = +0.518%.
£ o
So:
99 _ .{0.518% + 1.04%)
o

= x1.558%
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CONCLUSION

From the results obtained, it would be reasonable to conclude that there is no correlation
between the price of audio tape and its assumed audio quality and its stiffness. Since all
tapes were made using the same base material, it can also be concluded that it is the
coating of the tapes or the manufacturing process which, in this case, affects stiffness.

EVALUATION

In hindsight it can be said that, even with the unexpected failure of many of the tapes to
obey Hooke’s Law, the experiment was successful in its aims, ie. to investigate the cost-
stiffness relationship. This experiment was limited by the apparatus (it will never be as
good as a purpose-built, professional machines) and the accuracy of the measuring
devices, altohugh the calculated errors of approximately 1-2% are acceptable. The
scope of the investigation could be extended by stretching each tape until failure, using
muitiple brands and using better equipment. _
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