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Introduction

Elastic modulugalso calledensile modulu®r Young modulysE belongs
to the most important material constants. It detees) the relation between
stressr along the axis, and strairat axial loading, in the form of

o=Ee¢,

which is valid in the range of Hooke’s law. HigHeading of the sample
may result in exceeding the limits of elastic bebarof the material.

There are several possibilities how to measureghantity. The best know
methods are as follows: mechanical (static and mjc)a acoustic, ultrasonic,
resonant, optical, etc. Mechanical methods arentbst suitable for measuring
elastic modulugk of thin samples, such as rods, wires, columnsesibetc. Ap-
plication of the static methods (e.g. direct prgaton, two- and three- point
bending etc.) however, is rather disadvantageauthey can hardly reach accu-
racy better than 10¥8rown 1969].

Higher accuracy can be reached by means of dynamitods. Elastic
moduluskE can be determined with several percent accuraaydmns of vibrat-
ing samples at two- or three-point bending [Tomog&be Young, Weawer
1974], or by balance of so called Searl’s pendulAgrawal, Jaim, Sharma
2008]. This paper presents a new dynamic methde -method of reverse pen-
dulums connected by a measured wire sample. Modfluke wire elasticity
can be calculated after measuring constrained pessnof the vibrating sys-
tem.

Measuring equipment

A diagram of used equipment is shown in Fig. 1.rBaverse pendulums
were hung so that they vibrated in a common plakken using a classical
spring connection for demonstration of compositidrparallel oscillations, we
can determine the spring’s stiffness, too.

In our experiment an elastic wire shaped like azootal circle was used as
a connection. Deviation of the pendulums in themmon plane gave rise to
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bending vibrations of the wire, while the same pmimeenon as in the case of
spring connection (i.e. energy transfer from onedodum to another, formation
of impacts, etc.) could be observed.

)E

Fig. 1. Measuring equipment scheme
(1 — pendulums, 2 — wire sample connecting pendsjum

Young modulus of the wire elasticity can be deteedi similarly as the
spring stiffness can be specified. Correspondingjcbaircular frequencies,
andw, necessary for calculation can be determined inviags: either by means
of impacts (detailed description will be noted ta@r by experiments shown in
Fig. 2a and 2b examining concordant and/or disedrdacillations of the pen-
dulums.

a) b)

Fig. 2. Vibrational modes of coupled pendulums
a) I mode — concordant vibrations, B 2 discordant vibrations
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Dynamic Analysis

When determining elastic modul&sfrom our resultss, it is necessary to
specify the range of the wire circular are defoioratcaused by the force
(Fig. 3a).

(G is weight of pendulumy is a wire deformation., is distance of the pen-
dulum centre from the rotation axisjs angle of the pendulum deviation drid
distance of the wire connection from the pendulwinf).

To do so we used strain ener§yhe quantity of which is given by bending
effects in particular. Regarding perpendicular aggsimetry, the calculation
was done only for a quadrant (Fig. 4).

Strain energy of the quadrant is as follows:

1 s
A——ZEJZ j M2(@)Rdy, (1)
where
M (@) =M, —%R(l—cosw) ©)

andE is elastic modulus], is area moment of inertia about wire neutral axis,
M(¢) is bending momenR is arc radius ang/ represents the angle of turning of
the arc. The values df and N correspond to tangential and normal component

of the forceF.
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Fig. 3. Deformation diagram at transfer of forceF: a) to the circular wire,
b) to the pendulum
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Ty=T(y=0)=0
No=Mw=0)=F2

Fig. 4. The analysis of internal forces during defanation of circular wire

Before calculations it is necessary to determiree whlue of bending mo-
mentMg, which corresponds to zero rotation at the pgint0, i.e.

A _ 1 ; F _

™M El. I[M ER(1 cosz//)}Rdt//—O, ©)
Fo(-2

M, = 2R . (4)

The value of displacement at the pointy = 0 can be determined from the
following condition:

A _ 9

u=——= N,R(L-cosy))’ Rdy | . 5
= 3N = aN| 25, ! oR(L-cosy)) Rdy (5)
Total displacement is the given by the equation:
FR® (n° -8
u=2uy = . 6
' 4EJZ( n j ©)

Elastic modulus can be determined also from fregiesrza and « of the
connected pendulums. If the interaction betweemeocting circle element and
pendulums is replaced by its force effect then mariveapplied on the pendu-
lum (Fig. 3b) can be determined as

M =mgL,sing + Fl, (7
wheremis pendulum weight anglis gravity acceleration.

Supposing that the pendulums are oscillating infidle of small oscilla-
tions @ < 5°), sinp O¢ andu = 2¢. Thus, using expressions (6) and (7) we can
obtain a new relation:

182



8nl’EJ
M =m +——=——729¢. 8
Setting this relation into motion equation of trengulum we can calculate
circular frequency for discordant oscillations lo¢ tonnected pendulums:

_1 8nl’EJ,
(UZZ_ I |:mg|'®+ R3(Tc2_8):|’ (9)

where | = mL% is the pendulum inertia moment. A similar relateyplies
for circular frequency of concordant vibrationswb pendulums:

(10)

- maly
af ===

Having treated the relations (9), (10) and usindpration periods
T, =2n/w, T, = 2n/w, and well-known relation for area moment of inertia

_nd*
© 64’
whered is wire diameter, we can obtain final relation fatculating elastic
modulus of wire in the form of:

E:8(112—8)mgL€,R3 T_lz_1
21244 2 .
nl“d T,

(11)

(12)

Results of measurements

The measurements were carried out by means of cteth@endulums as
shown in diagram (Fig. 2). We have investigatieel elastic properties of three
materials — steel, aluminium and copper, all with $ame geometric parameters
(length and diameter). The values of elastic mogl@have been calculated
from the formula (12), with common geometrical paesers used for all the
samples (Table 1).

Table 1
Geometrical parameters of wire sample
Lo [m] m [kg] d [mm] Rlm] | [m]
0.84 0.87 1.4 0.16 0.25

Also the period of concordant vibrations was thme#or all materials
—T,=1.040 s.
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So, the only varying parameter had been the parfiatiscordant vibrations
T,. The corresponding results for period of discotdérations are summarized

in Table 2.
Table 2
Quantities measured for the determination of elasti modulus
Sample T, [s] E [GPa] Ein [GPa]
Steel 0.665 203.3 200-210
Aluminium 0.852 69.9 67-70
Copper 0.758 124.1 110-120

As we can see the obtained results are in goodatiangnet with material-table
values (last column); the differences represemnarce as 5%.

Conclusion

The described equipment is simple and illustratbgampleting the range of
pendulum-based methods for the measurements dicélasonstants. Regard-
ing 5% accuracy it ranges to the most accurate gusthit does non-require
intricate measuring equipment and works withoutrdeson, practically. Even
extremely thin samples can be measured withowgkaofi damage or permanent
deformation. The activity of pendulums is stabte system phases do not ,tune
out” or dump even after several hundreds of odwia. The method can be
successfully used as a demonstration specimenuitivarsity textbook (chapter
»Vibrating Movements” or ,Solids Physics”), or astafor laboratory exercises.

The article was created within framework of thejgcts KEGA No. 001STU-4/2014
.implementation of non-destructive methods for 8tigation of physical properties of
progressive thin-layer methods” (Slovak Repubtio VEGA No. 1/0356/13 ,Study of
relaxation mechanism in composites with specidbearbased fillers” (Slovak republic).
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Abstract

Classical reverse pendulums are currently usednieasuring the gravity
acceleration g, or — when pendulums bodies areemted by the spring — for
demonstration of composition of parallel vibratiohsthis paper we present the
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reversed pendulums in ,non-traditional” positioms-a device for measuring of
elastic modulus of wire samples. The connectiore&ized by the measured

wire sample with the circle shape.
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