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Abgtract: We have suggested a new non-destructive methrothéasuring of tensile modulus of circular and hoop
samples — by means of vertically oriented flywhsstl We had performed a theoretical analysis aptyation and we
carried out the testing measurements of simplelrarthplastic samples. The results being achieved¢@mpared with

the analogous values obtained using the horizoetéte.

1 Introduction

The tensile modulus (also callecelastic modulusr
Young modulysis in here the centre ofterest. This
quantity belongs to the most important material
constants; we can say it is a measure of the asiffrof
matter. It determines the relation between stfessng
the axis, and straia at axial loading, in the form =
E.e, which is valid in the range of Hooke's law.

There exist several possibilities how to measuee th
guantity. The most commonly used way is the static
method - by stretching /shortening the sample uitder
force stress. In the case of thin non-linear speasn
such as bent wires, sticks, rods, columns, fitaed,the
like (with arc, circular etc. shape) however, iteus
problematic; a permanent shape deformation of the
material may occur. In such cases, it is advantagyem
use some of the dynamic non-destructive methods tha
are based on the investigation of the intrinsicatibns
of the substances.

One such classical device is a horizontal flywisee!
(also known asearle's pendulumBasically, here are
sample oscillations at the three-point bend, wtdoh
still damped by flywheels. However, it should beetb
that this method is only applicable to partiallycaiar
(it means arcuate) samples. For full circular andph
patterns, the situation is more complicated.
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And just creating a device for full circular and
hoop samples was the goal of our work. For this
purpose, we designed a vertically oriented flywheel
assembly

2 Horizontal coupled flywheel set
as an interface to vertical assembly
Since the horizontal device represents a startg s
on the path to the vertical set, we will describe more
details, and the corresponding references and
comparison will be related to it, according to solee

partially circular samples—— fully circular samples
and
horizontal set — vertical set.
Horizontal structure consists of three main parts
(Figure 1). There are two horizontal flywheels (thos
cylindrical) 2, fixed to two hinge yarns 1. Theyear

connected by the measured arc-shaped sample 3; this
one basically represents the element of "coupling".
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~ T i — horizontal or vertical;, we used a horizontal way.
However, the theoretical analysis is more comptidat

we need to consider — except for gravity — also the
contribution of next factors {see Section 3.3).

3.2 Measuring equipment

A sketch of equipment being used is shown in figure
2. Both reverse pendulums were hung so that theg we
vibrating in a common vertical plane. When using a
€N classical spring connection for demonstration of
S composition of parallel oscillations, thus we can
< determine the spring's stiffness, too.

—~

Figure 1 Horizontal flywheel set.
1 — hanging threads, 2 — cylinder flywheels, 3—snead

wire (arrows indicate the direction of the osciltats) % %

Q

Symmetrical deflection of the flywheels in the
horizontal direction by the angleperforms the bending

oscillating movement of the sample, that is revgrse m~
transmitted to the oscillating rotary motion ofvfllyeels
: : 2 ®
- and vice versa. Both parts of a pendulum - i.e. -
flywheels and sample - oscillate synchronouslyhie N~
same frequency and phase. Tensile modilesn be S

calculated from a relationship [1], [2] as

E = 8mlj (1) ////////(:L\\\\\\\

472!

whereinl is the length of the sample with the radius 4Om """"""""""""""""""" Om

T means the oscillation period of the system, auisl

the moment of inertia of the flywheel with respéat Fig. 2 Measuring equipment scheme.

the perpendicular axis passing through the centre. (1 - pendulums, 2 — circular hoop connecting peaohs)

We present a detailed analysis of the measurement

procedure using this device - including experimenta In our experiment an elastic wire shaped like a

measurements - in tfagticle [3]. Here (in current paper) horizontal hoop was used as a connection. Deviation

we reporta comparison of results with vertical set (in the pendulums in their common plane gave rise to

Section 4.Results of measurements bending vibrations of the wire, while the same
phenomenon as in the case of spring connection (i.e

3 Ourwork energy transfer from one pendulum to another) cbald

3.1 Aim of our work observed.

We have suggested new equipment for exaimmat Tensile modulus of the wire can be determined
of flexure properties of full circular samples Bgveed similarly as the spring stiffness can be specified.
oscillations — a vertically coupled gravitation $also Corresponding basic circular frequencies and w:
known ascoupled reverse pendulumsUnlike the necessary for calculation can be determined by
previous device, the slowing flywheels are locanettie experiments from Fig. 3a and 3b examining concdrdan
vertical direction; the purpose is also to use iggtional and/or discordant oscillations of the pendulums.

forces. A direction the measured sample can b&anpi

~ 14 ~
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Fig. 3 Vibrational modes of coupled pendulums
a) 1st mode - concordant vibrations, b) 2nd - dideat vibrations

3.3 Dynamic Analysis - the flywheels do not rotate around their cerdrads
In theoretical analysis - compared to a horizosél but around the pendulum ones

- we need to incorporate into our calculations ¢hre - the samples are full circular in shape and they a

significant realities: sufficiently thin (for shape deformation)

- the pendulum forces are a mixture of elastic and It is necessary to specify the range of the wimeutar

gravitational activities deformation caused by the foregFigure 4).

7 ’,

a) b)
Fig. 4. Deformation diagram at transfer of force &): to the circular wire, b) to the pendulum.
(G is weight of pendulumy is a wire deformatiori;o is To do so we used strain energdythe quantity of
distance of the pendulum centre from the rotatixs, a which is given by bending effects in particular.
¢ is angle of the pendulum deviation drisl distance of Regarding perpendicular axes symmetry, the caloulat
the wire connection from the pendulum point). was done only for a quadrant (Figure 5).
~15 ~
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To=T(¢=0)=0
No = N(¢/= 0) =F/2

Fig. 5. The analysis of internal forces during aefation of circular wire

Strain energw of the guadrant is as follows: wheremis pendulum weight anglis gravity acceleration.
Supposing that the pendulums are oscillating in the
A__IM (W)Rdy (2) field of small oscillations¢ < 5°), sinp U andu = 2¢.
2E], Thus, using expressions (7) and (8) we can obtaieva
where relation:
8rl’EJ,
M () = M, —% R(1-cosy) 3) M =mgleg + R )¢ 9)

andE is tensile modulusl; is area moment of inertia about ~ Setting this relation into motion equation of the
wire neutral axisM(¢) is bending momenR s arc radius pendulum we can calculate circular frequency for
andyrepresents the angle of turning of the arc. Theega discordant oscillations of the connected pendulums:

of TandN correspond to tangential and normal component

8l EJ,
of the forceF. o = { gl + T } (10)
Before the calculations it is necessary to deteerttie Rz( )

value of bending momenl,, which corresponds to zero h l=m is th dul inert ¢ A
rotation at the pointy = 0, i.e. where | = LO is the pendulum inertia moment.

similar relation applies for circular frequency of
oA _ 1 J{M _F R(l—cos(//)}Rd(//:O (4) concordant vibrations of two pendulums:

ER(TE_Z) (5) o
2 T Having treated the relations (10), (11) and using
vibration periodd; = 2/¢y, T, = 21/ ey, and the well-

known relation for area moment of inertia (withpest to
the axis lying in the bending plane)

(11)
M, =

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

=R :6[12 (M, - N,R(1- cosy))® Rdz/x] (6) J, = nd” (12)

N, 9N, | 2EJ, " 64

whered is a wire diameter, we can obtain final relation f
Total displacement is the given by the equation: ~ calculating tensile modulus of wire in the form of:

3 2 _ 2 _ 2
vz - R [ 8} - =8 8)mgleR3P _1} w3

n n?%d? T}

z
Tensile modulus can be determined also from
frequenciesu andaw of the connected pendulums. If the3.4 Results of measurements
interaction between connecting circle element and The measurements were carried out by means of
pendulums is replaced by its force effect, then e connected pendulums as shown in figure 2. We have
applied on the pendulum (Figure 3b) can be detexdhrs investigated the elastic properties of several rizdse—
M =mgl,sing + FI , (8) metallic and plastic - all with the same geometric

~ 16 ~
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parameters (lengthand diameted). These parameters are
summarized in table 1.

Table 1 Geometrical parameters used in our exparise
Lo [m] m [kg] d [mm] R [m] | [m]
0.8¢4 0.87 15 0.1¢ 0.2t

Also the period of concordant vibrations was theesa periods of discordant vibrations are summarizedfite 2,
for all materials -T:= 1.040 s. together with the relevant values of tensile maoslite
So, the only varying parameter had been the peafiod calculated from the formula (13).
discordant vibrationsl,. The corresponding results for

Table 2 Quantities measured for the determinatioel@stic modulus.

Sample T, [s] E [GPa Eiab [GPa
Stee 0.61( 203.¢ 200- 21C
Aluminium 0.80¢ 69.¢ 67-7C
Coppe 0.70i 124.] 110-12C
Bras: 0.75¢ 101.% 90- 10C
Polyamice (nylon) 1.03¢ 1.8 09-14
Polystyrine 1.03] 1.6 1.5-1.¢

As we can see the results being obtained are id goo  quantities being measured. Therefore, we made a

agreement with material-table values (last colurtimg; statistical evaluation of the uncertainties, actaydo
differences from mean table values represent ne msr the degree of accuracy of the measurements of the
several per cents. individual variables.

We also measured - for comparison purposes - the It is a rather complicated statistical taskiéHee must

specimens using a classic horizontal assembly. The take into account that the tensile modulus - ashzan
results obtained were similar to the measurements seen from equation (13) —is a function of fourrditees
described, their deviation was a maximum of 10 % X being measured directly, namdty= f(R,,T;, T2); the

compared to the vertical set. values ofm, Lo and d were entered directly by the
manufacturer and we considered them as constants. |
3.5 Statidtical evaluation this case — in accordance with theory of measurisnen

Another evaluation can be presented in terms of the uncertainty is given by a root, containing ipért
statistical view, based on the accuracy of thelsing derivatives with respect to all of the relevantiables
and uncertainties of these variables:

Up = i\/Z?zl (:_iuxi)z _ i\/(g—iu,;)z + (Z—ful)z + (:%un)z + (:%uTZ)Z (14)

The relevant partial derivatives of (14) are Ur, U, Ur and up) as the size of the smallest pieces
on their scales. So:

ur=1 mm (ruler)

0E _ 24(m? — 8)mgL,R? le 1]

R m2l2d4 T} u = 1 mm (ruler)
0E —16(m? —8)mgLyR3 [Tf l ur , U= 0,01 s (stopwatch)
ol m2l3d* TZ2 After fitting all the variables being relevant weadl

oE _16(n2—8)mgL0R3 T, get a final value for the resulting uncertainty

oT. 2124 T2 Ue + 8 %. Thus, the final result can be written — for
165 ~16(n?-8)mgLoR® T? z steel, for example — as
0Tz mezalt T E =203.3 GPat 8 %.

Here we have set up the precision of measuring
instruments for applying the uncertainties of thieng.

~17 ~
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4 Conclusion

The described equipment is simple and illustrative,
completing the range of pendulum-based methods for
the measurements of elasticity constants. Regarding
below 10 % accuracy it ranges to the (relatively)
accurate methods. It does non-require intricate
measuring equipment and works without destruction,
practically. Even extremely thin samples can be
measured without a risk of damage or permanent
deformation. The activity of pendulums is stablee t
system phases do not “tune out” or dump even after
several tens or hundreds of oscillations. This wettan
be successfully used as a demonstration speciman in
university textbook (chapter “Vibrating Movements”
“Solids Physics”), or a task for laboratory exeesis
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