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Abstract: The method of determination of the elastic modulus
is based on a solution to the problem of compressiocof a thin-
walled circular cylindrical tube by two parallel planes. The
contact problem is solved by the finite-element mabd (ANSYS).
The deformation of a thin polymer shell is characteized by great
displacements and relatively low elastic deformatias in a large
range of movement of parallel planes. This method veaemployed
to calculate the elastic modulus for a series of pgrimental
specimens consisting of five polymer compositionghose elastic
modulus have been found earlier via standard tensiotests. The
good correspondence between the results confirmsetefficiency
of the given method.
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I INTRODUCTION

Standard methods for determining the elastic madwifi
polymer materials are based on tension, compresaith
bending tests of specially prepared specimens. r@gnto
steel, the linear elastic area of deformation ofyper
materials in standard experiments is rather sridlis is the
reason for a noticeable measurement error in tleilte
obtained by such methods.

The method suggested in this study is grounded hen
solution of the problem of compression of a thinleg
circular cylindrical shell by two parallel planedthwvregard for
the geometrical and physical nonlinearity. The aotoof
nonlinear effects in determination of elastic maumakes it
possible to use a considerably greater range ofiadhding
curve in the elastic region of deformation companéith that

in standard methods of testing specimens for tensio

compression, and bending. In this case, one caamrobtore
input data, thus increasing the accuracy of det@ngithe
elastic modulus. Nondestructive methods of detengirthe
elastic modulus makes it possible to use theseirapes for
further experiments, depending on the time and &ratpre
factors.

A similar problem was considered earlier by E. Lale
and D. Dirba [1] in a geometrically nonlinear staent for a
linear material obeying Hooke's law. The solutionasw
obtained by using the variational method of miniian of
potential energy on the assumption of the predomirzle of
bending energy over the energy of compression dedrs
Two cases of contact interaction were consideredpely a
contact in the central zone (elliptic form) and entact in
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peripheral zones (dumbbell form). The deformed fafthe

ring was set by three and two geometrical pararmmdierthe

first and second cases, respectively. The loadiagrams

were constructed for both possible forms of defdioma The

transition boundary between the first and the seédorms of

deformation was determined by comparing the valaés
potential energy.

I PURPOSE AND STATEMENT OF THE PROBLEM

The purpose of the present investigation is to alate a
method for determining the elastic modulus of aypwr
material based on the solution of compression prabbf
circular shells by two planes by using the finitereent
method in the finite element program ANSYS, takingo
account the geometrical and physical nonlinearity.

Let us consider a thin homogeneous isotropic cyjilad
shell of radiusR, width B, and length_ under the action of a
forceP that is transmitted through the undeformed upjbene
as shown in Figure 1. The lower plane is immobile.
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Fig. 1. Contact compression of a circular shell

The dependence of the forée on the displacemem (the
relations between the ford@ and displacemem) is now
called the loading diagram. According to [1], wé&dduce the
dimensionless parameters of displacenacand loads

a=AI2R),p=PR*/EJ, (1)
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whereA is the displacement of the upper plaBés the elastic explained by the small relative contact zone betwibe shell
modulus of the material, antlis the moment of inertia of a and plate.
rectangular cross section.
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A Numerical results

The finite-element solution is considered on thameple of
compression of a circular cylindrical shell withetfollowing
geometrical parameterR = 62.5 mmB = 1 mm, and_ = 42
mm. The basic properties of the material are thaings
modulusk = 1200 MPa and Poisson ratie= 0.35.

The finite-element model constructed in the ANSYS
program has the form of a quarter of a circulag rinwing to
symmetry. The boundary conditions correspond to th
symmetry conditions. Since we consider thin-walltells —
which can be subjected to great displacements atadians, ’ Louszss o0 ausaes oo
for different forms of elastic potentials, as atérelement we
took a SHELL181 shell element, which correspondshi®
requirements adopted. In the contact zone, a CONZAl
contact element is used. The elastic propertigheinaterial ] ) -
were modeled by Hooke’s relations and the Trel@rapd  The solution obtained by finite element method was
Mooney—Rivlin [3] potentials. The problem is solvedth ~confirmed by testing the specimen in compressiohe T
account of friction in the contact zone. The solutof the Scheme of a test desk is shown in Figure 4.
nonlinear contact problem is performed by a stepwis
procedure with respect to displacements and witkteaiation
refinement on each step. The loading diagram catiedl by
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Fig. 3. Peripheral contact zone for an 8-form[dumbbelifpdeformation

B Experimental results

e . B 1 - pad 4 - controller
the finite-element method is shown in Figure 2. 2. Eod 5 - loads
3 - sample 6 - ruler
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Fig. 2. Loading diagram

The transition boundary between the first (elligom with
the central contact zone) and the second (dumiidretl with
two peripheral contact zones) deformation forms was
examined. According to the finite-element calcaati the
transition from the first deformation form to thecend one
occurs after reaching 35% of the relative displametof a
compressive plane (Fig. 2). In [1], a 28.5% boupdar
mentioned. The difference is explained by the mamagh
specification of deformation in that study compaveith the
finite-element method. Figure 3 shows the secorfdraetion
form with a peripheral contact zone. The influeotdriction
for a polymer—metal pair is quite insignificant, ialn is

Fig. 4. Test desk for compression of a thin circular shell

The basic advantage of this procedure is the soitylof
tests carried out by compressing a circular cyloarshell by
two parallel planes. This can be done on a simpdt desk
with guiding and compressing planes, a rule, anghwes. The
admissible (not exceeding 5%) error in determirthmg elastic
modulus is ensured by measuring seven to eight lgagmp
points on the force-displacement diagram in thgeab.2-0.8
of relative displacements. The accuracy of the oubtis
achieved by using the nonlinear range of the eldstiding
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diagram of bending of a circular shell, which caméamore
information on the specimen behaviour than thealirgection
of tension diagrams in classical tension, compoessand
bending tests.

Fig. 5. A comparison between the results

A comparison between the results obtained by thiefi
element calculation and experiment is presenteHidgare 5.
The difference between the calculated and expetahelata
in the range of relative displacements 0-75% ishiwitthe
limits of 5%.

C Definition of the elastic modulus

According to previous research, we will consideruenber
of 30 thin circular shells with the following paraters:R = 20
mm, L = 50 mm, and = 0.05-0.25 mm (step = 0.05 mri)~
500, 1000-5000 MPa (step = 1000 MPa) and Poisdomna
0.35.

The results of calculating the compressive foraetfese
shells for the level of relative compression 80% aresented
in Table 1.

The forces obtained are converted into a relatalihg
according to formula (1), as shown in Table 2.

o5 As seen from the table, the results obtained foe th
o dimensionless force are practically similar. Thensaresults
20 were also obtained for other relative displacement¥hus,
for the range of relative shell thicknessB&R = 0.0025-
Z e 0.0125, we can construct a unified loading diagianthe
= /’ coordinateg—a (Fig. 5).
210 The universal loading diagram in dimensionless dimates
S / in the given range of thicknesses and elastic niotul
5 o approximated by a 6-power polynomial:
/
0 B=3650.80° 7254.80°+ @)
0 20 40 60 80 100 4 3 2
Displacement A, Mm +5496.6 a0 " — 1879.50"+ 272:4“— 0.7882
FEM © Experiment Equation (2) allows us to solve the inverse problem

determination of the elastic modulus according to
experimental points on the loading diagram. Usihg test
desk (Fig. 2), seven to eight points on the loadiigram
were measured. The values were transformed into
dimensionless coordinate/ts«. By comparing them with the
unified loading curve in the form of Equation 2, feeind the
elastic modulus for each point. The final moduluseg
averaging over all the points of measuring. Theia®@ns of
the elastic modulus at each point were calculated the
average error was evaluated. The error not excgef
points to the reliability of the sought-for elastimodulus. The
given algorithm allows us to automate the calcatai and
obtain the required elastic modulus with indicatadran error.
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TABLE 1.
COMPRESSIVE FORCE AT A RELATIVE COMPRESSION (#0%
P(N), @=0.8
E (MPa) ). € )
B=0.25 B=0.50 B=0.15 B=0.10 B=0.05
500 3.5 1.8 0.75 0.22 0.028
1000 7.0 3.6 1.51 0.45 0.056
2000 14.0 7.2 3.02 0.89 0.112
3000 21.0 10.7 452 1.34 0.168
4000 27.9 14.3 6.03 1.79 0.223
5000 34.9 17.9 7.54 2.23 0.279
TABLE 2.
DIMENSIONLESS COMPRESSIVE FORCE AT A RELATIVE COMPRESSI@¥ 80%
, (¢=0.8
E (MPa) P.( )
B=0.25 B=0.50 B=0.15 B=0.10 B=0.05
500 42.9 43.0 42.7 42.2 42.9
1000 42.9 43.0 43.0 43.2 42.9
2000 42.9 42.9 43.0 42.7 42.9
3000 42.9 42.9 42.9 42.9 42.9
4000 42.9 42.9 42.9 43.0 42.9
5000 42.9 42.9 42.9 42.8 42.9
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0,0 0,2 0,4 0,6 08 1,0 Fig. 6. Paper-like cellulose fiber composite
a

About 140 mm long and 50 mm wide strip of the miater
Fig. 5. A unified loading diagram of a thin shell was twisted around 40 mm diameter stencil. Endhefstrip
were joined by scotch tape to make up the tube. Hwom
holes symmetrically were knocked out in the tubeepBred
IV RESULTS AND DISCUSSION sample was put on 5 mm steel rod (normally fixedstable
) ] pad) and then progressively loaded by discretesl¢kd. 2).

Two numerical tests — tensile and modal test haenlused Displacement was measured by use of simple ruler an
to compare accuracy of TWCS method. magnifier with the accuracy + 0.25 mm.

A Tensile Test Five - six measurements were made in the relative
displacements range 0.2 - 0.8. Obtained values ladtie
modulus show acceptable correspondence with respect
values got from tensile tests (Tab. 3).

The method of determination of the elastic moduitighin
films discussed above was successfully approved saries
of various kinds of thin B=0.06 — 0.17 mm) paper-like
cellulose fiber composites with different densigyg. 6).

TABLE 3.
TENSILE TEST RESULTS
Brand Dglgii;y' Th:ﬁt?:ss’ Tensi:\(/leps;rength, Elor;?:;ilgn at Elastic modulus, MPa
% Tensile TWCS
KP 90 0.67 137 53.9 23 5010 5040
SC 45 0.74 61 45.8 1.6 4780 4490
SC 115 0.79 145 41.1 1.9 4200 4300
CY 90 0.85 106 50.0 2.4 4700 4820
ML 150 0.91 166 53.5 25 4800 4860

B Modal Test 25&?&(2??{1;@@? specimens have been excited duystc
Three polyethylene terephtalate (PET) specimeng.q{Fi  After modal test the elastic modules of specimebtsined
with following geometrical sizes® = 37.7 mmL = 36.4 mm, Ly TWCS method. The difference between the valixsined
B = 0.44-0.46 mm was tested for vibration in ordem@asure for the first elastic modules does not exceed 3%b(T4)
the eigenfrequencies and the corresponding modé® Taverage value for each specimens are 4571 MPa, M23
natural frequencies of the specimens were measbyed and 4470 MPa respectively. The difference betwelem t
POLYTEC PSV-400-B Scanning Laser Vibrometergyerage values obtained for the three elastic nesdubes not
Equipment consists of a PSV-1-400 LR optical scagrfiead exceed 3%, which confirms the accuracy of the nwtho
equipped with high sensitivity vibrometer sensoF{@505), syggested.
an OFV-5000 controller, PSV-E-400 junction box, an The elastic modules received by TWCS method were
amplifier Bruel&Kjaer type 2732, and a computerteys with  verified by comparing the experimentally measured
data acquisition board and PSV Software. SoftwRaytec ejgenfrequencies with numerical results from ANSYS

Vibrometer operates on the Doppler principle, mdaguthe  program. The differences between experimental amaenical
frequency shift of back-scattered laser light franvibrating sgolution do not exceeding 6 % (Tab. 5).

structure to determine its instantaneous velocitgd a
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Fig. 7.PET specimens.

Fig. 8.a) Polytec equipment, b) PET specimen.

TABLE 4.
ELASTIC MODULUS FORSPECIMEN 1
A, mm P, N o /i E, Mpa |, %
11.96 1.973 0.159 2.04 4648 17
16.36 2.373 0.217 2.54 4496 1.6
17.86 2.573 0.237 2.67 4638 15
22.36 3.073 0.297 3.08 4800 5.0
28.36 3.946 0.376 4.00 4750 3.9
30.86 4.346 0.409 4.57 4578 0.2
34.36 5.046 0.456 5.56 4369 4.4
42.86 7.946 0.568 8.92 4289 6.2
Average value 4571 3.1
TABLE 5.
EIGENFREQUENCIES FOR THE FIRST SPECIMEN

Ne ANSYS, Hz Experiment, Hz Al, %

1 78.6 76.0 34

2 141.3 143.0 1.2

3 222.3 227.0 21

4 356.2 - -

5 426.5 434.0 1.7

6 603.0 - -

7 690.0 650.0 6.2

V CONCLUSIONS

A theoretically and experimentally grounded methisd
suggested for determining the elastic modulus @olmer
material based on the solution of the problem ahp@ssion
of circular shells by two planes with account obgetrical
and physical nonlinearity. The values obtainedtfer elastic
modulus show a good agreement with standard teteste of
dumbbell specimens.

The simplicity of the experiment and the use of i@ew
range of the loading curve in the elastic regiomeformation
make it possible to obtain more initial data, whixbvides the
higher accuracy in determining the elastic modulus.

different processes affecting the structure andpgnties of
polymer material, for example, different kinds djirg of
polymer materials, absorption of liquids (waterjl aapors by
a certain material, and so on, can be studied solitary [on
one and the same] specimen.

To study the temperature dependences of mateiatiel
modules is also more convenient by using the metbbd
TWCS than by traditional tensile tests.
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The method enables the use of a “single specimen

principle”. For example, changes in the modulusseduby
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Sergejs Gluhihs, Andrejs Kovdovs, Aleksandrs Tiskunovs, Dac€erpakovska, Marti p$ Kalnin$. Polineru elastigoipadbu noteik3anas
metode izmantojot cilindriskas formas phnsienu paraugus (TWCS metode)

Piedivata elastbas modia noteikSanas metode batsuz pénsienu cilindriska paraugégulas) defor@Sanas uzdevuma rigjumu, saspiezot
to starp diam paratélam plakrem, iewerojot geometrisko nelineaditi. Kontakta uzdevums tika rigits ar gaigo elementu metodi (ANSYS).
Metode paredz eksperiméhtnoteikt cilindriska parauga saspieSanai neptui@ spska P un atbilstoSaapvietojumaA sakartbu. levesti
bezdimensiju parametri:aprietojumama. = D/(2R) un slodzep = PR / EJ, kur R ir cilindrisk parauga adiuss, E — matedia elastbas
modulis, J — taisnsta &ersgriezuma inerces moments. Konstauuniverala bezdimensiju parametru saltaa (o)) — slogoSanas diagramma
- relatva ¢aulas biezuma B/Rewtibam 0.0025-0.0125 (B — biezums). Sakar aproksiréta ar sesis pakipes polinoma viesdojumu. legtais
vienadojums lauj atrisirit apgrieztu uzdevumu nosakot matkxi elastbas moduli, izejot no vaikiem eksperime@tiem punktiem uz
slogoSanas diagrammas.cijumiem iesgjams izmantot vierkSu iefci. Pinsienucaulas deforricija raksturojas ar lielu viegli enamu
parvietojumu un tam atbilstoSu reiait nelielu elasigo deformaciju pla& para€lo plakgu gajiena diapazom Piggemama elasbas modia
vertibas noteikSanaslida, kas nefrsniedz 5%, piedita veicot septius — astgus n&rjjumus reldiva parvietojuma diapazan0.2 — 0.8.
Metode izmantota vaiku polimérkompoZtu elastbas modia \ertibas noteikSanai, kuru stiepes ataas modulis tika iepriek$ noteikts veicot
standarta stiepes eksperimentu. Pietiekami laliddegzulitu sakriSana apstiprina izatiitas metodes efektiviti.

Cepreii I'myxux, Anapeii Kosanes, Anexcanap Tumkynos, Jlane YepnakoBcka, Mapreinbm Kamusiasm. OnpenesieHue MoOxyJist
YHPYrocTH NOJIMMEPHBIX MATEPHAJIOB HA TOHKOCTEHHbIX HHJIMHAPHYecKHX oopasuax (TWCS meron).

[MpemnokenHast METOIMKa OCHOBAaHA Ha PEIICHUH 3a1a4u 1e(pOpMHUPOBAHHS TOHKOCTEHHOMN KPYTrOBOH IIMIMHAPHIECKOH 000I0UKH IIPH CKATHH
JBYMSl MapaJUIbHBIMU IUIOCKOCTAMH C YYETOM TIEOMETPUYECKOil HenmHelHocTH. KoHTakTHas 3ajada peraercss METOJOM KOHEYHBIX
9JIEMEHTOB ¢ wucmosb3oBanueM mporpamMsl (ANSYS). Merton mpemycMaTpuBacT IKCIEPHMEHTAIBHOE OIPEACTICHHE 3aBUCHMOCTH CHIIBI
ckatus o0pasia P u cooTBeTcTBYIOLIEro nepemeneHust A. Beenenst 6e3pasmepHbie mapameTpbl: ais nepemetierust oo = D/(2R)u HarpyxeHus
B = PRYEJ,rae R pazuyc MUIMEApHIecKoro obpasia, E — MOIy/Ib 2IaCTHYHOCTH MaTepHaia, J —MOMEHT HHEPIHH TPSIMOYTOIEHOTO CEUCHHS
obpasua. KoHCTpynpoBaHa yHHBEpCalbHas 3aBHCHMOCTh Oe3pa3MEpHBIX XapaKTEpHCTHK, B(0) - AMarpaMma HarpyXeHus - Ui 3HayCeHHi
OTHOCHTENBbHOM TomuHbl 060souku B/R 0,0025-0,0125K — Tomnmuna). 3aBUCHMOCTh allPOKCHMHPOBAHA TTOJMHOMOM ILIECTOW CTEIEHH.
IMosryueHHOE ypaBHEHHE MO3BOJIET PEIIaTh OOPaTHYIO 3a[ady ONPEACNICHHs 3HAYeHHs MOAYISA JIACTHYHOCTH MaTepHaa 10 HECKOJIbKHUM
9KCHEPUMEHTAIBHBIM TOYKaM Ha JuarpamMme Harpyxenus. i1 u3MepeHuH MoXeT ObITh HCIOJb30BaHA MPOCTas ycraHoBKa. Jedopmauns
TOHKOCTEHHOH OOOJIOYKH XapaKTepH3yeTcs OOJBIIMMHU JIETKO H3MEPSEMBIMH IEpPEeMENICHUSIMH W OTHOCHTENEHO MajbIMU 3HAYEHHUSIMH
yIpyroi redopMariy B IIMPOKOM JHaNa30He X0/[a NapauIeIbHBIX IIocKocTell. [Ipruememast morpenIHocTs n3MepeHHst 3Ha9eHHsT MOIYJIsI, He
npeBblmaromas 5 %, noka3aHa OCYIIECTBICHHEM CEMH — BOCBMH 3aMEpOB B AWana3oHe oTHocurensHoro mepememenus 0,2 — 0,8.Merox
HCTIONB30BaH [UIS ONPEIENIEHHST MOJIYJIS DJIAaCTUYHOCTH HECKOJBKHX ITOJIMMEPHBIX KOMIIO3UTOB, 3HAYEHHS MOJYIS 3JIaCTHYHOCTH KOTOPBIX
ObUTH OmpeneNeHbl MHpPH PAcTSHKEHMS CTAaHJAPTHBIMH METOJAMHU. Y IOBICTBOPHUTENbHAs CXOAUMOTH pPE3yJbTaTOB  MOATBEPKAAET
3] (HeKTHBHOCTb NPEATOKEHHON METOAUKH.
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