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Abstract: The analysis of relaxation processes occurring in metals, alloys and composites is an important prob-
lem of modern materials science. This paper presents the results of experiments to determine the measure of in-
ternal friction by impulse excitation technique (IET) in samples with different two-dimensional auxetic struc-
tures, namely, tetrachiral and re-entrant. IET is an advanced method for measuring material characteristics such
as dynamic elastic and shear moduli, dynamic Poisson's ratio and internal friction to study deformation, soften-
ing, relaxation mechanisms and phase transformations in various materials. In the present research, five series of
specimens of each structure have been made from photopolymer resin by sterlitography technology, which differ
from each other in relative density. According to the test results, the dependence of internal friction on the sam-
ple density was determined. From the analysis of the obtained data, it was found that the re-entrant structure has
a higher measure of internal friction, which indicates more pronounced viscoelastic properties, which in turn
means a greater ability of the re-entrant structure to dampen the energy generated by the dynamic excitation. The
values of the internal friction measure for the re-entrant structure at the peak point exceed the similar values for
the tetrachiral structure by a factor of 6.44, in so doing with the increase in the relative density of the structure,
the measure of the internal friction decreases irrespective of the type of the considered structures.

Keywords: Stereolithographic printing, tetrachiral honeycomb structure, re-entrant honeycomb structure,
internal friction, impulse excitation technique

3KCHEPUMEHTAJIbHOE ONIPEJEJTEHUE MEPBI
BHYTPEHHEI'O TPEHUS B IIVIACTUHKAX C IBYMEPHOM
AYKCETUUYECKOM CTPYKTYPOU

M.B. IlTumuxosa '*, U.A. Conoevee *, A.B. J/Ieuenxo *

! HarmoHansHeIii BccnenoBaTenbekuiit MOCKOBCKHI ToCyJapCTBEHHBIN CTPOMTENBHBIA yHUBEPCHUTET, T. Mocksa, POCCHS
2 BopoHEkKCKHi1 TOCYIapCTBEHHBIN TEXHUYECKUH YHUBEPCHTET, T. Boponex, POCCUSI

AHHOTAnus: AHaNM3 PeIaKCAllMOHHBIX SBICHUHN, IPOUCXOASIIUX B METaIaX, CIUIaBaX M KOMIIO3UTAX, SIBJISET-
sl BaYKHOM MpoOIeMOoii COBPEMEHHOTO MaTepralIoBECHNs. B TaHHO# cTaThe MPeACTaBICHBI PE3YIbTaThl SKCIIe-
PUMEHTOB I10 ONPEACICHUIO MEPhl BHYTPEHHETO TPEHHUS 10 TeXHUKE MMITyTscHOTO Bo30yxaenus (IET) B oOpas-
Lax C PasjIMYHOM JBYMEPHOM ayKCETUYECKOW CTPYKTYpOH, @ UMEHHO TE€TPAKUPAIbHON U IOBTOPHO-BXOASLLECH.
IET — 3TO mpoABUHYTHIA METOJl M3MEPEHHs TAKHX XapaKTCPUCTUK MATEpPHAIOB, KaK JWHAMHYCCKHE MOMYIH
YIPYrocTH M CABHra, AMHaMudeckuid kodduuuent Ilyaccona u BHyTpeHHee TpeHUE, IS UCCIIEIOBAHUS MIPO-
1eccoB eopMaliu, pa3yrnpovyHeHNs, MEXaHU3MOB peiakcaly U (pa3oBbIX NMPEBpALICHUH B Pa3IMYHBIX MaTe-
puanax. OOpasipl H3rOTaBIMBAIOTCS MO TEXHOJOTHH CTEPIUTOrpaduu n3 GOTONOIMMEPHOH CMOJIBI. ABTOpaMH
OBUTH HMCIIBITAHBI 110 TIATH CEpUH 00pa3IOB KaXIOH CTPYKTYpBI, KOTOpPBIE OTIMYAIOTCS MEXIY CO00H OTHOCH-
TEIBHOM MIOTHOCTRIO. [1o pe3ylibTaTaM HUCIIBITAHUM OIpeaC/iCHa 3aBUCUMOCTb BHYTPEHHETO TPEHUA OT ITJIOTHO-
ctr obOpasua. 13 aHaimM3a MojgydeHHBIX JaHHBIX YCTaHOBJIEHO, YTO IOBTOPHO-BXOJINAsl CTPYKTypa oOnamaeT
GoJiee BBICOKOW MEpPO BHYTPEHHET0 TPEHHMS YTO TOBOPHUT O OoJiee BBIPAKEHHBIX BA3KOYIIPYTHX CBOHCTBAX, YTO
B CBOIO OY€pEb O3HAYACT O OOJBIIEH CIIOCOOHOCTH MOBTOPHO-BXOSIIEH CTPYKTYPHI TACUTh 3HEPTHIO, BO3HH-
KaIOIIyl0 MPU AMHAMHYECKOM BO3ACHCTBHM. 3HAYEHHS MEPhl BHYTPEHHETO TPEHHUS IS MOBTOPHO-BXOJAIICH
CTPYKTYpbI B TUKOBOI TOYKE MPEBBIIIAECT aHAJIOTUUHBIEC 3HAYCHHUS JUIs TeTPaKUpaIbHOM CTPYKTypHhl B 6.44 pasa.
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HpI/I 9TOM C YBCIWYCHUEM OTHOCHUTEJIbHOU IUIOTHOCTH CTPYKTYpPBI M€pa BHYTPEHHETO TPCHUSA YMCHBIIACTCHA

HE3aBHCUMO OT BH/Ia PACCMOTPEHHBIX CTPYKTYP.

Kaiouessie cinoBa: Crepeonurorpaduyeckas mevaTh, TeTpaKupaibHas COTOBasi CTPYKTYpa,
MOBTOPHO-BXOJISIIIIAsl COTOBAsI CTPYKTYPa, BHYTPEHHEE TPEHUE, METO]] MMITYJIbCHOTO BO30YKICHUS

1. INTRODUCTION

The analysis of relaxation phenomena occurring
in metals, alloys and composites is an important
problem of modern materials science. The re-
sults obtained as a result of such studies provide
extensive information on the kinetics of crystal
structure defects and allow one to predict the
behaviour of structural elements made of these
materials under various operating conditions.
For the phenomenological description of relaxa-
tion processes in materials subjected to suffi-
ciently weak external excitation, which is not
reduced to plastic deformations, the hereditary
theory of elasticity is usually adopted.

Recent trends are aimed at a wider use of frac-
tional derivatives and other fractional operators
in hereditary models of viscoelasticity, a de-
tailed review of which could be found in [1-4].
In the last two decades, various fractional calcu-
lus models have also been widely used to de-
scribe the rheological properties of various
building materials such as concrete [5, 8, 9, 10],
asphalt [11, 12] and bituminous [13, 14] mix-
tures, asphalt concrete [15, 16], polymer con-
crete [17], rubber concrete [18], fibrocomposites
[18, 19], polymer foams [20] and polyurethanes
[21]. In this case, the order of the fractional de-
rivative, or the so-called fractional parameter, is
an additional microstructural characteristic of
the material describing the level of its viscosity
and microstructural changes [22], and for solid
materials it varies from 0 (corresponding to a
purely elastic material) to 1 (corresponding to a
material described by the traditional viscoelastic
model).

Fractional calculus models are nowadays widely
applied in materials science, rheology and me-
chanics not only because they allow one to de-
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scribe a whole range of dissipative mechanisms
(including creep and relaxation phenomena [3,
4, 11]). with fewer parameters compared to tra-
ditional rheological formulations involving time
derivatives of a whole order [17]. The fractional
parameter variation could also allow one to ac-
count for a wide range of other important prop-
erties occurring over time in materials, such as
ageing effects [19], chloride resistance of con-
crete and others. composites and their cohesion
[9], concrete fracture [5], internal friction [10,
20], the phenomenon of second, or volume, re-
laxation [3, 10], which should be considered
together with the first, or shear, relaxation for
advanced composite materials, and would also
enable modelling the properties of viscoelastic
materials with negative Poisson's ratios [3, 23],
which are called auxetics.

In order to incorporate fractional calculus mod-
els into engineering applications, it is necessary
to define their characteristics [12, 21, 24-26], in
particular the orders of fractional operators, for
real structural materials, and/or structural ele-
ments, and/or engineering structures. The frac-
tional parameter is of great interest not only
from a computational but also from a physical
point of view.

Several methods for fractional parameter esti-
mation have been proposed, and the majority of
them are based on quasi-static experimental
tests such as pre-peak steady bending tests [5],
uniaxial dynamic modulus tests [16]. creep tests
[8, 24], stress relaxation tests [20, 24], and
three-point bending tests of beams [12, 15].
While minimizing the errors between the nu-
merical model and measurements provides the
opportunity to estimate the material model pa-
rameters by analyzing the behaviour of materi-
als to impulsive loading over a long period of
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time [25], dynamic methods take the response to
variable loading into account. According to
[26], dynamic methods could be referred to Dy-
namic Mechanical Analysis (DMA) [14, 19]
based on the measurement of amplitude and lag
in the stress-strain relationship caused by oscil-
lating force, vibration testing [26] and Impulse
Excitation Technique (IET) [27] based on the
measurement of resonant frequencies during
shock excitation, allowing the evaluation of
damping characteristics [28]. Using numerical
modelling of experimental data from external
vibration studies of suspension bridges, which
led to the analysis of the model using the fast
Fourier transform, a fractional parameter identi-
fication procedure was proposed in [29], allow-
ing the authors to obtain damping coefficients
dependent on natural frequencies of vibrations.
There are several ways to measure internal fric-
tion in different materials. Pavlova et al. [4]
measured damping as the logarithmic damping
of oscillations of an inverted torsion pendulum

" (1)

n Ai+n ’

where A; and A, are the amplitudes of the i-th
and (i+n)-th periods of vibrations, respectively.
Recently, devices capable of direct measuring
the internal friction in different materials have
been proposed. Huang et al. [6] used a DTM-II-
J dynamic elastic modulus internal friction ana-
lyzer manufactured by Hunan Zhenhua Analysis
Instrument Co. Ltd., China. The device is based
on the bending resonance method according to
GB/T13665-2007 [7].

The principle of the bending resonance method
is as follows: the frequency is increased until
the strain amplitude reaches half of the reso-
nance value, which corresponds to the frequen-
cy w, and the period T,. When the frequency is
decreased until the strain amplitude reaches half
of the resonance value, this frequency is denot-
ed as w, and the period as T;. In so doing, Aw

is the difference value of w, — w4, and AT is the
difference value of T, — T;. Then the damping
could be evaluated as
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where w, is the resonant frequency, and T, is
the resonant period [6].

The current study is focused on the experi-
mental detection of the measure of internal fric-
tion of a metamaterial with a two-dimensional
auxetic structure. For this purpose, plates with
two different honeycomb structures would be
considered, namely: tetrachiral and re-entrant.
Auxetics have several advantages over conven-
tional materials, among them, increased energy
dissipation, increased resistance to crack for-
mation and opening, better resistance to indenta-
tion. In this study, the effect of such factors as
the internal dimensions of the honeycomb filler
on the internal friction and fractional parameter
would be investigated for metamaterials using a
resonant frequency and damping analyzer
(RFDA Basic) implementing the impulse excita-
tion technique (IET) [27, 28].

2. MATERIALS AND METHODS

2.1. Materials for experiment

Samples for the study are made by additive
manufacturing using Formlabs Form 3 3D
printer. Formlabs Clear photopolymer resin with
the following characteristics is used for manu-
facturing: tensile strength o, =65 MPa, tensile
modulus E,=2.8 GPa, and flexural modulus
E;=2.2 GPa. This resin is transparent, what
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provides good quality control of the manufac- For laboratory experiments, samples of tetrachi-
ral structure (Figures la, 2a) and re-entrant

structure (Figures 1b, 2b) were produced, the
geometrical parameters of which are given in
Table 1. The variable parameter is the relative
density of the cell:

tured samples.

a)

p = As/4, “4)

where As» i1s the amount of material used to
manufacture the structure, and 4 is the amount
of material required to manufacture a full-body
plate of the same dimensions.

Five series of samples for each honeycomb
structure were designed.

The production of specimens includes the fol-

lowing steps:
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Figure 2. General view of produced samples: (a) tetrachiral (b) re-entrant
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Table 1. Geometrical parameters of the samples.

Relative density p, % | /, mm ‘ Ly, mm ‘ ds, mm ‘ d, mm ‘ tsw, mm | R, mm | R>, mm | O, °
Tetrachiral structure

14 1.6227 | 2.08 1.3 1.3541 |0.1082 | - - 20
21.1 1.6227 | 2.08 1.3 0.08485 | 0.1697 | - - 20
28.2 1.6227 | 2.08 1.3 0.11775 | 0.2355 | - - 20
353 1.6227 | 2.08 1.3 0.1529 | 0.3058 | - - 20
42.4 1.6227 | 2.08 1.3 0.19085 | 0.3817 | - - 20
Re-entrant structure

14 - 1.97 - - 0.1082 | 0.1 0.5 30
21.1 - 1.97 - - 0.1697 | 0.1 0.5 30
28.2 - 1.97 - - 0.2355 | 0.1 0.5 30
35.3 - 1.97 - - 0.3058 | 0.1 0.5 30
42.4 - 1.97 - - 0.3817 | 0.1 0.5 30

1. Printing the honeycomb structures on a 3D
printer;

2. Cleaning the printed elements in an ultrason-
ic bath using isopropyl alcohol;

3. Pre-curing in an ultraviolet chamber;

4. Bringing the honeycomb structures to the
required dimensions and surface flatness by
grinding;

5. Cleaning of the ground elements from dust;
6. Final curing of the samples in an ultraviolet
chamber.

2.2. Impulse excitation method

In this work, internal friction measurements
were performed using the Impulse Excitation
Technique (IET). The Impulse Excitation Tech-
nique (IET) is an advanced method for measur-
ing material characteristics such as dynamic
elastic and shear moduli, dynamic Poisson's ra-
tio and internal friction to investigate defor-
mation, softening, relaxation mechanisms and
phase transformations in various materials. Ex-
perimental studies can be carried out both at
room and high temperatures.

The method is based on the following. A speci-
men of a strictly defined shape and dimensions
is freely rested on a wire support (Figure 3). The
contact between the wire and the surface of the
specimen must be established at certain points,
so-called nodes. The location of the support

plays a key role in the measurement of internal
friction. If the support points do not coincide
with the nodes, the internal friction will be sig-
nificantly increased. In such a situation, the
damping is generated not by the material but by
the test machine.

The position of nodes is calculated separately
for each sample shape with specific dimensions.
After a small impact on the sample, it starts to
vibrate. The signal is picked up by a micro-
phone and transmitted to a personal computer,
where the Resonant Frequency and Damping
Analyzer (RFDA) software performs a Fast
Fourier Transform (FFT), in order to calculate
resonant frequencies, dynamic elastic and shear
moduli, dynamic Poisson's ratio, damping fac-
tor, and internal friction.

Flexural Torsion anti-node l

Figure 3. Schemes of bending and torsional
vibrations of rectangular rods

For this experiment, specimens with dimen-
sions / =10 cm, b =5 cm, t = 1 cm were pro-
duced. The RFDA Basic program obtained
nodes at a distance of =22.54 mm from the edge
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of the plate. Then the specimens were mounted
on wire supports located at the distance of
~54.92 mm from each other. After that a metal
ball attached to a flexible rod was used to im-
pact the plates. Figure 4 shows a photo of the
experiment to determine the internal friction of
the plates. Figure 5 shows the window of the
initial data.

Internal friction is characterized by the follow-
ing relationship:

.

T,

)

where £ i1s the damping coefficient (the inverse
of the relaxation time).
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Figure 4. Process of the experiment to deter-
mine the internal friction.
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Figure 5. Input data task screen

3. RESULTS

According to the test results, the data necessary
for calculations according to formula (5) were
obtained, which are given in Tables 2 and 3, and
the graph of internal friction dependence on the
relative density of a honeycomb filler was plot-
ted (Figure 6).
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Table 2. Results of damping tests of tetrachiral

structure

Relative k, ¢! or, Hz 0!
density p, %

14 5.07 38.50 0.0487
21.1 7.18 39.05 0.0528
28.2 5.80 44.19 0.0434
35.3 280.86 | 12178.94 | 0.0073
42.4 251.35 | 11622.32 | 0.0069
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Table 3. Results of damping tests of re-entrant

Structure

Relative k, ¢! or, Hz | O
density p, %

14 15.68 20.31 0.24

21.1 23.05 21.76 0.34

28.2 15.22 22.20 0.22

353 14.90 | 22.13 0.21

42.4 13.18 22.22 0.19

From the analysis of the graphs in Figure 6, it
could be seen that the re-entrant structure has a
higher measure of internal friction, which indi-
cates more pronounced viscoelastic properties,
what, in its turn, means that the re-entrant struc-
ture has a greater ability to dissipate the energy
arising from the dynamic action. It is observed
in both graphs that the highest internal friction
is exhibited by the second set of samples with
the relative density of 21.1%. In the tetrachiral
structure with relative density greater than
35.3%, the measure of internal friction becomes
close to 0, resulting in the decrease of the auxe-
tic properties in structures with this relative den-
sity. However, in the re-entrant structures the
values of 0!, although it goes to decrease after
the relative density value of 28.2%, remain at a
rather high level. The values of the measure of
internal friction for the re-entrant structure at the
peak point exceed the same values for the tetra-
chiral structure by a factor of 6.44.

= 040
: 0,35 =

0,30 /

0,25 p

0,20 o ——
0,15

0,10

0,05

0,00

Tetrachiral —e=k==Re-entry

Internal friction, O

14,0 21,1 28,2 353 42,4

Relative density p, %
Figure 6. Graph of the dependence of internal
friction on the relative density of honeycomb

4. CONCLUSION

The authors have validated the impulse excita-
tion technique for non-destructive analysis of
viscoelastic properties of metamaterials with
two-dimensional auxetic structures. The follow-
ing conclusions could be formulated:

1. the re-entrant structure has more pronounced
viscoelastic properties compared to the tetrachi-
ral structure;

2. as the relative density of the structure in-
creases, the measure of internal friction decreas-
es independent of the type of the considered
structures;

3. the use of the impulse excitation method ena-
bles preliminary estimation of the damping
properties of the selected honeycomb structures;
4. according to the results obtained it could be
deduced that these plates are not pure elastic,
but are viscoelastic, and it is recommended to
apply the standard linear solid body model with
fractional derivatives to describe the mechanical
behaviour of such honeycomb plates.
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