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Abstract. The article presents the results of the analysis of mechanical behavior of mechanical lay-
ered structures with auxetic metamaterials interlayers under dynamic and quasi static loading. These
structures can be used in lightweight structures for damping dynamic loads in transport and aerospace
engineering. Structural elements with layers of the mechanical metamaterials have a low specific mass
density and high specific strength characteristics. These multilayer structures have a high specific ability
to absorb and dissipate the energy of external dynamic loads too. The results of numerical modeling
of the response of multilayer structures to dynamic impacts obtained in this work indicate high specific
energy absorption and dissipative properties, which make it possible to weaken the pulse amplitude after
passing through the layered system and attenuate of vibration amplitudes. The results obtained indicate
the possibility of creating effective mechanical damping structures.
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Introduction

Aerospace engineering designs with elements made from advanced metamaterials, developed
over the last decade, have made it possible to achieve mass savings and effective damping of
vibrations arising during operation [1,2]. These damping systems with limited mass design for
reducing vibrations have to possess the ability to damp vibrations over a wide range of frequencies
and temperatures. An innovative approach to solving these problems is the development of
layered structures with internal layers made of metamaterials [3]. The dynamic response of such
structures to vibration leads to the appearance of a stopband corresponding to a wide range of
frequencies with strong vibration attenuation. The studies on the energy absorption properties
of lattice structures sharply increased trend year by year, as shown in [4,5]. The dynamic
behavior of auxetic metamaterials used in damping structures has been studied by a number of
authors [6-9]. A design combining dynamic absorbers that do not use viscous vibration-damping
materials has been proposed to reduce vibration in a wide frequency range [10]. This work
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is aimed to evaluate dissipative effect of layered structures with a layer of auxetic dissipative
metamaterial subjected to dynamic loading. The mechanical behavior of layered structures with
interlayer auxetic metamaterials from 1520 aluminum alloy was studied under pulse loadings and
harmonic cyclic loadings by numerical simulation method. The Johnson—-Cook model of inelastic
deformation and ductile damage criterion was used to describe the ductility of the framework of
metamaterials in a wide range of strain rates, temperature, and stress triaxiality. The specific
energy dissipation of 3D layered structures under dynamic loadings was estimated using results
of numerical simulation.

1. Model and computational details

1.1. Model of multilayered structures with metamaterials elements

The mechanical response of a three-layer structure to dynamic and quasi sttic loading was
studied by numerical simulation. The model of three layer structure with an intermediate layer
of auxetic metamaterial in initial state is shown in Fig. 1(a). The deformed layered structure
ufter dynamic impacts on the surface top plate is shown in Fig. 1 (b).
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Fig. 1. (a) Initial shape of three layer structure with an interlayer of auxetic metamaterial,
(b) equivalent plastic strain in deformed layered structure as a result of pulse loading with an
amplitude of 25 m/s for 2 ms

The top and base plates had the same thichness of 2 mm, the dimension of plates is
140 x 20 mm, and the total thickness of layered structure was H= 87 mm. The thickness
of frame metamaterial elements is 1.0 mm. In this work, we analyzed three-layer structure made
of aluminum alloy 1520 (AMg2, an analogue of the AA5052 alloy). This alloy has good weld-
ability and resistance plastic strain at high strain rates and is convenient for the manufacture
of three-layer systems. Mass of three layer structure is 0.1524 kg. Mass of auhetic metamate-
ria interlayer is equal 0.1224 kg. the average mass density of metamaterial interlayer is equal
522 kg/m3. The loading was applyed to the upper surface of top plate.

1.2. Model of mechanical behavior of 1520 aluminum alloy

The mechanical response of the volume of a three-layer structure to dynamic influences was
studied by numerical simulation using LS DYNA in WB ANSYS 19.2 [11]. The yield strength
of a condensed material with an FCC lattice was described using the following constitutive
relation [12]:

o5 = [Co + C1(e8,)"[1+ Caln (ex)][1 — (T%)™] (1)
where (Cy, Cy, Ca, n, m) are the constants of the material, T* = (T —295K) /(Tineir —295K)
is the normalized temperature, T' is the temperature on an absolute scale, €7, is the equivalent
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plastic strain, é* = £.,/1 s~ ! is the normalized equivalent strain rate. The evolution of damage to
the aluminum alloy under dynamic loading was determined using the Johnson—Cook model [12].
According to the model, the fracture region is associated with triaxial stress state and equivalent
plastic deformation:

ef = [D1+ Daexp(D3)n) ][1 + Daln(e")][1 + DsT™], (2)

where € is the equivalent plastic strain at fracture of the material, D;...Ds are the material
constants, 7 = —p/o., is the stress triaxiality factor of stress state, p is the pressure, o, is the
Mises equivalent stress. The local fracture criterion is determined by relation [12]:

v (%) 1

where Ae., is the increment of equivalent plastic strain, fy is the damage of alloy in the initial
state.

The authors conducted experimental studies of the mechanical behavior of this alloy in the
range of strain rates from 0.001 to 1000 s~! and calibrated the relationships of the Johnson-Cook
model. The mechanical behavior of 1520 aluminum alloy can be described by JC model using the
following values of coefficients: Cy = 90 MPa, C; = 335 MPa, n = 0.34, C5; = 0.008, m = 2.01,
Tonetr — 923 K, mass density at the temperature 295 K is equal to p — 2.68 - 103 kg/m?, Young’s
modulus E = 70.3 GPa, static tensile strength, 228 MPa; shear modulus pu = 25.9 GPa, Pois-
son’s ratio v = 0.33, melting temperature T,,o;; = 923 K, coefficient of linear thermal expansion
23.7-107% K, thermal conductivity coefficient 138 W/m - K, the bulk modulus, B = 69.92 GPa,
derivative of the bulk modulus with respect to pressure By = 4.8, included in the Birch—
Murnaghan equation of state [13], the specific heat capacity is equal to 0.880 kJ/kg - K.

The energy dissipation coefficient was used for characterizing dissipative properties of layered
structures with metamaterial interlayer skeleton at high strain rates [8]:

t S
AW=(t)
At) = ———dt (4)
o W3()
where ) is the energy dissipation coefficient, AW (t) = W9 (t) — W7 (t) is the increment of spe-
cific dissipated energy, m is a mass of layered structure volume, ¥ is the absorbed energy, W;Zt

is the internal energy of layered structure volume. The specific absorbed energy W* supplied
to the model volume of layered structure under pulse loading was calculated by relation:

Wo(t) = i/O F(t)u(t)dt, (5)

Mo

where u(t) is the displacement of the upper surface of the layered structure, F'(t) is the calculated
force on the upper surface of the top plate, mg is the initial mass of the volume of the layered
structure. The value of the specific internal energy of the structure volume was calculated by

the formula:
a‘?]-

Wia(t) = mio/ </ Tij d€§j>dvv (6)

v 0

where Wiy, is the internal energy of deformed volume of layered system, V' is the volume, o;; is
the stress tensor components, calculated in the material points within elements of layered system,
def; is increments of the elastic stain tensor components.
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1.3. Initial and boundary conditions

Numerical modeling of the response of three-layer systems to dynamic loads was carried out
for initial conditions corresponding to the absence of residual stresses in the material of the
elements, a uniform temperature field Ty, and the absence of damage (fp=0).

uilg, = 0, ualg, = 0, uslg, = v2(2), -

u2‘54 = 0’ O-ij|S2US3US5USG = 07

where u; are the components of the velocity vector of material particles, vo(t) is the velocity of
material particles on the loading surface,

2. Results of numerical simulation and discussion

The absorbed and dissipative properties of the considered three-layer systems under pulse
impacts depends significantly on the deformation and compaction of the auxetic metamaterial
layer. In the process of deformation and compaction of the metamaterial interlayer up to specific
effective mass density up to 0.95, the specific damping properties of the three-layer systems sig-
nificantly decrease due to changes of the dissipative characteristics of the deformed and damaged
metamaterial layer. The decrease in the increment A in the time range AB showing in Fig. 2
(a) is caused by collapse of metamaterial interlayer. Fig. 2 (b) shows that the specific inter-
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Fig. 2. (a) Increment of energy dissipation coefficient of three layered 1520 aluminum alloy struc-
ture with auxetic metamaterial under pulse loading with amplitude 25 m/s, (b) specific internal
energy of deformed volume of layered system, specific absorbed energy, specific kinetic energy,
(c) average pressure versus time on the surface of the top (1) and base (2) plates, (d) equivalent
stress versus time in deformed layered structure as a result of pulse loading with an amplitude
of 25 m/s for 2 ms
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nal energy W7, ,, specific absorbed energy W#, specific kinetic energy W}, of deformed layered
structure volume are increased with growth of time of loading. During the deformation of the
metamaterial frame, oscillation of the average pressure at the surface of the top plate (curve 1)
occurs, but on and base plates the average pressure (curve 2) remains at a low level until the

metamaterial frame structure is compacted. The normal displacement of the loading plate under
tp

an impulse loading is determined by w(tg) = [ va(t)dt. Compaction of the metamaterial frame
0

structure in the interlayer is completed at time moment B tp = tg + At =~ tg + H/vy (t), after
which the damping capabilities of the three-layer system will exhausted. The compaction of
auxetic metamaterial interlayer is accompanied by a decrease in the vibration amplitudes of the
frame elements, resulting in a sharp decrease in the absorbed kinetic energy from the external
dynamic load. As a result of deformation of the metamaterial structure during pulse loading of a
three-layer structure, equivalent stresses (see Fig. 2 (d)) and equivalent plastic strains (Fig. 1 (b))
increase in the frame elements.

Conclusion

The studied layered systems based on aluminum alloy 1520 have the ability absorbing the
energy of pulsed impacts and dissipative properties in a limited range of loading amplitudes,
making it possible to weaken the amplitude of the stress pulse under it passing through the
layered system. Adequate predictions of the mechanical response of layered structures of the
considered class to quasi-static and dynamic loads can be obtained taking into account a complex
of nonlinear effects when describing large deformations of metamaterial frame elements and the
elastic—viscoplastic behavior and damage of auxetic metamaterial frame elements in complex
stress states. Layered structures from light alloys with auxetic metamaterials interlayer are
promising layered structures for applications in transportation and aerospace systems that require
low weight, high energy absorption and high specific damping capacity.

The work was supported by the Russian Science Foundation (RSF), project No. 23-29-00349.
The authors would like to thank to the RSF.
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YnenabHasg geMndupyoias CliIoCOOHOCTb CJIOMCTBHIX
KOHCTPYKIIUIA CO CJI0EeM IUCCUIIATUBHOIO MeTaMaTepuaJa
NPpU KBA3UCTATUYECKUX U JIMHAMUYECKUX BO3/IefiCTBUIX

Baagumup A. Ckpunasik
Makcum O. Hupkosn

Buaagumup B. CkpunHsik
Hamwmonanpubrit nccienoBarenbekuit TOMCKUIT TOCYIapCTBEHHBIM YHUBEPCUTET
Towmck, Poccuiickast @eneparust

AmnnHoranusi. B cratbe mpencTaBieHbl pe3yaIbTaThl aHAIN3a MEXAHUIECKOTO MOBEJIECHUS MEXAHUIECKUX
CJIOUCTBIX KOHCTPYKIIMI C IIPOCJIOMKAMH ayKCEeTUYEeCKAX MeTaMaTepPHUaJIOB IIPU JUHAMUYECKOM U KBa3U-
CTaTUIEeCKOM HarpyzkeHuu. /[aHHbIE KOHCTPYKIUU MOTYT OBITH UCITOJTB30BAHBI B 00JIEMIEHHBIX KOHCTPYK-
IUSX JJIs TalleHus] JUHAMUYIECKUX HAPY30K B TPAHCIOPTHON M A9POKOCMUYECKON TEXHUKE. DJIEMEHTHI
KOHCTPYKIIMI CO CJIOAMHM MEeXaHHYEeCKHX MeTaMaTepHaJiOB UMEIOT HU3KYIO YJEJbHYI0 MaCCOBYIO ILJIOT-
HOCTh W BBICOKHE YJIEJbHbIE TPOYHOCTHBIE XaPAKTEPUCTUKHN. DTH MHOTOCIONHBIE KOHCTPYKIMH 001818~
IOT BBICOKOM y/I€JIbHON CHOCOOHOCTBHIO IMOTJIOIIATH M PACCEUBATDH SHEPTHUIO BHEITHUX JUHAMUIECKUX Ha-
Irpy30K. Pe3ysibTaTsl 9UCI€HHOIO MOJEIUPOBAHMS PEAKIIMN MHOI'OCJIOMHBIX CTPYKTYDP Ha JUHAMUYECKUE
BO3JIECTBUs, TIOJIYI€HHBIE B IAHHOW paboTe, CBUIAETENBCTBYIOT O BBICOKUX V/IE/bHBIX SHEPTOMOTIONIAI0-
MAX U JUCCHIATUBHBIX CBOMCTBAX, MO3BOJIAIONIAX OCJIAOUTH aMILIATYIY UMITYJIHCA MTOCJIE ITPOXOXKICHUS
CJIOUCTOM CHCTEMBI M OCJTabUTh aMILIATYAbI Kojiebauuit. [losrydeHnble pe3yabTarhl YKa3bIBAIOT HA BO3-
MOXKHOCTB CO3/IaHust 3(MPEKTUBHBIX MEXAHUIECKU JAEMIT(PUPYIONNX KOHCTPYKITAMN.

KuroueBrbie ciioBa: ciioncThble CTPYKTYPBI, MEXAHUYECKOE PearnpoBaHUe, JUHAMUYIECKOE HATPY2KeHUe
) ) )
yZAeabHas 1eMIIUPYIONIast CIIOCOOHOCTD, IIPOCTIOMKH MeTaMaTEPUATIOB, ayKCETUYECKIe MeTaMaTEePHUAJIBI.
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