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Introduction

Calculation of the mechanical properties of honeycombs is an extremely important fundamental prob-
lem, since they are widely used in aerospace engineering as elements of sandwich structures. Without their cal-
culation, it is impossible to design thin-walled sandwich structures. The main purpose of composite sandwich
faceplates is to withstand flexural and axial loads. The main purpose of honeycombs is to maintain an adequate
distance between the sandwich faceplates, which allows a sandwich to have high stiffness with low weight.
Honeycombs are an integral part of thin-walled sandwich structures. To construct their deformation models, the
mechanical properties of honeycombs are used. To determine these properties, three groups of approaches are
used: analytical, numerical, and experimental. This article only deals with analytical calculation methods.

Honeycombs are such that their shears contribute most to the potential energy of a structure. The
first analytical formulae obtained for determining shear moduli are described in [1]. In this work, an analyti-
cal estimation of the shear moduli is compared with experimental data. In [2, 3], an approach is proposed for
the analytical analysis of the in-plane mechanical properties of a honeycomb. Simple analytical formulae are
obtained for calculating the indicated properties. In [4], relationships are derived for the analytical calcula-
tion of the out-of-plane shear moduli of a honeycomb. In [5], analytical relationships are obtained for the
stiffnesses of honeycombs, on the assumption that the main load in a honeycombs is carried by membrane
forces, and bending can be neglected. In [6], approaches are given for calculating shear moduli, with the help
of periodic medium homogenization, by constructing asymptotic expansions. Mechanical properties of peri-
odic structures with a negative Poisson's ratio are investigated in [7]. Refined formulae for calculating the
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nine constants of honeycombs are presented in [8]. In [9, 10], a review of
the most reliable analytical relationships for calculating the mechanical
properties of a periodic honeycomb-based structure is carried out. A re-
view of the relationships describing the analytical elastic properties of
periodic honeycombs is presented in [11].

In this paper, the mechanical properties of FDM 3D printed honey-
combs are calculated using simple analytical relationships. The results of
numerical simulation in the ANSYS software package are compared with
analytical results. Analytical formulae are selected, which give calculation
results that coincide with the results of numerical simulation. Static defor-
mation is analyzed; dynamic processes [12—14] are not considered here.

Approach to Analytical Analysis

A honeycomb is 3D printed so that the fused filament runs along
the walls of its cells. We emphasize that the thickness of these walls is one
or two times the thickness of the fused filament. The elastic properties of
the walls in the longitudinal direction are described by the elastic modulus

E « of the polymer material obtained using the FDM technology. When

calculating the mechanical properties of a honeycomb, its walls are con-
sidered as beams bending in one plane.

In the future, analytical formulae will be presented, which are
used to calculate the mechanical properties of honeycombs. A sketch of
a honeycomb is shown in Fig. 1. The geometric parameters of one hon-
eycomb cell are shown in figure 2. Consider a particular case of constant
honeycomb-cell wall thickness #=r,=r,. The elastic modulus of a honey- | pig 2. Sketch of a honeycomb cell

comb in the direction * is determined as follows [15]:
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where ny is Poisson's ratio of the FDM-made polymer material; parameters ¢,,,, [, i, © are shown in Fig. 2; k is

>

shift coefficient (x=1,2); Iz is the length of the inclined wall of the honeycomb cell; [, =1 —t/(ZCos(G));

NE % - (lBt + %j —% o A, = (2h+21sin(8) — 21/ cos(0) + tan(0) )2/ cos(8) —t) ; hy is the length of

the vertical wall of the honeycomb cell; /1, = h—t(1—sin(0))/cos(8) ; A, = 41 cos(8)(h+Isin(8)).
To calculate the rest of the in-plane mechanical properties of honeycombs, we will use the following
analytical relationships, which are presented in [15]:
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When deriving the relationships for the mechanical properties of honeycombs (1-4), the bending,
shear, and tension of their cell walls are taken into account. The simplest formulae for calculating these prop-
erties are published in [2]. In these formulae, only the classical bending of honeycombs is taken into account.
The formulae can be obtained from (5-7) by discarding the terms that are unessential in such an analysis.
Formulae (1-4) are valid in this particular case, and the correcting factors k,, k,, ¢;,, ¢;, have the form

1 ~
k =CHr=—F—, k =CyH, = 1 . 8
1 12 sinz (e) 1 12 ( )

The mechanical properties were calculated based on relationships (1-4), and the approach proposed
in [10]. Let us consider the main results of this approach. Let us take into account the influence of Poisson's
ratios on the deformation of honeycomb cell walls. Then the elastic constants are calculated as follows:

2
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where quantities E)|,, E,|,, G, |, are derived from equations (1-7) by substituting, into these equations,
Ef — instead of E, and XY instead of Vyy - The coefficients k,,, k,,, k;, are determined as follows:
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In [9], to determine the shear moduli G5, G3, the following relationships are used:
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In [8], to determine the shear moduli G,,, G5, G,; , the following formulae were obtained
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In [6], asymptotic procedures were used to homogenize the mechanical properties of honeycombs.
As a result, analytical relationships were obtained for all mechanical properties. We used the following ana-
lytical relationships:
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Analysis of Calculation Results
In [16], the mechanical properties of ULTEM 9085 honeycombs were numerically determined. A
general view of such a honeycomb is shown in Fig. 2. Its geometrical parameters are as follows:

h=1=6.34 mm; t,=t,=0.4 mm; b=10 mm; 0=30°. (20)

The mechanical properties of the ULTEM 9085 material used for printing such a honeycomb were
determined experimentally. This procedure is described in [17]. As follows from this work, ULTEM 9085 is
an orthotropic polymer with the following mechanical properties relative to the material axes:

Ex=2.25 GPa; Ey=2.96 GPa; E,=2.41 GPa; vxy=0.31; vyz=0.26; vxz=0.33;
Gxy=0.667 GPa; Gyz=0.889 GPa; Gx=0.829 GPa.

As is well known [5, 6, 11], a honeycomb is homogenized, turning into an homogeneous orthotropic
medium. We calculated the mechanical properties, using numerical procedures, which are discussed in detail
in [16]. The calculation results are presented in Table 1 (first row). The numerical results were compared
with the analytical calculation results. Calculation results O (Table 1) were obtained from relationships (1-4),
(8). The upper subrow shows the values of the calculated mechanical properties, the lower one — the relative
error of the analytical calculation results in comparison with the numerical ones. As one can see from the
table, the results given in the upper subrow are in poor agreement with the numerical ones for the mechanical
properties. Therefore, we will refine the calculated analytical relationships.

Now let us consider calculation results 1. These results were obtained from relationships (1-7), and
are shown in the upper subrow. The lower subrow shows the relative differences between the calculations
obtained analytically and numerically. One can see that the calculation results given in this subrow are closer
to the numerical simulation results than calculation results 0.

Now let us consider calculation results 2. They are obtained using relationships (9-14). The upper
subrow shows the values of the mechanical properties, and the lower one, the relative difference between the
results obtained numerically and analytically. The elastic moduli E}, E,, E; obtained analytically are quite
accurate. However, the parameters Gy, G3, Go; were obtained inaccurately. Therefore, we will look for
other analytical approaches to calculate these parameters.

In the row with calculation 3 (Table 1) are shown the results of calculating the shear moduli of hon-
eycombs, based on relationships (15-17). As can be seen from the table, the results of calculating the elastic
moduli Gi3, G;, obtained from the analytical formulae, are close to the numerical simulation results. The
results of calculating the shear modulus G, are far from the numerical simulation ones.

To calculate all the shear moduli, analytical formulae (18, 19) are used. The results of these calcula-
tions are given in calculation 4 (Table 1). The calculation results of G; and Gy;, obtained numerically and
analytically, are close. The numerical and analytical results of calculating G, differ significantly.

So, all the mechanical properties of an ULTEM 9085 honeycomb (Table 1), obtained numerically
and analytically, are close. An exception is the shear modulus G,. To determine it, the honeycomb is de-
formed so that it experiences a three-dimensional stress state. So far, it has not been possible to obtain a suf-
ficiently accurate analytical description of such a stress state.

Table 1. Mechanical properties of ULTEM honeycombs

Calculation Mechanical properties
E], MPa Ez, MPa GIZ’ MPa G13, MPa G23, MPa Vi2 E3, MPa Vi3 Vo3
Numerical 1.500 1.50 0.576 31.000 31.000 | 098 | 227 | 0.003 | 0.002
simulation
0 1.330 1.33 0.332 - - 1.00 - - -
0.130 0.13 0.420 - - 0.02 - - -
1 0.410 1.41 0.336 - - 0.98 - - -
0.060 0.06 0.416 - - 0 - - -
) 1.540 1.53 0.366 25.800 30.500 - 227 0.002 | 0.002
0.027 0.02 0.360 0.160 0.160 - 0 0.330 0
3 - - 0.409 32.200 32.200 - - - -
- - 0.290 0.070 0.070 - - - -
4 - - 0.327 33.400 33.400 - - - -
- - 0.430 0.077 0.077 - - - -
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Table 2. Mechanical properties of aluminum honeycombs

Calculation Mechanical properties
El? MPa Ez, MPa GIZ’ MPa G13, MPa G23, MPa Vi2 E3, MPa Vi3 Vo3
Numerical 0963 | 0928 0.319 | 259.000 | 259.000 | 0.98 | 1810.00 | 1.92:10* | 1.92-10"
simulation
0 0.840 | 0.840 0.210 _ _ 1.00 _ _ _
0.120 | 0.090 0.340 - - 0.02 - - -
| 0.858 | 0.858 0211 - _ 0.99 - - _
0.100 | 0.070 0.330 - _ 0.01 - - _
5 0.958 | 0958 0.236 | 249.000 | 260.000 | — | 1750.00 | 1.80-10" | 1.80-107
0.005 | 0.030 0.260 0.038 0.004 | - 0.03 0.06 0.06
; _ - 0262 | 263.000 | 263.000 | - _ _ _
_ - 0.170 0.015 0015 | - - - _
. _ - 0209 | 266.000 | 266.000 | - _ _ _
_ - 0.340 0.025 0.025 | - - - _

Let us consider a thin aluminum honeycomb. In the future, we will investigate three-layer structures
with such a honeycomb. Its geometric properties (Fig. 2) are as follows:

I=h=3.66 mm; b=20 mm; 6,=0,=0.0635 mm; 6=30°.
The mechanical properties of the honeycomb material (aluminum) are as follows:
E=70 GPa; v=0.33; G=26.31 GPa.

The results of the numerical and analytical calculations of the mechanical properties of honeycombs
are given in Table 2. The description format for the results in Table 2 is similar to that in Table 1. The ana-
lytical and numerical calculation results for all the mechanical properties given in Table 2 are close, except
for the shear modulus G,,, which could not be predicted analytically with sufficient accuracy.

Conclusions

To calculate the mechanical properties of FDM 3D printed honeycombs, analytical formulae can be used.
The results of such calculations are close to the numerical simulation results. The exception is the shear
modulus G,, which can only be predicted numerically. It is recommended to use relationships (9-14) to calculate
the mechanical properties E, E,. It is proposed to use formulae (16—18) to calculate the shear moduli G3 and Gy;.
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AHATITHYHIH PO3PAXyHOK MeXaHIYHUX XaPaKTePUCTHK CTIILHUKOBUX 3aII0BHIOBAYiB,
sIKi HAAPYKOBAHO 32 I0NMOMOT 010 AAUTHBHOI TexHoJorii FDM

'K. B. ABpamos, ' B. B. Ycnencbkuii, > 1. 1. JlepeBsinko

"ncturyT npo6nem MammHOGyxyBanHs iM. A. M. ITizropaoro HAH Vkpainn,
61046, Ykpaina, M. Xapkis, Byi. [Toxapcekoro, 2/10

* JlepkaBHe minnpremcTso «KoHcTpykTopeske 61opo «IliBaente» im. M.K. STaremsi»,
49008, Ykpaina, M. [Jninpo, Byn. Kpusopisbka, 3

Jlocniooiceno cminbHUKOBI 3aN06HI08AYL, HAOPYKOBAHI 3a 00NOMO20t0 adumueHux mexnonozii FDM. Kowipka
CMITLHUKOBO20 3AN06HIOBAUA € NPABUTLHUM WeCmuKymHuukom. CminoHuku Opykylomscsi Ha 3D npunmepi max, wo Humxa
OpYKYy ti0e y300682iC CIMIHKU KOMIpKU cminvHuka. [TiOKpecaumo, wo moswuna CmiHOK CIIbHUKIE CKIA0ae 00HY—08L mog-
wuny numku. 11i0 uac pospaxynky mMexaniunux Xapakmepucmux CmiHKu CMiIbHUKOBO20 3aN0GHIOBANA PO32TAOAIOMbCS 5K
banxa Eiinepa-bepuynni, wo 3eunaemocs 8 00Hil naowumi. [ onucy cmilbHUKOBUX 3aN06HI0BAYIE BUKOPUCHIOBYEMbCS
npoyedypa 2oMoeeHizayii, sIKa 3600Umb CMITbHUKOBUL 3aN08HI08AY 00 OOHOPIOHO20 OPMOMPONHO20 cepedosuuya. Adex-
6amHULl GHATTMUYHULL PO3PAXYHOK MEXAHIMHUX XAPAKMEPUCTIUK TAKO20 Cepedosua € NpeoMemom Yux O0CiONCeHD.
Haeeoeno ananimuuni oopmynu, 3a axumu 30iliCHIOIOMbCSA PO3PAXYHKU MEXAHTUHUX XAPAKMEPUCIUK CMITbHUKOBUX 3aN0-
6HI06AUIG. /[N OYIHKU A0eK8amMHOCMI pe3yIbMamié aHANIMu4Hi OaHi NOPIGHIOIOMbCSL 3 Pe3YIbMAmamu MOOEIIO8AHHSL 6
xkomepyiiinomy naxemi ANSYS. /lna yvoeo uucenvro usHAUaOmMbCa MEXAHIUHI XAPAKMEPUCTNUKY CIMITbHUKOBUX 3ANO0GHIO-
sauie 3 ULTEM 9085. /[ns oyinKu MEXaHiYHUX Xapakmepucmux 3 6eUKol KLIbKOCMI GHAIMUYHUX QOopMYT 6UOUPaomscs
mi, AKi A0eK8amHO ONUCYIOMb MEXAHIYHI XAPaKMepucmuKu CMITbHUKOGUX 3an06Hio8auis. B pesynemami po3paxyHkie
OMPUMAHO AHATTMUYHUTI ONUC BCIX MEXAHIMHUX XAPAKMEPUCTIUK 3A GUHATKOM MOOYISL 3CY8Y 8 NIOWUHI CIMITbHUKOBOZ0
3anosui06aua. Lle nosacnoemocs mum, wo 05 MOOETOBAHHS MAKO20 MOOYIs 3CY8Y 00800UMbCS BUKOPUCIIOBY8ATNU MPU-
BUMIDHY MEOpIIo, KA He MAE A0eK8AMHO20 AHAIMUYHO20 ORUCy. Po3ensnymo monkuil cmitbHUKOGUILL 3aN06HI08AY, 8U20-
moenenull 3 anominito. Hadani 6yoyme docniosxcysamucst mpumiaposi KORCMpPYKYii 3 makum CmilbHUKOBUM 3aN06HI08A-
yem. Pezynomamu ananimuyno2o ananizy cminoruxosux 3anogriosadie 3 ULTEM i antominiio € O1usbkumi.
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JMHAMIKA TA MILIHICTb MAIINH
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MexHOoN02il.
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