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An approach to the experimental and computational
study of the shear properties of honeycomb cores (HC)
produced using Fused Deposition Modeling (FDM)
technology is proposed. The experimental approach is
based on a new sample type for testing HCs for shear.
This sample contains two HCs and three steel plates.
Shear tests are carried out in the TiraTest 2300 univer-
sal tensile testing machine. The HCs are made of
ULTEM 9085 and PLA with FDM technology, which is
implemented in the 3D Fortus 900 system. The tests
resulted in obtaining the shear properties of the HCs by
averaging the stress-strain curves of five samples. As
follows from the analysis of the experimental results,
brittle destruction of an HC is observed. Before its de-
struction, the value of shear deformation for samples
made of PLA was 0.0134, and for samples made of
ULTEM, 0.0257. The experimental analysis was ac-
companied by numerical finite element (FE) modeling
of shear experiments, taking into account the deforma-
tion of the equipment. With the FE modeling of the ex-
periments, to describe the behavior of the samples, it is
necessary to take into account the influence, on the
measurements of the shear properties, of the equipment
and the deformation of each honeycomb cell. The de-
formation of three plates was taken into account; the
elastic properties of the adhesive joint were not taken
into account. A computer model of the deformation of
the HCs with equipment was built using ANSYS Design
Modeler. With FE modeling, only the elastic behavior of
the HCs was considered.

Keywords: honeycomb, additive technologies, shear,
stress-strain curve.

HCs, which are used in multilayer structures, can be manufactured using additive technologies [1].
Using the homogenization theory of [2-3], we replace the HCs in the calculations with a continuous
orthotropic layer. Analytical and numerical methods have been developed to calculate the mechanical prop-
erties of this orthotropic layer. The analytical methods for calculating the mechanical properties of HCs are
discussed in [4-5]. The numerical methods for calculating the mechanical properties of HCs are considered in
articles [6—7]. To determine the mechanical properties of HCs, experimental methods are widely used. In [8],
studies of the linear mechanical properties of Nomex HCs are presented. The results of experimental studies are
compared with the results of FE modeling. An experimental study of the mechanical properties of HCs was
carried out in [9]. In this paper, it is shown that beam models describe the mechanical properties of HCs well.
Article [10] examines energy damping and damping behavior of a honeycomb structure.

In this paper, we experimentally study the shear properties of PLA-based and ULTEM 9085-based
HCs, using FDM. As a result of this analysis, shear stress-strain curves were obtained. The FE modeling of
the experiment to determine the shear properties is carried out in the ANSYS package. The modeling takes
into account the deformations of the equipment.

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Description of the Experiment

The Fortus 900 3D system was used to print samples as HCs (Figure 1).
This system uses FDM technology. First, a 3D model of the HC was built. This
model was transformed in the Insight ™ software package with the following
specified options. The layers were deposited from bottom to top; the liquefier tip
was T16 (full filling). The layer height was chosen automatically, based on the
developer's recommendations, and the number of layers was 45 with a HC height
of 10 mm. All the walls of the HC were two layers-thick, each of the layers being
formed by one pass of the extruder. Samples were made of ULTEM 9085 and
PLA. To select the remaining parameters of the technological process, the soft-
ware of the 3D printer itself was used. This program slices the part into layers, Fig. 1. Picture of a HC
and selects the toolpaths. The air gap was assumed to be zero.

The HCs were printed according to the following algorithm.

1. To print a job, it is first necessary to send the job file to a 3D printer from the application installed
on a workstation. Jobs are sent to the printer in a CMB format, and spooled.

2. A new model sheet is installed on the print bed.

3. Containers for model and auxiliary materials are installed, and a filament is loaded into the head.

4. The printer is powered up. It takes approximately four hours for the printer to stabilize.

5. Printing is performed in automatic mode.

6. Once the product has been printed and the material has cooled down, both it and the auxiliary ma-
terial are removed from the printer.

As a result of the work carried out, a series of hon-
eycomb plates were manufactured in the amount necessary
for the planned scope of testing.

For shear tests, a TiraTest 2300 universal tensile
testing machine was used, which allows tensile/compression —\
tests. A scheme of the experimental setup and a sketch of the
sample are shown in figure 2. The sample (Fig. 2, a) consists
of two honeycomb blocks 1. These blocks are glued to three 1 =~
rectangular steel plates 2. The geometric dimensions of the | L
structure are shown in figure 2, a in mm. B i

The plates are made of a 5 mm thick grade 20 steel
sheet, and have holes for the sample to be installed in the test-
ing machine. The plates and HCs were glued with the 3M ™
Scotch-Weld ™ DP190B/A epoxy two-component adhesive.

For the shear testing of the honeycomb panels, | Fig. 2. Schematic diagram of the experimental setup:
groups of samples were made of ULTEM 9085 and PLA. | 2 sketch of the sample; b — inSt?Hation di_agfam
The final view of the samples is shown in figure 3. Below g
is the sample, whose HCs are made of ULTEM 9085, and
above is the sample, whose HCs are made of PLA. The
dimensions of the block of one HC are 120x60x10 mm.

The prepared sample was installed in the grips of the
test machine (Fig. 2, b), so that the direction of the load action
coincide with the longitudinal axis of the sample (L direction).
The schematic diagram of the experimental setup is shown in
figure 2, b. It consists of a sample (1), three joints (2), and a
displacement measuring device (3) (micrometer).
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Fig. 3. Samples for the shear testing
of the PLA-based HC (top) and
the ULTEM 9085-based one (bottom)

The tests were carried out by gradually increasing the load until the destruction of the sample at a uniform
speed of the machine loading-grip movement, equal to 2 mm/min. During testing, loads, displacements, and time
were recorded. The load was recorded using an electronic sensor in the measurement range of up to 10 tons, and
displacements, using two dial-type point displacement indicators for each block separately. They make it possible
to measure the displacement values without taking into account the deformations of metal hinge joints.
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General Approach to Numerical Modeling

A FE modeling of mechanical experiments was car-
ried out to determine the shear properties, in which,
to describe the behavior of the samples, it is neces-
sary to take into account the influence, on the shear
properties, of the equipment, and the deformation of
each honeycomb cell. The deformation of three
plates was taken into account (Fig. 2, a); the elastic

Fig. 4. Sketch of the sample with equipment

properties of the adhesive joint were not taken into account. The computer model of the deformation of the HCs
with equipment was built in ANSYS Design Modeler. One honeycomb block consists of 12 rows, each having
5 hexagons. The dimensions of the PLA-based HCs were 117.6x60.8x10 mm, and those of the ULTEM 9085-
based ones, 104.7x60.8x10 mm. When constructing the FE mesh of a HC with account taken of the deforma-
tion of each honeycomb cell, 8-node hexagonal elements (Hex8) were used, i.e., 3D modeling of the deforma-
tion state was used. The geometrical model of the structure is shown in figure 4. Due to the small size of the
FEs and the need to connect the FE models of the samples and equipment, the steel plates were divided into a
large number of tetrahedral elements (Tet10).

When simulating the experiment, the following boundary conditions were used. The two outermost
steel plates (Fig. 4) are clamped at their left edges, and the middle plate on the right is under the action of the
force F directed along the plate orthogonal to its edge. The F values were selected from the experiment.

The mechanical properties of the HC material were determined experimentally. They are published
in the article [11]. These properties are given in tables 1, 2.

Table 1. Mechanical properties of the sample made of the orthotropic ULTEM 9085 material

Ey, Pa Ey, Pa Ey;, Pa Gy, Pa Gy3, Pa Gy, Pa V3o Vi3 Vi2
2.25x10° | 2.96x10° | 2.41x10° | 6.67x10° | 8.29x10° | 8.89x10° | 0.32 | 0.33 | 0.31

Table 2. Mechanical properties of the sample made of the orthotropic PLA material

E, Pa E,), Pa E53, Pa Gy, Pa G3, Pa Gy, Pa Va3 Vi | Va
3.58x10° | 3.00x10° | 3.81x10° | 1.07x10° | 1.40x10° | 1.41x10° | 0.224 | 0.22 | 0.25

Results of Experimental Research and Numerical Modeling

Let us consider the results of numerical modeling and experimental analysis of the shear properties
of the PLA-based and ULTEM 9085-based HCs. The dimensions of one ULTEM 9085-based honeycomb
cell are: #=0.5 mm, /=6.05 mm where 4 is the wall thickness of one cell; / is the length of the inner side of
the cell. The dimensions of one PLA-based honeycomb cell are: /=0.4 mm, /=6.11 mm. The value of the
concentrated force F varied over a wide range from 750 to 9829.9 N.

The results of the experimental and calculated analysis of the shear properties for the PLA-based and
ULTEM 9085-based HCs are shown in figures 5, 6. The ordinate in these figures shows the value of the force F,

and the abscissa, the shear strain y,i3. The | so0 F.N
solid line in figures 5, 6 shows experimen-
tal data. They were obtained by averaging
the deformation curves of the five samples.
The triangular markers show the results of | soo
FE shear modeling based on a computa- | .,
tional model that takes into account the
deformation of each HC and that of the
equipment. As follows from the experi-
mental analysis, brittle fracture of an HC is | 100

7000

6000

3000

2000

observed. With FE modeling, only the elas- | | Vs

tiC behaVlOI' Of the HC was COl’lSidered. 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Before the destruction of the Fig. 5. Comparison of the FE calculation results

PLA-based HC, the values of the force F Jor the PLA-based HC shear with experimental data

and the shear strain vy,;,; took the follow-
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ing values: F=7101.86 N, v.1,5=0.0134. | 100000 |
Before the destruction of the ULTEM-
based HC sample, the following values of | oo
the force F and the shear strain vy, ,; were
observed: F=9829.90 N, v,1,5=0.0257.

So, the calculation results shown | 000
in figures 5, 6 indicate that the data ob-
tained from direct FE calculation, taking | 40000
into account the deformation of each hon-
eycomb cell, are close to those obtained

8000.00

2000.00

experimentally. 000 Yex,
Based on the calculation results, the 0 0.003 001 0013 002 0025 003
shear modulus G,1,; was determined for the Fig. 6. Comparison of the FE calculation results

PLA-based HC and ULTEM 9085-based for the ULTEM 9085-based HC shear with experimental data
HC. For the PLA-based HC, the shear

modulus obtained experimentally is 36.790 MPa; G,,; obtained from the FE calculation of the model
(Fig. 5), with account taken of the deformation of each honeycomb cell and that of the equipment, is equal
to 40.390 MPa; the relative difference between the results obtained is 0.097. For the ULTEM 9085-based
HC, the experimentally obtained shear modulus is 34.383 MPa; G,,,3, obtained from the FE calculation of
the model (Fig. 6), with account taken of the deformation of each honeycomb cell and that of the equipment,
is equal to 36.772 MPa; the relative difference between the results obtained is 0.069, i.e. the calculated and
experimental results are close.

The destruction of the HCs during their testing for shear took place in the honeycomb cells. The ad-
hesive joint of the metal and the honeycomb cells remained intact. In this paper, static processes in structures
are considered. Dynamic processes are considered in other works of the authors of this article [12—13].

Conclusion

An approach is proposed for the experimental determination of the mechanical properties of HCs
made by additive technologies. For this, an experimental setup is used, which simultaneously determines the
shear mechanical properties of two HC plates. As a result of the experimental analysis, both the shear stress-
strain curve and shear moduli are found.

An FEM-based mathematical model has been built to describe the shear experiment. The model is
based on the direct FE modeling of all honeycomb cells, with account taken of the deformation model of the
equipment. The latter takes into account the deformations of the plates, and does not take into account the
elasticity of the adhesive joint.
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ExcnepuMeHTATBHUN TA YMCEJILHUI aHATI3 3CYBHUX XapaKTEePHUCTHK CTUILHHKOBHX 3alI0BHIOBAYiB,
OTPMMAaHMX ATUTUBHUMM TEXHOJIOTiAMHI
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3anpononosano nioxio 00 eKCnepuMeHmaIbHO-PO3PAXYHKOB020 OOCIIONCEHHS 3CY8HUX XAPAKMEPUCMUK CTHib-
HUKOBUX 3AN0GHIOBAYIB, BUSOMOBIEHUX 3a OONOMO2010 MOOCTIOBANHS ULTSIXOM Nowapoeo2o naniaeienns (FDM). aoumus-
Hoto mexnoaocicio FDM. B ocHo8i ekcnepumeHmanbHoco nioxoo0y aedicumv HO8Ull 6U0 3paska 07 6UNpoOYEanHs CmilbHu-
KOBUX 3aN08HI08aYI6 Ha 3¢Y8. Llell 3pazox micmums 06a CMITbHUKOBUX 3aN06HIO8AYA [ MPU CMANe8i NIACMUHKYU. Bunpoby-
BAHHSL HA 3CY8 NPOBOOSAMbCA 8 VHigepcanvill pospushiti mawuni TiraTest 2300. CminbHuKosi 3ano6HI08a4i 6uUcomoes-
tomwcs 3 mamepianie ULTEM 9085 i PLA 3a donomoeoro mexuonozii FDM, axa peanizyemuvcs 6 3D-cucmemi Fortus 900.
B pezynomami eunpobysans ompumMani XapaxmepucmuKu 3¢ygy CmilbHUKOBUX 3aN06HIOBAYI6 uepes YcepeOHeHHsl KPUGUX
Oeqhopmysanns n'simu 3paskie. Ak GUNIUGAE 3 AHANIZY eKCNEPUMEHMATLHUX Pe3yTbmanis, CHOCMePieacmbCsi KpuxKe pyti-
HYBAHHSI CMIILHUKOB020 3an06HI0eéaua. ITleped tioco pylHyeannsm Geiuyuna degopmayii 3cy8y Oisi 3pasKie 3 Mamepiany
PLA cmanosuna 0,0134, a ona 3pasxie 3 mamepiany ULTEM — 0,0257. Excnepumenmanvhull aHAi3 cynpo8ooiICy8ascs
YUCENLHUM CKIHUEHHO-eNeMEHMHUM MOOETIOBAHHAM eKCIEPUMEHMIE HA 3CV8 3 Ypaxyeanusm oepopmayii ocnaugenns. Tpu
CKIHYEHHO-e/IeMEHMHOMY MOOETOBAHHI eKCRepUMEHmMi6 OJisi ONUCY NOBEOIHKU 3DA3Ki6 HeOOXIOHO 8paAX08yeamu 6NIUE HA
BUMIDIOBAHHSL 3CYEHUX XAPAKMEPUCUK OCHAWEHHSL T 0eqhOPMYBAHHSL KONWCHOT KOMIPKU CMITbHUKOBUX 3aN08HI08aY18. Bpa-
X08Y8ANOCSL OehOPMYBAHHIL MPbOX NAACHUN, NPYIICHI 6IACMUBOCTNE KNEH08020 3’ €OHANMNSL He 8paxo8yeanucs. Komn'tomep-
Ha Mooenb 0ehopMy8aHHs: CMINbHUKIE 3 ocHaujenuam oyna nodyodosana ¢ ANSYS Design Modeler. Ilpu cxinuenno-
eleMEHMHOMY MOOEIOBAHHI PO32/I0aACs MITbKU NPYICHA NOBCOTHKA CMITLbHUKOBUX 3AN0GHIOBAUIS.

Knrouosi cnosa: cminbHuKogull 3ano6H06a4, AOUMUEHI MEXHOI02I, 3¢y8, KpUusa 3ycuiisi—0e@opmayii.
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