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The use of thin-walled constructions with honeycomb
structure manufactured using additive technologies has
several advantages compared to the constructions manu-
factured using traditional technologies. First of all, this is
explained by the fact that additive technologies greatly
simplify the production of honeycomb structures. A tech-
nology for manufacturing a three-layer composite plate
with a honeycomb structure obtained using additive tech-
nologies is proposed in the paper. PLA plastic was chosen
as the material for the honeycomb structure production.
Printing was carried out using a "Delta" printer with par-
allel kinematic chains using FDM technologies. The print-
ing temperature was 215 °C, table temperature — 60 °C. A
fundamentally new scheme of an experimental plant for
studying the bending of a three-layer plate is proposed.
The aim of the research is to conduct tests of samples of a
three-layer honeycomb panel for static bending when one
edge of the sample is rigidly pinched. For the tests, a certi-
fied TiraTest 2300 universal testing machine (UTM),
which allows to perform tensile and compression tests at a
given traverse speed and measure the load with a relative
error of 1%, was used. The UTM allows to load the sam-
ple and measure the load and displacement of the trav-
erse. A sixteen-channel strain gauge station is used to
measure the surface deformations of the housings. Trans-
verse displacements of a three-layer plate were obtained
as experimental data. The bending of the three-layer plate
is modeled in the commercial package ANSYS. The results
of experimental and numerical analysis coincide well.

Keywords: three-layer composite plate, additive technolo-
gies, honeycomb structure, finite element model.

The use of thin-walled constructions with honeycomb structure manufactured using additive tech-

nologies has several advantages compared to the constructions manufactured using traditional technologies
[1-5]. This is due to the fact that additive technologies significantly simplify the production of honeycomb
structures and sandwich shells [6, 7]. Honeycomb structures have great strength and rigidity, as well as low
weight. These properties are very important for aerospace applications. Moreover, additive technologies can
be used for the design and production of satellites and other aircrafts [8, 9].

Some effort has been devoted to the experimental and numerical analysis of honeycomb structures manu-
factured using additive technologies. Finite element modeling and experiments on the analysis of loss of stability
of additively manufactured honeycomb structure with defects are considered in [10]. Resistance to loss of stability
of octagonal honeycomb structure is better than that of traditional hexagonal honeycomb structure [11].

A technology for manufacturing a three-layer construction with a honeycomb structure made using
additive technologies is proposed in this paper. Thanks to the use of the specified technology, three-layer
plates with honeycomb structures were produced. A method of studying the static deformation of three-layer
plates with a honeycomb structure printed using additive technologies is proposed. The results of experimen-
tal studies are compared with the results of numerical simulation in the ANSY'S program.

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Technology of manufacturing three-layer plate samples for static tests

The manufacturing technology of the three-layer plate sample for static testing consists of four
blocks of operations, such as:

— production of honeycomb structure from thermoplastic using FDM additive technology;

— production of housing from carbon plastic;

— gluing of honeycomb structure with a three-layer panel;

— mechanical processing of a three-layer panel.

It should be noted that the manufacturing technology of honeycomb structure is considered in [4].

PLA plastic (Fig. 1, a) was chosen as a material for the honeycomb structure production. Printing was
carried out on a "Delta" printer with parallel kinematic chains (Fig. 1, b) using FDM technologies. The printing
temperature was 215 °C, the table temperature was 60 °C in accordance with the recommendations for printing
with this material. Blanks of honeycomb structure (Fig. 1, c¢) with dimensions of 200 mmx 180 mmx10 mm
were produced.

Carbon fiber based on SIGRAPREG C U200-0/NF-E310/30% prepreg (Fig. 2, a) was chosen as the
housing material. The thickness of the layer is 0.2 mm. Structurally, the upper and lower housings are made
symmetrically, each consists of four layers with a laying scheme of 0, 90, 0, 90. The layers are laid layer by
layer according to the scheme in a logement, which is placed in a vacuum film, which is installed in an as-
sembly in the oven, and polymerization is carried out according to the mode specified by the manufacturer
(Fig. 2, b, ¢). An important feature is taken into account when laying the prepreg in the logements: fabrics,
which allow the outer surface to be smooth, and the inner surface to be rough, are laid on the inner and outer
surfaces. Roughness provides increased adhesion during gluing. As a result, a plate for housings with dimen-
sions of 1000 mmx1000 mmx=0.8 mm was made. Before the production of three-layer panels, the plate was
cut into blanks (Fig. 2, d) with dimensions of 200 mm>200 mm.

Fig. 1. Honeycomb structure production:
a — coil with filaments of PLA plastic; b — "Delta" printer with parallel kinematic chains;
¢ — produced blanks of honeycomb structure from thermoplastic

Fig. 2. Production of housings from carbon fiber:
a — single layer of prepreg; b — prepreg in the process of polymerization in the oven;
¢ — produced carbon fiber plate; d — cutting into blanks
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The gluing of the honeycomb structure with the housings was carried out with 3M Scotch-Weld
DP190B/A (Grey) two-component epoxy glue. Previously, the inner surface of the housings was treated with
a peel and wiped with isopropyl alcohol. An even layer of glue was applied to the housings through a
plunger using a syringe-applicator with smoothing with a rubber spatula according to the markings made.
The resulting blanks were placed in a vacuum bag on a fabric backing with the plates with the adhesive seam
facing down, preventing the glue from flowing. To prevent crumpling of the honeycomb structure, a techno-
logical plate cut to the dimensions of the structure was placed on the upper part of the blanks. The assembly
was vacuumed, ensuring uniform pressing of the structure at a pressure of 0.95 atm for 22 hours until the
gain of transportation strength. The lower housing was glued similarly. Before mechanical processing, the
parts were aged for 14 days.

Mechanical processing was carried out using a TT180-BM cutting machine (Fig. 3, a) with a pump
for aspiration of harmful coal dust and a JET JSG-64 grinding machine (Fig. 3, b) for the samples ends fit-
ting. Masking tape was previously glued to the cutting site to prevent peeling of threads and harnesses at the
ends of the carbon-plastic housings. After cutting, the tape was removed. For the same purpose, grinding was
performed exclusively in the longitudinal direction. Ready three-layer samples are shown in Fig. 3, c.

Fig. 3. Mechanical processing of a three-layer panel:
a — cutting machine TT180-BM in the process of cutting; b — grinding machine JET JSG-64;
¢ — completed three-layer samples for static and cyclic bending tests

Experimental analysis of static deformation of a three-layer plate

The aim of the research is to conduct tests of samples of a three-layer honeycomb panel for static
bending when one edge of the sample is rigidly pinched. For this purpose, a certified TiraTest 2300 universal
testing machine (UTM) (Fig. 4), which allows to perform tensile and compression tests with a given traverse
speed and measure loads with a relative error of 1%, was used. The UTM allows to load the sample and
measure the load and displacement of the traverse. A sixteen-channel strain gauge station is used to measure
the deformations of the housings surface, which allows measuring deformations with an accuracy of 0.001%.

A modified three-point bend (Fig. 5, a) was used to fasten the sample. Direct fastening of the sample
is carried out in pressure-type clamps, taking into account the provision of a horizontal level. The influencing
roller is a cylinder with a diameter of 30 mm. The point of contact of the roller is 15 mm away from the edge
of the sample. In addition, to confirm the reliability of displacement measurement, a time-type displacement
indicator was used, and strain gauges of the BF200-10AA-A(11)-BX30 type were used to register deforma-
tions. 12 strain gauges were installed on each sample according to the scheme (Fig. 5, b).

Before placing the sample in the clamps, strain gauges are glued to it using a cyanoacrylate-based
glue. A microcircuit with resistors is installed for each strain gauge, which is a bridge measuring circuit. For
their installation, cardboard overlays are glued to the sample. Those overlays do not affect the stiffness of the
sample, but at the same time allow for the installation of microcircuits (Fig. 6, a), which excludes sagging
and breakage of the antennae of the strain gauges.

During the tests, the sample was loaded smoothly at an average speed of 2 mm/min. As a result of the
tests, two types of possible destruction of the samples were observed: a fracture in the fastening zone or frag-
mentary separation of the housings from the honeycomb structure in the area of maximum bending (Fig. 6, b).

ISSN 2709-2984. Ipobremu mawunobyoyeanns. 2024. T. 27. Ne 3 27




DYNAMICS AND STRENGTH OF MACHINES
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Fig. 4. Picture of the experimental plant for static bending tests
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Fig. 5. The sample fastening in the test equipment:
a — picture of fastening; b — sample diagram showing dimensions

a b

Fig. 6. A sample of a three-layer honeycomb panel before and after loading:
a — photo of housings with installed strain gauges and microcircuits; b — typical destruction of the sample
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Based on the obtained data, the
dependences of load and deformations | . i o i
before failure were constructed (Fig. 7).

The values of the deformations of the
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Fig. 7. Graphs of dependences of loads and deformations

As can be seen (Fig. 7), the obtained deformation curves are very close. At the same time, the tensile
deformations of the upper housing are close to the compressive deformations of the lower housing. Uniform
deformations across the width and between the skins of the honeycomb panel samples indicate that the panel
is a high-quality, one-piece and uniformly rigid structure.

Three samples were made for experimental research and were studied. The obtained results are similar.

Mathematical model of the study of static deformation of the plate

The mathematical model, which is used in the study of the stress-strain state of the honeycomb struc-
ture in the composition of a three-layer plate, is considered. The finite element analysis platform ANSYS
Workbench (ANSYS WB) came in handy for building the mathematical model. Mathematical model con-
sists of the following components: geometric model; physical model of used materials; finite element model;
model of boundary conditions; load model.

A sandwich plate consisting of carbon fiber housings and honeycomb structure manufactured by the
FDM method is considered. The process of making a sandwich plate is described above. When modeling, the
thickness of the housings is assumed to be 0.75 mm. The adhesive joint is considered ideal and inelastic;
therefore, a three-layer model is chosen to simulate the static deformation of the plate [4, 5]. The geometric
parameters of the sandwich plate and the cells of the honeycomb layer are shown in Fig. 8.

DesignModeler software, which is part of ANSYS WB, was used to build a geometric model. The
geometric model of the honeycomb structure is constructed in two versions: as complete and as homogenized
ones. The complete model includes modeling of honeycomb structure with finite element model construction of
each cell, homogenized is a honeycomb structure with a uniform layer with effective mechanical properties.

The geometric model of the honeycomb structure is built by modeling one cell with a wall thickness
of 0.2 mm and copying it sequentially. As a result, we will get a collection of solids shown in Fig. 9.

Parallelepipeds with a thickness of 0.75 mm are built to model the housings of the sandwich plate,
which are positioned with the help of Translate operations along the structure edges.

To assess the deformations in the places where the strain gauges are attached, points are placed on
the housings using the Point tool. The Remote Force point type allows to get data about strain values. Mod-
els of housings and structure are combined into a single Part object to reduce the number of contacts in finite
element model and to form a correct mesh.

6.7982 mm\ \

Y. 61054mm

a
Fig. 9. Honeycomb structure

Fig. 8. Geometric dimensions of the object:
a — cell dimensions of the structure; b — dimensions of the plate layers
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In the homogenized model, the honeycomb
structure is a homogeneous parallelepiped (Fig. 10).
Places of attachment of strain gauges and the load
plane are set similarly to the full geometric model.

The materials of the housings (4-layer com-
posite SIGRAPREG C U200) and the structure (PLA)
are orthotropic. Their mechanical characteristics, as
well as the characteristics of the homogenized struc-
ture, are given in the table.

Load line

Strain gauges
locations

Fig. 10. Homogenized sandwich plate model

For housing materials and homogenized structure, the XY plane corresponds to the plane of the housing
(structure), the Z axis is transverse. For PLA, the X axis corresponds to the direction of the thread laying, the Y
axis is perpendicular to it in the plane of the print layer, the Z axis is perpendicular to the print layer.

The standard Ansys Mechanical subroutine is used to build finite element model. As a result, a finite
element grid was built, including 6,106,989 nodes and 1,999,604 clements. The average value of the Element
Quality metric was 0.84126. The plate housings are divided into tetrahedral elements. Finite element model
of honeycomb structure consists mainly of 20-node hexagonal elements.

Table. Mechanical properties of sandwich plate materials

Characteristic Housing PLA Homogenized aggregate
Elasticity modulus during tensile
(X/ Y/ 7). MPa 35000 /35000 / 8000 | 3580 /3000 /3810 2.16/2.16/272.67
Elasticity modulus during shear
(XZ/ YZ/ XY), MPa 30000 /30000 / 6000 | 1400/ 1410/1070 52.29/52.29/0.84
Poisson's ratio (XZ / YZ / XY) 0.09/0.09/0.01 0.21/0.22/0.30 0.0018 /0.0017 /0.98
Density, kg/m’ 1477 1240 88.741

To take into account the anisotropy of the material, the orientation of the bound coordinate system of
the finite elements is determined. The Element Orientation utility is used for this. Finite element model ele-
ments of the housings are directed along the axes of the global coordinate system. For the task of orientation
of the connected coordinate system elements of the structure, they are directed along the Y axis perpendicu-
lar to the side surfaces of the cells, and along the Z axis — parallel to the transverse direction.

When conducting static tests, the plate is fixed in clamps. Fixed Support boundary conditions are
used to model these clamps.

Plate loading is modeled using the Force tool, where forces are applied to the load line. The applied
force corresponds to the value measured during the experiment. It is directed in the direction opposite to the
Z axis of the global coordinate system.

A finite element analysis of the static deformation of a three-layer sandwich plate under the influ-
ence of a transverse load was carried out. The ANSYS WB platform, the Static Structural system of the An-
sys Mechanical package was used for numerical analysis. The force value varied from 0 to 265.89 N. The
same force values were used in the experiment.

Two plate models were chosen for calculations. In the full model, direct modeling of honeycombs
was used, and in the homogenized model, the honeycomb structure was replaced by a homogeneous
orthotropic layer. The deformations of the outer surface of the plate at the points of installation of strain
gauges were compared. For this, the Normal strain/Shear strain tools of the Ansys Mechanical package were
used at the strain gauge installation points. Since the values of the deformations at the points on the left,
right, top and bottom of the plate are the same in magnitude, the average readings of the strain gauges at four
points were used as reference data.

A comparison of the longitudinal deformations of the sample obtained by the results of the finite
element analysis (dotted line) and the experiment (solid line) is shown in Fig. 11. The value of the force ap-
plied to the roller (in the experimental analysis) or to the load line (in the finite element analysis) is plotted
along the abscissa axis, and the values of the longitudinal deformations of the upper housing at the place of
the strain gauge attachment are plotted along the ordinate axis.
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Fig. 11. Comparison of the results of the finite element analysis with the results of the experiment:
a — complete finite element model; b — homogenized finite element model

Conclusions

The results of the finite element simulation are close to the experimental data for both the complete
and the homogenized sandwich plate deformation model. Significant differences in the results start being
observed at force values exceeding 249 N. At this moment, the adhesive layer connecting the honeycomb
structure and the housing was destroyed.

Thus, the proposed finite element model was used to analyze the static deformation of a sandwich
plate under the influence of a transverse load. Both finite element models (complete and homogenized) allow
to estimate plate deformations with sufficient accuracy. The developed finite element model sandwich plates
have been successfully verified and can be used to analyze the strength of the FDM-made sandwich plate
structure.
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TexHoJoris BUI'OTOBJICHHA, eKcnepﬂMeHTaJ’leﬂﬁ Ta YHCeJbLHUI aHaJi3
CTATUYHOI'0 BUTUHY Tp](llllaPOBO.l' KOMIIO3UTHOI IUIACTHHH i3 CTLILHHUKOBHM 3alI0BHIOBaYeM
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* [HCTHTYT €HEpreTHYHHX MamuH i cucteM iM. A. M. Ilizropaoro HAH Vkpaiuu
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HamionansHuii TeXHIYHUHA yHIBEpCUTET YKpaiHH
«KuiBcbkuit monitexHiuHMH iHCTUTYT iMeHi [ropst CikopcbKoroy,
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Buxopucmanns monkocminHux KOHCMPYKYitl i3 CIMITbHUKOBUM 3ANOBHIOBAYEM, BULOTMOBICHUM 34 OONOMO2010
AOUMUBHUX MEXHONI02Il, MAE OeKilbKa nepeeaz y NOpIi6HAHHI i3 KOHCMPYKYIAMU, 6ULOMOGICHUMU 3A605KU BUKOPUC-
manuio mpaouyiunux mexuoaozciu. Ilepedycim ye noscHoOeEmbCa MmuM, Wo AOUMUEHI MEXHON02I] 3HAYHO CNPOWYIOMb
8U20MOBGNEHHS CIITbHUKOBUX 3AN08HI08AUI8. Y cmammi 3anponoH08aHo mexHoI02ii0 8U20MOGIEHH MPUULApoBoi KOM-
HO3UMHOI NAACMUHY [3 CMITbHUKOBUM 3ANOGHIOBAYEM, OMPUMAHUM 3d 0ONOMO2010 AOUMUSHUX MeXHOoA02ill. Sk mame-
pian 051 6U2OMOGIEHHA CIMITLHUKOB020 3anosHI0éaya 6yno obpano naacmuk PLA. [pyk 30iicHioeascs 3 euxopucman-
HAM npunmepa «enbmay 3 napanreibHuMu KiHeMamudyHumu nanytoeamu i3 3acmocyeanuam FDM mexuonoeii. Temne-
pamypa opyky cmanosuna 215 °C, memnepamypa cmona — 60 °C. 3anponoHo8ano npuHyuno8o HO8y cxemy eKcnepu-
MEHMANbHO20 CMEHOY i GUEHEHHS USUHY MPUaposoi niacmunu. Memoio 00cniodicenb € npoeedeHHs sunpoOyeans
3pAsKie Mpuwapoeoi cMinbHUK0GOI naneni Ha CMAMUYHUL GUSUH NPU JHCOPCMKOMY 3AUjeMieHH] 00HO20 Kpaio 3pasKa.
s eunpobysans euxopucmosysanacs amecmogana pospuena mawuna TiraTest 2300, wo 0o3sonsie nposooumu Gu-
npo6YSanHsi HA PO3MACHEHHS | CIMUCHEHHS i3 30AHOI0 WEUOKICIO PYXY mpasepcu U GUMIPIO8AMU HABAHMANCEHHS 3
8IOHOCHOIO nOXUubKoI0, wo ckraoac 1%. Pospusna mawuna 0ae 3M02y NPoBeCmu HA8AHMANCEHHs 3pA3Ka Ul NPosecmu
3amip HaganmaogicenHs i nepemiujennss mpagepcu. /i 6UMipiogants 0epopmayii NoOgepxHi 0OUUBOK GUKOPUCTNOBYEMb-
€51 WICMHAOYSMUKAHAILHA MEeH30MeMPUYHA CMAHYIA. K eKCnepuMeHmanbHi OaHi OmpuMaHi nonepeyri nepemiujenHs
mpuwapogoi naacmunu. Bueun mpuwapoeoi niacmunu mooemoemocsi ¢ komepyiunomy naxemi ANSYS. Pezynomamu
EKCNePUMEHMANLHO20 | YUCENbHO20 aHANi3y 006pe 30icalombcs.

Knrouosi cnosa mpuwiaposa KomMnosumua niacmuna, aOumueHi mexHoI02ii, CmilbHUKOSUL 3aN08HI08aY, CKIH-
ueHHOeIeMEHMHA MOOEb.
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